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Abstract

A terminal area energy management (TAEM) guidaryséesn for an unpowered reusable launch vehicle (REV
proposed in this paper. The mathematical modelesgmting the RLV gliding motion is provided, folled by a
transformation of extracting the required dynaniasreference profile generation. Reference lordiital profiles
are conceived based on the capability of maximura dhd maximum glide that a RLV can perform. Tlagettory

is obtained by iterating the motion equations aheaode of altitude, where the angle of attack thedflight-path
angle are regarded as regulating variables. An ambground-track predictor is constructed to geteettze current
range-to-go and lateral commands online. Althounghldngitudinal profile generation requires preqassing using
the RLV aerodynamics, the ground-track predictiam de executed online. This makes the guidancensche
adaptable to abnormal conditions. Finally, the gok law is designed to track the reference comsasamerical
simulations demonstrate that the proposed guidsciveme is capable of guiding the RLV to the dedivedhdown
conditions.
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1. Introduction

The second-generation reusable launch vehicles §Rlbdve been designed, aiming at reducing the adsts
space transportation while improving the safety aglchbility of the vehicles [1], [2]. Advanced gldince and
control (G&C) technologies are well recognized agHective means to achieve these objectivesquéatily during
reentry flight [3]. The atmospheric reentry of a\Rusually starts with an initial reentry (IRE) pleasollowed by a
terminal area energy management (TAEM) phase dsaw@n approach and landing (A&L) phase.

As far as the TAEM guidance is concerned, the abjeds to guide the unpowered RLV from a termiaatry
point (TEP) with a given energy state to an expgkepproach and landing interface (ALI) without waitdthg the
vehicle’s design constraints (e.g., the dynamicsguwee and the load factor). It is characterizedablgeading

alignment cylinder (HAC), during which the RLV perins a turn around the cylinder to align with th@way.
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This feature of lateral manoeuver makes the TAEMsgtsignificantly different from the IRE phase #&l phase
in three dimensional motions. Recently, extensiueiss focus on guidance scheme for vertical matioliRE and
A&L phases, such as [4], [5], [6], [7], [8], and][evertheless fewer efforts have been placedhenTIAEM
guidance scheme.

The preliminary TAEM guidance system in the US spatuttle relies on reference trajectories that are
calculated and stored in the onboard computer befight [10]. This strategy works well in nominabses.
However, the offline trajectories with decoupletetal and longitudinal channels can result in séiméations. 1)
The capability of accommodating large uncertaindanited due to fixed reference trajectoriesTRE accuracy of
terminal guidance is decreased as a consequettice découpling between lateral and longitudinaliomst.

To address the aforementioned issues, severalieffiave been devoted to online guidance systemghéor
TAEM phase. An onboard two-dimensional trajectolanping algorithm is developed in [11] and [12].€Timain
idea is to generate a feasible path by iteratingetlyeometric parameters. The ground-track pditrsts/ designed,
followed by an altitude profile conceived as a fiime of ground-track range. Feasible trajectories therefore
constructed by propagating the energy from the itBRe ALI. Finally the best one is selected acoaydo the cost
function. In [13] and [14], the energy-tube concipintroduced to analyze the maximum and minimeeuired
energies for a specific target point. Afterwards ttoncept is integrated into a planning and egtomaalgorithm to
calculate the best HAC position, as well as itsiaéwn in response to abnormal conditions [15][16], a long-
term and short-term online trajectory generatiomeste is proposed, accounting for the most relevahicle and
trajectory constraints. In [17], an online trajegtplanning and guidance approach is proposed, evtier reference
path can be adjusted online. The guidance adapte#ipability is improved by these strategies to s@xtent. The
reference longitudinal profile in these methodasgaally defined by an altitude profile as a quadnablynomial of
ground-track range or a Mach profile as a cubigmpamial of altitude. However, the physical intetjateon of such
a longitudinal profile requires more explanatiotaking [16] as example. On the other hand, it mlghimpossible
to use a single fixed longitudinal profile in theeeat of off-nominal conditions, which is also camdéd in [13] and
[17]. Hence, further investigation is needed fderence longitudinal profile design.

On the other hand, three-dimensional trajectorywiley methods are discussed by considering theliogup
between longitudinal and lateral motions. Offlileete-dimensional trajectory planning algorithms presented in
[18] and [19]. However, a possible problem is tifngt maximum turning capability of the vehicle isvays utilized,
which limits the capability of adjusting the trajey under abnormal conditions. Other studies hfaeeised on
applying direct non-linear programming (NLP) to fRAEM guidance problem. For example, a NLP optimiise
exploited for trajectory planning, allowing for thestrictions of mission profile and off-nominalnztitions [20]. A
three-dimensional TAEM trajectory planning algomititombined with a down-track correction schemerigppsed
in [21]. In [22], an adaptive neural network-baseethodology is studied to maintain a gradual glimes and meet
specific constraints, where the cost function ismialated. A new trajectory optimization algoriths presented

based on interval analysis in [23]. An optimizat&gorithm with dynamic pressure as the cost famcts used to



obtain the optimal trajectory for TAEM phase [2%he NLP-based trajectory planning strategies usiegheory of
differential flatness are investigated in [25] af#6]. These NLP-based three-dimensional trajeciganning
algorithms can generate trajectories precisely. él@n, they are usually time-consuming for onboguplieations.
In addition, little attention has been paid on tinégue feature of the unpowered gliding motionhese algorithms.
Motivated by the discussed facts, this paper focuse an onboard TAEM guidance system design. The
developed scheme generates longitudinal profiletaking into consideration of the vehicle dynamanstraints.
Meanwhile, the ground-track path is adjusted it-tie@e, and the guidance commands are generatéaeoth such
a way, this scheme is adaptable in the event gatians in initial conditions, and might potentiaberve as an
onboard guidance scheme. Compared with the exiltergture, the contributions of this paper liefaur aspects.
1) A dynamic pressure profile with explicit phydigaterpretation is conceived by iterating the ladrextraction
protocol (KEP) equations; 2) An onboard task maneg@ scheme is constructed to predict ground-tracie
online. Guidance commands are generated subsegbgrtbmparing the predicted range with the refegemne. In
this way, the longitudinal and lateral motions ecenbined together; 3) A guidance law with consitleraof real
flight situations is developed for trajectory traw 4) Simulations with consideration of not omytial condition
variations but also model uncertainties are coretltd verify the feasibility and robustness of pineposed method.
The rest of the paper is arranged as follows. 8e@ipresents the mathematical model and KEP emsatas
well as the idea of energy management and TAEMangd objectives. In Section 3, the dynamic presgrofiles
bounded by maximum dive and maximum glide capabibit proposed. In Section 4, an onboard groundktrac
predictor (GTP) is developed. In Section 5, thedgaoce laws for both longitudinal and lateral maogicere
investigated. In Section 6, the effectiveness @& phioposed guidance scheme is demonstrated by aingul

