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ABSTRACT The control system design for the reusable launch vehicles (RLVs), especially in the
autonomous horizontal takeoff phase, is a highly challenging task. Significant issues arise due to the high
nonlinearity, large uncertainties of aerodynamic coefficients as well as strong coupling among axes of the
airframe. This paper studies autonomous takeoff control problem of the RLVs by the means of trajectory
linearization control (TLC) and model predictive control (MPC) theory. The six degree of freedom dynamic
model is firstly established, and the flight strategy of takeoff and climb stage is provided through the
characteristic analysis of RLVs. Furthermore, the guidance law for the climbing phase is proposed via
the TLC method against the high nonlinearity, and a speed based gain-schedule strategy is given under
the consideration of both aerodynamic force and friction force. In order to eliminate the ground effect
interference, an improvedmodel predictive control approach is presented by introducing the online parameter
estimation of the ground effect interaction coefficient, and a coupled model predictive controller is designed
by introducing the feedback of sideslip angle into the roll control channel to eliminate the coupling effect.
Finally, the performance of the design method for autonomous takeoff control of RLVs is demonstrated
through the comparison simulation analysis.

INDEX TERMS Reusable launch vehicles, hypersonic vehicles, model predictive control, trajectory
linearization control.

I. INTRODUCTION
Aiming at the development of more affordable, convenient
and reliable access to space, the reusable launch vehicles
(RLVs) [1]–[9], such as space rider [10] and Skylon [11] have
become a hot spot and received sustained attention during
the last few decades. The RLVs will dramatically reduce the
operational cost of space missions because they can be used
repeatedly by quick recovering and reusing after each space
mission.

Compared with the hypersonic cruise vehicle [12], [13],
the RLVs should not only adapt to the near space flight
environment, but also meet the technical requirements of the
airport Horizontal takeoff and landing. The small wing area
of the aircraft is beneficial to reduce the dragwhen the aircraft
is flying at high speed. In contrast, aviation aircraft often

The associate editor coordinating the review of this manuscript and
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use large airfoils. Therefore, compared with aircraft such as
fighter and airliner, its low-speed lift performance is poor.
At the same time, in order to meet the needs of high and
low-speed, the design of a combined power engine is usually
poor at subsonic speeds, so the horizontal takeoff and landing
process will face the problem of insufficient lift performance
and thrust performance, and the autonomous takeoff control
technology will face new challenges.

In recent years, many scholars have done a lot of research
on the takeoff control of aircraft. Hypersonic aircraft often
use small wing surfaces instead of traditional wing surfaces
to improve maneuverability [14], [15]. In order to achieve
rapid orbit entry, the takeoff angle of attack often reaches
a large angle of attack range. In this case, a very complex
asymmetric vortex will form in the leeward region of the
aircraft, which will have a great impact on the aerodynamic
characteristics of the aircraft and may lead to the failure
of the aircraft launch. The traditional proportional integral
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differential (PID) controller can’t achieve satisfactory effect
either in the setting of control coefficient or in the control
effect. Based on the classical PID control structure, the hor-
izontal and vertical control laws of the sliding section are
designed, but the constant coefficient controller is difficult
to meet the needs of the whole sliding process [16]. To solve
the problem that the traditional PID cannot meet the quality
control during the whole flight, a longitudinal nonlinear take-
off control strategy is proposed [17]. In addition, fuzzy PID
is useful in correcting sideslip, but the design of fuzzy control
law often needs a lot of experience data [18]. Moreover,
a nonlinear controller is designed to track the command signal
of pitch angle rate formulated by the designer, and the restric-
tions of elevator deflection angle and elevator deflection rate
are considered [19]. Furthermore, different delay time in the
multi delay model(MDM) represents high-frequency uncer-
tainty, and the multi design point(MDP) method is used to
simulate the parameter change caused by the change of flight
state; combinedwithMDM/MDPmethod, the general control
structure is selected and the optimal control is used to select
the parameters [20].

It can be found that the above guidance and control
schemes are mainly applied to subsonic and supersonic vehi-
cles, while the research on RLVs with lift body is less at
present. Therefore, this paper studies the design method of
takeoff guidance and control for RLVs. Model predictive
control (MPC) is used to track and control the trajectory
of intelligent vehicle [21], and has achieved good control
effect. Its basic idea is to use the system model to predict
the future state of the system, and introduce the prediction
error of the future time into the solution of the current time
control command. MPC has high control accuracy. Thus, for
the control of the takeoff phase of RLVs, a design method of
the takeoff control law based on the MPC theory is proposed.
In particular, an improve model predictive control (IMPC)
method is proposed, which corrects the solution of control
instruction by introducing the on-line parameter estimation of
ground effect uncertainty coefficient. TLC method [22]–[24]
first uses the pseudo dynamic inverse of the open-loop of the
controlled object to transform the trajectory tracking problem
into a nonlinear time-varying tracking error regulation prob-
lem, and then designs a closed-loop state feedback control
law to make the whole system obtain satisfactory control
performance. At present, TLC method has been successfully
used in missile, flight control simulation platform, mobile
robot and no-minimum phase system design, and achieved
good control effect. At the same time, TLC, as one of the
alternatives of NASA’s advanced guidance and control meth-
ods, has designed an excellent flight control system for the
X-33 aircraft.

