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Abstract 

A terminal area energy management (TAEM) guidance system for an unpowered reusable launch vehicle (RLV) is 

proposed in this paper. The mathematical model representing the RLV gliding motion is provided, followed by a 

transformation of extracting the required dynamics for reference profile generation. Reference longitudinal profiles 

are conceived based on the capability of maximum dive and maximum glide that a RLV can perform. The trajectory 

is obtained by iterating the motion equations at each node of altitude, where the angle of attack and the flight-path 

angle are regarded as regulating variables. An onboard ground-track predictor is constructed to generate the current 

range-to-go and lateral commands online. Although the longitudinal profile generation requires pre-processing using 

the RLV aerodynamics, the ground-track prediction can be executed online. This makes the guidance scheme 

adaptable to abnormal conditions. Finally, the guidance law is designed to track the reference commands. Numerical 

simulations demonstrate that the proposed guidance scheme is capable of guiding the RLV to the desired touchdown 

conditions.  

Keywords: 

Terminal area energy management (TAEM), Guidance system, Trajectory planning, Ground-track predictor, 
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1.  Introduction 

The second-generation reusable launch vehicles (RLVs) have been designed, aiming at reducing the costs of 

space transportation while improving the safety and reliability of the vehicles [1], [2]. Advanced guidance and 

control (G&C) technologies are well recognized as an effective means to achieve these objectives particularly during 

reentry flight [3]. The atmospheric reentry of a RLV usually starts with an initial reentry (IRE) phase, followed by a 

terminal area energy management (TAEM) phase as well as an approach and landing (A&L) phase.  

As far as the TAEM guidance is concerned, the objective is to guide the unpowered RLV from a terminal entry 

point (TEP) with a given energy state to an expected approach and landing interface (ALI) without violating the 

vehicle’s design constraints (e.g., the dynamic pressure and the load factor). It is characterized by a heading 

alignment cylinder (HAC), during which the RLV performs a turn around the cylinder to align with the runway. 
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This feature of lateral manoeuver makes the TAEM phase significantly different from the IRE phase and A&L phase 

in three dimensional motions. Recently, extensive studies focus on guidance scheme for vertical motion in IRE and 

A&L phases, such as [4], [5], [6], [7], [8], and [9], nevertheless fewer efforts have been placed on the TAEM 

guidance scheme. 

The preliminary TAEM guidance system in the US space shuttle relies on reference trajectories that are 

calculated and stored in the onboard computer before flight [10]. This strategy works well in nominal cases. 

However, the offline trajectories with decoupled lateral and longitudinal channels can result in some limitations. 1) 

The capability of accommodating large uncertainties is limited due to fixed reference trajectories. 2) The accuracy of 

terminal guidance is decreased as a consequence of the decoupling between lateral and longitudinal motions. 

To address the aforementioned issues, several efforts have been devoted to online guidance systems for the 

TAEM phase. An onboard two-dimensional trajectory planning algorithm is developed in [11] and [12]. The main 

idea is to generate a feasible path by iterating three geometric parameters. The ground-track path is firstly designed, 

followed by an altitude profile conceived as a function of ground-track range. Feasible trajectories are therefore 

constructed by propagating the energy from the TEP to the ALI. Finally the best one is selected according to the cost 

function. In [13] and [14], the energy-tube concept is introduced to analyze the maximum and minimum required 

energies for a specific target point. Afterwards this concept is integrated into a planning and estimation algorithm to 

calculate the best HAC position, as well as its deviation in response to abnormal conditions [15]. In [16], a long-

term and short-term online trajectory generation scheme is proposed, accounting for the most relevant vehicle and 

trajectory constraints. In [17], an online trajectory planning and guidance approach is proposed, where the reference 

path can be adjusted online. The guidance adaptation capability is improved by these strategies to some extent. The 

reference longitudinal profile in these methods is usually defined by an altitude profile as a quadratic polynomial of 

ground-track range or a Mach profile as a cubic polynomial of altitude. However, the physical interpretation of such 

a longitudinal profile requires more explanations, taking [16] as example. On the other hand, it might be impossible 

to use a single fixed longitudinal profile in the event of off-nominal conditions, which is also concluded in [13] and 

[17]. Hence, further investigation is needed for reference longitudinal profile design. 

On the other hand, three-dimensional trajectory planning methods are discussed by considering the coupling 

between longitudinal and lateral motions. Offline three-dimensional trajectory planning algorithms are presented in 

[18] and [19]. However, a possible problem is that the maximum turning capability of the vehicle is always utilized, 

which limits the capability of adjusting the trajectory under abnormal conditions. Other studies have focused on 

applying direct non-linear programming (NLP) to the TAEM guidance problem. For example, a NLP optimizer is 

exploited for trajectory planning, allowing for the restrictions of mission profile and off-nominal conditions [20]. A 

three-dimensional TAEM trajectory planning algorithm combined with a down-track correction scheme is proposed 

in [21]. In [22], an adaptive neural network-based methodology is studied to maintain a gradual glideslope and meet 

specific constraints, where the cost function is formulated. A new trajectory optimization algorithm is presented 

based on interval analysis in [23]. An optimization algorithm with dynamic pressure as the cost function is used to 
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obtain the optimal trajectory for TAEM phase [24]. The NLP-based trajectory planning strategies using the theory of 

differential flatness are investigated in [25] and [26]. These NLP-based three-dimensional trajectory planning 

algorithms can generate trajectories precisely. However, they are usually time-consuming for onboard applications. 

In addition, little attention has been paid on the unique feature of the unpowered gliding motion in these algorithms. 

Motivated by the discussed facts, this paper focuses on an onboard TAEM guidance system design. The 

developed scheme generates longitudinal profiles by taking into consideration of the vehicle dynamic constraints. 

Meanwhile, the ground-track path is adjusted in real-time, and the guidance commands are generated online. In such 

a way, this scheme is adaptable in the event of variations in initial conditions, and might potentially serve as an 

onboard guidance scheme. Compared with the existing literature, the contributions of this paper lie in four aspects. 

