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Abstract: This paper proposes a novel framework for the online fault-tolerant control of hypersonic
flight vehicles (HFV). The framework contains two steps. Firstly, based on the Internet of Things
(IoT) and digital twin (DT) technology, a hypersonic flight vehicle digital twin (HFVDT) model is
constructed. This HFVDT model can represent the real model and the parameter changes in HFV in
real-time, and can update itself by the designed updating law through the flight data acquired by IoT.
Then, the model changes caused by a fault can be fed back in real-time. Based on the real-time model,
a model predictive static programming (MPSP) based controller design method is proposed to solve
the online fault-tolerant control problem of HFV. MPSP provides a feasible online solution to optimal
control problems with constraints. By converting the nonlinear optimal control problem to a static
optimization the problem, the quantity of computation is greatly reduced, and then the optimal can
be solved online. By the HFVDT and MPSP framework, the model change can be monitored and then
an optimal controller can be constructed in real time. In this case, the fault-tolerant control problem of
HFV can solved and the tracking performance is guaranteed. Finally, the novel framework is carried
out on a numeral simulation to show its effectiveness.

Keywords: hypersonic flight vehicles; digital twin; model predictive static programming; fault-
tolerant control

1. Introduction

A hypersonic flight vehicle (HFV) is a typical multi-purpose aircraft and has driven
much attention in recent years. Because of the strong coupling between the scramjet engine
and flight dynamics, the modeling and controller design for HFV is challenging and is a
hot topic nowadays [1].

A complex nonlinear model, which contains the flexible states of HFV is widely
utilized [2]. Based on this exact HFV model, linear [3] and nonlinear controllers [4] have
been proposed. The backstepping controller [5] and sliding mode controller [6] has also
been applied and the controller performance is acceptable. But just as listed in [7], the
the pneumatic model obtained by the wind tunnel experiment is not so accurate, so
model uncertainty and unmodeled dynamics are inevitable. This question has been a
broad consensus and robust control has also been widely researched, such as the Takagi–
Sugeno (T-S) fuzzy-based robust controller [8], LPV [9], Neural Network(NN) [6,10] and
model predictive control [11] based robust controller. But almost all robust controllers
have an important assumption that the uncertain and unmodeled dynamics of HFV are
bounded, and although the exact model of uncertain and unmodeled dynamics is unknown,
their boundary is known. Based on this assumption, the robust controller is constructed
to guarantee the stability of HFV among the known boundaries. This assumption is
unreasonable since the boundary of HFV’s parameters is usually unknown, and when the
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robust controller is committed to guaranteeing the large range stability of HFV under an
unknown boundary, the tracking precision would be certainly reduced.

For the robust controller design of HFV, some research results assume that, the model
of HFV is completely unknown, and then NN [12] or Fuzzy Logical System (FLS) [13] based
online approach technology are utilized to identify it, NN and FLS mode based controllers
are consequently proposed. This is also unreasonable since the model structure of HFV is
certainly known, and what one does not know is just the specific aerodynamic coefficient.
If the aerodynamic coefficient can be constructed online, the exact model of HFV is then
the best model for controller design.

Because of the complicated flight environment, aircraft body injuries are inevitable for
HFV; the control performance will be affected. A Conventional Fault Tolerant Controller
(FTC) assumes that the model of the fault HFV is already known, or the boundary of
the unknown parameter caused by the fault is known, then an active FTC controller is
designed [14,15]. These FTC methods cannot achieve perfect control performance since the
system model is not so exact. If the exact mode of HFV can be established online, and the
FTC controller can also be designed based on the exact mode online, the FTC controller is
more suitable. Unfortunately, almost all the controller design methods are designed offline
and used online. When the nonlinear mode of HFV is built online, these controller design
methods are out of service. In this case, an online identified method for HFV and an online
controller design method are needed for the exact tracking control of HFV.

Digital twin (DT) is an exact digital model of a real system [16]. By DT, one can build
the digital model of HFV, and the HFV digital model will updated online, then one can
obtain the exact model of HFV in real-time [17]. If the DT of HFV can be built, the digital
model is the most suitable mode for controller design. The construction of DT requires
real-time flight data of HFV, so the measurement, collection and transmission of flight data
is very important. IoT can provide a low latency, high reliability, security, and privacy data
acquisition and transmission mechanism, and can be connected with various sensors to
realize real-time data acquisition of different styles and different sampling periods, so it has
been utilized for industrial systems [18,19], and the IoT-based control issues have received
a lot of attention from researchers [20]. DT has been utilized in industrial automation [21],
fault diagnosis [22], and decision support systems [23]. The elements of building a DT for a
real system are as follows: the measurable information of the real system; the information
that needs to be reconstructed in the DT model, and the reconstruction strategy. Then, for
the construction of DT for HFV, one should know the sensitive devices and the relationship
of signal transmission in HFV. By IoT, the DT of HFV can be constructed, and then after
obtaining a DT of HFV, an online controller design method is needed.

