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Abstract

This paper investigates the fuel-optimal guidance problem of the end-to-end human-Mars entry, powered descent, and landing
(EDL) mission. It applies a unified modeling scheme and develops a computationally efficient new optimization algorithm to solve
the multi-phase optimal guidance problem. The end-to-end EDL guidance problem is first modeled as a multi-phase optimal control
problem with different dynamics and constraints at each phase. Via polynomial approximation and discretization techniques, this
multi-phase optimal control problem is then reformulated as a polynomial programming problem. By introducing intermediate
variables and quadratic equality constraints, a polynomial program is equivalently converted into a nonconvex quadratically
constrained quadratic program (QCQP). Then, a novel customized alternating direction method of multipliers (ADMM) is proposed
to efficiently solve the large-scale QCQP with convergence proof to a local optimum under certain conditions on the algorithmic
parameters. The fuel savings under the end-to-end human-Mars EDL guidance are verified by comparing to the fuel consumption
using the separate phase guidance approach. Furthermore, the computational efficiency of the customized ADMM algorithm is
validated by comparing to the state-of-the-art nonlinear programming method. The robustness of the customized ADMM algorithm

is verified via extensive simulation cases with random initial conditions.
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A human-Mars mission requires the delivery of a payload from the entry interface at hypersonic speed to a preflight-
designated surface location at near-zero speed with pinpoint precision, defined as landing within one hundred meters of the
location [1]. Unlike past robotic landing missions, the predicted mass of a human-scale entry vehicle will increase at least
an order of magnitude. For example, the entry vehicle in Mars Science Laboratory Mission weighs around 2,400 kg [2]. In
contrast, the designed vehicles for human-scale Mars landing mission weigh over 50 tons [3]. As a result, the entry vehicle has
to fly with a higher L/D ratio and then powered-descent will replace parachute in robotic landing mission to achieve precise

landing by generating retro-thrusts at supersonic speed to decelerate the human-scale landers [4].
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In the past decades, guidance methods for EDL missions have gained extensive development, with some of them implemented
in successful flight tests. While great success for small-scale robotic landing missions has been achieved, a human-Mars EDL
mission is very different in scale, operation, and challenges [1], [5], [6]. First, few efforts pay attention to optimizing the entry
phase guidance maneuvers that lead to an ideal initial condition for the powered descent operation. Moreover, the existing
literature generally focuses on generating guidance commands separately at each phase instead of planning the entire mission
as a whole [7]. Practically, control of aerodynamic forces will improve the deceleration capability of the entry vehicle, which
benefits fuel saving during the following powered descent phase. Existing entry guidance algorithms are traditionally tailored
to the L/D ratio of the vehicle, including high L/D [8], [9], mid to low L/D [10], [11], and others [12], [13], [14]. A unified
guidance method has been developed for a wide range of entry vehicles with varying lifting capabilities [15]. However, few
of these works consider how to optimize entry guidance maneuvers to minimize fuel consumption in the following powered
descent phase and also improve the landing accuracy. Thus, an entry trajectory that is optimized via modulations of aerodynamic
forces to provide an ideal initial condition of the powered descent phase holds potential to further reduce the fuel consumption
and consequently the mass of the landing vehicle needed for the mission.

Both direct and indirect optimization methods have been developed to solve EDL related problems. The indirect methods need
to simplify the vehicle dynamics under certain assumptions to generate onboard trajectories with much reduced computational
loads [16], [17], [18], [19], [20]. When complicated inequality/equality constraints are considered, indirect methods are not
applicable to those EDL missions. Nonlinear programming (NLP), e.g., sequential quadratic programming [21], [22], [23],
[24], classified as a direct method, has been applied to solve entry and supersonic gliding problems, where a continuous-time
optimal control problem is converted into a parameter optimization problem via discretization. With nonconvexity involved
in the objective or constraints or both, convergence to an optimal solution cannot be guaranteed from NLP, and it generally
requires a good initial guess of the unknown variables. Recent efforts have applied second order cone programming to solve both
entry and powered descent problems by combining successive linearization and relaxation techniques to generate optimization-
based guidance commands [25], [26], [27]. In addition, work in [28] combined the pseudospectral optimal control and convex
optimization for the powered descent and landing problem.

In this paper, the two dimensional (2D) end-to-end EDL mission will be considered and an advanced guidance method for
both fuel-optimal and precise landing will be developed. Specifically, the EDL problem is modeled as a multi-phase optimal
control problem with varying dynamics and constraints at each phase. To solve this challenging problem, a computationally
efficient modeling scheme is developed to convert the EDL guidance problem at each phase into a unified representation.
Then an implementable and convergent optimization algorithm is designed. Firstly, all non-polynomial functions, e.g., the
atmosphere density model, are approximated by continuous or piece-wise continuous polynomials. Then, via the discretization
techniques, the EDL problem of each phase is reformulated as a polynomial programming problem. By introducing extra
variables and quadratic constraints, every polynomial program can be expressed as an equivalent nonconvex quadratically
constrained quadratic programming (QCQP) problem [29].

It is known that a QCQP is equivalent to a linear matrix programming problem by introducing a to-be-determined rank-one
matrix [30], [31]. Due to the nonconvex and nonlinear nature of the rank-one constraint, the converted problem is still NP-hard
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[31]. Extensive relaxation methods have been developed to find a lower bound on the objective value of a QCQP, which are not
guaranteed to yield a feasible solution [32], [33], [34]. The alternating direction method of multipliers (ADMM) is a well-known
sequential algorithm that divides the unknown variables into two sets and solves them separately in an alternative sequence
when solving both sets jointly is more complicated. The fundamental principle of ADMM is to formulate the augmented
Lagrangian and then find the first order conditions of optimality for the two unknown sets in an alternating sequence, followed
by updating the Lagrange multipliers associated with equality constraints [35], [36]. Convergence has been proven for ADMM
in some special nonconvex optimization problems [37], [38].

Motivated by the advantages of ADMM, we divide variables in QCQPs into two sets and solve them separately in an
alternating sequence. The customized ADMM significantly reduces the computational efforts required to solve every iterative
problem, which is applicable to the large-scale EDL problem. Our prior work in [39], [40] has developed an implementable
optimization algorithm based on ADMM to solve nonconvex QCQPs. In this paper, we further improve the computational
performance in terms of convergence and reduce the computational complexity by using a set of switching functions to
represent the quadratic inequalities in a QCQP, which does not require using the slack variables associated with inequalities.

Compared with our former work of end-to-end EDL guidance presented in [40], this paper extends our former work from
three aspects: (i) A more precise model for the entry dynamics is applied in this paper, which considers the quadratic relationship
between the lift and drag coefficients instead of the linear one used in [40]. In addition, a new normalization scale is applied
to the entry dynamics to improve the numerical accuracy of the converged results from the customized ADMM. (ii) For the
proposed customized ADMM, a rigorous convergence proof is provided based on mild conditions on algorithmic parameters.
(iii) In the simulation section, robustness analysis of the proposed algorithm is presented through extensive simulation cases.

The main contributions of this paper can be summarized as follows:

« The end-to-end EDL guidance problem for human Mars mission is modeled as a multi-phase optimal control problem
with different dynamics and constraints in each phase. To our best knowledge, it is the first time that the entry phase
guidance and the powered descent phase guidance are combined as an integrated problem to increase the flexibility when
searching for an optimal solution for the entire EDL guidance problem. The benefits on fuel-saving of the end-to-end
formulation are verified by simulations comparing to the separate phase guidance strategy.

o To handle the large-scale multi-phase optimal control problem, we apply a unified modeling scheme to convert the
nonlinear end-to-end EDL guidance problem into a nonconvex QCQP via polynomial approximation and discretization,
which reduces the non-linearity and complexity of the original problem formulation.

o We propose a new customized ADMM to solve large-scale nonconvex QCQPs, where inequality constraints are represented
by switching functions. Moreover, the convergence proof of the customized ADMM under certain conditions on the
algorithmic parameters is provided. The computational efficiency of the customized ADMM is validated via comparative
simulation results from a commercial NLP solver. Furthermore, the robustness of the customized ADMM is validated via

extensive simulation cases.