1) A dynamic pressure profile with explicit physical interpretation is conceived by iterating the kernel extraction 

protocol (KEP) equations; 2) An onboard task management scheme is constructed to predict ground-track range 

online. Guidance commands are generated subsequently by comparing the predicted range with the reference one. In 

this way, the longitudinal and lateral motions are combined together; 3) A guidance law with consideration of real 

flight situations is developed for trajectory tracking; 4) Simulations with consideration of not only initial condition 

variations but also model uncertainties are conducted to verify the feasibility and robustness of the proposed method. 

The rest of the paper is arranged as follows. Section 2 presents the mathematical model and KEP equations, as 

well as the idea of energy management and TAEM guidance objectives. In Section 3, the dynamic pressure profiles 

bounded by maximum dive and maximum glide capability is proposed. In Section 4, an onboard ground-track 

predictor (GTP) is developed. In Section 5, the guidance laws for both longitudinal and lateral motions are 

investigated. In Section 6, the effectiveness of the proposed guidance scheme is demonstrated by simulating 

different TAEM scenarios in the presence of abnormal conditions. Concluding remarks are drawn in Section 7. 

2. Preliminaries 

2.1. Mathematical Model 

By assuming a flat Earth, three-dimensional gliding dynamics of an unpowered RLV during the TAEM phase 

can 

be described as: 

 
���� = − �� − �	
��, (1) 

 
�
�� = ������� − �� ��	�, (2) 

 
���� = ����������
, (3) 

 
���� = ���	���	�, (4) 

 
���� = ���	�	
��, (5) 
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���� = �	
��, (6) 

where � is the velocity, � is the flight-path angle, � is the heading angle, � is the down-track position along runway 

centerline, � is the cross-track position from runway centerline, ℎ is the altitude, ! is the bank angle, " is the mass, 

and � is the constant gravitational acceleration. The lift force # and drag force $ are calculated as: 

 # = %&'()*+�, (7) 

 $ = %&'()*+�, (8) 

with the dynamic pressure %& defined by: 

 %& = 0.5/�0, (9) 

where '()* is the reference area, and / is the atmospheric density. The lift coefficient +� and the drag coefficient +� 

are depended on angle of attack 1, Mach number 2, and speedbrake deflection 3�4 . Note that a speedbrake is 

modeled as an aerodynamic drag increment, which is initiated during subsonic flight in this work. Moreover, control 

surface positions (i.e., aileron, body-flap, elevator, and rudder) have impacts on +� and +�, as a matter of fact. They 

are ignored nevertheless for the sake of simplicity, since the neglected terms affect primarily rotational motion rather 

than point-mass motion. 

2.2. KEP Equations 

It is a traditional way for trajectory planning to integrate the motion equations (1)-(6) in the time domain. 

However, motivated by [18], the KEP motion equations are derived in this section and used to generate reference 

trajectory hereafter. The KEP equations are essentially rearrangements of the motion equations into a form involving 

dynamic pressure and altitude. To this end, taking the derivative of Eq. (9) with respect to time, and recalling Eq. (6)

, one can get: 

 
�5&�� = /��6 + 0.5/6�0 = 8���
 ���� ���� + �8�� 5&8. (10) 

Then, in order to replace time with altitude as the independent variable, dividing Eq. (10) by Eq. (6) yields an 

expression for change rate of dynamic pressure with respect to altitude: 

 
�5&�� = 8���
 ���� + �8�� 5&8. (11) 

By substituting Eq. (1) into Eq. (11), and recalling the definition of drag force from Eq. (8), Eq. (11) is rewritten 

as: 

 
�5&�� = 9:8 �8�� − 8;<=>?@����
 A %& 	− /�, (12) 

where 
�8�� can be extracted from an atmospheric model. The similar transformation is made to Eq. (2), achieving: 

 
�
�� = 80���
 9;<=>?C����� − ����
5& A. (13) 
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Additionally, the ground-track range D is defined as: 

 
�E�� = ���	�, (14) 

Then, the expression of the ground-track range with respect to altitude can be obtained using the chain rule: 

 
�E�� = �E�� ���� = :�F�
. (15) 

Remark 1. Different from the conventional equations of motion (1)-(6), altitude ℎ and dynamic pressure %& in the 

KEP equations are considered as independent variable and state variable, respectively. In fact, these KEP equations 

extract the main characters of RLV’s gliding motion in three aspects: 1) Velocity is replaced with  %& as a guidance 

state since %& is directly imposed on constraints during reentry flights; 2) As a much more slowly varying parameter, %& provides with a more robust iteration on the nonlinear equations of motion; and 3) Altitude is employed as an 

independent variable due to that one is usually interested in a successful gliding at a predetermined and fixed 

altitude instead of a fixed time in practical TAEM flights. 

In summary, these features make the KEP equations more efficient in generating trajectory based on the domain 

of altitude. The KEP equations will be used in Section 3 for reference longitudinal profiles generation.  

2.3. The Concept of Energy Management 

The main goal of TAEM phase is to regulate the energy, including potential and kinetic energy, such that the 

unpowered RLV can arrive at ALI with an appropriate amount of energy. Hence, a significant indicator to measure 

the RLV’s energy is introduced herein, i.e., the energy over weight GH (energy height). The definition is: 

 GH = ℎ + �I0� = ℎ + 5&8�. (16) 

It can be seen from Eq. (16) that GH captures both the potential and kinetic energy contributions in a single 

summation. It also indicates that the total energy is completely determined by the altitude and dynamic pressure. 

From this perspective, the energy can be managed as long as the altitude and velocity are controlled as expected. 

However, the TAEM flight is in fact a dynamic process and it is of great importance to guide the RLV to a specified 

landing interface. Thus, the range-to-go and lateral manoeuver has to be explicitly considered as well.  

To this end, the rate of energy dissipation versus range-to-go is presented. By taking the derivative of GH with 

respect to ground-track range, and using the chain rule, one can obtain: 

 
�JK�E = �JK�� ���E = �L�MNIIOP�� 	 ���E = ���E + ��6� ���E	. (17) 

Substituting Eqs. (1), (14), and (15) into Eq. (17) gives the relational expression between the energy dissipation 

and the specific states: 

 
�JK�E = QR�� − �� 	9�� + �	
��A :����
 = − ������
. (18) 
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Table 1:  TAEM guidance requirement 

 Condition Constraints 

Design 

constraints 

Normal acceleration [-1, 1] 

Dynamic pressure, S	T [110, 400] 

Kinematic 

constraints 

Dynamic pressure at ALI, S	T 255 

Altitude at ALI, TQ 10,000 

Cross-track position at ALI, TQ 0 

Down-track position at ALI, ft 0 

Heading angle at ALI, UV� 0 

Flight path angle at ALI, UV� -9 

 

Equation (18) shows that the rate at which the energy dissipates with the glide range is proportional to the drag 

and flight-path angle 

As aforementioned, the energy can be dissipated by adjusting the change rate of energy dissipation in the vertical 

motion and the ground-track range in the lateral maneuver. In consequence, the problems of longitudinal trajectory 

generation and ground-track range prediction will be addressed in Section 3 and Section 4, respectively. 