different TAEM scenarios in the presence of abndwoaditions. Concluding remarks are drawn in Seci.
2. Preliminaries

2.1. Mathematical Model
By assuming a flat Earth, three-dimensional gliditygnamics of an unpowered RLV during the TAEM phase
can

be described as:

av D

&= Tmo IS, )
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% = Vcosycosy, 4)

% = Vcosysiny, (5)



dh _ ., .
o = Vsiny, (6)
whereV is the velocityy is the flight-path anglep is the heading angle,is the down-track position along runway

centerliney is the cross-track position from runway centetlinés the altitudey is the bank anglen is the mass,

andg is the constant gravitational acceleration. Tfiddrce L and drag forc® are calculated as:

L = qSyefCy, (7)

D = qS,efCp, (8)
with the dynamic pressutgdefined by:

g = 0.5pV?2, 9)

wheres,.; is the reference area, apds the atmospheric density. The lift coefficiéhtand the drag coefficierdt,
are depended on angle of attackMach numbeM, and speedbrake deflectiéy,. Note that a speedbrake is
modeled as an aerodynamic drag increment, whigtitiated during subsonic flight in this work. Mareer, control
surface positions (i.e., aileron, body-flap, elevatind rudder) have impacts 6nandc,, as a matter of fact. They
are ignored nevertheless for the sake of simplisityce the neglected terms affect primarily rotaél motion rather

than point-mass motion.
2.2. KEP Equations

It is a traditional way for trajectory planning totegrate the motion equations (1)-(6) in the tidmmain.
However, motivated by [18], the KEP motion equasi@me derived in this section and used to geneefteence
trajectory hereafter. The KEP equations are esabntearrangements of the motion equations infilariaa involving
dynamic pressure and altitude. To this end, taktiegderivative of Eq. (9) with respect to time, aadalling Eq. (6)

, one can get:

p dhadv dp q

aq _ y ‘U2
pYV + 0.5V T sinydtdt  dtp

>, B (20)
Then, in order to replace time with altitude as itidependent variable, dividing Eq. (10) by Eqg. y&lds an

expression for change rate of dynamic pressure mghpect to altitude:

44 _ _p AV, dpd
dh siny dt + dhp’ (11)
By substituting Eq. (1) into Eq. (11), and recdilithe definition of drag force from Eq. (8), Eq1)is rewritten
as:
q SrefCDY\ =
8= (2Ll g — pg, (12)

dh p dh msiny

WhereZ—z can be extracted from an atmospheric model. Théasitransformation is made to Eq. (2), achieving:

dy _ _p (SrefCLCOSI‘- _ gcosy) (13)

dh 2siny m q



Additionally, the ground-track rangeis defined as:

dRr
i Vcosy, (14)
Then, the expression of the ground-track range eispect to altitude can be obtained using thenahdeé:

dR dR dt 1
4R _dRdt _ 1 15
dh dt dh tany ( )

Remark 1. Different from the conventional equations of moti@dn-(6), altitudeh and dynamic pressuggin the
KEP equations are considered as independent vargatu state variable, respectively. In fact, tHeBE equations
extract the main characters of RLV’s gliding motiarthree aspects: 1) Velocity is replaced wighas a guidance
state sincg is directly imposed on constraints during reefflights; 2) As a much more slowly varying parameter
g provides with a more robust iteration on the nuedir equations of motion; and 3) Altitude is emphbyas an
independent variable due to that one is usuallgrésted in a successful gliding at a predetermenedi fixed
altitude instead of a fixed time in practical TAENghts.

In summary, these features make the KEP equatiams efficient in generating trajectory based ondbmain

of altitude. The KEP equations will be used in 8ec8 for reference longitudinal profiles generatio
2.3. The Concept of Energy Management

The main goal of TAEM phase is to regulate the gpeincluding potential and kinetic energy, suchttthe
unpowered RLV can arrive at ALI with an appropriataount of energy. Hence, a significant indicatomeasure
the RLV’s energy is introduced herein, i.e., thergy over weighk,, (energy height). The definition is:

2 _
EW=h+'2/—g=h+£. (16)

It can be seen from Eq. (16) thg} captures both the potential and kinetic energytrdmitions in a single
summation. It also indicates that the total endsggompletely determined by the altitude and dyrapriessure.
From this perspective, the energy can be managéohgsas the altitude and velocity are controlledeapected.
However, the TAEM flight is in fact a dynamic preseand it is of great importance to guide the Rb\& specified
landing interface. Thus, the range-to-go and lateemoeuver has to be explicitly considered as.well

To this end, the rate of energy dissipation versuge-to-go is presented. By taking the derivati¥€,, with
respect to ground-track range, and using the aluéen one can obtain:

“_Wz‘”_WE_d(h_J’Z_DE_E vt

dr dt dR  dt dR drR ' g dR’
Substituting Egs. (1), (14), and (15) into Eq. (fjiR)es the relational expression between the engiggipation

and the specific states:

17

dEw vV (D . )
— = tany 5 (m + gsmy) (18)

dR Vcosy  mgcosy




Table 1: TAEM guidance requirement

Condition Constraints
Desigr Normal acceleration [-1, 1]
constraints Dynamic pressuresf [110, 400]