This paper is organized as follows. §I introduces the formulation of the end-to-end human-Mars EDL mission as a multi-phase

optimal control problem and the transformation from the optimal control problem into a homogeneous QCQP. §II presents
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the framework and convergence analysis of the customized ADMM to search for the optimal solution of general nonconvex
QCQPs. In §III, numerical results for the separate phase guidance and the end-to-end guidance problems, comparative results

from an NLP solver, and robustness analysis of the customized ADMM are provided. Conclusions are presented in §IV.

I. PROBLEM FORMULATION

In human-Mars missions, the vehicle is required to deorbit, enter, descend and land softly at a specific mission site with
high precision. The entire EDL mission can be divided into two major phases, an entry phase and a powered descent phase. In
this section, the formulation of the optimal guidance problems for both phases are presented separately and then integrated into
an entire fuel-optimal EDL guidance problem subject to dynamic constraints, mission constraints, and continuity constraints
between these two phases. By applying the discretization technique and introducing additional variables, the fuel-optimal EDL
guidance problem is converted into a nonconvex QCQP problem. This uniform modeling scheme can be applied to general

multi-phase mission planning problems as well as the three-dimensional EDL guidance problems.

A. Optimal Guidance for the Entry Phase

In the entry phase, the motion of a point-mass entry vehicle is usually described in a Cartesian coordinate system with the
origin of the coordinate located at the center of Mars. The two degree of freedom (2-DoF) dimensionless equations of motion

for the entry vehicle over a spherical non-rotating Mars are expressed as

R =V sin~y,
. sin 7y
——pD_- >
v (Rho /)’ e
. 1 cos 7y cos 7y
= (L 2 -
=y (VR - )

where R is the radial distance between the entry vehicle and the Mars center, V' is the vehicle speed, and + is the relative
flight path angle, R,, is the radius of Mars. In the above dimensionless formulation, length is normalized by hy = 100 km,
and time is normalized by /ho/go (g0 = 3.711 m/sec? is the gravity acceleration of Mars). Accordingly, the speed term is

normalized by v/hogo. D and L are the normalized aerodynamic drag and lift, respectively, defined by

1

D= §S,OCDV2, (2a)
1

L= 5S,;CLVQ, (2b)

where p is the Mars atmosphere density, determined by a nonlinear function of altitude, S is the reference area of the entry
vehicle, Cp and Cp, are the aerodynamic drag and lift coefficients. Note that, p is normalized by 7;‘—5, where my is the initial
mass of the entry vehicle. In this paper, we assume that C'p = ¢4, + ¢4, CrL +Cq, C% holds for the entry vehicle, where cq,, cq,
and ¢4, are the constant coefficients. During the entry phase, C', is handled as the control variable. Moreover, three types of

trajectory constraints are considered during the entry phase.
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1) Stagnation-point convective heating load constraint:

Q= koy | =V < Qo 3

where Ry is the nose radius of the vehicle, kg is a constant depending on the composition of the Martian atmosphere,
Qmax denotes the allowable peak heating rate. This inequality constrains the heating rate at a stagnation point on the
surface of the vehicle with a curvature radius R,os [15].

2) Dynamic pressure constraint:

gomopV2

< Gmax; 4
5 =4 )

q=

where qnax 1s the allowable peak dynamic pressure.

3) Normal load constraint:

VL% 4+ D? < nipa, (&)

where nyax 1s the allowable normal load on the surface of the entry vehicle.
At the end of the entry phase, the entry vehicle is required to descend to an altitude within a specified range. The optimal

guidance problem for the entry phase is expressed as

min V (¢1), (6)

Cr,tr

subject to R = Vsin~,

. sin vy
——pD_- >
v (Rho/Bp)?”
. 1 cos 7y Cos 7y
=_ (L 2 -
=y (VR - )

- [ P 3.15 :
=k —V < @n X9
Q @ Rnose - Q *

g= ggmgipvz < G
VL2 + D? < npyax,
D= %SpCDVQ,

L= %SpCLVQ,

Cp = cay + ca,Cr, + ca, CF,
R(to) = Ro, V(to) = Vo, v(to) = 0,

RY < R(t;) < RY,

where t; is the time at the end of the entry phase and it is unknown, and Rf and R? are the lower and upper bounds on the
terminal radius, respectively. The objective function during the entry phase is the final speed since a smaller speed at the end

of the entry phase is supposed to require less propellant during the powered descent phase to decelerate the vehicle to zero
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speed. After the entry phase, the retro-propulsion system will be ignited to start the powered descent phase.

B. Fuel-Optimal Guidance for the Powered Descent Phase

In the powered descent phase, the vehicle will be decelerated by using a retro-propulsion system and land at a preflight-
designated site on the Mars surface with near-zero speed. To simplify the expression, the equations of motion during the powered
descent phase are analyzed in a Cartesian coordinate system with its origin fixed at a point on the Mars’ surface. Without
loss of generality, we assume the origin of the Cartesian coordinate is located at the landing point. The 2-DoF dimensionless

dynamic equations during the powered-descent phase is expressed as

r=v, (7a)
T

v=g+ —, (7b)
m

1 = —n||T||2, (7o)

where r = [z, 2]T is the position vector of the landing vehicle, v = [v,,v.]T denotes the velocity vector, g = [0, —go]” is
the gravity acceleration vector, T = [T, 7] denotes the thrust vector, m is the landing vehicle mass, and 71 represents the
specific exhaust velocity of the rockets, which is assumed to be a constant. In the above dimensionless formulation, length
is normalized by 1000 m, velocity is normalized by 100 m/sec, and mass is normalized by 1000 kg. As a result, time is
normalized by 10 sec, acceleration is normalized by 10 m/sec?, and thrust is normalized by 10000 N. The magnitude of thrust

T during the powered descent phase is bounded by
Trnin S ||T(t)||2 S Tmaxy Vt S [tlvtf]a (8)

where ¢; is the time at the end of the entry phase, which also denotes the rocket ignition time, i.e. the starting time of the
powered descent phase, and ¢ is the final time at the end of the mission. Due to the limited fuel, the constraint on the vehicle

mass is expressed as
m(tr) = mpai, m(tr) > Mary, )

where mypq; is the gross mass of the vehicle at the beginning of the powered descent phase, and mygyy is the structural mass.
Meanwhile, to prevent the landing vehicle from impacting the Mars surface before landing, a glide-slope constraint is considered

for the powered-descent trajectory, which is expressed as

r601:{r€R2:mZCOS9}, (10)
([rlflell

where e is a unit vector along the z axis and 6 is the maximum glide-slope angle. As the aerodynamic forces are generally
much smaller than the thrust generated by the retro-propulsion system during the powered descent phase, the aerodynamic

effects during the powered descent phase are ignored. Then the fuel-optimal guidance problem for the powered descent phase
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is expressed as

ty
min / m dit (11)
Tty tr
subject to T = v,
) T
v=g + "
m
i = —n||T|2,

Tmin < HTHQ < Tmaxa vVt € [tlath

reC:= {I’GR2ZMZCOS€},
([x(l[e]

m(tr) = mpai, m(ty) > Mary,
r(tr) =ro, v(ty) = vo.

I‘(tf) =0, V(tf) =0.

For the optimal guidance of both phases that leads to a fuel-optimal and precise landing, a multi-phase optimal control problem
is described below including dynamics and constraints described for each phase and additional constraints to guarantee a smooth

transition from one phase to the other.

