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Abstract

This paper introduces a fuel-optimal boost-back guidance algorithm for reusable launch vehicles (RLV). The
guidance problem is formulated as an optimal control problem with the predicted impact point as a terminal
constraint. It is demonstrated that the optimal attitude during boost-back is constant under simplifying as-
sumptions, and a simplified static optimization problem is proposed whose decision variables are remaining
burn time and attitude. Based on the similarity of guidance problems between consecutive guidance cycles, a
single-step correction algorithm is used to issue the guidance command. The proposed method shows fuel-
optimal performance in both Downrange Landing (DRL) and Return-to-Launch-Site (RTLS) missions. Monte
Carlo analysis is performed to verify the robustness of the proposed algorithm under model uncertainties.
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1. Introduction

Since the success of SpaceX’s Falcon 9, the global space launch landscape has been transitioning
toward the development and operation of reusable launch vehicles (RLVs). A major challenge in this
shift is the safe recovery of the vehicle. Following upper-stage separation, the booster undergoes a
sequence of recovery flight phases until the soft pin-point touchdown at the landing site. These con-
sist of the boost-back burn, ballistic free-fall, reentry burn, aerodynamic flight, and finally the landing
burn. The booster’s trajectory needs to be adjusted by a boost-back burn to ensure the vehicle flies
toward the landing site. The boost-back burn plays an important role as it resets the dispersion ac-
cumulated over the aerodynamic ascent phase and provides a new initial condition for the remaining
phases. This phase is particularly pivotal in Return-to-Launch-Site (RTLS) missions as it requires a
large change in the velocity vector. To maximize payload capacity and secure sufficient margins for
subsequent phases, it is crucial to minimize fuel consumption during the boost-back phase.

Various guidance laws have been proposed and studied to address the boost-back guidance problem.
For instance, Jo et al. derived a non-iterative closed-form acceleration command using Instantaneous
Impact Point (lIP) dynamics and its derivatives, demonstrating near-optimal performance for Down-
range Landing (DRL) missions [d]. However, this command suffers from significant performance
degradation in RTLS scenarios. To mitigate this, flight path angle rate control logic was applied,
though it requires a predetermined optimal rate [2]. Other approaches include solving the Lambert
problem iteratively to calculate the minimum velocity increment direction as a guidance command [3],
or employing lterative Guidance Mode (IGM) to satisfy orbit insertion conditions at boost-back termi-
nation, utilizing geometry and time updaters to account for landing site position change in the inertial
reference frame [4].

https://doi.org/10.71945/icas2026_0505
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Figure 1 — Recovery flight phases of RLVs.

Despite these previous studies, only a few works have analyzed the fundamental characteristics of
optimal guidance laws for the boost-back phase or utilized such analysis as the cornerstone of guid-
ance algorithm design. In this research, the optimal control problem for boost-back burn guidance
is mathematically formulated. We demonstrate that the optimal attitude during the boost-back burn
remains constant under mild assumptions, and we identify the optimal attitude angles for various de-
sired landing locations. Leveraging the solution to this optimal control problem, the original problem is
converted into a simplified parameter-finding problem. This paper proposes a single-step correction
algorithm integrating concepts of sensitivity dynamics and null-space optimization. The proposed
algorithm is verified through numerical simulations of a realistic mission on a 3D Earth model. Com-
parative analysis with the optimal solution reveals that the algorithm achieves optimal performance in
both DRL and RTLS cases without requiring any structural modifications. Furthermore, the algorithm
requires only a single prediction and correction per guidance step, facilitating its application in real-
time guidance command generation.