2.4. Problem Formulation 

In general, the design goal of TAEM guidance system is to bring the unpowered RLV from the end of the IRE 

phase, i.e., TEP (when velocity reaches at the altitude of around 100; 000 f t and Mach 3) to the ALI (nominally at 

the altitude of 10; 000 f t and Mach 0:5). Meanwhile, TAEM guidance system is asked for aligning the RLV with the 

extended runway centerline, thus enabling a safe auto-landing hereafter. 

During this process, the guidance system has to meet two kinds of requirements: 1) vehicle design constraints, 

essentially the load factor and the dynamic pressure, and 2) final constraints at ALI, namely, constraints on dynamic 

pressure, flight path, and heading angle. The ALI altitude is ℎW#X = 	10,000TQ, and the location of ALI is fixed at �W#X	 =	�W#X	 = 	0TQ. The desired dynamic pressure for ALI is %[\�]	 = 	255S	T (i.e., �W#X	 = _`a*�� , 2	 = 	0.5). Focusing 

on the studied RLV, the flight-path angle constraint of −9UV� at the ALI is chosen due to the quasi-equilibrium 

glide for dynamic pressure of 255S	T with U%&/Uℎ of zero at 10,000TQ. All these requirements are presented in 

Table 1. 

Therefore, on the basis of these requirements, a scheme of onboard TAEM guidance is developed in Fig. 1. The 

framework of the proposed TAEM guidance system mainly consists of three units. The first unit is to generate 

longitudinal reference trajectory which is described in Section 3. In the second unit, the ground-track predictor 

described in Section 4 is included. Integrated by a flight phase management module for different phases switching, 

TAEM task management is realized. Then the trajectory commands are generated including altitude, velocity, 
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heading angle, and bank angle. The third one is to effectively track the trajectory where a guidance law and 

necessary state transformation are required. Meanwhile, the assumption of time delay for the further control system 

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

Longitudinal 
Trajectory 
Planning

Guidance 
Law

3-DOF 
RLV 

Model

State 
Transformation
and Time Delay

Onboard 
Ground-Track 

Predictor

Phase 
Management

Range-
to-go

Command
Generator

Task Management

zc

sbc

c

N

δ
µ

 
 
 
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c
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c

α
δ
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 
 
 
  

*
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*
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*

h

V

α

ψ
µ

 
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 
 
 
 
 
  

Fig. 1: The scheme of the proposed TAEM guidance system 

 

Step 1 

(a) Design reference dynamic pressure versus altitude profiles according to gliding capability of the vehicle. 

(b) Generate reference trajectory parameters by the proposed TAEM trajectory iteration algorithm and record all 

trajectories as a database. 

Step 2 

(a) Predict a RLV’s total range-to-go DQ�QRd	according to the principle of ground-track predictor at the terminal entry 

point. Select which longitudinal profile a RLV should track by comparing the predicted DQ�QRd	 with the reference 

maximum range-to-go in the database generated by Step 1-(b). 

(b) Predict range-to-go DQ�	at each point on the path in real-time by onboard GTP. Correspondingly, reference 

longitudinal trajectory parameters (1∗, ℎ∗, �∗)  at each point on the path can be obtained by the lookup table. 

Meanwhile, the reference lateral trajectory parameters (�∗, !∗)	can be achieved by GTP. 

Step 3 

Track the reference trajectory by control commands (1� , 3�4� , !�) based on the designed guidance law. 

Remark 2. As described in Step 2-(a), the total range-to-go DQ�QRd	of the vehicle can be predicted according to the 

principle of GTP at the terminal entry point. Then, by comparing DQ�QRd	  with the maximum range-to-go in the 

database, a closest reference trajectory is selected. Note that the range-to-go in the database is obtained according to 

the specific dynamic pressure versus altitude profile. Thus, the chosen reference profile can result in the proper 

range, which ultimately matches the GTP range-to-go. By this means, the longitudinal and lateral motions are 

combined together. 
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3. Longitudinal Trajectory Generation 

In this section, the objective is to 1) characterize an explicit longitudinal profile, i.e., dynamic pressure as a 

function of altitude; and 2) calculate the corresponding states history by an iterative algorithm. Firstly, dynamic 

pressure profile describing longitudinal features of a RLV is defined prior to trajectory generation, within the 

following constraints. 

1) The initial and final boundary constraints on dynamic pressure are %&h(ℎh) = %&iJj  and %&*kℎ*l = %&\�] , 

respectively. 

2) The dynamic pressure varies as smoothly as possible throughout the TAEM glide phase. The dynamic 

pressure keeps a small change rate in order for the approximate quasi-equilibrium glide (QEG)” (see [6] for details) 

during TAEM, and attains zero change rate at the end of TAEM, i.e., (U%&/Uℎ)ALI = 0, to ensure a QEG at A&L 

phase. 

3) In addition, the dynamic pressure is bounded by the maximum value %&mno and the minimum value %&mpq. 

Regarding the third constraint on dynamic pressure, the maximum dynamic pressure %&mno is set to protect the 

vehicle from any physical damages. Meanwhile, it also represents the maximum dive capability of the unpowered 

RLV. On the other hand, the minimum dynamic pressure %&mpq is selected to represent the maximum glide capability 

of the unpowered RLV. Usually, a RLV can achieve the maximum range (or max glide) by flying at the maximum #/$ ratio. However, when flying at the maximum #/$ ratio, system states including 1, �, and %& may suffer from 

undesirable chattering issues. In order to eliminate chattering issues, a constant dynamic pressure profile, which 

allows for a smoother trajectory, is expected to approximately replace the maximum #/$ ratio profile. Hence, %&mpq 

is found in this paper to represent a RLV's maximum glide capability. 