This paper is divided into the following parts: the second
part analyzes the dynamic characteristics of the hypersonic
vehicle in the takeoff stage, and establishes the dynamic
model of the vehicle. The third part decouples the air-
craft dynamics model, the longitudinal channel design TLC
guidance law, the lateral channel design PID correction

guidance law. The fourth part derives the MPC attitude con-
trol law, in particular, gives the form of IMPC and the lateral-
heading coupling MPC. In the fifth part, the simulation of
the guidance and control of the aircraft takeoff is completed,
and the simulation results of the improved controller and the
original controller are compared to verify the effectiveness of
the guidance and control design. The sixth part summarizes
the simulation results and draws a conclusion.

II. DYNAMICS MODELING AND TRAJECTORY DESIGN
A. DYNAMIC MODEL
According to the conversion relationship between the body
coordinate system and the ground coordinate system, the atti-
tude dynamic model of RLVs in the takeoff stage can be
established. The six-degree-of-freedom dynamics equation is
as (1), shown at the bottom of the next page.

where variables are represented as follows: α, β, γV , ψV
are angle of attack, sideslip angle, roll angle, and trajec-
tory deflection angle; ϑ,ψ, γ are pitch angle, yaw angle
and roll angle; ωx, ωy, ωz are roll, pitch, and yaw angu-
lar rates; D,L,Z , f are drag, lift, lateral force and fric-
tion; Mx,My,Mz are the aerodynamic moment of roll, yaw
and pitch; Mn,Mf are the ground support moment, fric-
tion moment, Mnx,Mfx,Mny,Mfy,Mnz,Mfz represent the
projection of the above moment under the body coordinate
axis; Jx, Jy, Jz are roll, yaw, and pitch torques of inertial;
V ,m, g, θ are velocity, vehicle mass, gravity acceleration,
the flight path angle; T , Isp are engine thrust and specific
impulse; H ,Y ,X are the altitude, side distance and heading
distance.

During the running process, according to the contact
between the landing gear and the ground, the supporting force
on the landing gear is different. Support analysis is as follows:

P̄
e
=

PepxPepy
Pepz

=


 0
Pn+Pml+Pmr

0

 Three− wheel

 0
Pml + Pmr

0

 Two− wheel

(2)

In the formula, Pn is for front wheel support, Pml,Pmr are
the support force of the left and right main landing gear, In the
body coordinate system, The resultant moment vector caused
by P̄

e
force on the aircraft is as follows:

Mn=

Mb
px

Mb
py

Mb
pz



=



 (Pml−Pmr ) · bw/2
0

Pn · an−(Pml+Pmr ) · am

 Three− wheel

 (Pml − Pmr ) · bw/2
0

−(Pml + Pmr ) · am

 Two− whell

(3)
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where, bw is distance between main wheels, an is the vertical
distance projected from the front wheel to the center of grav-
ity, am is the vertical distance projected from the main wheel
to the center of gravity.

Since the track and the landing gear are not smooth,
the landing gear is subject to friction with the track. Its
numerical form and vector form are as equation (4) (5):

Qn = µpnx · Pn

Qml = µpmlx · Pml

Qmr = µpmrx · Pmr

(4)

Q̄
e
=

Q
e
px

Qepy
Qepz

 =
−(Qn + Qml + Qmr )0

0

 (5)

µpnx, µpmlx, µpmrx are the longitudinal friction coeffi-
cients of the front wheels and the left and right main landing
gear wheels. The resultant moment vector caused by Q̄

e
force

on the aircraft is as follows:

M f =




Qn sin θL · h1

1/2(Qml − Qmr ) · bw + an sin θLQn

−Qn cos θL · h1 − (Qml + Qmr ) · h2


Three− wheel

0

(Qml − Qmr )bw/2

−(Qml + Qmr ) · h2


Two− wheel

(6)

Among, θL is the front wheel declination.