C. Fuel-Optimal Guidance for End-to-End Human-Mars EDL Mission

When considering the 2D end-to-end EDL mission, the ending point of the entry phase is the starting point of the powered

descent phase. Therefore, continuity constraints on position and velocity are imposed on the transition point, expressed as

r(t) - e = (R(t;)ho — Ryn)/1000, (12a)

T
v(tr) = [V(t;)\/hogo cosy/lOO,V(t;)\/hogosinv/loo} . (12b)

Combining the two guidance problems in (6) and (11) and the continuity constraints, the multi-phase fuel-optimal EDL
guidance problem is summarized as

ty
min m dt (13)
CrL,Ttr ity Jy,

subject to R(t) = Vsinwy, Vt € [to, 1],

. sin 7y
fr— —D —_
v (Rho/Rpm)?’
. 1 cos 7y Cos 7y
=— (L 2 -
1=y ( Ve (Rho/Rm)2> ’

) ) T .
r=v,v=g-+ pg m = —n||T||2, Vt € [tr,t/],
Cp = cay + ¢4, Cr, + ca, CF,

- 14 3.15 -
=k —V < maxs
C=koy g’ =Y

gomopV? _ a

(j: 2 = §max;
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VL2 + D? < nypax, YVt € [to, t1],

Tmin < |[|T|l2 < Timin, * € C, Vt € [t1,t5],
R(to) = Ro, V(to) = Vo, (o) = 0,

RY < R(tr) < Ry ,x(ty) =0, v(t) =0,
ty < tmax, m(tr) = mpgi, m(ty) > Mary,
r(tr)-e = (R(tr)ho — Rm)/1000,

v(t1) = [V(t1)V/Rogo c0s7/100, V/(t1)y/Rogosin/100]

where %, 1s the maximum duration of the entire EDL mission. By integrating the entry and powered descent phases, the
end-to-end EDL guidance problem will determine the transition point between the two phases, as well as the optimal guidance
laws and duration for each phase, which provides more flexibility in planning the entire mission.

The end-to-end EDL guidance problem in (13) is a multi-phase nonlinear optimal control problem subject to complicated
dynamical and mission constraints. Furthermore, the duration of each phase and transition point between phases are unknown.
Solving this nonconvex problem directly is computationally difficult. Therefore, we will first reformulate (13) as a polynomial
optimal control problem by approximating all non-polynomial functions, e.g., the atmosphere density model, using continuous
polynomials. Then the end-to-end EDL guidance problem will be reformulated as a polynomial programming problem via

discretization.

D. Conversion into a Polynomial Optimal Control Problem

In the end-to-end EDL guidance problem formulated in (13), there are several non-polynomial functions, including trigono-
metric functions, e.g., siny and cos~, in the entry phase dynamics, and exponential functions in the heating load constraint
and the atmosphere density model. The conversion of these non-polynomials into polynomials using approximate functions is
presented below.

1) Mars atmosphere density model: Based on the Mars atmosphere model in [41], the atmosphere model is divided into
two zones with different curves, the low altitude atmosphere curve and the high altitude atmosphere curve. The entry phase
is defined at a high altitude ranging from 7,000 meters to the boundary of the Mars atmosphere which is at the altitude of
110,000 meters. Then, only the high altitude atmosphere model is considered during the entry phase. For the high altitude

atmosphere model, the temperature decreases linearly and the pressure decreases exponentially, expressed as

P ressure
i (14)

P~ 01921 (Tiomp + 273.1)°

where Fpegsure and Tiemp are the atmosphere pressure and temperature, respectively. Moreover, the curve fitting results for Fyregsure
and Tiemp With respect to the altitude h = Rho— R, are written as Tiemp = —31—0.000998%, Ppressure =0.699 exp (—0.00009A) .

Finding a polynomial curve to fit p with respect to h according to (14) is straightforward. The classical curve fitting method,
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such as the least square method, can find a polynomial function directly. However, using a polynomial to directly fit (14)
will result in negative values at some points of the approximate air density function. Thus, (14) is firstly approximated by an

exponential function, expressed as
p = exp (s - h), (15)

where w; and wy denote the curve fitting parameters. Then (15) is further approximated using the Taylor series expansion to

fit the exponential function in (15), written as
= (g - h)"
p=1iin ) % (16)
n=0

In this paper, we use a 6th (n = 6) order polynomial function to approximately represent the atmosphere density. The curve

fitting result and the residuals are shown in Fig. 1.
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air density
Fig. 1: Polynomial curve fitting of the atmosphere density model

2) Heating load constraint: The non-polynomial heating load constraint in (3) can be equivalently rewritten as

Qmax .
kQ \V4 p/Rnose

Since p is expressed as a function of h in (16), Vj,ax can be approximated as

V<o Vinax- A7)

ny
Vinax (h) & Y wih™, (18)
i=0
where w;,t = 0,1,...,n;, are the coefficients of the fitting polynomial. Let n; = 4 in (18), the approximated results are shown

in Fig. 2. Then, the heating rate constraint can be replaced by

VSOJ()—le'h+WQ'h2+OJ3'h3+UJ4~h4. (19)

3) Normal load constraint: The non-polynomial normal load constraint in (5) can be equivalently reformulated as

2

1 N
(QCLSpV2> + (QCDSpV2> < Npmax. (20)
By denoting C4 = \/C% + C%, the normal load constraint can be replaced by
1 2
iCASpV < Nmax- [@2))
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Fig. 2: Polynomial fitting results for Viax

4) Trigonometric functions in entry phase dynamics: There are nonlinear sinusoidal/cosinusoidal functions of the flight path
angle, v € [~ 7, 5], in the entry phase dynamic constraints. Let a = siny, b = cos~, then a’® +b% = 1. As v is the flight-path

angle and v € [—-7F, 7], we have

v = arcsina, ¥ = ﬁd = %, 22)
Thus, the dynamic equations in (1) are equivalent to
R=V -a, (23a)
V=-D- m, (23b)
a:é(LJrV?-;—W). (23c)

With the conversions in (16), (18), and (23), the EDL guidance problem in (13) can be reformulated as a polynomial optimal
control problem. Via discretization, a polynomial optimal control problem can be converted into a polynomial programming
problem. By introducing extra variables and quadratic constraints, every polynomial programming problem can be expressed

as an equivalent nonconvex QCQP [29]. The discretization and conversion steps are detailed below.

E. Discretization and Conversion into QCQP

We first discretize the trajectories in the entry phase and powered descent phase into N; > 0 and N2 > 0 intervals,
respectively, shown in Fig. 3. The equations of motion of the entry phase are then approximated by the Euler integration

scheme, expressed as

Riy1 — Ry
S = Vi (242)
Vier = Vi 1 9 a;
A S A A A— 24b
Aty 9 Dl T R o/ Ron)? (24b)
Ai4+1 — Q4 bz 1 2 V;le bz
Qirl 74 _ 2 (2o gV - :
Aty Vi (2 L2 PV TR T (Roho /R )2
i=1,2,.... N, (24c¢)
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Fig. 3: Discretized trajectory of multi-phase human-Mars EDL

where Aty = (t; —tg)/N is the uniform time step between two adjacent discrete nodes for the entry phase. Next, we denote

Riy1 —R; Viern = Vi Pi
OR;j = ————, Vi = ——(———, 0p; = )
Atl Atl p Atl
aip1 —a;) - Vi o 5 = -
pi= int b; oW Vi= V2 hi =hi, hi=hi=h; - hi,
hi = ht =02 h; = h? = h; - hi, by = h§ = DZ,
= - =R -,
hi + 2hiR7n/h0 =+ (Rm/h0)2 hO
S 1 bi - fi
i — ‘/’L - s G4 = ’
Ji Ri(ho/Rm)? ‘ R;
- - 03 hy | W3- by
¢ = Vip = Vi 1+1212’hi+w27+w2T
AT 5] A6 T
NN wQ-hi w2'h7; ’wz‘hi
f 2
Vi o e T (250
Using the above intermediate variables, (24) can be rewritten as quadratic constraints, expressed as
S
6Vi = — ( 5Cnai +1i (26b)
S
opi = §OL1; g+ e (26¢)

Meanwhile, the mission constraints in (3)-(5) at every discrete node, ¢ = 1, ..., Ny, for the entry phase can also be rewritten

as quadratic inequalities, expressed as

Vi < wo + wihi + wahi + wsh; + wahi, (27a)
2_max
g < “hmex (27b)
mogo
1 , 5 o
2CAi Sq¢; < Nmax, CA,i = CL,i + CDi' (27¢)
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Applying the Euler integration rule to the equations of motion in (7) during the powered descent phase, leads to

