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Abstract This paper proposes an anti-disturbance control scheme for the near space vehicle (NSV) based on

terminal sliding mode (TSM) technique and disturbance observer method. To tackle the system uncertainty and

the time-varying unknown external disturbance of the NSV, a disturbance observer based on TSM technique is

designed which can render the disturbance estimate error convergent in finite time. Furthermore, an auxiliary

design system is introduced to analyze the input saturation effect. Based on the developed disturbance observer

and the auxiliary design system, an anti-disturbance attitude control scheme is developed for the NSV using

the TSM technique to speed up the convergence of all signals in closed-loop system. For the closed-loop system,

the stability is rigorously proved by using the Lyapunov method and we guarantee the finite time convergence

of all closed-loop system signals in the presence of the integrated affection of the system uncertainty, the input

saturation, and the unknown external disturbance. Simulation study results are given to show the effectiveness

of the developed TSM anti-disturbance attitude control scheme using the disturbance observer and the auxiliary

system for the NSV.
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1 Introduction

Nowadays, the hypersonic flight vehicle (HFV) has attracted much attention due to its wide application

in both civilian and military areas [1]. Indeed, there are a number of robust flight control schemes

developed for the HFV [2,3]. In [4], a direct neural discrete control scheme was proposed for the HFV.

Fuzzy tracking control scheme was studied for the HFV via Takagi-Sugeno (T-S) model in [5]. In [6], an

adaptive neural control scheme was proposed based on high gain observer for HFVs. The online support

vector regression compensated nonlinear generalized predictive control was developed for the HFV in [7].

The near space vehicle (NSV) as one of the most important HFVs has received increasing interest in

recent years due to working in the near space and performing various tasks. As a kind of HFV, the NSV

processes a wide range of flight envelopes and the flight environment is sharply changeable with time

variation. Consequently, it is necessary to develop efficient flight control schemes to enhance the control

robustness. As is well known, the NSV has important features, such as high control channel coupling and

*Corresponding author (email: chenmou@nuaa.edu.cn)



Chen M, et al. Sci China Inf Sci July 2015 Vol. 58 070202:2

strong nonlinearity, which will further increase the design difficulty of the robust flight control scheme

by considering the unknown external disturbance. Thus, the robust flight control design of the NSV is a

significant challenge in the control area.

With the NSV being a multiple-input multiple-output (MIMO) nonlinear system subject to external

disturbances and large uncertainties, it is natural to develop efficient robust flight control schemes for

the NSV [8–13]. For an NSV, an adaptive flight control scheme was developed using functional link

neural network in [14]. In [15], a robust control scheme was studied for the NSV with input backlash-like

hysteresis. Using T-S fuzzy technique, a fault-tolerant flight control scheme was developed for the NSV

in [16]. In [17], a fault tolerant-control scheme was studied for the NSV based on backstepping method.

By reviewing these research results, it is clear that the robust flight control design needs to be further

investigated for the NSV subjected to unknown external disturbance and input saturation.

To efficiently handle the unknown disturbance and fully use the dynamic information of disturbance, the

disturbance observer can be introduced to design the flight control scheme of the NSV. In the past several

decades, the disturbance-observer based control (DOBC) schemes have been extensively studied [18–22].

An adaptive tracking control scheme was developed using fuzzy logic system for a MIMO nonlinear

systems with disturbance observer in [23]. In [24], an adaptive control scheme was proposed using neural

network and disturbance observer for the nonaffine nonlinear system. For the bank-to-turn missile, a

robust autopilot was designed based on disturbance observer in [25]. In [26], a disturbance suppression

control scheme was proposed for nonlinear systems using DOBC method. During the past years, some

disturbance observer-based robust flight control schemes have been developed for the NSV to improve

the disturbance rejection ability. Robust optimal predictive control was developed for the NSV based on

functional link network disturbance observer in [27]. In [28], a robust disturbance observer based-attitude

control was proposed for the NSV with external disturbance. Sliding mode disturbance observer (SMDO)

has been extensively studied as a class of nonlinear disturbance observers. However, the convergence speed

of the disturbance estimate error needs to be further improved to meet the control requirement of the

NSV. In this paper, recalling the terminal sliding mode disturbance observer (TSMDO) developed for the

single-input and single-output system [29], the disturbance observer with finite time convergence property

will be developed for the NSV.