According to the above analysis, a constant dynamic pressure profile is preferable. However, by taking the first 

constraint on initial and final %&  into consideration, a piecewise dynamic pressure profile is more practical. In 

addition, due to the fact that the second constraint is on the change rate of the dynamic pressure, it can be easier to 

design the %& profile by starting from shaping its change rate. Hence, a profile of the dynamic pressure's change rate 

is firstly established including three segments. The middle segment equals to zero for a constant %&?  flight, whilst the 

other two portions make use of the quadratic function (see Eq. (19)) to ensure the continuity between two prescribed 

dynamic pressures. 

�5&�� (ℎ) = rR::(ℎ − R:0)0 + R:` , 		ℎs: ≤ ℎ ≤ ℎiJj0, 		ℎs0 < ℎ < ℎs:R0:(ℎ − R00)0 + R0`, 		ℎ\�] ≤ ℎ ≤ ℎs0
,                               (19) 
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where ℎ\�]  and ℎiJj  are altitude at the ALI and TEP respectively. [ℎs0, ℎs:]  describes altitude range where 

constant dynamic pressure is expected for a RLV. R�x|�z:,0;xz:,0,` are parameters to be determined by the constraints 

on altitude and dynamic pressure (and its changing rate) at a specific point.  

Initial, middle, and finial dynamic pressures are denoted by %&iJj, %&?, and %&\�] , respectively. Integrating Eq. (19) 

along the altitude achieves dynamic pressure profile: 

%&(ℎ) = |%&iJj +
F}}` [(ℎ − R:0)` − (ℎiJj − R:0)`] + R:`(ℎ − ℎiJj), 		ℎs: ≤ ℎ ≤ ℎiJj%&? , 		ℎs0 < ℎ < ℎs:%&? + FI}` [(ℎ − R00)` − (ℎs0 − R00)`] + R0`(ℎ − ℎs0), 		ℎ\�] ≤ ℎ ≤ ℎs0

.        (20) 

Regarding the parameters in Eq. (19), firstly, according to definition of ℎiJj and ℎs:, R:0 can be obtained by: R:0 	= 	 ℎs: + �~�����}0 .                              (21) 

It is assumed that the change rate of dynamic pressure is zero at the altitude of ℎiJj , i.e., 
�5&�� (ℎiJj) = 0, and %&(ℎs:) = %&? . Then, solving the first equation of Eq. (20) gives: R:: 	= 5̅��5&~��k��}��}Il��k�~����}Il�� �	(��}��~��)(�~���F}I)I,           (22) 

R:` 	= 	−R::(ℎiJj − R:0)0.           (23) 

Applying the similar treatment to R0:, R00, and R0` achieves: R00 	= 	 ℎ\�] + ��I���C�0R0: = 5̅�C��5&�k��C���IIl��k��I��IIl�� �	(��C����I)(��I�FII)IR0` 	= 	−R0:(ℎs0 − R00)0
.       (24) 

Remark 3. The overall 
�5&�� profile is always comprised of two quadratic segments and a zero segment, as shown in 

Fig. 2. A smooth dynamic pressure profile is induced with a constant dynamic pressure profile %&?  in the middle 

phase. As the range of  %&?   in the middle phase (denoted by [ℎs0, ℎs:]) decreases, its change rate on two polynomial 

phases will reduce, as can be observed from dashed line of Fig. 2. 

Remark 4. It is worth noting that this strategy is different from the US space shuttle TAEM strategy [10] for 

holding a constant � (%&	is meandering) where the flight performance gives way to smaller ��  for crews' riding 

comfort. However, the unmanned RLV does not have to comply with this constraint. Thus, the constant dynamic 

pressure profile is developed as the reference one in the middle phase. Moreover, in comparison of the Mach 

number profile developed in [16] and dynamic pressure profile used in [27], the longitudinal profile proposed above 

shows a more explicit physical meaning. 

Given the reference profiles of dynamic pressure with respect to the altitude, a TAEM trajectory iteration 

algorithm is developed, as shown in Fig. 3. The flow chart indicates that state variables are iterated to balance RLV 

dynamic equations using two nested loops at each node of altitude. 
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4 4
1 25.5 ,0 104.51M Mhh ft ft= =× ×

 

Fig. 2: Diagram of dynamic pressure profiles and its change 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 inner loop to ensure that the dynamic pressure in Eq. (25) equals to 

the reference one defined in Eq. (20) via secant iteration method. %&��**(ℎ) = %&iJj + �5&�� 	Uℎ,    (25) 

 

 

where 
�5&�� is defined in Eq. (11).  

Subsequently, the angle of attack is regulated to balance another estimation of dynamic pressure (see Eq. (26)) 

rearranged from Eq. (13) to the reference one in Eq. (20). 

 %&F��(ℎ) = �����
;<=>?C����	�	I������ 	����	 (19) 

By the above propagation, trajectory parameters %&� , �� , and 1�  are obtained at each altitude node ℎ� . The 

corresponding range-to-go D� at each altitude node is then calculated by integrating Eq. (15) from the current node 

to the end node: D� = ∑ ���}����nq	
��}��:xz� 									     (27) 

where 
 = 1,2, ⋯ , � denotes the number of altitude node. Note that if enough altitude node is set, the rang-to-go can 

be obtained with good precision. 

The whole trajectory histories in terms of %&, �, 1, and ℎ with respect to D are obtained. Meanwhile, the history 

of normal acceleration ��, as an important guidance command, is obtained based on Eq. (28). 

 �� = �����M������� + 	
��	
�1 − ��	���	1��	!    (28) 

Finally, all the reference signals at each node are recorded and coded in the guidance scheme as a lookup table. 

Note that in this section only the vertical motion is considered, hence the terms containing the bank angle in Eq. (26) 

is removed by assuming ��		! = 	1. 

The trajectory iteration algorithm in Fig. 3 can ensure that the altitude and dynamic pressure satisfy with the 

desired ones. The next step is to adjust the ground-track path on the purpose of guiding the RLV to the desired 

position. To this end, in Section 4, an onboard ground-track predictor is constructed to generate the signal of range-

to-go, which is used as an index to select the longitudinal reference command. In addition, the lateral reference 

command is generated as well. This results in the connection between the longitudinal and lateral motions. 