The rest of this paper is organized as follows. Section 1 describes the vehicle dynamics and formu-
lates the boost-back guidance as a fuel-optimal control problem. In Section &1, we propose a detailed
procedure to calculate the guidance command based on the single-step correction method. The pro-
posed algorithm is tested and analyzed by numerical simulation in Section B1. Finally, the paper is
concluded in Section Bl.
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2. Problem Formulation
2.1 Dynamics Model
In this study, the motion of the RLV is described by a 3-DOF point-mass model as follows:

r=v
T
V=—u— ——r
m-r|? (1)
i = nengTvac

where r € R? is the position vector relative to the Earth’s center in the inertial frame, v € R? is the ve-

locity vector, and m is the mass of the vehicle. The control input u € R? is a unit vector that indicates

the direction of the thrust force. u denotes the gravitational parameter of the Earth. The thrust force

is obtained as (B).

neng(Tvac - p(r)Ae) (powered phase)

T= : (2)
0 (otherwise)

The parameters ey, Tyae, and ve, represent the number of engines, throttleable vacuum thrust mag-
nitude, and exhaust velocity, respectively. The ambient pressure p(r) can be neglected during the
boost-back. For notational brevity, the vehicle state vector is defined as x = [rT vl m]T, and the
dynamics () are expressed as x = f,,,(x,u). The variables 7 and tj?B denote the current time and
the boost-back engine cut-off time. The boost-back burn is performed after upper-stage separation
at an altitude higher than 50 km, and the aerodynamic forces are negligible during this phase.

2.2 Fuel-Optimal Guidance Problem Formulation

|
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Figure 2 — Concept of the boost-back burn.

In this section, the fuel-optimal boost-back guidance problem is formulated as a form of optimal con-
trol problem. The concept of the boost-back burn is visualized in Fig. B. Initially, the predicted landing
position is denoted as f,,,,(%,X0). The guidance goal is to satisfy predicted landing site constraints
while minimizing fuel consumption during the boost-back by applying proper thrust direction u(¢) and
thrust magnitude 7' (). The fuel-optimal boost-back guidance problem is formulated as Problem Pgp:
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Problem Pgp
(BB (BB T
minimize J=— ! n’za’t:/j — dt
T,u,tﬁB to to  Vex
subjectto r=v
T
O
m
"y 3)
m=——
Vex
wWu=1
0 <T< Tmax

eland(tﬁB,x(t?B)) =0

The dynamics during the boost-back burn neglect the aerodynamic forces and ambient pressure
from (@), and the maximum engine thrust is T,... = nh Tiac.mar- The boost-back termination time is
expressed by the symbol 7%, which is a free variable. The guidance goal is described by e;4,4, which
is an explicit function of the final time and final state, whose definition is as follows:

fland(t7x) = [(ppvkl’]T € R2

(4)
€land (th) = fland (tax) - [(PdeSa A«des]r

A function f,,,, is any landing site predictor whose output consists of the latitude and longitude of the
predicted landing location in the ECEF (Earth-Centered Earth-Fixed) frame, and the desired landing
site location is described by [@es, Ades]” . eiana iS the error between predicted and desired landing
location to be nullified at the boost-back burnout.

A typical procedure to solve the problem is discussed. The Hamiltonian of Pgp is obtained as follows:

H= 1+erv+)LvT <Tu— “r) +An <—T> + (1 —u"u)
m

Vex [|7(|? Vex

(5)

T
—ATv—Al £ o7 (1_/1’”+)“’;1u) + 1, (1 - u' w)

gl Vex

where A = [A,T ).VT )Lmr are costates corresponding to position, velocity, and mass. pu, is the
Lagrange multiplier for the path equality constraint. Applying Pontryagin’s minimum principle, the
optimal thrust direction is parallel to the velocity costate vector, and the optimal thrust magnitude is
determined by the sign of the switching function as follows:

T
u=— A, , T*= Tnax (§<0) where §= L= A + Au (6)
4]l 0 (§>0) Ver m

The costate equations are derived by applying the necessary conditions:

. . . T
A= _||r“\5 Gt —lrPha)de Av=—A,  dn=-sAlu 7)
The transversality conditions are as follows:
P ! et )
€land €land

Therefore, it is concluded that the boost-back guidance problem reduces to a classical fuel-optimal
4
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rocket steering problem [5] with special transversality constraints described by e;.,;. The problem Pgp
can be solved via shooting method with 10 unknowns (A (to),v,tj?B) with 10 constraints (transversal-
ity conditions (8) and e, = 0). Although it is possible to solve this root-finding problem, providing
initial guesses for 10 unknowns is not straightforward as these variables do not have explicit physical
meaning. Also, providing wrong initial guesses may prevent the problem from converging. Hence,
the alternative approach to approximately solve the above problem will be proposed in Section 1.