On the other hand, there exists the input saturation due to only limited forces and moments provided

by the equipped actuators of the NSV [30–35]. To ensure satisfactory control performance of the NSV,

the input saturation needs to be considered. In [36], an adaptive tracking control was studied using

neural network for a class of stochastic nonlinear systems subject to unknown input saturation. Tracking

control scheme was studied for nonlinear systems with bounded controls and control rates in [37]. In [38],

a guaranteed transient performance-based control was proposed for the NSV with input saturation.

Although some control schemes have been designed to control an NSV with input saturation, the faster

control speed is desired for the NSV to complete the expected control objective. In this setting, the

terminal sliding mode (TSM) technique can be employed to develop the flight control scheme of the NSV.

Up to now, the TSM control schemes have been studied for various aircrafts. In [39], the six-degree-of-

freedom robust and adaptive TSM control scheme was studied for the formation flying of spacecrafts.

Second-order TSM control scheme was proposed for the cruising flight of a hypersonic vehicle based on

the SMDO in [40]. In [41], a second-order nonsingular TSM control was developed for a reusable launch

vehicle. To speed the control convergence, the TSM control strategy should be further investigated for

the NSV in the presence of input saturation, system uncertainty, and unknown disturbance.

According to the above discussion, the disturbance observer-based TSM control to follow the desired

attitude command signals of the NSV subject to the unknown disturbance and the input saturation. The

layout of the paper is as follows. The problem description of the TSM attitude control for the NSV

is given in Section 2. Section 3 describes the tracking control design for a class of MIMO nonlinear

systems using the TSM technique and the disturbance observer. The TSM attitude control schemes are

presented for the NSV using the developed disturbance observer-based TSM control scheme in Section 4.

Simulation study results are provided to show the effectiveness of the proposed SMDO-based attitude

control approach in Section 5. Some conclusion remarks are addressed in Section 6.
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2 Problem description

To develop the anti-disturbance attitude control scheme using the TSM technique for the NSV, the

attitude motion model is achieved according to the six-degrees-of-freedom and twelve-state kinematic

equations, which is expressed as [7]

Ω̇ = Fs(Ω) +Gs(Ω)ω +Ds(Ω, ds), ys = Ω, (1)

ω̇ = Ff (ω) +Gf (ω)Mc +Df (ω, df ), yf = ω, (2)

where Ω = [α, β, μ]T is a attitude angle vector consisting of angle of attack, sideslip angle, and flight-path

roll angle, respectively; ω = [P,Q,R]T is the fast-loop state vector including three body-axis angular

velocities; and Mc = [lctrl,mctrl, nctrl]
T is a control moment vector of the NSV. The expressions of Fs,

Gs, Ff , and Gf are omitted here and can be found in [7]. Ds(Ω, ds) = ΔFs(Ω) + ds(t), Df (ω, df ) =

ΔFf (ω)+ df(t), where ΔFs(Ω) and ΔFf (ω) denote the system uncertainties, and ds(t) and df (t) are the

unknown external disturbances. In this paper, the attitude angle vector Ω and the body-axis angular

velocity vector ω are assumed to be measurable.

In general, there exist the constraints of rated angular velocities in flight process of the NSV, which

lead to the bounded angular velocities. On the other hand, the bounded moments are generated by the

bounded surface deflection angles. Thus, the angular velocity vector ω and the control moment vector

Mc satisfy the nonsymmetric saturation constraints. To easily describe these constraints, the angular

velocity vector ω and the control moment vector Mc are uniformly replaced by a vector � = [�1, �2, �3]
T.