Dynamic pressure at ALhsf 255
Altitude at ALI, ft 10,000
Kinematic Cross-track position at ALft O
constraints Down-track position at ALIft 0
Heading angl at ALI, deg 0
Flight path angle at ALldeg -9

Equation (18) shows that the rate at which the g@ndissipates with the glide range is proporticiwathe drag
and flight-path angle

As aforementioned, the energy can be dissipateatijusting the change rate of energy dissipatidhenvertical
motion and the ground-track range in the laterahenaer. In consequence, the problems of longituidiagectory

generation and ground-track range prediction vélblldressed in Section 3 and Section 4, respeactivel
2.4. Problem Formulation

In general, the design goal of TAEM guidance sysieno bring the unpowered RLV from the end of tR&
phase, i.e., TEP (when velocity reaches at theudétiof around 100; 000t and Mach 3) to the ALI (nominally at
the altitude of 10; 000t and Mach 0:5). Meanwhile, TAEM guidance systernrsigea for aligning the RLV with the
extended runway centerline, thus enabling a sdfelanding hereafter.

During this process, the guidance system has td meekinds of requirements: 1) vehicle design ¢ists,
essentially the load factor and the dynamic pressamd 2) final constraints at ALI, namely, conistison dynamic

pressure, flight path, and heading angle. The Atifude ish,,, = 10,000ft, and the location of ALl is fixed at

Xy, = Yuy = 0ft. The desired dynamic pressure for ALis, = 255psf (i.e.,V,, =%9ft,M = 0.5). Focusing

on the studied RLV, the flight-path angle constraih—9deg at the ALI is chosen due to the quasi-equilibrium
glide for dynamic pressure @b5psf with dg/dh of zero at10,000ft. All these requirements are presented in
Table 1.

Therefore, on the basis of these requirementshense of onboard TAEM guidance is developed in Eigihe
framework of the proposed TAEM guidance system tgadtonsists of three units. The first unit is tongeate
longitudinal reference trajectory which is desctlie Section 3. In the second unit, the groundkrpcedictor
described in Section 4 is included. Integrated liljght phase management module for different peaseitching,

TAEM task management is realized. Then the trajgctmmmands are generated including altitude, Viloc



heading angle, and bank angle. The third one isftectively track the trajectory where a guidanegv land
necessary state transformation are required. Meismwhe assumption of time delay for the furthentrol system

is considered as well. The proposed TAEM guidametegy can be achieved by following steps:

I I \Va I N [[a
I Phase N | I ch | JC
| Managemen | w* I sbc | sbc
PR Commang . H, 7
Longitudinal ) | (4] ] ) i State ¢ 3-DOF
Trajectory I Onboard F:g\_ngoe Generato |—>| Guleance_> Transformatior] I—P RLV
Planning | | Ground-Track—2-99p» aw and Time Delat | Model
| |_Predictor I | I
| L [ |
| Task Management I I |
___________ — N, W
Fig. 1: The scheme of the proposed TAEM guidanséesy
Step 1

(a) Design reference dynamic pressure versus altituofdgs according to gliding capability of the vels.

(b) Generate reference trajectory parameters by thgopenl TAEM trajectory iteration algorithm and retell
trajectories as a database.

Step 2

(a) Predict a RLV’s total range-to-dg®,,,,according to the principle of ground-track predictb the terminal entry

otal
point. Select which longitudinal profile a RLV sHdurack by comparing the predict®&d,,, with the reference
maximum range-to-go in the database generatedepy1S(b).

(b) Predict range-to-g&,, at each point on the path in real-time by onboaiidP GCorrespondingly, reference
longitudinal trajectory paramete(g®,h*,V*) at each point on the path can be obtained by dbo&up table.
Meanwhile, the reference lateral trajectory paramst)*, u*) can be achieved by GTP.

Step 3

Track the reference trajectory by control commafaqsd,,., 1) based on the designed guidance law.

Remark 2. As described in Step 2-(a), the total range-taRggof the vehicle can be predicted according to the
principle of GTP at the terminal entry point. Thdyy, comparingR,,,, with the maximum range-to-go in the
database, a closest reference trajectory is sedleldtte that the range-to-go in the database iaimdd according to
the specific dynamic pressure versus altitude fgrofihus, the chosen reference profile can resuthé proper
range, which ultimately matches the GTP range-toBy this means, the longitudinal and lateral muticare

combined together.



3. Longitudinal Trajectory Generation

In this section, the objective is to 1) characeran explicit longitudinal profile, i.e., dynamicegsure as a
function of altitude; and 2) calculate the corresfing states history by an iterative algorithm sy, dynamic
pressure profile describing longitudinal featurdsaoRLV is defined prior to trajectory generatiomithin the
following constraints.

1) The initial and final boundary constraints onndmic pressure ar@,(hy) = Grep andqf(hf) = qaL »
respectively.

2) The dynamic pressure varies as smoothly as lgestiroughout the TAEM glide phase. The dynamic
pressure keeps a small change rate in order foapgheximate quasi-equilibrium glide (QEG)” (seé fir details)
during TAEM, and attains zero change rate at tree &nTAEM, i.e.,(dg/dh)a, = 0, to ensure a QEG at A&L
phase.

3) In addition, the dynamic pressure is boundetheymaximum valug,,., and the minimum valug,;y,.

Regarding the third constraint on dynamic pressilre,maximum dynamic pressujg.y iS set to protect the
vehicle from any physical damages. Meanwhile, sbalepresents the maximum dive capability of theowered
RLV. On the other hand, the minimum dynamic presgy, is selected to represent the maximum glide capabil
of the unpowered RLV. Usually, a RLV can achieve thaximum range (or max glide) by flying at the maxm
L/D ratio. However, when flying at the maximumD ratio, system states includingy, andg may suffer from
undesirable chattering issues. In order to elingirgtattering issues, a constant dynamic pressafdeprwhich
allows for a smoother trajectory, is expected tprapimately replace the maximuby D ratio profile. Henceg i,
is found in this paper to represent a RLV's maxinglice capability.