4. Onboard Ground-Track Predictor 

In this paper, the ground-track path is essentially composed of three distinct parts, as shown in Fig. 4. It starts 

from TEP followed by acquisition (AC) phase, where the RLV turns to align its heading with a tangency point on 

the HAC. After a flight phase of straight-line ground-track, the RLV banks and turns to fly the HAC. It is worth 
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noting that the RLV can choose either direct HAC mode or overhead HAC mode according to its flight ability. At 

last, the pre-final landing (PFL) phase is initiated, where the position and heading are modified further to align the 

RLV to the runway by the guidance system. 

Based on the constructed ground-track path, the onboard ground-track predictor is then designed to provide two 

critical features. 1) At the terminal entry point, the total range-to-go DQ�QRd	of the vehicle is predicted which is used as 

an index to choose the right trajectory to follow. 2) During the TAEM flight, the range-to-go D�� at each point on the 

flight path is predicted in real-time, according to which reference commands are then generated by the lookup table. 

Pre-final landing phase

Acquisition phase 

HAC phase

Overhead
 HAC

Direct
 HAC

TEP

Runway
ALI x

y

x

y

Runway
ALI x

y

 

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

Using the reverse derivation and working backwards along the trajectory, the working principle of GTP is 

described below. Firstly, during the PFL phase, the GTP regards the length along the runway as the range to go. In 

this process, the error of cross-range from runway centerline is neglected for simplification, since the range along 

the runway is much larger than the cross range. Thus, the prediction of range-to-go for PFL phase (red line in Fig. 5), 

defined as 'j��, is calculated by: '��� = �� + �0,     (29) 

where (�, �) denotes the current position of the RLV. 

ALI x

y

x

y

Runway
ALI x

y

Runway

( ),x y

 

Fig. 5: Ground-track prediction for pre-final landing phase 

During the phase of HAC, the GTP is required to predict the range around HAC and PFL range, as can be 

observed from red line of Fig. 6. Defining the radius of HAC as D \?  and assuming that the center of HAC locates 

at (¡ \? , ¢ \?), the predicted range-to-go ' \?	can then be obtained by: ' \? = D \?Δ� + |¡ \?|,     (30) 
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where Δ� is the heading angle to go. If taking both the overhead and direct HAC turning mode into consideration, Δ� is given by a two-sectioned equation as: 

 Δ� = | R¤���	 L	��(¢ \?) ¥¦�����(§¦����)IM(¥¦����)IP ,	� < ¡HAC2¨ − R¤���	 L	��(¢ \?) ¥¦�����(§¦����)IM(¥¦����)IP , � ≥ ¡HAC

, (31) 

with 	��(¢ \?) denoting the sign of ¢ \? . 

Runway
ALI x

y

x

y

Runway
ALI x

y

O

( ),x y

ψ∆
HACR

 

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

During the AC phase, as indicated by the red line of Fig. 7, the GTP calculates partial AC range and total range 

of 

HAC and PFL phase denoting by 'jEJ�0. Thus, the predicted range-to-go at AC phase is calculated by: '\? = Di\?|ª�\?| + ';� + 'jEJ�0,     (32) 

where the arc range at the initial phase of acquisition is approximately calculated by multiplying the radius of the arc Di\?  with |Δ�\?, the intersection angle between the current heading and the tangent line of HAC. The value of Di\?  

is obtained by exploiting the principle of coordination turning: Di\? = �I���
��F���«<,      (33) 

with !F¬(  denoting the average bank angle determined by the Mach number. In addition, ';�  is the straight-flight 

range during the AC phase. Regarding its computation, two straight-line distances '\  and '­  are involved, as 

illustrated in Fig. 7. Defining Di\®  as the straight-line distance between point A (the current position of RLV) and 

point O (the center of HAC), the calculations of '\ and '­	can be described by: '\ = Di\?(1 − ��	(|ª�\?|)),     (34) 

'­ = Di\® − Di\?	
�	(|ª�\?|).    (35) 

The straight-flight range during the AC phase is then obtained by 'SL = ¯'\0 + '­0. 
Furthermore, as shown in Fig. 8, the heading angle command �∗ for AC phase is achieved by: Δ� = �: − �0,       (36) 

where �: = ∠W±²	can be calculated using the same principle depicted in Eq. (31), and	�0  can be achieved by: 
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�0 = R¤���	 L E¦���(§¦����)IM(¥¦����)IP.     (37) 

Then, Di\® in Eq. (35) can be obtained by: Di\® = D \?QR��0.     (38) 

Runway
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y
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y
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y
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Fig. 7: Ground-track prediction for the AC phase 
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Fig. 8: Heading angle command for the AC phase 

Through the above propagation, the range-to-go D�� at each point on the flight path can be predicted by the GTP 

in real-time. By lookup table, corresponding reference longitudinal commands can be obtained. Meanwhile, the GTP 

also generates the reference command of heading angle, by tracking which the vehicle trajectory can be adjusted to 

align to the runway. 

Remark 5. In this study, since the HAC radius and the ALI location are fixed, the ground-track path generated by 

GTP is fixed. Then the longitudinal commands are generated in real-time by lookup table where GTP range-to-go D��  is regarded as an index. The constant HAC radius rather than cylindrical HAC is used for the sake of the 

computational efficiency of the onboard ground-track predictor. 
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Remark 6. As can be observed from Fig. 4, the RLV is expected to fly with a small arc at the beginning of TAEM, 

followed by a wide range of straight-line, rather than to keep a sustained turning with a large bank angle during a 

supersonic flight [18]. By virtue of the proposed strategy, the banking capability of a RLV can be relaxed for 

abnormal conditions, and turning maneuver can be achieved more easily since the alignment to runway is completed 

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 track the reference profile in terms of the altitude and the velocity. 

The normal acceleration �� and speedbrake 3�4 are two guidance states for the longitudinal profile tracking. The 

total normal acceleration command ��� consists of reference command ��∗ and closed-loop term Δ��: 
 ��� = ��∗ + Δ��,      (39) 

where ��∗ is adopted directly from the longitudinal trajectory generation module (see Section 3), and a proportional 

derivative scheme is used for the closed-loop term: Δ�� = ³ (ℎ∗ − ℎ) + ³ ] ´(ℎ∗ − ℎ) + ³ �kℎ6 ∗ − ℎ6 l.    (40) 

Note that a single set of gains are not appropriate in response to a wide range of altitude tracking. Nine sets of 

control gains are firstly determined for specific altitude points at the design stage. Interpolation lookup method can 

then be used to obtain gains at other intermediate altitude points in simulation verification. 