Combining the philosophies of approximate dynamic programming (ADP) and model
predictive control (MPC) [24], model predictive static programming (MPSP) is presented
as an optimal controller design method under hard constraints [25]. MPSP provides a
solution to optimization problems with nonlinear plant dynamics and satisfies the terminal
constraints. The key idea of MPSP is converting the nonlinear optimal control problem to a
static optimization problem. Control variables are the only optimizing variables, resulting
in a reduction in problem size. In addition, recursive computation of the sensitivity matrices
is computationally very efficient. Over the last decade, MPSP has been modified to include
variability in the final time [26], tracking problems [27], controller design with uncertainty
in time-invariant system parameters and initial conditions [28], and the impulsive nature of
the control action [29]. The MPSP technique has also been applied to a host of challenging
problems, such as missile guidance [30,31], re-entry guidance [32], mobile robotics [27],
and lunar soft landing [33]. The computing quantity of MPSP is accepted as small and
has the potential for online application. When the initial control value of HFV is given
in place, MPSP will converge rapidly. Since the aerodynamic coefficient of HFV by wind
tunnel experiments is known, an initial controller can be designed, and MPSP can converge
rapidly. In this case, MPSP can be utilized for online controller design.
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Based on the above discussion, a novel online model and controller designing method
are proposed. IoT and DT are adopted to build the exact model of HFV online, and
then MPSP is utilized to design an online controller. For constructing the HFVDT, the
measurable states are all analyzed based on the actual structure and composition of HFV
and are transmitted via IOT. Then, an updated strategy is designed to guarantee the
correctness of the DT model. Based on the DT model of HFV, the MPSP method is listed
and an MPSP-based controller updated method is designed. Then, the controller can be
updated online according to the updated DT model in real-time. The main contributions of
the paper are summarized as follows:

(1) A novel framework for the online controller design of HFV is proposed. Based on this
framework, the controller can be updated in real-time according to the exact model
of HFV.

(2) An IoT-based DT model is built for HFV. The measurable states of HFV are listed and
the reconstruction strategy of DT is designed. Based on the measurable states and
reconstruct strategy, HFVDT can approach the exact model of HFV in real time.

(3) An online reconstructed MPSP controller is designed for HFV. Based on the proposed
controller design method, an FTC controller can be reconstructed online according to
the exact model of HFV, then the controller performance is improved.

2. Problem Formulation
2.1. Nonlinear Dynamics

The nonlinear model of HFV is listed as follows:

ḣ = V sin(θ − α)

V̇ =
1
m
(T cos α − D)− g sin(θ − α)

α̇ =
1

mV
(−T sin α − L) + Q +

g
V

cos(θ − α)

θ̇ = Q (1)

Q̇ =
M
Iyy

+
ψ1η̈1

Iyy
+

ψ2η̈2

Iyy

η̈1 = −2ς1ω1η̇1 − ω2
1η1 + N1 −

ψ1M
Iyy

− ψ1ψ2η̈2

Iyy

η̈2 = −2ς2ω2η̇2 − ω2
2η2 + N2 −

ψ2M
Iyy

− ψ1ψ2η̈1

Iyy
,

L ≈ 1
2

ρV2SCL(α, δe)

D ≈ 1
2

ρV2SCD(α, δe)

M ≈ zTT +
1
2

ρV2Sc̄(CM,α(α) + CM,δe(δe)) (2)

T ≈ Cα3

T α3 + Cα2

T α2 + Cα
Tα + C0

T

N1 ≈ Nα2

1 α2 + Nα
1 α + N0

1

N2 ≈ Nα2

2 α2 + Nα
2 α + Nδe

2 δe + N0
2 ,

and
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ρ = ρ0 exp(
−(h − h0)

hs
)

CL = Cα
Lα + Cδe

L δe + C0
L

CD = Cα2

D α2 + Cα
Dα + Cδ2

e
D δ2

e + Cδe
D δe + C0

D

CM,α = Cα2

M,αα2 + Cα
M,αα + C0

M,α

CM,δe = ceδe, q̄ =
1
2

ρV2 (3)

Cα3

T = β1Φ + β2

Cα2

T = β3Φ + β4

Cα
T = β5Φ + β6

C0
T = β7Φ + β8.