According to the above analysis, a constant dyngrassure profile is preferable. However, by takimg first
constraint on initial and fingj into consideration, a piecewise dynamic pressuddile is more practical. In
addition, due to the fact that the second condgtigaion the change rate of the dynamic pressumritbe easier to
design they profile by starting from shaping its change r&tence, a profile of the dynamic pressure's chaage r
is firstly established including three segmentse Tiddle segment equals to zero for a congjafflight, whilst the
other two portions make use of the quadratic fumc{see Eq. (19)) to ensure the continuity betweenprescribed

dynamic pressures.

. a1 (h—a2)* +ay3,  hys S h < hpgp
ﬁ(h) = 0, hyz <h < hy, (19)
Ay (h—az)* +az,  hay Sh < hy,



wherehy;; andhpzp are altitude at the ALI and TEP respectivdl,,,, hyq] describes altitude range where
constant dynamic pressure is expected for a Ri:N;_, »;j-1,,,3 are parameters to be determined by the constraints
on altitude and dynamic pressure (and its changite) at a specific point.
Initial, middle, and finial dynamic pressures aemdted by zp, G-, andgy,,;, respectively. Integrating Eq. (19)
along the altitude achieves dynamic pressure profil
qrep + % [(h = a12)® = (hypp — a12)%] + ai3(h — hygp),  hyy S h < hpgp

qh) = qc, huz < h < hyy. (20)
qc + % [(h = az;)® = (hyz — a32)%] + az3(h — hy), hapy < h < hy,

Regarding the parameters in Eq. (19), firstly, aditw to definition ofhzp andhy,,, a;, can be obtained by:

hTEPZ_ hm1 _ (21)

A, = hyi +
It is assumed that the change rate of dynamic presis zero at the altitude bfgp, i.e.,g(hm;) =0, and
q(hy1) = gc- Then, solving the first equation of Eq. (20) give

qc—qTEP

all = 3 C3 ) (22)
(hm1-a12)”~(hrpp-ai2)
3

(hpa—hrep) (hTEP—a12)?

a3 = —ay; (hrgp — agz)% (23)

Applying the similar treatment t@,,, a,,, anda,; achieves:

X hyz—hart
Az, = hay +—2
_ dari—dc
a1 = (rarr—22 ~(hmra—a22)’ . (24)
AL 22 M2 220 — (haLi—hu2) (hmz—az2)?
_ 2
Ap3 = —ap1(hyp — az2)

Remark 3. The overalfg profile is always comprised of two quadratic segteeand a zero segment, as shown in

Fig. 2. A smooth dynamic pressure profile is indledth a constant dynamic pressure praofilein the middle
phase. As the range @f; in the middle phase (denoted [#,,, hy1]) decreases, its change rate on two polynomial
phases will reduce, as can be observed from ddstesdf Fig. 2.
Remark 4. It is worth noting that this strategy is differefnom the US space shuttle TAEM strategy [10] for
holding a constant (g is meandering) where the flight performance givesywo smallev, for crews' riding
comfort. However, the unmanned RLV does not haveotoply with this constraint. Thus, the constantaiyic
pressure profile is developed as the referenceiortbe middle phase. Moreover, in comparison of kha&ch
number profile developed in [16] and dynamic presgurofile used in [27], the longitudinal profilegposed above
shows a more explicit physical meaning.

Given the reference profiles of dynamic pressurth wespect to the altitude, a TAEM trajectory itema
algorithm is developed, as shown in Fig. 3. Thevfthart indicates that state variables are iteraidshlance RLV

dynamic equations using two nested loops at eadh obaltitude.
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Fig. 2: Diagram of dynamic pressure profiles ascchange rate with respect to altitude
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Fig. 3: TAEM trajectory iteration algorithm
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Firstly, the flight-path angle is adjusted in the@eér loop to ensure that the dynamic pressure ifZx) equals to

the reference one defined in Eq. (20) via secartion method.

— — dag
Qairf(h) = Grep + d—Z dh, (25)

Whereg is defined in Eq. (11).

Subsequently, the angle of attack is regulatedatarize another estimation of dynamic pressure Ese€26))

rearranged from Eq. (13) to the reference one in(F).

Garg(h) = — (19)

2msiny dy
SrefCLcoSU — ~—Vp an

By the above propagation, trajectory paramefgry;, anda; are obtained at each altitude ndde The
corresponding range-to-gf at each altitude node is then calculated by imtadgy Eq. (15) from the current node

to the end node:

Ri =3yn-1 —hj+1_hj (27)

= tany g
wherei = 1,2, -+, n denotes the number of altitude node. Note thandfugh altitude node is set, the rang-to-go can
be obtained with good precision.
The whole trajectory histories in termsfy, a, andh with respect t& are obtained. Meanwhile, the history

of normal acceleratioN,, as an important guidance command, is obtainegidbas Eq. (28).

Lcosa+Dsina , .
N, = ——— + sinysina — cosycosacosyi (28)
mg

Finally, all the reference signals at each noder@zerded and coded in the guidance scheme akapdable.
Note that in this section only the vertical motisrconsidered, hence the terms containing the bagle in Eq. (26)
is removed by assumings u = 1.

The trajectory iteration algorithm in Fig. 3 cansare that the altitude and dynamic pressure satifity the
desired ones. The next step is to adjust the grtnaait path on the purpose of guiding the RLV te ttesired
position. To this end, in Section 4, an onboardugtbtrack predictor is constructed to generatestgeal of range-
to-go, which is used as an index to select theitodipal reference command. In addition, the ldteeference

command is generated as well. This results in tmaection between the longitudinal and lateral oni

4, Onboard Ground-Track Predictor

In this paper, the ground-track path is essenti@iynposed of three distinct parts, as shown in #idt starts
from TEP followed by acquisition (AC) phase, whéne RLV turns to align its heading with a tangepoynt on
the HAC. After a flight phase of straight-line gralitrack, the RLV banks and turns to fly the HACisl worth

11



noting that the RLV can choose either direct HACdsmor overhead HAC mode according to its flightighiAt
last, the pre-final landing (PFL) phase is inittgtevhere the position and heading are modifiech&rrto align the

RLV to the runway by the guidance system.
Based on the constructed ground-track path, theandbground-track predictor is then designed twigtwo

critical features. 1) At the terminal entry poitite total range-to-g8,,,,of the vehicle is predicted which is used as
an index to choose the right trajectory to foll@yDuring the TAEM flight, the range-to-g&, at each point on the

flight path is predicted in real-time, accordingatbich reference commands are then generated Hgakap table.