2.2.1 Prediction of Landing Position

Before introducing the detailed algorithm, the terminal condition of the boost-back burn should be
discussed thoroughly in this subsection. The function f,,,, : R x R’ — R? is any appropriate mapping
from the current absolute time relative to the epoch and the vehicle states to the expected ECEF land-
ing latitude and longitude. This mapping is indeed the prediction of the subsequent flight phases such
as ballistic free-fall, reentry burn, aerodynamic guidance, and landing burn. The most straightforward
way to evaluate f,,,, is to know all control actions in the subsequent phases in advance and to inte-
grate the trajectory until the altitude reaches zero. However, it is difficult to know in advance which
control will be applied in the future phases as it depends on the current action. If no future control
action is assumed and aerodynamic forces are neglected, the ground impact point after the boost-
back burnout can be obtained by Keplerian IIP. This method models the subsequent flight phases
as a ballistic free-fall trajectory, neglecting both thrust and aerodynamic forces. It represents one of
the simplest methods for predicting the terminal impact point, inherently decoupling the prediction
from future control dependencies. Based on the methodology presented in [B], the IIP in the ECEF
frame can be determined without requiring iterative numerical procedures. The entire computation is
structured as an analytic closed-form formulation, enabling the direct and analytic evaluation of both
the landing point and its sensitivities. In the remainder of the paper, the landing position predictor
f1ana Y Keplerian IIP is denoted as f;,,(,x).

2.2.2 Q@Guidance Parameters for Boost-back Burn

In this subsection, the original boost-back burn problem Pgp is simplified by proposing guidance pa-
rameters for the boost-back burn. During the recovery of the booster, the following assumptions are
valid, since the temporal and spatial ranges of the booster motion are limited.

« Assumption 1. The Earth’s gravitational field is uniform and constant.
« Assumption 2. The Earth’s rotational effect is negligible.
« Assumption 3. Subsequent flight phases are ignored and assumed to be a gravity free-fall.

Applying the assumptions to Pz With f;,, as a terminal constraint is equivalent to imposing terminal
position constraint at ground impact (r(zs) = rq.s). By extending the time horizon up to the ground
impact (z7), the solution is obtained as follows:

Toax 1 € [t0,17%]

where S(:88*) =0 9
0 relrf? 1] t7) ©)

u* is constantand T* = {

The above solution follows from the simplification of the costate equations (@) under a vanishing
gravity gradient, together with the transversality condition A,(r;) = 0 implied by the position-only ter-
minal constraint. The optimal thrust direction «* and burn time tjlfB* could be obtained by solving the
boundary value problem defined by (B), (Z), and (8). However, to do so, a separate outer-loop to
compensate for the Earth’s rotation is required and the optimality of the solution degrades as the
free-fall ballistic trajectory also relies on the assumptions. Hence, in this research, only the optimal
form (8) of the problem with assumptions is taken, and an alternative approach is proposed. Inspired
by (8), guidance parameters to be found during the boost-back burn phase at the k™" time step (r = )
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are defined as follows.
pe= [ 6f% PP’ (10)

177 is the remaining time to burnout, 6% and y** are pitch and yaw angles with respect to a conve-
nient inertial guidance frame to be maintained until burnout. The unit thrust direction in the guidance
frame is expressed as follows.

u® = [cosycosO siny —coswsinG]T (11)

Figures B and @ illustrate the definitions of the guidance frame and the attitude angles. The Xs-axis
is aligned with the launch direction, while the Zs-axis is normal to the Earth’s surface. The origin is
fixed at the inertial position of the launch site at the instant of launch.