Ti+1 — X5 _ Fi+l T A _
B e e v 25
YVoges Vo _ Loy Vi 7y Ty (28b)
Atg m; ’ AtQ m; ’
miy1 —Mmy .
JTQJ =T, T;=T; +T2,j=1,.,No, (28¢)

where Aty = (¢ = t;)/Ny and T; is the magnitude of thrust vector T. Since ¢; and ¢ ¢ are unknown, At; and Aty are to be
determined in the EDL guidance problem. Through above conversions, all dynamics and mission constraints are reformulated

as linear or quadratic equalities/inequalities for both phases. By denoting

X = [R,h,h,h, b, h,h,6R,V,V 6V, a,b,e, f,p,0p,1,q,

CA7 CL7 CD7 Ly Vs 2y Vzy M, Ta:a TZ7 Ta Atla AtQ]Ta
the original EDL guidance problem in (13) is now cast as a QCQP, summarized as

ngn — My, 29)
subject to (25) & (26),
(28),

Vi < wo + wih; 4+ wahi + wsh; + wahi,

0 < 2max 7
mogo

§CA,iqu' < Nmax,

Ci, =Ch, +Ci.,

Cp, = cqy +¢a4,Cr, + cdzC,%i,
Tmin < T < Thax,

212 > x? -cot?(8),

Ry = Ry, Vi =W,

Rf < Rn, < RY,

TN, = ZN, = 0, Vzy, = Vzy, = 0,
[x1,21] - € = (Rn,ho — Rm) /1000,

[vxl,vzl] = [VNlel \/ hogo/lOO7 VN,an, v/ hogQ/IOO}T7

where i =1,...,Nyand j=1,..., No.
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II. A CUSTOMIZED ADMM FOR NONCONVEX QCQPs
A. Customized ADMM Framework

Since a general QCQP can be equivalently formulated as a homogeneous QCQP, we focus on solving the homogeneous
QCQP formulated as

min XTQQX (30)

x€R™

subject to x? Q;x = ¢;, i € £

x'"Pjx<d;, jeT

where x € R" is the unknown vector to be determined, Qo € R"*", Q; € R"*", i € £, and P; € R"*", j € T are real
symmetric matrices which are not necessarily positive semidefinite. £ and Z are the indices sets of equality and inequality
constraints, respectively. Due to the indefiniteness of Q; or P;, problem (30) is generally nonconvex and NP-hard. In order to

solve the nonconvex QCQP, we equivalently transform (30) into a consensus-constrained optimization problem formulated as

min x7 Quy 3D
X,y
subjecto to X Q;y = ¢;,i € €
x'"Pjy<d;,jeT
X =y.

Obviously, with the consensus constraint x =y, problems (30) and (31) are equivalent. Let v € R”, pu € RIEL X € RIZI

be the Lagrange multipliers associated with the consensus constraint, equality constraints, and inequality constraints in (31),
respectively. For notational convenience, we denote A = [VT7 ul, )\T] . Typically, the inequality constraints are converted
into equalities by introducing slack variables. Without using the slack variables, switching functions are applied to reformulate

the inequality constraints, expressed as

fe(s,q) = % (max{0,s + (g} — 5%)

= (32)
200’ 54 (q>0

where the right side in (32) are component-wise operations when s and ¢ are vectors. By utilizing (32) to handle the inequalities

in (31), the augmented Lagrangian for (31) can be written as

Lok ) = xTQuy +07 (x— ) + S - v
3 (@ - ) + £ @y — o)
€€

+3 fe, Vo xTPyy — d;), (33)

jez
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where p = [(1, (2, (3] is the collection of the penalty coefficients associated with the augmented terms. By employing the
classical ADMM framework [42], [43] to solve (31), the variables x, y and the Lagrange multipliers A at step (k+ 1) can be

updated as follows:

xM = arg H;il’l Lok (%, y*, AF) (34a)
y* ! = arg myin Lon(x" Ty, AP) (34b)
UL — R Cf (Xk+1 _ yk+1) (34c¢)
it =i+ G (ETYTQuy T — ), Vie s (34d)
AL = max{0, A} + ¢§ (FT) Pyt —dj)}, Vi e T (34¢)

where each penalty coefficient in p* are chosen as a non-decreasing positive sequence. Specifically, they are determined

according to the following updating rules,

BCE, f [ — YR > 7 xE -y
(AR S (35a)

¢k, otherwise

Be, if [T Qiy ! — ¢

3 = > 7| ()T Qiy* — i (35b)
¢k, otherwise

Bes, it ([P y R — )|

3= > 7| [(x*) TPy — ;]| (350)

¢, otherwise

where

[(Xk+1)TPjyk+1 . dj} +

— max{(xk-i-l)TPjyk—H _ dj7 _)\;eJrl/Céc} ,

B > 1 and T are positive constants. The updates of Lagrange multipliers in (34) are straightforward. However, the updates of
x and y require to solve two sequences of convex quadratic optimization problems. Specifically, for the x-update, (33) is a
(F—strongly convex function when y = y* and A = A* are given. Thus, the global optimum of the sequential subproblem

(34a) can be derived from the first order optimality conditions of (33), written as

OLo VLAY Quy v 4 b (x -y

ox
Z (1 Qiy" + ¢ (x"Qiy" — i) Qiy"¥)
1€E
+ ) TLh (MPyE + ¢h (xTPy"t - dj) PiyF)
JET
=0, (36)
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where Fm;?, j €1, is a logical function associated with the inequality constraint j at kth step, which is defined as

0, M+ ¢k ((X)TPyy" —dy) <,
Flf _ J 3 ( J J) (37)
1, )\ig + g’; ((Xk)TPjyk — d]) > 0.

By solving (36), we can find the closed-form solution of the x-update, expressed as
-V e (38)
where A* and b¥ are defined as

Al =T+ Y (Qut) (k)T

i€E
+ 3T (P (Pyh) (39a)
JET
b = —Qoy* — V" + fy" = > ((1f — Gei) Qiy")
€€
- (me (A} — i) Pjy’“) : (39b)
jJET

where A% is a positive definite matrix when the elements in p* are all positive. Similarly, with the given x**! and A, the

closed-form solution of the sequential subproblem (34b) for y-update can be obtained from

yHH = (AF) bk (40)

Yy

where

A’; — C{cl + ZC§ (Qixk+1) (Qixk+1)T

€€
+ 3T, ¢ (Pxt) (P (41a)
JjET
bij = —Qox T 4 vk 4 ¢FxM!
= ((f = Ges) Qi)
i€E
=3 (1 O = G Pyxt ) (410)
JET

0, M+ ¢k ((xMHTPyk —d;) <0;
]_—‘y.’; _ J 3 ( J J) (41C)

1, /\;? + ¢k ((xk+1)TPjyk — dj) > 0.

With the analytical solutions in (38) and (40) derived for subproblems (34a) and (34b), the customized ADMM for nonconvex

QCQPs in (30) is summarized in Algorithm 1.
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Algorithm 1 Customized ADMM for nonconvex QCQP in (30)

Input: Qq, Q;, c;, i €&, Py, d;, j €T, and constant parameters 3, T, €
Output: Unknown vectors x and y
Initialization: x°,y% A° and penalty coefficients p°

1: for k=0,1,2,... do

2: Calculate the logical function FTf with x| y* A,
3: x**1_update using (38) with y*, A¥;
4: Calculate the logical function Fy? with xF+1, yF AF;
5 y**+1-update using (40) with x¥+1, AF;
6:  Update Lagrange multipliers A using (34c), (34d), and (34e) with x**! and y**!;
7: Penalty coefficients updates using (35);
T L e P L L1 4 o
8: Calculate the error vector £ = G el , 5

9: if ||€||1 < € then

10: break;
11: end if

12: k=k+1
13: end for

B. Convergence Analysis of ADMM

Assumption IL1. In problem (30), the objective function and constraints are of class C?. Problem (30) has at least one feasible

solution and the objective function is lower bounded.