CD, CL and CM are the drag coefficient, lift coefficient and drag coefficient, respectively,
CT is the coefficient in T. u = [Φ, δe]T is the input of the plant. This model contains nine
state variables, that is, [h, V, α, θ, Q, η1, η̇1, η2, η̇2]. The control inputs Φ and δe do not occur
explicitly in the equations of general longitudinal dynamics for the HFV model in (1);
however, they appear through the forces and moments T, L, D, M, N1 and N2.

2.2. Fault of HFV and Control Objective

In this paper, the FTC control of HFV is considered. In most literature, the fault of
HFV is the loss of efficiency, such as

ur = ρuc (4)

where uc is the control command computed by the onboard computer of HFV and ur are
the real control inputs that HFV can provide, and ρ is the rate of failure. In FTC design, ρ is
assumed to be known or at least the boundary of ρ is known.

The above expression is not so reasonable, since when the efficiency of the control
input is lost, such as the air rudder being damaged, the aerodynamic coefficient of HFV will
all be changed. More specifically, the lift coefficient CL, the drag coefficient CD, moment
coefficient CM will all change according to the damage to the air rudder δe. In this case,
only assuming that the rudder surface of the vehicle has a fault is unreasonable. But if the
damage of CL, the drag coefficient CD, moment coefficient CM are all taken into account,
the aerodynamic model of the damage should be rebuilt for controller design. In a real
flight environment, the damaged aerodynamic model is difficult to obtain.

In this paper, a novel framework for the FTC of HFV is proposed. By DT, the real
value of the lift coefficient CL, the drag coefficient CD, the moment coefficient CM can be
obtained in real-time, and then by designing a controller online according to the HFVDT
model, the FTC control performance will certainly be improved. Then, the main objectives
of this paper are as follows:

(1) Constructing a DT model for HFV in this HFVDT model, the aerodynamic coefficient
can be updated in real-time according to the flight date of HFV;

(2) Designing an online controller for HFVDT, and the designed controller can guarantee
the controller performance by a small computing quantity.

3. IoT-Based Digital Twin Model Construction

In this section, the construction of HFVDT is discussed and the updating law of
HFVDT is proposed. By the designed parameter updating law, HFVDT can approach the
real model of HFV online.
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The design of the DT can be divided into many levels but for the controller design,
the functional level DT mode of the HFV is suitable. Considering the requirements for
establishing a digital twin, the building step can be divided into the following steps: (1) de-
termining the form of the established digital twin; (2) finding the measurable states of the
actual physical system; (3) finding the interaction information between the digital twin and
the actual physical system; (4) designing the updating law for calculating digital models.

According to the above requirements, combined with the design requirements of the
HFV control system, the functional digital twin of HFV should have the following form:
(1) The established functional digital twin should be able to reflect the actual aerodynamic
coefficient of HFV in real time; (2) The established functional digital twin should be able
to reflect the actual working status of the aircraft actuator in real time; (3) the established
functional digital twin can complete the parameter update of the functional digital twin
according to the measurable flight status information of the aircraft.

3.1. Measurable Physical States

In practice, the acceleration of a flight vehicle can be measured by an accelerometer,
and the flight angular velocity of a flight vehicle also can be measured by a gyroscope.
Then, the aircraft’s angular velocity and apparent acceleration can be obtained in real-time.
According to the navigation calculation, it can be known that the real-time attitude, quality
and apparent acceleration of the flight aircraft can be obtained in real-time so that the
resultant force and moment of the aircraft are real-time calculable. Then, the real-time
lift, drag, side force and pitch moment, yaw moment and roll moment of the aircraft can
be calculated.

Assumption 1. It should be noted that in the equilibrium state, the aerodynamic moment of the
aircraft is 0, but the control torque of the aircraft will not be 0 when the aircraft is maneuvering or
the fault occurred.

Therefore, in the functional digital twin modeling of HFV, the measurable/computable
quantities obtained by the physical entities of the aircraft can be summarized as (1) Aero-
dynamic force and torque of the aircraft; (2) the attitude angle of the aircraft; (3) Status
information of the aircraft, including the speed and altitude of the aircraft

Rewrite the lift coefficient CL, the drag coefficient CD, the moment coefficient CM

L =
1
2

ρV2S
(

Cα
Lα + Cδe

L δe + C0
L

)
D =

1
2

ρV2S
(

Cα2

D α2 + Cα
Dα + Cδ2

e
D δ2

e + Cδe
D δe + C0

D

)
M = zTT +

1
2

ρV2Sc̄(Cα2

M,αα2 + Cα
M,αα + C0

M,α + ceδe) (5)

in the above equation, the measurable and computed states are as follows: L, D, M, ρ,
V, S, zT , T, c̄, α, δe, then the above equation can be rewritten as:

Cα
Lα + Cδe

L δe + C0
L =

2L
ρV2S

Cα2

D α2 + Cα
Dα + Cδ2

e
D δ2

e + Cδe
D δe + C0

D =
2D

ρV2S

Cα2

M,αα2 + Cα
M,αα + C0

M,α + ceδe =
2M − 2zTT

ρV2Sc̄
(6)

For the above equation, what one needs to determine is the aerodynamic coefficient.
The above equations are multi-variable differential equations, but when HFV are flighting,
the measurable states α and δe are changing all the time, so the above multi-variable
differential equations are solvable.
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Figure 1 shows the basic principle of constructing the DT model of HFV. Firstly, the
accelerometer of HFV measures the acceleration of HFV, so as to obtain the resultant force
on HFV. Then, the rate gyro measures the flight angle information and determines the
real-time attitude of HFV. Finally, the thrust of HFV is determined by the propellant mass
consumption of the engine. The L, D, and M of HFV are obtained by combining the three,
and the aerodynamic coefficient of HFV is obtained by reverse calculation.

Figure 1. Basic principle of constructing DT.

3.2. IoT-Based Flight Data Collection and Transmission

Just as mentioned in the above subsection, the measurable physical states are complex,
and in practice, the measurable physical states include voltage, current, displacement,
angle, speed, and so on. How to monitor them in real-time and transmit them effectively is
the basis and key for building digital twin models of HFV. IoT can connect resources and
collect data about the physical world, so IoT is utilized here.

The IoT-based flight data collection and transmission framework is given in Figure 2.
Figure 2 shows that the measurable physical states of HFV are all collected by IoT through
different sensors, and that they are all transmitted to the computer of HFV. In the computer,
the DT model of HFV is constructed in real-time based on the real-time data and modeling
method which will be discussed in the next subsection. Then, new control commands are
generated and applied to control HFV. So, in the whole control loop, IoT is a collection
center and transmission link for information.

Figure 2. IoT-based flight data collection and transmission.
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3.3. HFVDT Constructing Method

In the above subsection, the measurable states and the data transfer method for
constructing HFVDT have been summarized. In this subsection, the constructing method
for HFVDT is discussed.

In the expression of lift L, there are three unknown parameters that need to be com-
puted by the measurable states. More specially, Cα

L, Cδe
L , C0

L need to be computed by
L, ρ, V, S, α, δe. It is assumed that the failure of the aircraft is a slow variable or a con-
stant, that is, the above parameters are refrigeration variable or constant. Therefore, if the
computer of HFV can continuously receive the angle of attack α, air rudder δe and other
measurable signals of HFV, the specific value of the lift coefficient of the aircraft can be
deduced in reverse. To be specific, the DT algorithm for the aerodynamic coefficient of lift
L is as follows:

DT Algorithm for L
f or i = 1 : n (n ≥ 3)

Step 1: receiving the value of h, V, α, δe,
computing the value of 2L

ρV2S , marked as 𭟋Li =
2Li

ρiV2
i S , χLi = [αi, δei, 1]

Step 2: 2: utilizing the eqaution 𭟋Li = χLiCT
LDT , where CLDT =

[
Cα

L, Cδe
L , C0

L

]
then 𭟋L =

 𭟋L1
𭟋L2
𭟋L3

 = χLCT
LDT =

 χL1
χL2
χL3

CT
LDT , obtaining the value of CT

LDT ,

CT
LDT = χ−T

L 𭟋L
end

Similar to the computing method of CL, the constructing method of CD and CM are

DT Algorithm for D
f or i = 1 : n (n ≥ 5)

Step 1: receiving the value of h, V, α, δe,
computing the value of 2D

ρV2S , marked as 𭟋Di =
2Di

ρiV2
i S , χDi =

[
α2

i , αi, δ2
ei, δei, 1

]
Step 2: utilizing the eqaution 𭟋Di = χDiCT

DDT , where CDDT =
[
Cα2

D , Cα
D, Cδ2

e
D , Cδe

D , C0
D

]

then 𭟋D =


𭟋D1
𭟋D2
𭟋D3
𭟋D4
𭟋D5

 = χDCT
DDT =


χD1
χD2
χD3
χD4
χD5

CT
DDT , obtaining the value of CT

DDT ,

CT
DDT = χ−T

D 𭟋D
end

DT Algorithm for M
f or i = 1 : n (n ≥ 4)

Step 1: receiving the value of h, V, α, δe,
computing the value of 2M

ρV2S , marked as 𭟋Mi =
2Mi

ρiV2
i S , χMi =

[
α2

i , αi, δei, 1
]