» TEP _—
e Acquisition phase
EN — — — HAC phase
NN
— - - — Pre-final landing phase
Direct™, ™,
HAC @ ™ ALl
N AR LT
Overhead “ y
HAC ’
\\_/,

Fig. 4. Ground-track path for the TAEM flight

Using the reverse derivation and working backwaalisrg the trajectory, the working principle of GT$
described below. Firstly, during the PFL phase,@1é regards the length along the runway as thgerém go. In
this process, the error of cross-range from runeenterline is neglected for simplification, sinte trange along

the runway is much larger than the cross ranges,Tihe prediction of range-to-go for PFL phase (irelin Fig. 5),

defined aspr;, is calculated by:

SprL, = VX + Y2, (29)

where(x, y) denotes the current position of the RLV.

|
\

M%) AL

X
—
y

Fig. 5: Ground-track prediction for pre-final landiphase

During the phase of HAC, the GTP is required todjmtethe range around HAC and PFL range, as can be
observed from red line of Fig. 6. Defining the telof HAC asky,. and assuming that the center of HAC locates

at (Xyac, Yuac), the predicted range-to-gia 4 can then be obtained by:
Suac = RyacAY + [Xnacl, (30)
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whereAy is the heading angle to go. If taking both therbead and direct HAC turning mode into considertio

Ay is given by a two-sectioned equation as:

Y -y
arecos (sgn(YHAC) \/(XHAC_JSI;i(YHAC_yy) % < Xriac

Y -y
2T — arccos (sgn(YHAC) \/(XHAC_;I)gi(YHAC_Y)Z),x > Xuac

AY = ,  (31)

with sgn(Yy 4¢) denoting the sign dfy 4.

Fig. 6: Ground-track prediction for the HAC phase

During the AC phase, as indicated by the red lihEi@. 7, the GTP calculates partial AC range astdltrange
of

HAC and PFL phase denoting Byzzp.. Thus, the predicted range-to-go at AC phaselulzded by:
Sac = Rracld¥acl + Ssi + Sprep2 (32)

where the arc range at the initial phase of actiiisis approximately calculated by multiplying trelius of the arc
Ry 4c With |AyY,., the intersection angle between the current hgaalil the tangent line of HAC. The valueRef,

is obtained by exploiting the principle of coordina turning:

Rrac = M (33)

)
gtanpgyr

with u,,» denoting the average bank angle determined by taehMhumber. In additiod, is the straight-flight
range during the AC phase. Regarding its computatiwo straight-line distance®, and S are involved, as
illustrated in Fig. 7. Definin®;,y as the straight-line distance between pdirfthe current position of RLV) and

point O (the center of HAC), the calculations$)fandSy; can be described by:
Sa = Rrac(1 — cos(|Aac))), (34)

Sp = Rran — Rracsin(|4acl)- (35)

The straight-flight range during the AC phase &ntlobtained by, = /SAZ + SBZ.
Furthermore, as shown in Fig. 8, the heading acghemand)* for AC phase is achieved by:
AY =1 — Py, (36)

wherey; = £AOB can be calculated using the same principle depiatéd). (31), andy, can be achieved by:
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P, = arccos( Rac ) (37)

VX aac—2)%+(YHac—¥)?

Then,R.4y in EQ. (35) can be obtained by:
Rran = Ryactani,. (38)

Fig. 8: Heading angle command for the AC phase

Through the above propagation, the range-t&gaat each point on the flight path can be predictethie GTP
in real-time. By lookup table, corresponding refex@longitudinal commands can be obtained. Meamwtiie GTP
also generates the reference command of headirg, dngtracking which the vehicle trajectory candmfusted to
align to the runway.
Remark 5. In this study, since the HAC radius and the ALldtien are fixed, the ground-track path generated by
GTP is fixed. Then the longitudinal commands areegated in real-time by lookup table where GTP eattggo
R, is regarded as an index. The constant HAC raditleerahan cylindrical HAC is used for the sake loé t

computational efficiency of the onboard ground-rpecedictor.

14



Remark 6. As can be observed from Fig. 4, the RLV is expetteily with a small arc at the beginning of TAEM,
followed by a wide range of straight-line, rathikan to keep a sustained turning with a large bakeaduring a
supersonic flight [18]. By virtue of the proposelategy, the banking capability of a RLV can beaxeld for
abnormal conditions, and turning maneuver can heeged more easily since the alignment to runwaspispleted

primarily by HAC phase with a subsonic flight.

5. Onboard Guidance Law Design

5.1. Longitudinal Commands from Guidance Scheme

The objective of longitudinal guidance is to trabk reference profile in terms of the altitude aéimel velocity
The normal acceleratiaW, and speedbrak®,; are two guidance states for the longitudinal peofiacking. The
total normal acceleration commang. consists of reference commanig’ and closed-loop termn,:

N,. = N,” + AN,, (39)

whereN; is adopted directly from the longitudinal trajegt@eneration module (see Section 3), and a prapuati

derivative scheme is used for the closed-loop term:

AN, = Ky(h* — h) + Ky [(R* — h) + Kup(R* = R). (40)

Note that a single set of gains are not appropiiatesponse to a wide range of altitude trackMige sets of
control gains are firstly determined for specifiitade points at the design stage. Interpolatimoklp method can
then be used to obtain gains at other intermediéitade points in simulation verification.

As far as the velocity tracking task is concerribé, speedbrake is initiated as an actuator wien 0:8. The

proportional-integral law is employed:
Ospe = Ky (V" = V) + Ky, f(V* -V). (41)

Remark 7. It is worth emphasizing that the normal acceleralginstead of the angle of attackservers as a
guidance state in this paper. This is due to thetfat, on one hand, the precision deterioratiome@asuring angle
of attack is usually induced in a high speed; om dther hand, the RLV is always subject to the raeial
constraint (namely the load factors) which candmured by the normal acceleration. Thus the noaoetleration
is selected as a control signal.