Assumption IL.2. The coefficient matrices Q1,Qz2, - - , Qg| of all equality constraints in a QCQOP satisfy that for any vector
x € R™ without zero entries, the row vectors of [(x)TQq; (x)TQo;...; (x)TQx] € R¥*™ are linearly independent, where |&|
denotes the cardinality of £. Moreover, the coefficient matrices of all inequality constraints P1, P, ..., Pz also satisfy that

the row vectors of [(x)TP1; (x)TPy;...; (x)TPy] € R¥*™ are linearly independent, where |I| is the cardinality of T.

Denote

Qex = {(X)TQM(X)TQQ,--- ,(x)TQe|| € RIEX™,

where Qgex has a full column rank. As a result, omin(Qsx) > 0, where o,y (®) denotes the minimum singular value of ‘e’.

Then, for any vector p € RI€!, we have
1(Qex)" 1] 2 in(@Qex) 1l “2)

Similarly, for the inequality constraints, we have Pzx = {(X)TP17 (x)TPs,- -, (x)TP7 | € RIZIX" has a full column rank
and oy (Pzx) > 0.

In the end-to-end EDL guidance problem formulated in (29), it is obvious that the objective and constraints in (29) are all
of class C?, and the objective function is lower bounded, which indicates that Assumption II.1 is valid for (29). Moreover,
each equality constraint associated with the discretized dynamics only include the state and control variables at current discrete
node and/or its adjacent nodes. As a result, the vectors Q;x are linearly independent. A similar observation could be found

for the inequality constraints. Therefore, assumption II.2 is valid for the formulated Mars EDL problem in (29).
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Note that, when Assumption II.2 holds and xF is given, the equality constraints of (31), i.e., (xk)TQiy —¢; = 0, will be
linearly independent with respect to y. In addition, in the formulated QCQP in (29), each equality constraint involves different

state and control variables at each discrete node, which leads to the linear independence of the vectors Q1x, Qax, -+, Qg/x.

Definition IL.3. Strong convexity: A function f is called k-strongly convex if there exists a positive constant r such that the

following condition holds for all points x,vy in its domain:

) 2 J@) + V@) - 2) + Sl - ] 43)

Moreover, if the function f € C?, then it is k-strongly convex if and only if <7 f(x) = kI for all x in the domain, where 1 is

the identity matrix and <7*f is the Hessian matrix, and the symbol ‘=" means that 7% f(z) — kI is positive semi-definite.

Lemma IL4. At every iteration, the x*-update in sub-problem (34a) and y*-update in sub-problem (34b), k = 1,2,..., are

feasible and strongly convex.

Proof. At every iteration, for the x-update and y-update, the Hessian matrices of the Lagrangian are expressed as

ViL =0T+ 6 (Qy) (Qy)"

€€

+G Y Tuy (Py) (Py)", (44a)
JET

Vil =GI+ ) 6 (Qix) (Qix)"

€€

+( Y Ty (Pyx) (Pyx)" (44b)

JjeL
where k& is omitted for notational clarity. With [(1, (2, (3] being positive scalars, there exist s, > 0 and x, > 0 such that
Viﬁ = kI > (1T and v?,[, = Kyl = (11 hold for all x,y € R™. Meanwhile, the positive definiteness of AJ’f, and A’; makes

these subproblems feasible for all k. O

Denoting

g(X, Y, K, A) = XTQOY

3 (1 Q) + LI Quy -l

ic€

+ 3 fe, Vo xTPyy — d;),
JET

then we have

¢

L=¢G+T (x—y)—|—§1Hx—y||2 (45a)
VxL=VxG+v+G(x—y) (45b)
ViIL =26+ I (45¢)
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Similarly, by denoting

]:(XaY7V?>‘):XTQ0y+VT(X_y)

+Zf<fs ()‘ijTPjy_ dj) )

jET
we have
2
L=F+p" (x"Qey —c)+ % [x"Qey —¢|’, (46a)
Uyl = VyF + " Qex+ G (x"Qey — ¢) Qex, (46b)
V2L = V2F + G (Qex)” (Qex). (46¢)
where
XTQly —C
xTQay — ¢
xTQey — ¢ = 2_ 2 c RIEXT @7

x"Qiey — cley|

By denoting

H(x,y,v,p) =x" Qoy +v’ (x—y)+p" (x"Qey — <)

=GN Qey —elf”.
we have

L=H+Y fo, (N, x"Py—dj), (48a)
JET
VyLl =vVyH+ (Tyo )‘)T Prx
+ GTy o (x"Pzy — d) Pzx, (48b)

VyL = VyH + Ty 0 G (P1x) (Prx)". (48¢)

where o denotes the element-wise product.

Lemma I1.5. When Assumption II.1 holds, G(x,y, u, N), F(x,y,v, ) and H(x,y, v, i) have Lipschitz continuous gradients

with respect to 'y for (1 > 0,(2 > 0 and (3 > 0, respectively.

Proof. From Assumption I1.1, G € C? is in the set {(x,y)|x"P,y —d; #0,j € Z} for all A. Thus, 7y G(X,y, tt, \) is
p y iy j J Vy Yy, K

almost everywhere differentiable. Consider the Hessian matrix of G with respect to y,

Va0 =G (Qix)(Qx)" +G D Ty, (Px) (Px)". (49)

icE jeT
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Obviously, 175G is positive definite given x such that ) (Q;x) Qx)" £0o0r ¥ I'y; (P;x) (ij)T # 0. Furthermore,
i€ JEI
when x is given, there exists a positive constant L; such that

| 7y G(y1) — VyG(y2)|l < Lilly1 — y2ll, Vy1,y2 € R". (50)

which indicates that the gradient of G(x,y, , A) with respect to y is Lipschitz continuous, and the Lipschitz constant is simply

the Frobenius norm of (49) for a fixed x. For F(x,y,,\), the Hessian matrix with respect to y can be written as

VaF =GI+G Y Ty (Pix) (Px)". G

jET

Then, with ¢(; > 0 and (3 > 0, v?,]—' is positive definite. Given X, there exists a constant Lo > 0 such that

| vy F(y1) — VyF(y2)l < Lally1 — y2ll, Vyi1,y2 € R™. (52)

Similarly, considering H(x,y, v, ), the Hessian matrix with respect to y is written as

ViH=GI+G Y (Qx) (Qix)" . (53)

€€

Then, with ¢; > 0 and (3 > 0, vf,’}-[ is also positive definite. When x is given, there exists a constant L3 > 0 such that

| vy H(y1) — VyH(y2)ll < Lsllyr — y2ll, Vy1,y2 € R". 54

Therefore, G(x,y, p, A), F(x,y,v,A), and H(x,y, v, u) have Lipschitz continuous gradients with respect to y. O

Theorem I1.6. Let Assumptions I1.1 and I1.2 hold, and {p*} be a sequence with non-decreasing positive elements such that

Ay (BHDIY B+DIE T@E+0IE
2 2§ 26 ’
Vk=1,2,.,K, (55)

where HZ is the constant of lig-stmngly convex Lagrangian L at kth step, L;,1 = 1,2, 3 are the Lipschitz constants of G, F, H
at kth step, respectively. Let A° = [U°, u® X°] # 0, then the sequence {x",y*, A*} generated from Algorithm 1 will converge

to a limit point and lim (xk — yk) =0.
k—o0

Proof. For the x-update at kth step in (34a) with a given pair (y*, A¥), there exists the following inequalities,

Lo (xF,y7 AF) — Lon(xFH1 y%, AF)

k
Ky

2
2

vaﬁ(xk+17yk,Ak)T (Xk _ Xk—H) + ko Xk+1H2

I

2

Ky ka _ Xk+1||2 > % ka _ xk-i—l‘

(56)
where the inequality holds due to the strong convexity of £, (x, y*, A*) with respect to x, the equality holds due to the first

order optimality condition of (34a) with respect to x**1. Similarly, for the y-update at kth step in (34b) with a given pair
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(x¥*1, A*), we have the following inequality:

K

k
Ny
|

Lo (P35 AF) = Lo (L R AR) >

P p y* - yEr (57)

On the other hand, consider the following first order optimality condition for the y-update at the kth step
VyLpr = VyG(y™h) = vt + ¢ (M - M) =0, (58)
Combining (58) with the dual variable v update step in (34c), we obtain
VyGyth) = vt (59)
Thus,

441 = ¥ = [5G4 — 7,66

< LYy = v* 60
where the inequality holds due to the Lipschitz continuity of <7y, G with respect to y. For any given £, ¥ and y**1 are always
updated in the same iteration. Then, we can rewrite the first order optimality condition of Ly at kth step as

T
Vy‘cp’c = Vyf(yk+1) + (/Lk) Q5xk+1
4k ((Xk+1)T Qey*tt — c) QexF 1
=0. (61)
Substituting the dual variable p-update in (34d) into (61), we have
Uy F(y ) = = (141 Qextt. (62)
Thus,
[Vy Fy* ) = ¥y F M|
_ E+1\T k41 (kT k
= [("")" Qex (1")" Qex"||. (63)
For given x**! and x*, there exists a nonzero vector X**1 which is the linear combination of x**! and x* such that
T T
H (1) Qextt — (uk) QstH
> (@) () (64
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Note that either x*+1 = x**1 or x*¥*1 = x* will make (64) valid. Then, when Assumption I1.2 holds, we have,

H(Qgikﬂ)T (uh+t = ’”Lk)H > ot (QexF 1) Huk+1 _ F”kH (65)

Then, combining (63)-(65) and the Lipschitz continuity of the gradient </, with respect to y in (52), there exist a constant
L% > 0 such that

| tt = pk|| < L5 ||y" T = y*]|. (66)

Similarly, we consider the update of A at kth step. The first order optimality condition for the y-update at the kth step can be

written as

VyLpr = Uy H(y* ) + (T o AF) T Poxbt!
+ C§€FZ+1 o ((ch+1)T Pryhtl - d) Poxkt!
=0. (67)

Substituting the dual variable update in (34e) into (67), we have

H(y"+1) = — (FZH o )\k)T PoxFtl (68)

Similarly, there exists a X**1 € R™ such that

[H* ) = HEY)||
(T o X4 Prx 1 — (D o AF) " P
(ThH o AR Tk o AF) T PI)”(H. (69)

Combining Assumption II.2 and Lipschitz continuous gradient in (54), we can obtain the bounded constraint on dual variable

A, expressed as
E+1 . \k+1 E+1 _ 3k k|| k+1 k
TS o X =Ty o AP < Ly [y = v (70)
Next, we rewrite the successive difference of the augmented Lagrangian in the form

Epk+1 (Xk-"_1 R yk-"_l7 Ak+1) — £pk (Xk; yka Ak)

— Epk+1 (Xk+1,yk+1,Ak+1) o £pk (Xk+1,yk+1,Ak)

+‘Cpk (Xk+17yk+1,Ak) _ Epk(Xk+1,yk,Ak)

+ Lon (xFTL yP AF) — Lo (xF, ¥, AF). (71)

ublications_standards/publications/rights/index.html for more information.
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In the above equation, the subtraction

[.‘,karl (Xk+1, yk+17 Ak+1) _ Epk (Xk+1, yk+17 Ak)
is bounded by

Epk+1(xk+1,yk+1,Ak+1) o ,Cpk (Xk+17yk+l,Ak)

k+1 T ( k+1 k41 f“ —¢F k+1 k4112
(M) (et et S e
+ (uk—H _ “k)T ((Xk+1)Tngk+1 _ c)

k+1 _ ~k 2
4 52 5 G H(Xkﬂ)TQSykﬂ _CH

+ (I\glz-i-l o N1 _ I"; o )\k)T ((Xk+1)T Pyttt - d)

k
G TR - chlTy

’(Xk+1)T Pryitl - dH2

2
e T e |
c?’f“nrs;(zg - GHITH o oyt gt P
L N e T
" “'Fﬁtéﬂglf’;H) [T o AP Tk o A (12)

where the equality follows the definition of £ and the update laws of A; the inequality holds due to the updating rules of penalty
parameters in (35). Recall that £ (x* 1, y* 1 AF) — £ (x* 1, y* AF) and Lo (x*T1, y*, AF) — L0 (x, y*, A%) in (71)
are bounded in (56) and (57) due to the strong convexity of £ with respect to x and y. Then, combining these inequalities,

we have

Epk+1 (Xk-H7 yk+1, Ak—H) — Epk' (Xk, yk, Ak)
zﬁpk+1(xk+1,yk+1,1\k+1) _ [:pk (xk+17yk+1,Ak)
+ £pk (Xk+1,yk+1,Ak) . Epk (Xk+1,yk7Ak)

+ Ep’“ (Xk+1a yk7 Ak) - ‘Cp"" (ka yk7 Ak)

— X

Kk o KE 2
<_ ?xHXkJrl g _?yHykJrl — v

+

e e P

2¢F 20§
(BITET| + ||I‘Iy€H) HFHI o N1 _ rk}\kHQ
2¢k ® v
k
< Sk P
2
B ’izj CEs 1)LE B+ 1)L Iy - ka?

2 2CF 2C%
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2

)

(73)

(I TR s
2C§ y y

where the last inequality is due to (60), (66) and (70). In addition, based on the definitions of I',, and I'; in (37) and (41), we

have ||I';|| < |Z| and |T'y|| < |Z|. Therefore,

Ep’chl (XkJrla yk+17 Ak+1) - £pk (ka yk’ Ak)

%

I
KE O (B4+1)LF (B4 1)LE
?y_< 2@) E( 2@3 2>Hyk+1_yk||2
Z|(B+ 1)Lk
_ ( ( 2<§) 3) ||yk+17yk”2. (74)

The above result implies that when satisfying the condition in (55), the value of the augmented Lagrangian function is non-
increasing. Note that as long as k¥ # 0, one can always find a p* with sufficiently large elements [Cf, (5, (5] to satisfy the

above condition. Furthermore, by summing both sides in (74) from k£ = 0 to oo, we obtain

Lpoe (x°,y°°, A%) — ﬁpo(x07y0,A0)

— ’f]; k+1 k|2 — ’%]zj k+1 k2
<D IR T Y S (75)
k=0 k=0

where &y = m’yf Ey J’le)yf i ZC)L;C By E [ %ULZ’?. With Assumption II.1 holding, the Augmented Lagrange function is lower
bounded. Then, in (75), both ioj %I; [|[xF*+1 — x*||2 and ioj %Z ly**+1 — y*||? are upper bounded. In other words, the sequences
{x*} and {y*} will convergzztg) limit points. Moreovekrj(ziue to the constraint |[v* 1 — vk|| < LF||y**+! — y*|| in (60), the
sequence {v*} will also converge to a limit point, denoted as ©>°. Meanwhile, by taking the limits on both sides of (34c), we
have

Jm = i (G -y, o)

which leads to lim (x**1 — y**+1) = 0. O
k—o0

Theorem IL.7. Let {x*} and {y*} be the sequences obtained from Algorithm 1, ifklirn (xF1 —x*¥) = 0and lim (x* —y*) =
—> 00

k—oc0

0, then the limit point of {x*} is a stationary point of problem (30).