Step 2: utilizing the eqaution 𭟋Mi = χMiCT
MDT , where CMDT =

[
Cα2

M,α, Cα
M,α, ce, C0

M,α

]
then 𭟋M =


𭟋M1
𭟋M2
𭟋M3
𭟋M4

 = χMCT
MDT =


χM1
χM2
χM3
χM4

CT
MDT , obtaining the value of CT

MDT ,

CT
MDT = χ−T

M 𭟋M
end

Remark 1. From the above algorithm, the real value of aerodynamic coefficient L, D, M can be
computed online. The calculated amounts are also accepted. Then the HFVDT can be constructed.
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Remark 2. In the real flight process, the changing speed of α and δe may be very small, so the
solution of algorithms L, D and M is a singularity, then the computed value of aerodynamic
coefficient L, D, M are wrong. As long as enough data can be collected, and by least squares fitting,
this effect will be minimized.

4. MPSP-Based Controller Design

After obtaining the HFVDT, the real model of HFV is built, and then an online controller-
designed method is needed for the real-time model. MPSP is a controller design method with
online applications; in this paper, MPSP is utilized for the online controller design.

By submitting (2) and (3) to (1), (1) can be transformed into a normal form:

ẋ = F(x, u), (7)

where x = [h, V, α, θ, Q, η1, η̇1, η2,η̇2]
T , u = [Φ, δe]T , the details of F(x, u) can be found

in [13]. Then, the theoretical details of MPSP are performed.

4.1. Constructing Method of MPSP

The design objective is to find an appropriate control vector uk(k = 1, 2, . . . , N − 1),
which starts from an initial guess, and derive the output YN reaches the desired value Y∗

N
at the final time step, YN → Y∗

N , and the control cost function should also be take into
account. The final output error is defined as ∆YN=Y∗

N −YN , then Taylor series expansion is
utilized by neglecting higher-order terms, then the error in the output can be expressed as

∆YN ∼= dYN =

[
∂YN
∂XN

]
dXN (8)

Considering the nonlinear model of the control system, the error (8) in state at time
step (k + 1) can be rewritten as

dXk+1 =

[
∂Fk
∂Xk

]
dXk +

[
∂Fk
∂Uk

]
duk (9)

where dXk and duk are the error of state and control at time step k, respectively. Let
k = N − 1, one can obtain

dYN =

[
∂YN
∂XN

]([
∂FN−1

∂XN−1

]
dXN−1 +

[
∂FN−1

∂UN−1

]
duN−1

)
(10)

Similarly, for dXN−1 that is k = N − 2 , one can reverse the calculation to k = 1. Finally,
considering (9)

dYN = AdX1 + B1du1 + B2du2 + · · ·+ BN−1duN−1 (11)

where 
A =

[
∂YN
∂XN

][
∂FN−1
∂XN−1

]
. . .
[

∂F1
∂X1

]
Bk =

[
∂YN
∂XN

][
∂FN−1
∂XN−1

]
. . .
[

∂Fk+1
∂Xk+1

][
∂Fk
∂uk

]
, k = 1, · · · , N − 2

BN−1 =
[

∂YN
∂XN

][
∂FN−1
∂uN−1

] (12)

Because the initial condition is known and is a constant value, dX1= 0 and (11) reduces to

dYN = B1du1 + B2du2 + · · ·+ BN−1duN−1 =
N−1

∑
k=1

Bkduk (13)

The sensitivity matrices have a generalized form, so they can be recursively solved, which
can reduce the computation of MPSP to improve the computation speed, which is also the
embodiment of the method that is easy to implement online, and its solution process is
as follows:
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Step1: define B0
N−1 =

[
∂YN
∂XN

]
;

Step2: recursive calculation from back to forward

B0
k = B0

k+1

[
∂Fk+1
∂Xk+1

]
(k = N − 2, N − 3, . . . , 1);

Step3: define

Bk = B0
k

[
∂Fk
∂uk

]
In Equation (13), there are (N − 1)m unknowns and p equations, and p < (N − 1)m , so it
is an under-constrained system. Considering the following objective (cost) function

J =
1
2

N−1

∑
k=1

(
u0

k − duk

)T
Rk

(
u0

k − duk

)
(14)

where Rk > 0, u0
k , k = 1, 2, . . . , N − 1 is the previous control solution, dUk is the corre-

sponding error, and the control objective is minimized (14) subject to the constraint given
in Equation (13). Then,

dUk = −R−1
k BT

k A−1
λ (dYN − bλ) + U0

k (15)

The update control at time step k = 1, 2, . . . , N − 1 is given by

uk = u0
k − duk = R−1

k BT
k A−1

λ (dYN − bλ) (16)

where

Aλ =

[
−

N−1

∑
k=1

BkR−1
k BT

k

]

bλ ≜

[
N−1

∑
k=1

BkU0
k

]
When the vehicle attitude deviates from the predetermined trajectory, which means the
actuator is faulty, or when there is an occasional disturbance from outside, the fault-tolerant
controller comes into play to correct the vehicle attitude.