Launch Site @ t = t,cs Landing Site @ t = tyef

X1

Xg

Figure 3 — Definition of guidance frame. Figure 4 — Definition of pitch and yaw angles.

3. Proposed Guidance Algorithm
3.1 Single-step Correction Parameter Optimization
The problem to be solved at each guidance step k is described by P:

Problem P,
minimize  J, =28
Pi k ik
- BB WP
subjectto  gi(Pi) = €rana |tk +17g, Xk +/ Fayn(xX,ui)dt | =0 (12)
Ik
where u; is defined as in (1)

To maximize the closed-loop feedback performance, the optimization problem P, is iteratively solved
at each guidance step ¢ = ¢, using the most recent state information x;. Although P, is a Nonlin-
ear Programming (NLP) problem with only three parameters—and thus possesses a relatively small
dimension—evaluating the equality constraint g,(p,) and its gradient V, g, inherently requires the
numerical integration of the flight dynamics f,,,. Consequently, solving #; to strict convergence at
every step demands multiple evaluations of g,, which degrades real-time applicability. To resolve
this computational bottleneck, a single-step correction algorithm inspired by the Real-Time lteration
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(RTI) scheme [7] is proposed. Let p; = [1/7* 6% w,?B*]T denote the optimal solution for P,. At the
subsequent guidance step k + 1, which occurs after a time interval Az, the corresponding problem
advances to P, ;. Assuming the absence of model uncertainties and external disturbances, it can be

readily demonstrated that p;, = [t7%" — Argia 60" w,fB*]T constitutes a feasible solution for P ;.
Furthermore, for a sufficiently small Az, it is reasonable to expect that the optimal solutions of con-
secutive steps remain close to each other; thus, 625 ~ 68%* and w5 ~ yp#*. Consequently, p, .,
serves as a highly accurate initial guess for P, . Leveraging this proximity, a single correction of the
guidance parameter p is sufficient to approximate the true optimal solution of P, 1, thereby ensuring
both near-optimality and deterministic real-time execution.

The correction step at r = ¢ is constructed from the following two terms:

Apk,err - _"+ (pk)gk(pk)

N (13)
AP op = —(Bx3s = I (Pi)I (Pi)) VY p,Jk

where J = 33—;"‘1 € R¥3. At p = p, the landing error constraint g, (p) can be approximated to first order
as:

81(p) ~ &(py) +J(pr)(P— Pi) (14)

Equating the linearized constraint in (I4) to zero yields Ap, ..., which represents the minimum-norm
solution. This functions as a conventional Newton-Raphson correction to drive the parameter vector
p onto the constraint manifold. Because a degree of freedom remains within the null space of the
Jacobian matrix J, the objective function gradient V, i = [1 0 0] Tis projected onto this null space.
This projection strategically exploits the redundant degree of freedom to simultaneously minimize the
cost function.

Finally, the correction at the k™" step is a combination of the two terms in (T3):

Pis1 = Pr+Apy Where  Ap, = aApy .. + BAPk o (19)

o and 3 are step sizes to be tuned appropriately considering the model uncertainties and Az,;,. After
the correction, the thrust attitude angles, 6, and v, are issued as guidance commands.

3.2 Calculation of Terminal Error
The landing site prediction is achieved by Keplerian IIP (f,,) when the boost-back guidance does
not need to consider subsequent phases in advance. It is advantageous that the evaluation of fy,,

P) P) , : -
and %,% only involves a sequence of analytic closed-form formulas, thanks to the work in [B].