B. NOMINAL FLIGHT PATH DESIGN
According to the force of the takeoff section, the takeoff of the
hypersonic aircraft is divided into three phases: three-wheel

dωx
dt
=

(
Jy − Jz

)
Jx

ωzωy +
Mx +Mnx +Mfx

Jx
dωy
dt
=
(Jz − Jx)

Jy
ωxωz +

My +Mny +Mfy

Jy

dωz
dt
=

(
Jx − Jy

)
Jz

ωxωy +
Mz +Mnz +Mfz

Jz
dϑ
dt
= ωy sin γ + ωz cos γ

dψ
dt
=
ωy cos γ − ωz sin γ

cosϑ
dγ
dt
= ωx − tanϑ(ωy cos γ − ωz sin γ )

dθ
dt
=

T (sinα cos γV − cosα sinβ sin γV )+ L cos γV − Z sin γV
mV

−
g cos θ
V

dψV
dt
= −

T (sinα sin γV − cosα sinβ cos γV )+ L sin γV + Z cos γV
mV cos θ

sin γV =
(cosα sinβ sinϑ − sinα sinβ cos γ cosϑ + cosβ sin γ cosϑ)

cos θ
sinβ = cos θ [cos γ sin(ψ − ψV )+ sinϑ sin γ cos(ψ − ψV )]− sin θ cosϑ sin γ

sinα =
cos θ[− sin γ sin(ψ − ψV )+ sinϑ cos γ cos(ψ − ψV )]− sin θ cosϑ cos γ

cosβ
dV
dt
=

T cosα cosβ − D− mg sin θ − f
m

dH
dt
= V sin θ

dY
dt
= −V cos θ sinψV

dX
dt
= V cos θ cosψV

dm
dt
= −

T
Isp · g

(1)
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skating, two-wheel skating, and aerial climb. As shown in the
figure below:

FIGURE 1. Schematic diagram of aircraft takeoff process.

In the three-wheeled skating section, the aircraft acceler-
ates on the runway with the engine at a fixed stopping angle.
At this time, the moment of the pitch channel should be
balanced and the aircraft is on the runway centerline.

In the two-wheel skating section, when the aircraft is accel-
erated to a certain speed, the aerodynamic pitching moment is
sufficient to lift the front wheel of the aircraft off the ground.
When the pitch angle is raised to the climb angle, the engine
is continuously turned on to continue acceleration until the
aircraft lift is greater than gravity and takes off from the
ground.

In the takeoff and climb section, according to the current
climbing strategy of the aircraft, the RLVs climbs to a safe
altitude at a fixed pitch angle.

C. SYSTEM DECOUPLING
During take-off, without considering the lateral deviation, the
lateral—heading state ωx, ωy, ψ,ψV , γ, γV , β,Y ,X quan-
tity changes little, the lateral state point is 0 at most state
points, and the longitudinal state ωz, α, ϑ, θ,V ,H becomes
the main influencing factor of the dynamic equation [27].
Therefore, consider decoupling the lateral and longitudinal
directions to design guidance control algorithms separately.
Let the lateral state quantity in equation (1) be equal to 0 to
obtain the longitudinal motion equations:

dωz
dt
=

Mz +Mnz +Mfz

Jz
dϑ
dt
= ωz

dθ
dt
=

T sinα + L
mV

−
g cos θ
V

α = ϑ − θ
dV
dt
=

T cosα − D− mg sin θ − f
m

dH
dt
= V sin θ

dm
dt
= −

T
Isp · g

(7)

Among them, the input of the longitudinal sys-
tem is T ,Mz,Mnz,Mfz. Subsequently, the equation of
lateral—heading can also be obtained (8), as shown at the
bottom of the next page.

Among them, the input of the lateral—heading system is
T ,Mx,Mnx,Mfx,My,Mny,Mfy.

III. DESIGN OF GUIDANCE LAW FOR TAKEOFF
During take-off, the longitudinal subsystem includes three
different flight states. Its state value quantity changes in a
large range and has strong nonlinearity. The essence of tra-
jectory linearization guidance is to update PID coefficients in
real time, which can solve the problem of strong nonlinearity.
The state quantity of the lateral subsystem changes little,
basically near the zero-balance point, and the traditional PID
can solve the guidance design problem well. Therefore, this
section presents two different guidance schemes, one for the
longitudinal subsystem and the other for the lateral-heading
subsystem.

A. DESIGN OF LONGITUDINAL GUIDANCE LAW
BASED ON TLC
1) TRAJECTORY TRACKING GUIDANCE VIA TLC
According to the six degree of freedom dynamic model of the
aircraft, the dynamic equation of the pitching channel of the
aircraft is as follows:

dV
dt
=
T cosα − D

m
− g sin θ

dθ
dt
=
T sinα cos γ + L cos γ

mV
−
g cos θ
V

dh
dt
= V sin θ

dm
dt
= −

T
Isp · g

(9)

where V , θ, h,m represent four state variables of aircraft
speed, trajectory inclination, altitude and mass, T ,D,L indi-
cate thrust, resistance and lift, α, kk mean angle of attack and
rocket flow.

In order to facilitate the design of guidance law, velocity
and altitude are taken as state variables, and

∫
V , ḣ is intro-

duced to expand the dimension of the model (10), as shown
at the bottom of the next page..