Proof. A Karush—Kuhn-Tucker (KKT) point x* of problem (30) with the corresponding dual variables p* and \* satisfies that

Qox™ + ) i Qix" + ) NPx" =0 (772)
icE jeT

e ((x*)T Qix* + ci) =0, Vie& (77b)

X () Pyxt ;) =0, vj €T (77¢)

()" Q" +i) =0 (77d)
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T

((x*) P,x* + dj) <0 (T7e)

A >0 (776)

With lim (x**! — x*) = 0 and lim (x* — y*) =0, {x*} and {y*} will converge to a limit point, denoted as x> = y°.
k—o0 k—o0
Moreover, considering the bounded dual variables in (60) and (70), {Ak} will converge to a limit point denoted as A°°. Then

A also satisfies the first order optimality conditions of subproblems (34a) and (34b), expressed as

Qoy™ + ™I+ (1 Qiy™)
€€
+ )T (AFPy™) =0 (78a)
JEL
Qox> — ™I+ Z (15 Qix>)
€€
+Y To5 (AFPx>) =0 (78b)
JET
1 ((X°°)T Qiy™ + c) =0,Vie& (78¢)
X () Py - d;) =0, €T (784)
((X"")T Qiy™ + Ci) =0 (78¢)
((XOO)T P,y™ + dj) <0 (78f)
A7 20 (78g)

When the limit points satisfy x> = y*°, F;’:‘; = I‘;‘]’-, the summation of (78a) and (78b) and (78¢)-(78g) lead to the same KKT

conditions in (77). Thus, the limit point of {x*} is a stationary point of problem (30). O

ITI. SIMULATION RESULTS

In this section, we present simulation results obtained using the proposed ADMM algorithm and comparative results obtained
from a commercial NLP solver [44]. All simulations were run in MatLab on a 3.6 GHz Desktop with 32 GB RAM. In §III-A
and III-B, the proposed ADMM is first applied to solve the guidance problems for Mars entry phase and powered descent
phase separately. Next, the proposed algorithm is applied to solve the fuel-optimal end-to-end EDL guidance problem in §III-C.
Comparative results obtained from the NLP solver for the same problems are presented to demonstrate the effectiveness of the
proposed ADMM algorithm. Monte-Carlo simulations are provided in §III.D to demonstrate the robustness of the proposed
algorithm. For all simulation cases, the convergence criterion is set as e = le —4, and the sequences of three weighting factors
{¢E}, {5y, {¢k) are generated via (35) with () = 1e2, 81 = 1.4, () =5e3, 82 = 15,8 =3,83 =12, 7 =1,(,,, =

5eb, (a,,., = Deb, (3, = de2.

max

A. Results for Optimal Guidance of Entry Phase

We are using the Hypersonic Inflatable Aerodynamic Decelerator (HIAD) in [10] as the landing vehicle, shown in Fig. 4.

Specifically, the shape of the landing vehicle can be represented by a symmetric sphere cone with 20 m diameter. The entry
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mass my is assumed to be 51.099 tons. The lift and drag coefficients of the vehicle C';, and Cp are obtained from [45], where
cao = 1.572,¢cq1 = —0.0092, and cqo = —2.242. The upper and lower bounds on C, are set as 0 < C'p < 0.38. The initial
states of the entry vehicle are given by Ry = R,, + 100 km and V{, = 4700 m/s. The initial flight path angle is given as
7o = —10.8°. The bounds on the terminal radius of the entry phase are R* = R,, + 7km and RIU = R,, + 12km. The other

parameters for the entry phase guidance problem are set as

kg = 1.9027 x 1078 x (v/hogo)*'®, Qmax = 800 W/em?,

Gmax = 14000 N/m? npax = 2.5g5, gp = 9.8m/s>,

202 .
go = 3.7114m/s2, S = Tﬂ m2.

-
1.. ]
% o
»

¥ o
drg r.ii-...“. sanss lll-l""“

Fig. 4: Hypersonic Inflatable Aerodynamic Decelerator in [10]

By discretizing the entry phase trajectory into 50 intervals, it takes 99 iterations and 16.1 seconds for the customized ADMM
to obtain a converged result. The initial guess used for the customized ADMM is generated by giving a linear control C7p,
varying from Cpupin t0 Crmax, and then integrating the dynamics forward till the radius reaches the specified lower bound.
The simulation results are shown in Figs. 5-7. Specifically, Fig. 5 demonstrates time histories of C';, and Cp obtained from
the customized ADMM and an NLP solver. The duration results from both methods, 278.4 seconds for ADMM and 274.7
seconds for NLP, are close to each other. The time histories of the states variables from both methods are similar, as shown
in Fig. 6, where the red-circled curves represent the ADMM solution and the blue star curves represent the NLP solution. For
the time histories of states, the integrated curves and the solution of ADMM are almost overlapping with each other. The blue
solid line in Fig. 6b represents the heating rate boundary during the entry phase. Furthermore, Fig. 7 shows the time histories
of dynamic pressure and normal load, where the blue solid lines are the upper bounds of the dynamic pressure and normal
load constraints. The terminal velocity of the entry phase obtained from ADMM is 327.2 m/s at an altitude of 7001.4 m,

which is very close to the terminal speed obtained from the NLP solver, that is 328.8 m/s at an altitude of 7018.5 m.

B. Results for Optimal Guidance of the Powered Descent Phase

For the powered descent phase, we assume that the initial position and velocity are the final states of entry trajectories

obtained from §IV.III-A. For fair comparison, we use the final states of entry trajectories obtained from ADMM and NLP,
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Fig. 5: Time histories of C';, and Cp from ADMM and NLP solver
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Fig. 6: Time histories of state variables during the entry phase from both methods
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Fig. 7: Time histories of mission constraints during the entry phase

respectively, as the corresponding initial conditions of the powered descent phase when using both methods again for guidance
in this phase. Specifically, the terminal states of the entry phase obtained from the ADMM are z(¢;) = 7001.4m, v, (¢t;) =
Veos(y) = 273.3m/s, v,(t;) = Vsin(y) = —180.0m/s, and the corresponding ones obtained from NLP are z(t;) =
7018.5m, v, (t;) = Vcos(y) = 281.1m/s, v,(t;) = Vsin(y) = —170.4m/s. In addition, we assume x(t;) = 0, and the

parameters in the equations of motion for the powered descent phase are set as

g = [0, —3.7114]" m/s*, myq = 51099kg,
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Mary = 0.8mpai = 40880kg, 1 = 4.53 x 10~ °s/m,
Tiax = 800N % 0.8 = 640 kN,

Tmin = 0.3 * 800 kN = 240kN. (79)

The maximum glide-slope angle is set as § = 86°. The trajectory for the powered-descent phase is discretized into 92 intervals.
Figures 8 and 9 present the results generated for the powered descent phase using the proposed ADMM and an NLP solver,
respectively. Note that the powered descent trajectory of the NLP solver is discretized by 60 nodes, which is the maximum
number of nodes for the NLP to achieve a converged solution. The simulation took 3.1 seconds and 51 iterations for ADMM to
obtain a converged result that consumes 1561.8 kg of fuel and 72.3 seconds to land on the designated landing site. In contrast,
the calculation time of the NLP solver is 8.1 seconds and the solution from NLP consumes 1498.5 kg fuel and 73.1 seconds
for landing.

Comparing the thrust profiles in Fig. 8a, the solutions from ADMM and NLP are close to a bang-bang control profile with
max-min-max arcs. Obviously, the entry phase and the powered descent phase are coupled in the transition conditions including
the altitude and the velocity components at the transition point. Therefore, the optimal guidance laws of both phases, as well

as the transition point, need to be determined together when searching for the fuel-optimal end-to-end EDL trajectory.

Thrust [kN]

350 | —€¢—ADMM
—8— MLP salver

0 10 20 30 40 50 60 70 80 o 10 20 30 40 50 60 70 80

Time [sec] Time [sec]
(a) Time history of control magnitude ||T|| (b) Time history of control components 77 and 77

Fig. 8: Time histories of control magnitude and components for the powered descent phase from ADMM and NLP

C. Results for Optimal Guidance of the End-to-End EDL Mission

In the end-to-end EDL problem, all settings in the simulation, including the spacecraft parameters, the initial states of the
entry phase, the terminal conditions of the powered descent phase, and the constraints in both phases are the same as those
in §IV.III-A and §IV.III-B. But the ignition position and time are unknown and to be determined. Moreover, we consider an
inequality constraint on the x coordinate of the transition point, i.e. 2(t;) € [—10,10] km. Then both ADMM and NLP are
applied to solve the end-to-end EDL guidance problem with the same initial and terminal conditions. Since the NLP solver
requires a good combination of the number of discrete nodes and initial guess to find a converged solution, both the entry phase

trajectory and the powered descent phase trajectory are discretized into 60 nodes. In order to improve the accuracy of ADMM
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Fig. 9: Trajectory and time histories of state variables for the powered descent phase from the ADMM and the NLP solver

solution, the trajectory in the powered descent phase for ADMM is discretized into 93 nodes. As a result, the homogeneous
QCQP problem of (29) includes 1869 unknown variables. Moreover, the initial guess for NLP is obtained from the solution of
separated phase path planning in §IV.III-A and §IV.III-B. It takes the customized ADMM 73.2 seconds and 210 iterations to
find a converged solution. However, the NLP solver fails to find a converged solution under this scenario when setting a free
x(ty) for the powered descent phase, which in turn shows the effectiveness of the proposed ADMM in solving the large-scale
end-to-end EDL guidance problem.