The evaluation of Keplerian IIP at the boost-back burnout requires ¢7*, x(:7*). Hence, the dynamics
£y are integrated from o to 5% to obtain the terminal vehicle state x(¢2¥), from which the terminal
constraint e, is calculated subsequently. The sensitivity of the vehicle state with respect to the
parameters 852 and y?8 is defined as follows:

(16)

QO

(6, y)

It can be obtained by forward integration of the sensitivity dynamics of f,,, [8]. The advantage of
using the sensitivity dynamics is that it only requires a single forward integration and provides an
accurate gradient without the truncation error of finite-difference approximations. During the boost-
back burn phase, which requires real-time command generation, reducing the computation time for
evaluating e and J is beneficial. The sensitivity dynamics for (i) are as follows:

S=AS+B (17)
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where
03x3 I3 0351
A= | ks Bre" = |rlPB) O3 —Toeu(6,y)
01x3 01x3 0
0352
P —cosysin® —sinycos 6
Bzajerdy”: T‘,‘;;‘XCé 0 cos Y
(6,v) —cosycosO  sinysinO
012

The sensitivity with respect to the burn time is obtained as ’ a BB = fayn(*(t77), u(p)) from the Leibniz
integral rule. Finally, from the chain rule,

aelami o afkep 8fkep 8X(I?B) afkep ax(t]l?B) 8fkep aX(t?B)

T=p = JiB" +ax(t;§B) IBE Ix(iBB) 6B Jx(BF) JybE

(18)

The above procedure is summarized in the flowchart shown in Fig. 8. At the first call right before the
burn starts (pre-thrust call), the correction is repeated until the correction amount becomes less than

8[ he
Call Guidance Algorithm InputTl;l?g}/ é?_a t('pjnv itdat‘e: S Propagate time-to-go
atr =1 Guess: py = [t7s. 6 wi)” tri < trk — Dlgia

Step 1: Prediction

! Numerical Integration (j =0...N —1 . :
! Compute Jacobians & Error umerical Integration (j ) Initialize Integration !
‘ . 7o Pl < Xjt1 < Xj + faylin —| o xS0 !
1 opi» Clands Tk T Top Sjs1 < S+ (AS; F B)Atin 0 € X S0 = U7 1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

No (Pre-thrust)

Compute Corr+ect|ons Update Parameters
Aprrr = _',k €land >

APl < &
or

. — + aA + BA

Aboy = (B — T3 ) Vpitrs Pi < P Perr + BAPyy

In-flight?

End
Return Commands
Ocma = Oks  Wema = Wi

Figure 5 — Flowchart of the proposed fuel-optimal boost-back guidance algorithm.
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4. Numerical Simulation

The proposed algorithm is verified through numerical simulations. The launch vehicle specification
is based on the Falcon 9 vehicle as shown in Table Al. The initial conditions and the landing site are
selected based on RTLS and DRL missions from [3] and are shown in Table P. The desired landing
sites for RTLS and DRL missions are shown in Fig. B.

Latitude

81°W

80°W

O Launch Site

+ Current Vehicle
O fiep
< Landing Site

77°W 76°W

79°W 78°W

Longitude

Figure 6 — Simulation scenarios. [3]

Table 2 — Boost-back burn initial conditions [3]

Table 1 — Launch vehicle specification Initial Condition Value Unit
. - Reference time, 1. 0.0 S

Specification Value Unit _ f ec

- Time, 19 160.0 sec
Maximum thrust, Tmax 2736.9 kN L -

. . Position, ry [1051,—5541,3160] km

Engine exhaust velocity, v., 3049.98 m/s . T
Velocity, vy [1475,98,1395] m/s
Mass, my 79200 kg

Table B shows the values of the algorithm parameters used for the simulation. The same parameters
and initial guesses are used for both RTLS and DRL scenarios. The boost-back burn is terminated

when the predicted landing position error falls below 50 m (R, ||e;u.a|| < 50 m, R,.: Earth’s radius).