As far as the velocity tracking task is concerned, the speedbrake is initiated as an actuator when M ≤ 0:8. The 

proportional-integral law is employed: 3�4� = ³�(�∗ −�) + ³�] ´(�∗ − �).    (41) 

Remark 7. It is worth emphasizing that the normal acceleration ��  instead of the angle of attack 1 servers as a 

guidance state in this paper. This is due to the fact that, on one hand, the precision deterioration of measuring angle 

of attack is usually induced in a high speed; on the other hand, the RLV is always subject to the mechanical 

constraint (namely the load factors) which can be featured by the normal acceleration. Thus the normal acceleration 

is selected as a control signal. 

The normal acceleration command cannot be immediately introduced in the dynamic model (Eqs. (1)-(6)), since 

it is not a valid input signal of the dynamic equations. It has to be transformed into the form of angle of attack. To 

this end, the approximated expression between the normal acceleration and the angle of attack is derived. 

Firstly, recall the definition of normal acceleration under body-axis system in Eq. (28). By assuming that 1	 = !	 = 	0, and using Eq. (2), one can render: �� ≈ �������
�� = �� �6 .     (42) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 

Given that steady flight state is achieved for a RLV, %	 = 	¶6 	≈ 	 �6 . Hence, the commanded pitch rate %�	 can be 

rendered as: %� = �®·¸� .	      (43) 

It is evident that the command of normal acceleration is replaced by pitch rate through Eq. (43). The next step 

for the guidance system verification is to transform the command of % to that of 1. By recalling the mathematical 

relationship between  1, ¶ and �: 

 16 = ¶6 − �6 = % − �6 ,      (44) 

and using Eq. (2) without consideration given to the effect of lateral motion, one can obtain: 16 = 	% − 5&;<=>?C¹�� 1,     (45) 

where +��  denotes the angle of attack dependent lift coefficient term. Furthermore, by applying Laplace 

transformation to Eq. (45), the relational expression between angle of attack and pitch rate is approximately 

constructed in Laplace domain as: 1 = i�i��M: 	%,      (46) 

with º� = ��5&;<=>?C¹. 

As a consequence, the commanded angle of attack 1�  can be conceived by integrating the open-loop term 1∗ and 

the close-loop term derived from ��  using Eqs. (43) and (46): 1� = 1∗ + i�i��M: 	�®·¸� ,      (47) 

Remark 8. The above procedure is merely executed for the guidance scheme verification at first stage of G&C 

design. In fact, during the follow-up design process, where integrated G&C is considered and 6-DOF dynamic 

model is used, it is the pitch rate command in Eq. (43) that is directly inserted into the flight control module. 

However, this is beyond the current topic. 

5.2. Bank Angle Command from Guidance Scheme 

The lateral guidance law calculates the commanded bank angle, such that the ground-track path depicted in 

Section 4 can be followed. As a consequence of the split flight phases, the bank angle command is separated for 

each phase.  

For the AC phase, the bank angle is proportional to the heading deviation from the tangent to the HAC: !� = ³�(� − �∗),      (48) 

where �∗ denotes reference heading angle adopted from Eq. (36), and � is the actual heading angle. 

For the HAC phase, the bank angle command is a sum of the reference term !∗ and the close-loop term Δ!: !� = !∗ + Δ!,      (49) 
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where !∗ is the required bank angle for turning with a specific HAC radius, and it can be derived from Eq. (33): 

!∗ = arctan9�I���
�EÀÁÂA.      (50) 

The deviation signal ∆! is obtained by taking a proportional-derivative law for ∆D, i.e., the deviation between 

the real radius of HAC and the reference one: Δ! = ³¥ΔD + ³¥�ΔD6 .      (51) 

During the PFL phase, a classical proportional-differential (PD) scheme is exploited for correcting further the 

cross-track range. Thus, the bank angle command is generated by combining the lateral deviation and its derivative 

from the extension of the runway centerline: !� = ³¥0Δ� + ³¥�0Δ�6       (52) 

6. Numerical Simulations and Analysis 

The simulations of the proposed TAEM guidance system are performed based on the model of X-34 vehicle [28]. 

The main features of the X-34 vehicle are given in Table 2. Instead of the traditional standard drag polar model, the 

piecewise polynomial model [25] is used to describe the RLV aerodynamics during the TAEM phase: 

+� = ÄÅ
Æ+�h: + +�::1 + +�0:10, 2: = 0.3+�h0 + +�:01 + +�0010, 20 = 0.4⋮+�hÊ + +�:Ê1 + +�0Ê10, 2Ê = 3.0                                                               (53) 

+� = ÄÅ
Æ+�h: + +�::1 + +�0:10 + +�`:1` + +�::3�4 ,2: = 0.3+�h0 + +�:01 + +�0010 + +�`01` + +�:03�4 ,20 = 0.4⋮+�hÊ + +�:Ê1 + +�0Ê10 + +�`Ê1` + +�:Ê3�4 , 2Ê = 3.0                          (54) 

where 2x(Ë = 1,⋯ , S) is the jth Mach number within the range of [0.5, 3.0], +��x(
 = 0,1,2) is the coefficient of 

degree 
 for +� at Mach number 2x, +��x(
 = 0,1,2,3) is the coefficient of degree 
 for +� at Mach number 2x, and +�:x describes the speedbrake’s contribution to drag at Mach number 2x. Note that +�:x = 0 if 2x > 0.8. +� and +� 

at intermediate Mach numbers are evaluated by finding a weighted average of the polynomial fits at the two nearest 

Mach numbers. 

In the following simulation studies, the longitudinal profiles are firstly given. Then two simulation cases are 

conducted using the platform as shown in Fig. 1 to validate the effectiveness of the proposed TAEM guidance 

system. 

The first case considers variations in initial position and heading angle, whilst vehicle model uncertainties are 

involved 

in second case. Regarding altitude tracking law Eq. (40), lookup table is applied to determine the control gains as 
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shown in Table 3. Fixed control gains are designed for velocity tracking law Eq. (41) and lateral guidance law Eqs. 