Based on this, the whole control process is reasonably segmented into several control
points, and the initial state and the state at the end moment are coupled between each
control point. The equation for the deviation of the output quantity corresponding to each
control point is

dYi
Ni

= Ai
Ni−1

dXNi−1 + Bi
Ni−1

duNi−1 + · · ·+ Bi
Ni−1duNi−1 (17)

where Ni−1 is the number of discrete points corresponding to the (i − 1)th points, Ai
Ni−1

is

the state error matrix corresponding to the (i − 1)th path point, Ai
Ni−1

dXNi−1 can be written
in the following form

Ai
Ni−1

dXNi−1 = Ai
1dX1 + Bi

1dU1 + · · ·+ Bi
Ni−1−1dUNi−1−1 (18)

Substituting into (17) yields the output quantity deviation equation corresponding to the
ith path point:

dYi
Ni

= Ai
1dX1 + Bi

1du1 + · · ·+ Bi
Ni−1duNi−1 (19)

where
Ai

1 =
[

∂YNi
∂XNi

][
∂FNi−1
∂XNi−1

]
. . .
[

∂F1
∂X1

]
Bi

k =
[

∂YNi
∂XNi

][
∂FNi−1
∂XNi−1

]
. . .
[

∂Fk+1
∂Xk+1

][
∂Fk
∂uk

]
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The output quantity deviation equation and performance generalization function
corresponding to each control point on the flight trajectory can be written as

dY1
N1

= A1
1dX1 + B1

1du1 + · · ·+ B1
N1−1duN1−1,

J1 = 1
2

N1−1
∑

k=1

(
u0

k − duk
)TRk

(
u0

k − duk
)
,

. . .
dYi

Ni
= Ai

1dX1 + Bi
1du1 + · · ·+ Bi

Ni−1duNi−1,

Ji =
1
2

Ni−1
∑

k=Ni−1

(
u0

k − duk
)TRk

(
u0

k − duk
)
,

. . .
dYM

NM
= AM

1 dX1 + BM
1 du1 + · · ·+ BM

NM−1duNM−1,

JM = 1
2

NM−1
∑

k=NM−1

(
u0

k − duk
)TRk

(
u0

k − duk
)

(20)

Equation (20) is a linear equation and the performance generalization function is chosen to
minimize the control energy and the total performance generalization function is given in
the following equation:

J = J1 + J2 + · · · JM =

1
2

NM−1
∑

k=1

(
u0

k − duk
)TRk

(
u0

k − duk
) (21)

Combining (20) and (21), the following generalized performance generalization function
is obtained

J̄ = 1
2

NM−1
∑

k=1

(
u0

k − duk
)TRk

(
u0

k − duk
)
+

λT
1

(
dY1

N1
−
(

A1
1dX1 +

N1−1
∑

k=1
B1

kduk

))
+ · · ·+

λT
i

(
dYi

Ni
−
(

Ai
1dX1 +

Ni−1
∑

k=Ni−1

Bi
kduk

))
+ · · ·+

λT
M

(
dYM

NM
−
(

AM
1 dX1 +

NM−1
∑

k=NM−1

BM
k duk

))
(22)

The derivative of (22) with respect to duk gives

∂ J̄
∂duk

= −Rkduk + Rku0
k−((

B1
k
)T

λ1 + · · ·+
(

Bi
k
)T

λi + · · ·+
(

BM
k
)T

λM

)
= 0

(23)

then obtain
duk = u0

k − (Rk)
−1((

B1
k
)T

λ1 + · · ·+
(

Bi
k
)T

λi + · · ·+
(

BM
k
)T

λM

) (24)

The derivative of (22) with respect to λi gives

∂ J̄
∂λi

= dYi
Ni

−
(

Ai
1dX1 +

Ni−1

∑
k=1

Bi
kduk

)
= 0 (25)

then obtain

dYi
Ni

=

(
Ai

1dX1 +
Ni−1

∑
k=1

Bi
kduk

)
(26)
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Since the initial state is determined, at this point dX = 0 . Eq. (26) can be written as

dYi
Ni

=
Ni−1

∑
k=1

Bi
kdUk (27)

Combining (24) and (26), can obtain

dYi
Ni

=
Ni−1

∑
k=1

Bi
ku0

k +
Ni−1

∑
k=1

Bi
k(Rk)

−1
((

B1
k
)T

λ1 + · · ·

+
(

Bi
k
)T

λi + · · ·+
(

BM
k
)T

λM

) (28)

which can be rewritten as dYi
Ni

= Aλi(λ1 · · · λi · · · λM)T + bλi, where

Aλi =

(
Ni−1

∑
k=1

Bi
k(Rk)

−1(B1
k
)T · · ·

Ni−1
∑

k=1
Bi

k(Rk)
−1(Bi

k
)T · · ·

Ni−1
∑

k=1
Bi

k(Rk)
−1(BM

k
)T
)

bλi =
Ni−1

∑
k=1

Bi
ku0

k

(29)

Therefore, combining the above equations

dYN =



dY1
N1

...
dYi

Ni
...

dYM
NM


=



Aλ1
...