Put the equation of state into the form of error equation of
state. The input to the system is ũ = [α kk ]T , State value e =
[1

∫
V 1V 1h 1 dh

dt ]
T , which represents the error between

the theoretical value and the true value.

˙e(t) = A(t)e(t)+ B(t) ˜u(t)

A(t) = A(x̄, ū) =
(
∂f
∂x

)∣∣∣∣
x̄,ū
=

 0 1 0 0
0 a22 a23 0
0 0 0 1
0 a42 a43 0


∣∣∣∣∣∣∣
x̄,ū

B(t) = B(x̄, ū) =
(
∂f
∂u

)∣∣∣∣
x̄,ū
=

 0 0
b21 b22
0 0
b41 b42


∣∣∣∣∣∣∣
x̄,ū

(11)

In equation (11), the meaning of the coefficient is as (12),
shown at the bottom of the next page.
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2) CONTROL LAW DESIGN
The obtained linear time-varying error system can adopt the
following form of time-varying controller.

ũ(t) = K(t)e(t) (13)

Simultaneous equation (13) and equation (11) to obtain
the state matrix of the closed-loop system. The matrix of

closed-loop system is in the following form:

Acl(t) = A(t)+ B(t)K(t) (14)

The expected closed-loop matrix is:

Ar(t) =


0 1 0 0
λ1 λ2 0 0
0 0 0 1
0 0 λ3 λ4

 (15)

dωx
dt
=

(
Jy − Jz

)
Jx

ωzωy +
Mx +Mnx +Mfx

Jx
dωy
dt
=
(Jz − Jx)

Jy
ωxωz +

My +Mny +Mfy

Jy
dψ
dt
=
ωy cos γ − ωz sin γ

cosϑ
dγ
dt
= ωx − tanϑ(ωy cos γ − ωz sin γ )

dψV
dt
= −

T (sinα sin γV − cosα sinβ cos γV )+ L sin γV + Z cos γV
mV cos θ

sin γV =
(cosα sinβ sinϑ − sinα sinβ cos γ cosϑ + cosβ sin γ cosϑ)

cos θ
sinβ = cos θ [cos γ sin(ψ − ψV )+ sinϑ sin γ cos(ψ − ψV )]− sin θ cosϑ sin γ
dY
dt
= −V cos θ sinψV

dX
dt
= V cos θ cosψV (8)



d
(∫
V
)

dt
= V

dV
dt
=
T cosα − D

m
− g sin θ

dh
dt
= V sin θ

d2h
dt2
=
(cosα sin θ + cos θ sinα cos γ ) · T − sin θ · D+ cos θ cos γ · Y − mg

m

(10)

a22 =

(
∂T
∂V cosα − ∂D

∂V

)
m

a23 =

(
∂T
∂h cosα −

∂D
∂h

)
m

a42 =

[
(cosα sin θ + cos θ sinα cos γ ) ∂T

∂V − sin θ ∂D
∂V + cos θ cos γ ∂Y

∂V

]
m

a43 =

[
(cosα sin θ + cos θ sinα cos γ ) ∂T

∂h − sin θ ∂D
∂h + cos θ cos γ ∂Y

∂h

]
m

b21 =

(
−T sinα − ∂D

∂α

)
m

b22 =
∂T
∂kk cosα

m

b41 =

[
(− sinα sin θ + cos θ cosα cos γ ) · T − sin θ ∂D

∂α
+ cos θ cos γ ∂Y

∂α

]
m

b42 =
[cosα sin θ + cos θ sinα cos γ ] ∂T

∂kk

m
(12)
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Making equation (14) equals to equation (15), the time-
varying controller matrix can be got:

K(t) = B(t)−1[Acl(t)−A(t)] (16)

The above control parameters are determined by the
expected characteristic root, so the core problem is the selec-
tion of the expected characteristic root.

From the matrix of the expected closed-loop system,
the three subspaces can be described as a linear time-varying
second-order system, which is described as the form of the
characteristic equation.

s2 − λ2(t)s− λ1(t) = 0

s2 − λ4(t)s− λ3(t) = 0 (17)

Hence

λ1(t) = −ω1(t)2 λ2(t) = −2ς1(t)ω1(t)

λ3(t) = −ω2(t)2 λ4(t) = −2ς2(t)ω2(t) (18)

Here ω1(t), ω2(t) represents the natural frequency,
ς1(t), ς2(t) represents the damping ratio. The natural fre-
quency and damping ratio of the desired system can be
determined by the demand performance (including rise time,
overshoot), to design the controller parameters to meet the
performance requirements.

The rise time and overshoot of underdamped second-order
linear system for step response are estimated as follows:

tr =
π − arccos ς

ω
√
1− ς2

(19)

σ = e−πς/
√

1−ς2
× 100% (20)

The rise time and overshoot of the desired closed-loop
control system can be given to solve the damping ratio and
frequency of the desired system, then the eigenvalue of the
desired system matrix can be determined and the controller
parameters can be obtained.