(48), (51) and (52) as: ³� = 0.015, ³�] = 0.03, ³� = 1.5, ³¥ = 0.007, ³¥� = 0.008, ³¥0 = 0.005, and ³¥�0 =0.007. 

 

 

Table 2:  The main features of X-34 vehicle  

Feature Value 

Mass, 	dÏ� 560 

Wing chord, TQ 14.5 

Wing span, TQ 27.7 

Reference area, TQ2 357.5 

Max #/$ ratio between 2 and 8 

 

Table 3: The control gains at different altitude points 

ℎ, 10ÐTQ 1 2 3 4 5 6 7 8 8.5 ³ , 10�` 3.0 2.4 1.4 1.2 0.9 0.7 0.6 0.5 0.4 ³ ] , 10�Ð 3.0 2.6 2.4 2.0 1.0 1.0 1.0 1.0 1.0 ³ � , 10�` 1.5 1.5 1.3 1.3 0.9 0.8 0.7 0.6 0.5 

 

6.1. Longitudinal Profiles Generation 

The TAEM phase starts from the altitude of ℎiJj = 85,000TQ with dynamic pressure of %&iJj = 200S	T (i.e., �iJj = 2456	TQ/	 ). The terminal altitude and the terminal dynamic pressure are set as ℎ\�] = 10,000	TQ  and %&\�] = 255	S	T, respectively. The altitude range for constant reference %& profile in Eq. (20) are selected as ℎs0 	=	45, 000TQ, and ℎs: 	= 	55, 000TQ, respectively. A short period of constant %& segment is designed to give way to the 

small change rate of dynamic pressure at two polynomials segments. 

It is exhibited in Fig. 9 that the dynamic pressure varies smoothly from TEP to ALI. A change rate of zero is 

achieved at both TEP and ALI points for QEG flights. The dynamic pressure is set to be bounded by [%&mpq, %&mno] 	=	[110, 400]S	T  at the middle stage of TAEM, ensuring that it is between the pressure of maximum dive and 

maximum glide that the RLV can perform. Fig.  10 shows the profiles of energy height with respect to range-to-go, 

i.e., the energy corridor. All the energy height profiles are bounded by the max dive profile (represented by the 

dashed line in Fig. 10) and max glide profile (shown by the dot-dashed line in Fig. 10). Fig. 11 illustrates the history 

of the altitude (Fig. 11(a)), the velocity (Fig. 11(b)), the angle of attack (Fig. 11(c)), and the normal acceleration (Fig. 
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11(d)) with respect to the range-to-go. These trajectory commands are regarded as open-loop commands in the 

proposed guidance scheme. It is worth noting that different %& versus h profiles means different gliding range a RLV 

can perform. For the studied X-34 vehicle, the gliding range is within [Dmpq, Dmno] 	= 	 [3.835, 6.533]10_	TQ, as 

shown in Fig. 11(a). But the feasible range might be smaller than this domain when considering the error tolerant 

capability of the guidance scheme. 

 

Fig. 9: Different profiles of dynamic pressure versus altitude 

 

Fig. 10: Profiles of energy height versus range-to-go for different dynamic pressure 

6.2. Trials with Initial Position and Heading Variations 

To verify the feasibility of the proposed guidance strategy for TAEM flight in the presence of large initial 

condition variations, several tests are carried out. In all these tests, the initial value of dynamic pressure is fixed at %[ iJj 	= 	200S	T (i.e., 2 = 2.5), and the initial altitude is fixed at ℎiJj 	= 	85, 000TQ. The initial states subject to 

variations are listed in Table 4, including cross-tack position �h, down-track position �h, and heading angle �h. 

Fig. 12 presents the ground-track paths for eight different initial entry points which are marked in blue stars. 

Since both of two turning modes (direct HAC and overhead HAC) are considered, sixteen paths are obtained in total. 

The results of the first four cases are stated in Table 4, and the other four cases are omitted since they are 

symmetrical to the first four cases with x-axis. In these cases, the RLV starts from different initial positions with 

various heading angles, but ends at almost the same terminal position with nearly zero heading angle. Table 4 
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reveals that, for all the first four cases, the final downrange errors |Δ�| are less than 100 ft, the final cross-range 

errors |Δ�| are nearly zero, and the final altitude errors |Δℎ| are less than 100 ft. 

Moreover, the profiles of energy height with respect to range-to-go are depicted in Fig. 13, for the first four cases 

with different turning modes. It can be observed that initial and terminal energies of the RLV in all cases are the 

same. 

But different ground-track paths are achieved as shown in Fig. 12. This is due to the fact that different range-to-go is 

predicted by the onboard ground-track predictor developed in Section 4, when the RLV suffers from changes in 

initial positions and heading angles. While the terminal constrains are satisfied benefiting from the trajectory 

generation algorithm constructed in Section 3. 

 

(a)                                                                  (b) 

 

(c)                                                                  (d) 
Fig. 11: The states histories versus range-to-go for different dynamic pressure 

The profiles of dynamic pressure with respect to range-to-go are illustrated in Fig. 14 for different simulation 

cases. Due to the consideration of coupling between longitudinal and lateral motion, the dynamic pressure profiles 

show a slight difference compared with the reference ones where the constant dynamic pressure is designed in the 

middle phase, as described in Section 3. The corresponding altitude and velocity histories with respect to range-to-
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go are depicted in Fig. 15. For all cases, the RLV ends at ALI points with altitude of around 10; 000 ft and velocity 

of around 539.2 ft/s (i.e, M = 0.5) as expected. Moreover, Fig. 15(a) shows that the gliding range for these cases is 

within [DÒ���, DÒ�F�] 	= 	 [4.394, 5.951]10_	TQ. 
In general, the satisfactory performance achieved in these test cases demonstrates the adaptation capability of the 

proposed TAEM guidance scheme in the presence of variations in initial position and heading angle. 