Table 3 — Algorithm setup

Parameters Value Unit
o 0.8 -
B 0.01 -
En 1x107° -
1§” guess 30.0 sec
0 guess 180.0 deg
V¥ guess 0.0 deg
Integration Method Euler’s Method, Az, =0.1s -
Guidance frequency 50 Hz
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41 Simulation for RTLS and DRL Missions

Figure [Z3 illustrates the simulation results for the RTLS scenario. The red line denotes the boost-
back trajectory, the black dashed line shows the instantaneous free-fall trajectories during the burn,
and the blue dashed line is the ground track of the predicted landing site f,,,. The proposed algo-
rithm successfully achieved the guidance objective, generating a nearly constant attitude command
as shown in Fig. [ZB. The pitch angle command is maintained at 164.1 degrees, while the yaw angle
command is about -0.71 degrees. As the yaw angle generates acceleration in the cross-track direc-
tion, it corrects the heading error. On the other hand, the pitch maneuver is the main control action to
bring the initial predicted impact point to the desired landing site location in the downrange direction.
The attitude command is nearly constant but slowly varying during the burn. This is because the
solution of the problem P, varies between guidance steps. The proposed single-step correction algo-
rithm successfully maintained the guidance parameters close to the optimal solution throughout the
burn. Also, the algorithm converged to the solution of Py during the pre-thrust calls despite the poor
initial guess shown in Table B. The velocity profile first decreases and then increases. For the RTLS
mission, additional velocity should be gained before burnout in order to redirect the vehicle toward
the launch site.

The boost-back burn is maintained for 43.265 seconds until R,||e;.q|| < 50m is satisfied. At the last
guidance call before the termination, the remaining time-to-go t.?fv is 0.007 seconds. These two
values add up to 43.272 seconds, which represents the expected total burn time for the error to
become zero. This compensated burn time can be used as the nominal boost-back burn time of the
proposed method.
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Figure 7 — RTLS scenario.
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Figure B shows the simulation results for the DRL mission. The commanded yaw angle is nearly
constant at 0.68 degrees, and the pitch angle is around 211.4 degrees. In both cases, the same initial
guess was used, and the algorithm converged to the solution of P). Both DRL and RTLS missions
correct the guidance error mainly by a pitch maneuver in the downrange direction. However, the
optimal pitch angle for minimum fuel consumption is significantly different. This is the main reason
that a greedy strategy that does not consider the future horizon until burnout, such as maximizing the
rate of IIP toward the landing site [1], sometimes loses optimality. The proposed method inherently
prevents this issue through its problem formulation.

The DRL mission does not require as much trajectory correction as the RTLS case. The total burn
time until the error falls below 50 m is 18.084 seconds, and the time-to-go compensated total burn
time is 18.092 seconds.
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ﬁ 2115 ., + GPOPS
— — +
/ —— Trajectory Landing Site T 21 1.45r +
// 'a'i/:u:r::legﬁry — = ~Free-Fall Trajectory| g + - .
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CooE e e w0 Time [sec]
(a) Trajectory (b) Attitude command
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Figure 8 — DRL scenario.

4.2 Fuel-optimality Analysis

The constant attitude profile results from the simplified optimal control problem, which is not an exact
solution of the original problem Pgg. The fuel optimality of the proposed method is compared with that
of the offline-optimized trajectory of Pgz. The problem is solved using the GPOPS-II solver [9]. Fig-
ures [7B and BB show the attitude command from the proposed algorithm and the offline optimization
results. The proposed method issued attitude commands very similar to the optimization results. The
difference comes from the formulation of P, which forces the remaining attitude profile to be constant.
Table @ shows a comparison of the burn times between the proposed method and the optimization re-
sults. As the thrust magnitude is fixed at the maximum value, the burn time is directly proportional to

11
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the fuel consumption. The optimality degradation of the proposed method is practically non-existent.
This result confirms that the optimal solution of (9) is practically valid under a spatially varying gravi-
tational field and a rotating Earth for the boost-back scenario.