3) PROOF OF STABILITY
Lemma 1: For closed-loop error linear time-varying sys-

tem (11), if the characteristic value of the system [33]

ρ1,2(t) = −(ζ ± j
√
1− ζ 2)ωn(t), 0 < ζ < 1 (21)

satisfies:
1) There are constants c1, c2 satisfied:

lim
T→∞

sup
t0>0

1
T

t0+T∫
t0

Re(ρk (τ ))dτ=−ck<0, k = 1, 2 (22)

2) There is a positive integer m satisfied:

lim
t→∞

Imρk (t)
tm

= 0, k = 1, 2 (23)

Then the time-varying closed-loop system is uniformly
stable.

Using the above theorem to analyze the time-varying linear
controller, the characteristic values of the closed-loop system
after the TLC is added are:

ρ1,2(t) = −(ζ ± j
√
1− ζ 2)ωn(t), 0 < ζ < 1

Then, if the normal number c exists:

ωn(t) > c > 0, t > 0

Then obviously (22-23) are all established, the controller
designed based on the above characteristic roots can ensure
the stability of the closed-loop time-varying system.

B. DESIGN OF THE CROSS-HEADING GUIDANCE LAW
1) STRATEGY OF LATERAL-HEADING GUIDANCE LAW
From the point of view of the nominal flight trajectory design,
the takeoff of a hypersonic aircraft is divided into three stages,
and no lateral trajectory is designed for the three stages.
Therefore, it is considered that in the nominal state, the lateral
and heading movements should be in a balanced state. During
the actual takeoff process, there is an initial position deviation
and crosswind interference, so it is necessary to introduce
rectifying guidance design.

2) DESIGN OF LATERAL-HEADING GUIDANCE LAW
The traditional PID strategy is adopted in the lateral direc-
tion guidance law, which takes the lateral position deviation,
velocity and trajectory deviation angle as the controlled quan-
tity, and the deviation from the runway center is fed back
to the sideslip angle to generate guidance instructions for
deviation correction. The expression is as follows:

βc = k11Y + k21Ẏ + k3

∫
1Y (24)

The block diagram of its guidance law is shown in the
figure:

FIGURE 2. Yaw guidance block diagram.

IV. DESIGN OF ATTITUDE CONTROL LAW
TheMPC approach is one of effective approaches to deal with
model uncertainties and unknown disturbances, and provide
the optimal tracking performance. The basic idea is to employ
the system model to predict future states of the systems. State
predictions are then used to determine future control moves
while minimizing future errors and control effort.
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A. DESIGN OF LONGITUDINAL ATTITUDE STABILITY
CONTROL LAW BASED ON IMPC
1) MPC MODELING
With the help of Taylor’s expansion, the following longitu-
dinal discrete prediction model can be derived from attitude
dynamic model of the RLVs [14], [15], [25].
α(t + h)
α(t + 2h)
α(t + 3h)
· · ·

α(t + nh)



=


α(t)+ hωz(t)
α(t)+ 2hωz(t)
α(t)+ 3hωz(t)

· · ·

α(t)+ nhωz(t)



+
1
c



h2

2
0 0 · · · 0

h2

2
+h2

h2

2
0 · · · 0

h2

2
+2h2

h2

2
+h2

h2

2
· · · 0

· · · · · · · · · · · · 0
h2

2
+(n− 1)h2

h2

2
+(n− 2)h2 · · · · · ·

h2

2



×


u(t)

u(t + h)
u(t + 2h)
· · ·

u(t + (n− 1)h)

 (25)

The above predictive model can be reformulated as

ŷ(k) = y0(k)+ bu(k) (26)

The following quadratic performance index function is
chosen as:

J =
n∑
j=1

([
ŷ(k+j)−yc(k+j)

]2
+Qu(k+j−1)2

)
(27)

where ŷ(k + j)− yc(k + j) represents the tracking error of the
step k + j predicted in the step k , and u(k + j− 1) represents
the control sequence at step. Q denotes weight coefficient to
reflect the importance level of tracking error and consumed
control energy, and n denotes the maximum predicted length
at one time.

Considering of the optimization problem of the proposed
performance index (27), the required MPC input can be
obtained by the minimal principle:

u = (QbT b+ I)−1QbT (yc − y0) (28)

Here, only the first value of the obtained optimal control
input sequence is selected as the control torque required for
the RLVs at this moment:

Mzc = [ 1 0 · · · 0 ]u (29)

FIGURE 3. Longitudinal MPC strategy.