In order to obtain comparative results from the NLP solver, we let 2(¢;) = 0 for the powered descent phase in the end-to-end
EDL mission. Under this setting, the problem is solved by ADMM and NLP, separately. The comparison of mission duration,
fuel consumption, and computation time from the separate phase guidance and the end-to-end EDL guidance using ADMM
and NLP are summarized in Table I. The time histories of the control and state variables of the end-to-end EDL mission are
shown in Figs. 10 and 11, respectively. Figures 10a shows the optimized control profiles, C;, and Cp, from ADMM with a
free x(t;), ADMM with a fixed x(¢7), and NLP in entry phase, respectively. When x(¢;) is free, the optimized x*(¢;) is -5.52
km, and the velocity at the transition point from the ADMM solution is 298.3 m/s at the altitude of 7000.5 m. However, with
a fixed z(¢t;) = 0, the speed at the end of entry phase in the ADMM solution is 315.5 m/s at an altitude of 6912.8 m, while

the speed from NLP is 329.4 m/s at 6995 m.
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Figures 10b and 10c present the thrust components and magnitude in powered-descent phase from two methods. The
trajectories and time histories of state variables obtained from ADMM and NLP are shown in Fig.11. When x(¢;) is free,
the terminal mass of the landing vehicle from the ADMM solution is about 50087.0 kg, which indicates that the landing
vehicle only consumes 1012.0 kg of fuel during the powered descent phase. However, if z(¢) is fixed at 0, the landing vehicle
consumes 1494.8 kg of fuel during the powered descent phase in the ADMM solution. In contrast, the NLP solution of the
end-to-end mission consumes 1496.2 kg of fuel, which is 484.2 kg less than the fuel consumption in the ADMM solution with
the fixed x(¢;) and 1.4 kg more than that from the ADMM with a free x(¢;). In addition, the time histories of the dynamic
pressure and the normal load during the entry phase are presented in Fig. 13, which shows that for the ADMM solution, the
normal load inequality constraint is active at about 100 seconds during the entry phase.

From Tables 1, several conclusions can be drawn: (1) Solutions from both ADMM and NLP show the advantages of end-to-
end EDL planning strategy in terms of fuel-saving by comparing to the corresponding solutions obtained from separate phase
planning, especially for the case with unfixed x coordinate at the transition point; (2) The comparison of the computational time
of both methods shows the computational efficiency of the proposed ADMM algorithm in solving the end-to-end EDL guidance
problem. The observation of improved fuel efficiency of the end-to-end EDL guidance is consistent with our expectation that
optimizing the transition point between the two phases will further improve the fuel efficiency.

TABLE I: Comparison of mission duration, fuel consumption, and computation time for separate phase guidance and end-to-
end EDL guidance using ADMM and NLP: Case 1: End-to-end guidance from ADMM with a fixed x(¢;); Case 2: End-to-end
guidance from ADMM with a free z(¢;); Case 3: End-to-end guidance from NLP with a fixed x(¢;); Case 4: Separate phase
guidance from ADMM; Case 5: Separate phase guidance from NLP.

Computational
tr (sec) | ty (sec) | Fuel (kg) time (sec)
Case 1 293.0 362.5 1494.8 50.7
Case 2 301.6 348.7 1012.0 51.2
Case 3 274.1 346.4 1496.2 78.1
Case 4 278.4 350.7 1561.8 16.1+3.1
Case 5 274.7 347.8 1498.5 1.5+8.1

D. Robust Analysis of the End-to-End EDL Mission Guidance

In this section, we aim to verify the robustness and computational efficiency of the proposed algorithm in generating optimal
end-to-end trajectories given initial conditions within a specified range. Specifically, we consider changes of the initial conditions
around the nominal initial altitude Ry = R,, + 100 km and velocity V5 = 4700 m/s, where the nominal values are selected

from the problem settings in §IV.III-C. Accordingly, the initial altitude and velocity are set as
R(to) = Ro + or, V(to) = Vo + 4V, (80)

where Jr is assumed to have a zero-mean normal distribution with an independent standard deviation of 5 km, and &V is
assumed to have a zero-mean normal distribution with an independent standard deviation of 50 m/s.

We generate 1000 cases with different initial altitudes and velocities using the above normal distributions, shown in Fig. 14a.
All of these 1000 cases converge to local optimum points. Moreover, Fig. 14b shows the fuel consumption of these 1000 cases,
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Fig. 11: Trajectory and time histories of state variables for the end-to-end EDL mission from ADMM and NLP

where the mean fuel consumption value is 1091.8 kg and the standard deviation is 724.0 kg. Figure 14c shows the computational
time of all 1000 cases, where 65% cases only takes less than 60 seconds to find a converged solution, and the computational
time of the other cases vary from 70 seconds to 140 seconds. The average computational time of these 1000 cases is 64.4

seconds. These simulation results support the conclusion that the algorithm’s results do not change appreciably for any initial
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conditions in the tested range.

In a summary, by integrating the separate guidance problems of the entry phase and powered descent phase into an end-
to-end EDL guidance problem, we have more flexibility to plan the entire EDL mission, which leads to a solution with less
fuel consumption. Meanwhile, since the fuel required for EDL mission only takes less than 40% of the entire fuel capacity,
the vehicle could be designed with smaller fuel capacity, which will reduce the vehicle mass. Moreover, the simulation results
under different problem settings, i.e., free and fixed x(¢;), validate the effectiveness and robustness of the customized ADMM
for solving the large-scale multi-phase EDL guidance problem compared to the NLP solver. Furthermore, each iteration of the
ADMM is a closed-form update based on simple linear vector/matrix operations. In other words, the ADMM does not require

any optimization solver, which makes it highly implementable for real-time computations.
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IV. CONCLUSIONS

This paper has investigated the fuel-optimal guidance of the end-to-end human-Mars entry, powered descent and landing
(EDL) mission by planning the entire decent sequence as a whole. We first modeled the end-to-end EDL problem as a
multi-phase optimal control problem with different dynamics and constraints at each phase. Via polynomial approximation
and discretization techniques, this multi-phase optimal control problem is reformulated as a polynomial programming problem
which is then equivalently converted into a nonconvex quadratically constrained quadratic programming problem. A customized
alternating direction method of multipliers is developed to solve large-scale nonconvex QCQPs based on simple linear matrix
operations. Convergence analysis of the proposed algorithm is provided under certain conditions on algorithmic parameters.
Finally, the comparative simulation results validate the improved fuel efficiency of the end-to-end EDL guidance compared with
the fuel consumption amount obtained from both end-to-end planning and separate phase guidance. Moreover, the computational
efficiency and robustness in terms of calculation time and convergence of the customized ADMM algorithm has been verified
through comparison with the state-of-art nonlinear programming (NLP) method and analysis of uncertainty on initial altitude
and velocity. When handling large-scale QCQP problems with more than one thousand unknown variables, the proposed
algorithm can find a local optimum within several seconds in Matlab computational environments. The proposed formulation
and algorithm can be applied to other challenging mission planning problems where the system is characterized with varying
dynamics and/or constraints. Our future work will focus on extending the human-mars EDL problem to three dimensions, and

further improving the computational efficiency.
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