The normal acceleration command cannot be immegietigoduced in the dynamic model (Egs. (1)-(&jjce
it is not a valid input signal of the dynamic edaas. It has to be transformed into the form oflangf attack. To
this end, the approximated expression betweendheal acceleration and the angle of attack is eeriv

Firstly, recall the definition of normal accelemti under body-axis system in Eq. (28). By assunihsg
a =u = 0, and using Eq. (2), one can render:

N, z%=gy (42)
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Given that steady flight state is achieved for &/Rg = 6 ~ y. Hence, the commanded pitch ratecan be

rendered as:

Ge = (43)

¢ 14
It is evident that the command of normal accelerats replaced by pitch rate through Eq. (43). Mhgt step
for the guidance system verification is to transfdhe command qof to that ofa. By recalling the mathematical
relationship betweem, 8 andy:
a=0-y=q-7, (44)
and using Eq. (2) without consideration given te éfffect of lateral motion, one can obtain:

a = q—ﬁsr;#a, (45)

where C;, denotes the angle of attack dependent lift cdefiic term. Furthermore, by applying Laplace
transformation to Eq. (45), the relational expressbetween angle of attack and pitch rate is apmately

constructed in Laplace domain as:
a=—
Tis+1

q, (46)

. v
with T, = ———.
ASrefCLa

As a consequence, the commanded angle of attackn be conceived by integrating the open-loop tefreind

the close-loop term derived froN}, using Eqgs. (43) and (46):

T; N,
a. =a* +—— zc (47)
Tis+1 V

Remark 8. The above procedure is merely executed for theamgiel scheme verification at first stage of G&C
design. In fact, during the follow-up design pragewhere integrated G&C is considered and 6-DOFadyo
model is used, it is the pitch rate command in @&®&) that is directly inserted into the flight corit module.
However, this is beyond the current topic.

5.2. Bank Angle Command from Guidance Scheme

The lateral guidance law calculates the commandetk langle, such that the ground-track path depioted
Section 4 can be followed. As a consequence oftlhie flight phases, the bank angle command is retpd for
each phase.

For the AC phase, the bank angle is proportionghécheading deviation from the tangent to the HAC:
e = Ky (@ —97), (48)
wherey* denotes reference heading angle adopted from3BY. dndyp is the actual heading angle.

For the HAC phase, the bank angle command is acfuhe reference termn* and the close-loop terfu:

He = 4"+ Ap, (49)
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whereu* is the required bank angle for turning with a $fp@€elAC radius, and it can be derived from Eq. X33

2
u* = arctan (‘;Cﬂ) (50)

RHAC

The deviation signalu is obtained by taking a proportional-derivativevlfor AR, i.e., the deviation between
the real radius of HAC and the reference one:

Au = KyAR + KypAR. (51)

During the PFL phase, a classical proportionaledéhtial (PD) scheme is exploited for correctingtfer the

cross-track range. Thus, the bank angle commagdrsrated by combining the lateral deviation asdiérivative
from the extension of the runway centerline:

Ue = Ky Ay + Kypo Ay (52)
6. Numerical Simulationsand Analysis
The simulations of the proposed TAEM guidance systee performed based on the model of X-34 veljidg

The main features of the X-34 vehicle are givefiable 2. Instead of the traditional standard dralgipmodel, the
piecewise polynomial model [25] is used to desctiteeRLYV aerodynamics during the TAEM phase:

(6101 + Cula + C121a’2, M1 =0.3

C, = icloz + G2 + C:‘lzzaZ,Mz =04 (53)
ClOp + Cllpa + Clzpaz, Mp = 3.0
(Caor + Car1@ + Capya® + Cazya® + Cs1185p, My = 0.3
_ ) Caoz + Ca12a + Cappa® + Cy30° + Cy1285, My = 0.4
Cp : (54)

\Caop + Carp@ + Cazp@®® + Cazp@® + Co18sp, My, = 3.0

whereM;(j = 1,--+,p) is thejth Mach number within the range [#£5,3.0], C;;;(i = 0,1,2) is the coefficient of
degree for C, at Mach numbeM;, Cy;;(i = 0,1,2,3) is the coefficient of degreefor €, at Mach numbed;, and
Cs,; describes the speedbrake’s contribution to draddaath numbei;. Note thaiC;; = 0 if M; > 0.8. C;, and(),

at intermediate Mach numbers are evaluated byrimdi weighted average of the polynomial fits attthe nearest
Mach numbers.

In the following simulation studies, the longitudirprofiles are firstly given. Then two simulati@ases are

conducted using the platform as shown in Fig. Vabtidate the effectiveness of the proposed TAEMdgnce
system.

The first case considers variations in initial piosi and heading angle, whilst vehicle model uraieties are
involved

in second case. Regarding altitude tracking law (EQ), lookup table is applied to determine thetawrgains as
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shown in Table 3. Fixed control gains are desidioedelocity tracking law Eq. (41) and lateral gaicte law Egs.
(48), (51) and (52) ast;, = 0.015, Ky; = 0.03, K, = 1.5, Ky, = 0.007, Ky, = 0.008, Ky, = 0.005, andKyp, =
0.007.

Table 2: The main features of X-34 vehicle

Feature Value
Mass,slug 560
Wing chord,ft 14.5
Wing spanft 27.7

Reference aregft® 357.5
Max L/D ratio between 2 and 8

Table 3: The control gains at different altitudénp®

mi0’ft 1 2 3 4 5 6 7 8 85
K, 10> 30 24 14 12 09 0.7 06 05 04
Ky, 107 3.0 26 24 20 10 10 1.0 1.0 1.0
Ky, 1073 1.5 15 13 1.3 09 08 0.7 0.6 05

6.1. Longitudinal Profiles Generation

The TAEM phase starts from the altitudehgf, = 85,000ft with dynamic pressure @z = 200psf (i.e.,
Vrgp = 2456 ft/s). The terminal altitude and the terminal dynamressure are set &g;; = 10,000 ft and
G = 255 psf, respectively.The altitude range for constant refereggarofile in Eq. (20) are selected g, =
45,0001t, andh,; = 55,000ft, respectively. A short period of constgmsegment is designed to give way to the
small change rate of dynamic pressure at two pohyals segments.