2) MPC VIA GROUND EFFECT PARAMETER IDENTIFICATION
In the ground effect area, the aerodynamic characteristics
of RLVs are different from those outside the ground effect
area. Due to the existence of the ground, the ground vortex
is changed, the airflow velocity under the wing is reduced,
and the pressure difference between the upper and lower
wing surfaces is increased, thus the lift force of the wing is
increased, the induced drag is decreased, the lift-drag ratio
is increased, and the lift effect of the ground effect will
form an additional bow moment, the rudder efficiency of the
elevator will also increase to a certain extent. Outside the
effective area, the influence of the ground effect has basically
disappeared [26]. Therefore, the uncertainties of the moment
and rudder efficiency should also be considered in the design
of the controller.

Common methods to solve this problem are to design
interval state estimator and sliding mode disturbance
observer [27]–[32]. The method used here is to observe the
uncertainty factor in real time and modify the MPC. Hence,
the uncertainty factor is introduced to reflect the effect of
ground effect on RLVs takeoff, and the modified model
predictive controller is used to reflect the real situation of
RLVs takeoff control more truly. The uncertainty factor KF
is determined as follows:

KF =
uR
uT

ŷ(k) = y0(k)+ bu(k)⇒ ŷ(k) = y0(k)+ KFbu(k)

uR =
dωz

dt
Jz = KFuT

uT = u(k) (30)

Among them, uR the real aerodynamic pitch moment, uT
is the nominal control aerodynamic moment.

Considering the slow variation property of KF , which can
be treated as constant in one period. Therefore, the estimated
value of KF can be obtained by the following relationship.

KF =


1 uT = 0
Jz ×

ωz(i−1)−ωz(i−2)
h −MF

Mz(i− 2)
else

(31)

It is not difficult to derive from the equation (31) that the
condition of IMPC is that the uncertainty factor KF changes
slowly and stably.

The control block diagram can be amended as follows:
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FIGURE 4. IMPC control flow chart.

B. DESIGN OF LATERAL-HEADING COUPLING MPC
1) COUPLING CONTROL STRATEGY OF
TRANSVERSE-HEADING BASED ON HETEROGENEOUS
MECHANISM COOPERATION
In the three-wheel running correction control, the available
control mechanisms of the RLVs include rudder and front
wheel steering. Affected by its working mechanism and
motion state, the two types of control mechanisms have their
own application scope and control effectiveness. When skat-
ing at a low speed, due to the limited aerodynamic efficiency
of the rudder, the front wheel steering is mainly used for route
/ course control. As the skating speed accelerates, the front
wheel transits from the grounded state to the ground and
then to the ground, which causes the deflection center of
the heading channel to change, and the steering efficiency
of the front wheel is gradually weakened. Currently, with
the increase of the speed, the steering control efficiency is
gradually improved.

Actuator / torque distribution logic is speed related, this
article considers low speed taxi is V < V1, When the rudder
has sufficient correction ability is V > V2, when V1 ≤
V ≤ V2, Control torque distribution according to linear
relationship. The front wheel actuator / torque distribution
logic is as follows:

kl =


1 V < V1

1−
V − V1
V2

V1 ≤ V ≤ V2

0 V > V2

(32)

During the ground running phase, the rolling moment
includes the pneumatic rolling moment and the supporting
force rolling moment. Because the supporting force has suf-
ficient balance ability, the control of the rolling channel need
not be discussed separately.

After the aircraft takes off, the landing gear is retracted.
At this time, the correction of the lateral deviation depends
entirely on the rudder, and the balance of the roll channel is
achieved by the deflection of the aileron.

2) MPC MODELING
Considering the strong coupling effect between the yaw chan-
nel and roll channel, a coupled model predictive controller
is designed by introducing the feedback of sideslip angle

into the roll control channel to eliminate the coupling effect.
Similar with the longitudinal case, the lateral discretization
predictionmodel of RLVs can be obtained via Taylor’s expan-
sion [25], [14].

β(t + h)
β(t + 2h)
β(t + 3h)
· · ·

β(t + nh)

 =

β(t)− h cos(α(t))ωy(t)
β(t)− 2h cos(α(t))ωy(t)
β(t)− 3h cos(α(t))ωy(t)

· · ·

β(t)− nh cos(α(t))ωy(t)



+
By
Jy


u(t)

u(t + h)
u(t + 2h)
· · ·

u(t + (n− 1)h)



γV (t + h)
γV (t + 2h)
γV (t + 3h)
· · ·

γV (t + nh)

 =

γV (t)+ h cos(α(t))ωx(t)
γV (t)+ 2h cos(α(t))ωx(t)
γV (t)+ 3h cos(α(t))ωx(t)

· · ·

γV (t)+ nh cos(α(t))ωx(t)



+ k3β(t)+
Cx
Jx


u(t)

u(t + h)
u(t + 2h)
· · ·

u(t + (n− 1)h)


(33)

where By and Cx are as (34), shown at the bottom of the next
page.