Aλi
...

AλM





λ1
...

λi
...

λM

+



bλ1
...

bλi
...

bλM

 (30)

then we obtain 

λ1
...

λi
...

λM

 =



Aλ1
...

Aλi
...

AλM



−1



dY1
N1

...
dYi

Ni
...

dYM
NM


−



bλ1
...

bλi
...

bλM




(31)

Substituting Equation (31) into Equation (22):

uk = u0
k − duk

= (Rk)
−1
((

B1
k
)T · · ·

(
Bi

k
)T · · ·

(
BM

k
)T
)[

λ1 . . . λi . . . λM
]T

= (Rk)
−1
((

B1
k
)T · · ·

(
Bi

k
)T · · ·

(
BM

k
)T
)


Aλ1
...

Aλi
...

AλM



−1



dY1
N1

...
dYi

Ni
...

dYM
NM


−



bλ1
...

bλi
...

bλM




(32)

Equation (32) is the updated control command with step-by-step control point con-
straint extension of the MPSP governing law at a fixed end time.
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4.2. Framework of the Proposed Method

Figure 3 gives the framework of the proposed method. From Figure 3 one can see that,
all information on HFV is collected and transmitted via IoT, and by collecting the physical
states of HFV, and utilizing the proposed DT algorithms, HFVDT can be constructed online.
HFVDT can be viewed as the real-time accurate model of HFV, so it can be utilized for FTC
design. By MPSP, a precision FTC, is designed and applied to the practical HFV system.

Figure 3. Framework of the proposed method.

5. Numerical Simulation

In this section, the proposed HFVDT and the MPSP controller design method is
applied to the nonlinear model of HFV, and the details of HFV’s nonlinear mode can be
found in [13]. The setting of the simulation is all the same with [13]. For comparison, the
fault-tolerant control listed in [34], marked as uFTC, is also adopted and the rate of fault
ρ = 0.6. Then, the proposed MPSP controller is marked as uMPSP, and is applied on HFV.
Since HFVDT is constructed online in simulation assuming that the fault occurs at t = 10 s,
and the changes in CL, the drag coefficient CD, and moment coefficient CM are listed in
Table 1:

Table 1. Aerodynamic coefficient change caused by the fault.

Before Fault After Fault

Cα
L = 4.6773 Cα

L = 2.8064
Cδe

L = 0.76224 Cδe
L = 0.4573

C0
L = −0.018714 C0

L = −0.0112
Cα2

D = 5.8224 Cα2

D = 3.4934
Cα

D = −0.045315 Cα
D = −0.0272

Cδ2
e

D = 0.81993 Cδ2
e

D = 0.4920
Cδe

D = 0.00027699 Cδe
D = 0.0002

C0
D = 0.010131 C0

D = 0.0061
Cα2

M,α = 6.2926 Cα2

M,α = 3.7756
Cα

M,α = 2.1335 Cα
M,α = 1.2801

C0
M,α = 0.18979 C0

M,α = 0.1139
ce = −1.2897 ce = −0.7738

From the above table, one can see that when a fault occurs, the aerodynamic coefficient
of HFV will all change. But in most literature, only loss of efficiency is considered, just
as [34], and δer = 0.6δec, where δec is the control command and δer is the real control input.

The constructed result of HFVDT is listed in Figures 4–6, where the dotted line is the
real value of the aerodynamic coefficient of CL, the drag coefficient CD, moment coefficient
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CM, and the solid line is the online updating result of HFVDT. It is worth noting that
with the occurrence of faults, the data of HFV will change, that is, the data of HFV are
inconsistent with that without faults. Therefore, it is necessary to set a time window when
calculating the aerodynamic coefficient. In this paper, the time window of 1 s is adopted,
that is, the data within 1 s before this moment are adopted. From Figures 4–6, the online
updating result of HFVDT is changed 1 s later than the real value of the aerodynamic
coefficient. It can be seen that by setting a time window of 1 s, the aerodynamic coefficient
can be calculated in real-time by using the data after the fault.