Table 4 — Total burn time comparison

Burn Time ()
Case Proposed (sec) GPOPS (sec) Difference (%)
RTLS 43.2719 43.2668 0.012
DRL 18.0920 18.0880 0.022

4.3 Monte Carlo Test

The proposed boost-back algorithm fundamentally relies on the nominal vehicle dynamics model to
predict the burnout state. This is an inherent characteristic of predictor-corrector type guidance al-
gorithms. Hence, model uncertainty or unknown disturbance induces a mismatch between the true
vehicle state and predicted vehicle states. Since the guidance algorithm is repeatedly called with
the latest vehicle state from sensor measurements, a feedback mechanism is effectively embedded
in the algorithm design. The robustness of the proposed algorithm is tested for the RTLS mission
with model uncertainty imposed. Unlike the nominal simulation in the previous section, the autopilot
delay is modeled as a first-order response with a time constant of 1.0 second for the pitch and yaw
axes. The initial conditions for the attitude delay model are summarized in Table B. As the proposed
algorithm is the most sensitive to thrust acceleration uncertainty (AT /m), the model uncertainties are
imposed on the thrust magnitude, initial mass, and specific impulse. The distributions of the uncer-
tainties are shown in Table B.

A total of 500 samples were used for the Monte Carlo simulation. The same algorithm setup as shown
in Table @ was used. Figure B shows the Monte Carlo results. All test cases succeeded in correct-
ing the landing point error to within 50 m at the boost-back burnout despite model uncertainties and
autopilot delay. Thrust acceleration uncertainty alters the resulting closed-loop trajectory significantly
compared to the nominal trajectory. However, the issued attitude command remains nearly constant.

Table 5 — Attitude autopilot delay model Table 6 — Thrust uncertainty distributions
Variable Value Unit Variable Distribution
Pitch Angle, 6, 30.0  deg Thrust, AT N(0,10%)%
Yaw Angle, vy 0.0 deg Specific Impulse, AL, A4(0,10*)%
Time Constant, 7 1.0 sec Initial Mass, Amy N(0,5%)%
166 ﬁsoo
140 5 ésoo
D AR 5
5130 q:g o L% 400
8120 162 E 300
a 160 180 200 220 240 DO_
=< 110 05 220
100 § 06 % 100
Eor .
100 120 140 160 B4 160 180 200 220 240
Downrange [km] 0860 180 200 220 240 Time [sec]
(a) Trajectory (b) Attitude command (c) Landing position error

Figure 9 — Monte Carlo results.
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The pitch angle commands lie within 164 +2°, and the yaw angle remains around —0.7°. In some
cases, an abrupt yaw-angle command change occurs right before burnout. This phenomenon is
characteristic of predictive guidance algorithms as time-to-go approaches zero. Despite this singu-
larity, the proposed algorithm did not fail. Also, as the guidance algorithm provides the time-to-go
information, it may no longer be called after a specified time-to-go limit in order to avoid singularity.
It is concluded from the Monte Carlo analysis that the proposed algorithm is able to effectively bring
the guidance parameter p, to the constraint manifold by a single-step correction at each guidance
cycle, even under relatively severe model uncertainty in the thrust acceleration and mass profiles.
The average computation time per guidance call, measured over 500 test cases with a MATLAB
implementation, was 1.152 ms on an i7-14700K 3.4 GHz desktop CPU. Considering the slower com-
putation speed of onboard flight computers, the proposed algorithm is still computationally lightweight
and suitable for real-time use, owing to the deterministic number of corrections.

5. Conclusion

This research proposes an optimal guidance algorithm for the boost-back burn phase of reusable
launch vehicles. The optimal control problem is mathematically formulated, and the optimal attitude
command is demonstrated to be constant. Based on the insight of constant attitude commands,
a parameter-optimization-based algorithm incorporating a single-step correction mechanism is de-
veloped. Numerical simulations demonstrate that the proposed algorithm successfully nullifies the
predicted landing position error while minimizing fuel consumption, showing virtually optimal perfor-
mance for both RTLS and DRL mission types. Monte Carlo analysis verified that the algorithm suc-
cessfully corrected the guidance parameter onto the terminal constraint manifold even under model
uncertainty. Furthermore, the algorithm is computationally tractable and suitable for real-time imple-
mentation.
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