The above predictive model can be reformulated as

ŷ1(k) = y10
(k)+ b1u1(k)

ŷ2(k) = y20
(k)+ b2u2(k) (35)

The following quadratic performance index functions are
chosen as:

J1 =
n∑
j=1

([
ŷ1(k + j)− y1c(k + j)

]2
+ Q1u1(k + j− 1)2

)
J2 =

n∑
j=1

([
ŷ2(k + j)− y2c(k + j)

]2
+ Q2u2(k + j− 1)2

)
(36)

where
[
ŷ1(k + j)− y1c(k + j)

]
and

[
ŷ2(k + j)− y2c(k + j)

]
represent the tracking error of the step k + j predicted in the
step k in yaw and roll channel. u1(k+ j−1) and u2(k+ j−1)
represent the control sequence at step in yaw and roll channel.
Q1 andQ2 denote weight coefficient to reflect the importance
level of tracking error and consumed control energy in yaw
and roll channel, and n denotes themaximumpredicted length
at one time.

Where Kβ is the coefficient of introducing side slip angle
negative feedback to eliminate serious lateral coupling effect,
and KF1,KF2 are the jet interference factors of yaw and
roll channel. Considering of the optimization problem of the
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FIGURE 5. Lateral coupled IMPC strategy.

proposed performance index (28), the required MPC input
can be obtained by the minimal principle:

u1 = (Q1b
T
1b1 + I)

−1Q1b
T
1(y1c − y10)

u2 = (Q2b
T
2b2 + I)

−1Q2b
T
2(y2c − y20) (37)

Here, only the first value of the obtained optimal control
input sequence is selected as the control torque required for
the RLVs at this moment:

Myc = [ 1 0 · · · 0 ]u1
Mxc = [ 1 0 · · · 0 ]u2 (38)

According to the above control strategy and control model,
it can be concluded that the torque distribution logic and block
diagram of the aircraft during the three-wheel rolling phase

are as follows: {
My(δq) = klMy

My(δy) = (1− kl)My
(39)

FIGURE 6. Control distribution diagram of heterogeneous actuators.

Remark: For a discrete MPC controller, it is equivalent
to solving an LQR controller for the linearized system at
each step, and this controller can always find a Lyapunov
function, prove that the system is progressively stable in
infinite time [34]. For nonlinear systems, the design of the
MPC controller is an open question, and the proof of its
stability will also be one of our follow-up research work.

V. SIMULATION RESULTS
The physical parameters and initial conditions of the aircraft
are given

A. NOMINAL TRAJECTORY DESIGN
According to the takeoff strategy, set a safe flight altitude of
500m, and then climb at a constant pitch angle of 13◦ after
leaving the ground, and simulate the whole process of the
aircraft’s taxiing takeoff section. The simulation results are
as follows.

By =



h2

2
0 0 · · · 0

h2

2
− h2 cos(α(t))

h2

2
0 · · · 0

h2

2
− 2h2 cos(α(t))

h2

2
− h2 cos(α(t))

h2

2
· · · 0

· · · · · · · · · · · · 0
h2

2
− (n− 1)h2 cos(α(t))

h2

2
− (n− 2)h2 cos(α(t)) · · · · · ·

h2

2



Cx =



h2

2
0 0 · · · 0

h2

2
+ h2 cos(α(t))

h2

2
0 · · · 0

h2

2
+ 2h2 cos(α(t))

h2

2
+ h2 cos(α(t))

h2

2
· · · 0

· · · · · · · · · · · · 0
h2

2
+ (n− 1)h2 cos(α(t))

h2

2
+ (n− 2)h2 cos(α(t)) · · · · · ·

h2

2


(34)
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TABLE 1. Basic parameters list of hypersonic vehicles.

FIGURE 7. Nominal trajectory curve of altitude, speed, trajectory
inclination.

FIGURE 8. Nominal trajectory curve of angle of attack, elevator and pitch
angle.

B. SIMULATION OF LONGITUDINAL CHANNEL
1) SIMULATION OF LONGITUDINAL GUIDANCE
Considering the influence of aerodynamic uncertainty dur-
ing flight, this article considers the lift uncertainty and drag
uncertainty separately. In the case of 10% uncertainty in lift

or resistance, the TLC method is used to simulate compared.
The simulation results considering lift uncertainty are as
follows:

FIGURE 9. Guidance comparison simulation curve with 10% lift
uncertainty.

Guidance simulation results considering resistance uncer-
tainty are as follows

FIGURE 10. Guidance comparison simulation curve with 10% resistance
uncertainty.

It can be seen from the simulation results that the TLC
also has high guidance accuracy under the consideration of
aerodynamic uncertainty. In the case of lift deflection, the tra-
jectory inclination angle is greatly affected. Therefore, a large
correction of the angle of attack is required to ensure the
guidance accuracy of altitude and speed. When the drag is
deflected, the acceleration is mainly affected, but the engine
thrust is adjustable. Therefore, the accuracy of drag uncer-
tainty is higher than that of lift uncertainty.