Based on the HFVDT, the proposed MPSP can then be carried out online. The tracking
results of uMPSP and uFTC are all listed as follows; the dotted line is the reference command
for HFV, and the solid line is the real response of the proposed controller. The tracking
results of uMPSP and uFTC are listed in Figures 7 and 8, and the important states together
with the input of HFV are given in Figures 9 and 10. The important states of HFV are
the angle of attack and flight pitch angle, the input of HFV is fuel-to-air ratio and control
surface deflection. From the tracking results of Figures 7 and 8, both uMPSP and uFTC can
ensure the accurate tracking of the given command but uMPSP has a smaller tracking error
and better tracking effect than uFTC. When fault occurs, uMPSP can quickly achieve stable
tracking, while the tracking error of uFTC will fluctuate. This is because uMPSP adopts the
DT model, while the design basis of the uFTC controller is still the original nonlinear model.
It can be seen that the online DT model of HFV can effectively improve the control accuracy
of aircraft.
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Figure 4. CL of HFVDT.
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Figure 5. CD of HFVDT.
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Figure 6. CM of HFVDT.
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Figure 7. Tracking result of uMPSP.
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Figure 9. Input of uMPSP.
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Figure 10. Input of uFTC.

The important states and input of HFV in Figures 9 and 10 also give the same conclu-
sion. The angle of attack and flight pitch angle of uMPSP are more smooth than those of
uFTC. The input of uMPSP is also smoother than that of uFTC. From the above simulation
results, it can be seen that the online accurate model of HFV can be obtained by construct-
ing the DT model, and the online accurate control and instruction tracking of HFV can be
realized by designing the FTC controller online.
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6. Conclusions

In this paper, a DT for HFV is constructed online for controller design, and in the DT,
IoT is utilized to collect and transmit information for HFV. The parameter of HFVDT can be
updated online according to the change in real HFV. Then an MPSP FTC method is proposed
for HFV. Different from the traditional failure hypothesis, when the air rudder is damaged,
all associated aerodynamic coefficients of HFV will be changed. In this case, HFVDT is
adopted here to reconstruct the nonlinear model of HFV online. Then, the updating law of
HFVDT is discussed, and then the MPSP controller design method is utilized. A simulation
result on HFV is given to test the effectiveness of the proposed method.

The method proposed in this paper does not consider the measurement error and
measurement delay of HFV inertial devices. In fact, due to the complex flight environment
of HFV, there are noises, errors and time delays in the measurement results of inertial
devices, so it is necessary to eliminate the influence of these factors in practical use. In order
to apply the method proposed in this paper in practice, the methods of noise elimination
and error compensation in the actual measurement environment still need to be studied,
and establishing the DT construction method and controller design method that can be
used in the actual environment.
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Nomenclature
The following abbreviations are used in this manuscript:

CD(α, δe) drag coefficient
Cαi

D ith order coefficient of α contribution to CD(α, δe)

Cδi
e

D ith order coefficient of δe contribution to CD(α, δe)
C0

D constant term in CD(α, δe)
CL(α, δe) lift coefficient
Cαi

L ith order coefficient of α contribution to CL(α, δe)

Cδe
L coefficient of δe contribution to CL(α, δe)

C0
L constant term in CL(α, δe)

CM,Q(α, Q) contribution to moment due to pitch rate
CM,α(α) contribution to moment due to angle of attack
CM,δe (δe, δc) control surface contribution to moment
Cαi

M,α ith order coefficient of α contribution to CM,α(α)

C0
M,α constant term in CM,α(α)

Cαi
T (Φ) ith order coefficient of α in T
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c̄ mean aerodynamic chord
cc canard coefficient in CM,δe (δe, δc)
ce elevator coefficient in CM,δe (δe, δc)
D drag
g acceleration due to gravity
h altitude
Iyy moment of inertia
L lift
Lv vehicle length
M pitching moment
m vehicle mass
Ni ith generalized force
N

αj

i jth order contribution of α to Ni
N0

i constant term in Ni
Nδe

2 contribution of δe to N2
Q pitch rate
q̄ dynamic pressure
S reference area
T trust
V velocity
x state of the control-oriented model
α angle of attack
βi(h, q̄) ith thrust fit parameter
γ flight path angle, γ = θ − α

δc canard angular deflection
δe elevator angular deflection
ξ damping ratio for the Φ dynamics
ξi damping ratio for elastic mode ηi
ηi ith generalized elastic coordinate
θ pitch angle
λi inertial coupling term of ith elastic mode
ρ density of air
Φ stoichiometrically normalized fuel-to-air ratio
ψ̃i constrained beam coupling constant for ηi
ω natural frequency for the Φ dynamics
ωi natural frequency for elastic mode ηi
1/hs air density decay rate
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