It is exhibited in Fig. 9 that the dynamic pressuagies smoothly from TEP to ALI. A change ratezefo is
achieved at both TEP and ALI points for QEG flighfhe dynamic pressure is set to be boundeldiy,, Gmax] =
[110,400]psf at the middle stage of TAEM, ensuring that it igween the pressure of maximum dive and
maximum glide that the RLV can perform. Fig. 1@wh the profiles of energy height with respectange-to-go,
i.e., the energy corridor. All the energy heightfpes are bounded by the max dive profile (repnése by the
dashed line in Fig. 10) and max glide profile (shdwy the dot-dashed line in Fig. 10). Fig. 11 iitates the history
of the altitude (Fig. 11(a)), the velocity (Fig.(b)), the angle of attack (Fig. 11(c)), and themalracceleration (Fig.
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11(d)) with respect to the range-to-go. These dtajg commands are regarded as open-loop commantei
proposed guidance scheme. It is worth noting tifégrdnt g versush profiles means different gliding range a RLV
can perform. For the studied X-34 vehicle, the iglidrange is withifR,;,, Rmax] = [3.835,6.533]10° ft, as

shown in Fig. 11(a). But the feasible range mightsimaller than this domain when considering thereolerant
capability of the guidance scheme.

Altitude h, ft

0 1 1 "
100 200 300 400
Dynamic pressure ¢, psf

Fig. 9: Different profiles of dynamic pressure wersltitude

x10°

w’
s,
N\,

. ’
2 Max Dive » Ve

Energy height E

0 2 4 6 8 10
Range-to-go, ft %<10°

Fig. 10: Profiles of energy height versus ranggddoer different dynamic pressure

6.2. Trials with Initial Position and Heading Vatians

To verify the feasibility of the proposed guidansteategy for TAEM flight in the presence of largstial
condition variations, several tests are carried lbualll these tests, the initial value of dynamressure is fixed at
4, = 200psf (i.e.,M = 2.5), and the initial altitude is fixed atz, = 85,000ft. The initial states subject to
variations are listed in Table 4, including croaskt positionx,, down-track positiory,, and heading angig,.

Fig. 12 presents the ground-track paths for eigifierént initial entry points which are marked itué stars.
Since both of two turning modes (direct HAC andrbead HAC) are considered, sixteen paths are aatamtotal.
The results of the first four cases are stated abld 4, and the other four cases are omitted siheg are
symmetrical to the first four cases witkaxis. In these cases, the RLV starts from diffeiaitial positions with

various heading angles, but ends at almost the sarménal position with nearly zero heading andlable 4
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reveals that, for all the first four cases, thalfidownrange errorg\x| are less than 10, the final cross-range
errors|Ay| are nearly zero, and the final altitude erijdis| are less than 100,

Moreover, the profiles of energy height with redgeaange-to-go are depicted in Fig. 13, for tingt four cases
with different turning modes. It can be observedt timitial and terminal energies of the RLV in elises are the
same.

But different ground-track paths are achieved asvshin Fig. 12. This is due to the fact that diffier range-to-go is
predicted by the onboard ground-track predictorettgped in Section 4, when the RLV suffers from gemnin
initial positions and heading angles. While themi@al constrains are satisfied benefiting from thegectory

generation algorithm constructed in Section 3.
4
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Fig. 11: The states histories versus range-to-gdifferent dynamic pressure
The profiles of dynamic pressure with respect togeato-go are illustrated in Fig. 14 for differesitmulation
cases. Due to the consideration of coupling betweegitudinal and lateral motion, the dynamic pteesprofiles
show a slight difference compared with the refeeecoses where the constant dynamic pressure isragbig the

middle phase, as described in Section 3. The quorelng altitude and velocity histories with resp@crange-to-
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go are depicted in Fig. 15. For all cases, the Rhds at ALI points with altitude of around 10; d0@nd velocity

of around 539.2t/s (i.e, M = 0.5) as expected. Moreover, Fig. 15(a) showsttimgliding range for these cases is

within [R,,in Rimax] = [4.394,5.951]105 ft.

In general, the satisfactory performance achiemetiése test cases demonstrates the adaptatiopilitsyd the

proposed TAEM guidance scheme in the presenceriaticans in initial position and heading angle.
Table 4: TAEM guidance with different initial conidins

Case x, ft Yo ft Yo, deg TM  xg ft  ye ft  hy ft
1 -93.7¢ -0.01<¢ 9908.
1 —-3x10° —-3x10° 60
2 -66.7: 0.01: 9987.:
1 -13.67 -0.01% 9895.
2 —2x10° —4x10° 45
2 -8.0¢ 0.011 1000¢
1 -66.7 0.01° 9911.
3 1x 105 —4x10° 90
2 7.28 0.01: 9977.
1 -52.3¢ -0.017 9901.¢
4 2.5%x10° —2.5x10°4 135
2 -33.5¢ 0.01: 9930.¢

Target states at touchdows). = y, = 0 ft,h, = 10,000 ft.

TM: Turning Mode, 1: Direct HAC, 2: Overhead HAC.

4

Cross-track vy, ft
o )

[\

Down-track x, ft
Fig. 12: Ground-track paths with different init@sitions and heading angles
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Fig. 13: Energy height profiles with different iiait positions and heading angles
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Fig. 15: Altitude and velocity profiles with diffent initial positions and heading angles

6.3. Trials with Model Uncertainties

In this subsection, the robustness of the propgsédhnce system is validated by injecting modeleatainties
into the RLV model. Taking Case 1 with turning mddm the above subsection as a nominal casey teists with

perturbations are carried out. The aerodynamicdifefficientsC,, the aerodynamic drag coefficier@g, the
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atmospheric density, and vehicle mass are subject to the uniform random perturbationhi@ tange of [-10%,
10%], as studied in [20].