2) SIMULATION OF LONGITUDINAL GUIDANCE
AND CONTROL
Under the consideration of changing the elevator tracking
guidance instruction, the guidance period is 0.1s, and the
control period is 0.01s. By employing the TLC and MPC
control method, the simulation analysis is carried out under
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the condition of considering the uncertainty of aerodynamic
pitching moment. The simulation result is shown in the
figures:

FIGURE 11. Comparison of the results of the guidance control simulation
curve and the nominal trajectory when the pitching moment is reduced
by 20%.

The simulation of pitching moment pull-up guidance and
control is shown in the figure:

FIGURE 12. Comparison of the results of the guidance control simulation
curve and the nominal trajectory when the pitching moment is added by
20%.

It can be seen from the simulation results that in the case of
aerodynamic uncertainty, the trajectory linearization tracking
guidance and MPC controller can still make RLVs reach the
safe altitude with high accuracy even with the 20% increase
of the pitching torque.

C. SIMULATION OF LATERAL-HEADING CHANNEL
1) SIMULATION OF LATERAL-HEADING GUIDANCE
Considering that there is a 2 m lateral deviation at the starting
point of the three-wheel slide, the PID deviation correction
guidance law is adopted, and the sideslip angle in the guid-
ance link is taken as the control quantity. The guidance simu-
lation starts from V = 10m/s, intending to verify the rapidity
and effectiveness of correction. The simulation results of
guidance are given below.

FIGURE 13. Simulation curve of deviation guidance when the initial
position of the aircraft is 1m away from the centerline of the runway.

2) SIMULATION OF LATERAL-HEADING GUIDANCE AND
CONTROL
The simulation mainly focuses on the design of uncertain fac-
tors. Uncertain factor 1, the lateral error between the aircraft
body axis and the runway centre line at the initial position is
2 m; uncertain factor 2, when H=20m, a sudden crosswind
of 5 m/s occurs, resulting in the sudden change of the sideslip
angle. After two uncertain factors are added, the guidance
period is 0.1s and the control period is 0.01s. Since there is no
sudden change in the trajectory deflection angle and sideslip
angle, the correction guidance is introduced from the initial
state. The simulation results are as follows:

FIGURE 14. The simulation curve of the guidance control of the
lateral-heading angle value after adding the uncertainty factor.

When RLVs is in the three-wheel rolling stage, in order to
meet the conditions of rollingmoment balance, the simulation
results of the left and right main landing gear support forces
are as follows

From the simulation results, it can be seen that the cor-
rection guidance scheme is feasible. For the initial position
deviation given by the simulation, the joint correction can
be performed through a heterogeneous structure. For the
influence of crosswind after take-off, it also has the effect of
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FIGURE 15. The simulation curve of the guidance control of the lateral
position and control surface after adding the uncertainty factor.

FIGURE 16. Main landing gear support-time curve.

attitude control and deviation correction. Finally, the influ-
ence of disturbance is eliminated, and the lateral deviation
correction enhances the flight stability of the aircraft.

D. SIMULATION OF IMPC
Considering the ground effect, it can affect the maximum
aerodynamic pitching moment of 15%. The height-related
ground effect factor k is given below.

k =

1.15− 1.15×
H − 20

20
H < 20

1 H ≥ 20
(40)

The simulation results of comparison between IMPC con-
trol effect and MPC control effect are as follows:

It can be seen from the simulation results that the introduc-
tion of the ground effect influence factor into the real-time
solution of control instructions can enlarge the control
instruction solved by the MPC controller in the ground effect
area. Compared to the control without considering the ground
effect factor, it can be seen that the smaller rudder can achieve
the same control effect. Based on this, when the ground effect
is to reduce the aerodynamic torque, theMPC considering the

FIGURE 17. Aiming at the head-up process of the aircraft, the curves of
the numerical simulation results of IMPC and MPC.

ground effect factor will increase the accuracy of the elevator
deviation control.

VI. CONCLUSION
In this paper, a six-degree-of-freedom dynamic model of
RLVs is established and the design and simulation of take-
off guidance control are completed. The results show that the
TLC guidance and MPC controller methods are effective in
the guidance control during take-off. TLC guidance method
can place poles of highly nonlinear systems at desired posi-
tions, the error between the predicted value and the guidance
instruction of the future time is used in the MPC controller at
the current moment to effectively suppress the overshoot, The
rolling optimization idea is adopted to improve the accuracy
of system control. The robustness of the system is further
enhanced by the ways of online estimation of the uncertainty
factor and the introduction of the sideslip angle into the roll
channel. Moreover, it can be seen through simulation that
the control logic of heterogeneous actuators based on speed
distribution has a good effect in lateral correction.
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