Table 4: TAEM guidance with different initial conditions 

Case �h, TQ �h, TQ �h, UV� TM �* , TQ �*, TQ ℎ* , TQ 
1 −3 × 10_ −3 × 10_ 60 

1 -93.73 -0.014 9908.5 

2 -66.72 0.012 9987.1 

2 −2 × 10_ −4 × 10_ 45 
1 -13.67 -0.013 9895.3 

2 -8.08 0.011 10005 

3 1 × 10_ −4 × 10_ 90 
1 -66.7 0.013 9911.4 

2 7.25 0.012 9977.4 

4 2.5 × 10_ −2.5 × 10_4 135 
1 -52.38 -0.013 9901.8 

2 -33.58 0.012 9930.9 

Target states at touchdown: �T 	=	�T 	= 	0	TQ, ℎT 	= 	10, 000	TQ. 
TM: Turning Mode, 1: Direct HAC, 2: Overhead HAC. 

 
Fig. 12: Ground-track paths with different initial positions and heading angles 
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Fig. 13: Energy height profiles with different initial positions and heading angles 

 
Fig. 14: Dynamic pressure profiles with different initial positions and heading angles 

 
(a)                                                                                    (b) 

Fig. 15: Altitude and velocity profiles with different initial positions and heading angles 
 

6.3. Trials with Model Uncertainties 

In this subsection, the robustness of the proposed guidance system is validated by injecting model uncertainties 

into the RLV model. Taking Case 1 with turning mode 1 in the above subsection as a nominal case, thirty tests with 

perturbations are carried out. The aerodynamic lift coefficients +� , the aerodynamic drag coefficients +� , the 
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atmospheric density /, and vehicle mass m are subject to the uniform random perturbation in the range of [-10%, 

10%], as studied in [20]. 

Fig. 16 shows the ground-track paths and altitude profiles for all the thirty cases. It is indicated that the proposed 

guidance scheme performs nearly the same trajectories and successfully drives the RLV to the desired terminal point. 

The corresponding histories of the flight-path angle and Mach number are depicted in Fig. 17. The commands 

generated by the proposed TAEM guidance scheme, including the speedbrake, the angle of attack, and the bank 

angle are presented in Fig. 18. From Fig. 18(a), the speedbrake is initiated when M ≤ 0:8 in order to dissipate the 

energy. 

Moreover, Monte-Carlo simulation tests with 300 runs are conducted to further validate the robustness and 

precision of the proposed guidance scheme. In each case, the simulation is terminated when the RLV reaches the 

altitude of 10,000TQ. 
The final guidance performance can be observed from Fig. 19. The maximum final errors of down-track position 

and cross-track position are less than 100TQ and 0.1TQ, as shown in Fig. 19(a) and Fig. 19(b), respectively. As 

compared to the traditional method in [10] where the terminal constraints are |Δ�*| of 100TQ and |Δ�*| of 300TQ, 
the proposed approach achieves sufficient precision on final position for TAEM guidance. The final error 

distributions for the flight-path angle and heading angle are presented in Fig. 19(c) and Fig. 19(d), respectively. It is 

evident that the flight-path angle and heading angle meet the predefined constraints very well. The final error of 

dynamic pressure is shown in Fig. 19(e) with a max error less than 40S	T, which is acceptable as stated in [19]. The 

big dynamic pressure error exhibits mainly due to that the speedbrake only initiates at finial subsonic stage of the 

TAEM flight, which makes it difficult to compensate large deviations arising from supersonic and transonic flight. 

Nonetheless, the corresponding Mach number shows a small difference from the desired Mach 0.5, as shown in Fig. 

19(f). 

In addition, the maximum and minimum values of dynamic pressure during the TAEM flight are illustrated by 

green and blue marker in Fig. 20(a), respectively. The normal acceleration's range during the flight is displayed in 

Fig. 20(b). It is shown that the constraints on dynamic pressure and normal acceleration, as listed in Table 1, are 

well satisfied.  

Note that, the nominal reference dynamic pressure for these cases is about  %&Ò�F� = 314S	T as can be observed 

from solid black line in Fig. 14. However, in the presence of system uncertainties, Fig. 20(a) shows that the 

maximum dynamic pressure in-flight is almost 400S	T . This implies that the achievable gliding range of the 

proposed guidance scheme is less than the ideal range ([D���, D�F�] as shown in Fig. 11(a)), when considering 

robustness to system uncertainties. Instead, it is indicated that the initial range deviations within [DÒ���, DÒ�F�] (see 

Fig. 15(a)) can be effectively handled, in the case involving 10% uncertainties on aerodynamic, environment, and 

vehicle mass. 
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(a)                                                                                    (b) 
Fig. 16: The trajectories with model uncertainties 

 

(a)                                                                                    (b) 
Fig. 17: The flight-path angle and Mach number profiles with model uncertainties 

 

(a)                                                                                    (b) 
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(c) 

Fig. 18: The commands generated by the proposed guidance system 

 

(a)                                                                  (b) 

 

(c)                                                                  (d) 

 

(e)                                                                  (f) 

Fig. 19: Final error distribution for Monte Carlo test 
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(a)                                                                  (b) 

Fig. 20: Constraints during the TAEM flight 

 

 

 

7. Conclusions 

In this paper, an onboard guidance scheme is proposed for an unpowered RLV during the TAEM phase flight. 

The longitudinal strategy is specified by a reference dynamic pressure profile. This longitudinal profile is pre-

designed based on the analysis of a RLV’s flight ability. While, in the presence of variations in initial position and 

heading angle, the onboard ground-track predictor is operating to make sure that the RLV can be guided to the 

desired terminal position. For trajectory tracking, the guidance law is designed, where the normal acceleration rather 

than angle of attack is regarded as a longitudinal guidance command with consideration of realistic flight situations. 

In simulation tests, not only changes in the initial conditions, but also uncertainties on system model, are 

investigated. The results demonstrate that the proposed guidance scheme can achieve satisfactory performance, even 

under off-nominal conditions. 

However, to improve the capability to tolerant larger range error at the terminal entry point, the ground-track 

path with a fixed radius of heading alignment cylinder could be relaxed by changing the radius of heading alignment 

cylinder. On the other hand, instead of the simple guidance law, more advanced guidance algorithms with robustness 

to larger uncertainties on system model are needed. 
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Highlights 
 

1) An onboard TAEM guidance system is designed for an unpowered RLV. 
2) Constrained longitudinal profiles are generated by an iteration algorithm.  
3) Longitudinal and lateral motions are integrated by an onboard management scheme. 
4) Trajectory tracking laws are developed considering in-flight situations. 
5) The effectiveness of the guidance system is verified by several simulation tests. 