Fig. 16 shows the ground-track paths and altitudélps for all the thirty cases. It is indicatdtht the proposed
guidance scheme performs nearly the same trajestarid successfully drives the RLV to the desieedhinal point.
The corresponding histories of the flight-path ahghd Mach number are depicted in Fig. 17. The camcs
generated by the proposed TAEM guidance schemkiding the speedbrake, the angle of attack, ando#mk
angle are presented in Fig. 18. From Fig. 18(a),sibeedbrake is initiated wh&h< 0:8 in order to dissipate the
energy.

Moreover, Monte-Carlo simulation tests with 300 suare conducted to further validate the robustess
precision of the proposed guidance scheme. In easf, the simulation is terminated when the RL\¢thea the
altitude of10,000ft.

The final guidance performance can be observed ffign19. The maximum final errors of down-traclsjion
and cross-track position are less th@dft and0.1ft, as shown in Fig. 19(a) and Fig. 19(b), respebtivAs
compared to the traditional method in [10] where trminal constraints afeé x¢| of 100ft and| A y,| of 300ft,
the proposed approach achieves sufficient precisionfinal position for TAEM guidance. The final err
distributions for the flight-path angle and headargle are presented in Fig. 19(c) and Fig. 19&bpectively. It is
evident that the flight-path angle and heading engket the predefined constraints very well. Thelferror of
dynamic pressure is shown in Fig. 19(e) with a m@gr less thad0psf, which is acceptable as stated in [19]. The
big dynamic pressure error exhibits mainly dueh@ the speedbrake only initiates at finial subs@tage of the
TAEM flight, which makes it difficult to compensalarge deviations arising from supersonic and waitsflight.
Nonetheless, the corresponding Mach number shamsadl difference from the desired Mach 0.5, as showFig.
19(f).

In addition, the maximum and minimum values of dyi@pressure during the TAEM flight are illustratey
green and blue marker in Fig. 20(a), respectivEhe normal acceleration's range during the flighdisplayed in
Fig. 20(b). It is shown that the constraints onaiyic pressure and normal acceleration, as listethble 1, are
well satisfied.

Note that, the nominal reference dynamic pressur¢hese cases is aboif,,, = 314psf as can be observed
from solid black line in Fig. 14. However, in theepence of system uncertainties, Fig. 20(a) shdwas the
maximum dynamic pressure in-flight is almd®t0psf. This implies that the achievable gliding rangetlod
proposed guidance scheme is less than the idegé réR,,;,, Rmar] @S Shown in Fig. 11(a)), when considering
robustness to system uncertainties. Instead,iitdigated that the initial range deviations withify,;,, R,.o,] (S€€
Fig. 15(a)) can be effectively handled, in the cms®lving 10% uncertainties on aerodynamic, environment, and

vehicle mass.

23



% 10*

Cross-track y, ft

10

Altitude h, ft

-2 -1 0 0 100 200 300 400 500
Down-track x, ft %«10° Time, sec

@ (b)

Fig. 16: The trajectories with model uncertainties

w2

Flight-path angle ~, deg

N
I

Mach number M
A~

<
[

(=]

100 200 300 400 500 0 100 200 300 400 500
Time, sec Time, sec

(@) (b)

ig. 17: The flight-path angle and Mach number ibesfwith model uncertainties

N w
[w] S

Speedbrake angle 5Sb, deg
=

S

on

()

hel

5

v

8

5

G

o

L

oh

=)

<
200 300 400 500 0 100 200 300 400 500
Time, sec Time, sec

(@) (b)

24



Bank angle p, deg

(=)

100 200

300

Time, sec
(c)

Fig. 18: The commands generated by the proposethgoe system

50

Al’f, ft

-50

***

5 i‘*’i * o
%‘ﬁ** Fodege
?ﬁ*

-100
0

-0.21

-0.22

A~yy, deg

-0.23

-0.24

300

(e)

300

400

500

-0.02 #

Ayy, 1t

0.04 F
*

" ek T **'

&

¥
wsﬁ
*

*#

@«3**
m

*
**w

-0.06

300

Ay, deg
o N o~ o

0.04
0.02

AM;

-0.02

-0.04

U]

Fig. 19: Final error distribution for Monte Carlest

25

300



Z A0 F- B R g T —— S S ——
=300 b =
o o 0
£ 200 2
100 oo L EL YL LT LY Apzoo-o-- it ik
0 100 200 300 0 100 200 300
Times Times
(@) (b)

Fig. 20: Constraints during the TAEM flight

7. Conclusions

In this paper, an onboard guidance scheme is pegpfis an unpowered RLV during the TAEM phase fligh
The longitudinal strategy is specified by a refeemynamic pressure profile. This longitudinal peofs pre-
designed based on the analysis of a RLV’s fliglilitgbWhile, in the presence of variations in iaitposition and
heading angle, the onboard ground-track predictarperating to make sure that the RLV can be gutdetthe
desired terminal position. For trajectory trackittge guidance law is designed, where the normadlaation rather
than angle of attack is regarded as a longitudinadlance command with consideration of realisightl situations.
In simulation tests, not only changes in the ihitanditions, but also uncertainties on system rhodes
investigated. The results demonstrate that thegsegb guidance scheme can achieve satisfactoryrpenfice, even
under off-nominal conditions.

However, to improve the capability to tolerant krgange error at the terminal entry point, theugbtrack
path with a fixed radius of heading alignment cg&n could be relaxed by changing the radius of imggalignment
cylinder. On the other hand, instead of the singpiielance law, more advanced guidance algorithnis neltustness

to larger uncertainties on system model are needed.
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Highlights

1) An onboard TAEM guidance system is designeafounpowered RLV.

2) Constrained longitudinal profiles are generdtg@n iteration algorithm.

3) Longitudinal and lateral motions are integrabgdan onboard management scheme.
4) Trajectory tracking laws are developed considgm-flight situations.

5) The effectiveness of the guidance system igigdrby several simulation tests.