Define �c = sat(�) = [sat(�1), sat(�2), sat(�3)]
T and the saturation operation sat(�i) is defined as

sat(�i) =

⎧
⎪⎪⎨

⎪⎪⎩

�rimax, if �i > �rimax,

�i, if �limax � �i � �rimax,

�limax, if �i < �limax,

(3)

where � = [�1, �2, �3]
T is the input of the saturation operation. �rimax > 0 and �limax < 0, i = 1, 2, 3 are

the known saturation levels of the angular velocity and the control moment.

To design the TSM control for the uncertain attitude motion dynamics (1) and (2) of the NSV, we

give the following lemma and assumptions:

Lemma 1 ([29,42]). For a continuous and positive function V (t), if the following condition is held:

V̇ (t) + αV (t) + λV γ(t) � 0, ∀t > t0. (4)

Then, V (t) converges in finite time ts and ts is decided by

ts � t0 +
1

α(1 + γ)
ln

αV 1−γ(t0) + λ

λ
, (5)

where α > 0, λ > 0, and 0 < γ < 1.

Assumption 1 ([29,42]). For the attitude motion dynamics (1) and (2) of the NSV, matrices Gs and

Gf are invertible.

Assumption 2. For the disturbances Ds and Df of the NSV, there exist positive constants λsi and

λfi such that λsi > |Dsi| and λfi > |Dfi|, i = 1, 2, 3.

In this paper, we design the TSM attitude control scheme to follow a desired attitude signal of the

NSV with input saturation and external disturbance. Furthermore, all closed-loop system signals are

convergent in finite time under the developed TSM attitude control.

3 Anti-disturbance control of MIMO uncertain nonlinear systems

According to (1) and (2), the attitude motion dynamics of the NSV can be described by an uncertain

MIMO nonlinear system. To facilitate the design of the TSM attitude control scheme, we first consider
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the TSM control of a general MIMO nonlinear system, which is written as

ẋ = F (x) +G(x)u +D(x, t), y = x, (6)

where x ∈ R
n×1 is the system measurable state, y ∈ R

n×1 is the system output, and u ∈ R
n×1 is the

control input vector. F (x) ∈ R
n×1 and G(x) ∈ R

n×n are the known vector and matrix of system function

and control gain, respectively. D(x, t) = ΔF (x) + d(t) is a compound disturbance which includes the

system uncertainty ΔF (x) ∈ R
n×1 and the disturbance d(t) ∈ R

n×1.

Usually, there may exist the input saturation for the uncertain MIMO nonlinear system (6). We assume

that the control input u = [u1, u2, . . . , un]
T satisfies nonsymmetric saturation. That is, the control signal

u(t) = sat(v) = [sat(v1), sat(v2), . . . , sat(vn)]
T is constrained by

sat(vi) =

⎧
⎪⎪⎨

⎪⎪⎩

vrimax, if vi > vrimax,

vi, if vlimax � vi � vrimax,

vlimax, if vi < vlimax,

(7)

where v = [v1, v2, . . . , vn]
T is the input of the saturation operation. vrimax > 0 and vlimax < 0, i =

1, 2, . . . , n are the known saturation levels of the control input.

Define Δu = u− v. Suppose that the difference Δu between the desired control input v and the actual

control input sat(u) satisfies the following assumption:

Assumption 3. For the Δu, it is assumed to satisfy the following condition:

‖Δu‖ � θ, (8)

where θ is a known constant.

For a given system output yd, the developed TSM control scheme should render all closed-loop signals

convergent in finite time. For the studied MIMO nonlinear system (6), the matrix G(x) is assumed to be

invertible in the anti-disturbance control design.

Remark 1. From the view of a practical control system, the difference Δu between the desired control

input u and the actual control input sat(u) cannot be large. The reason is that the system controllability

should be satisfied when control input saturation occurs. For example, the provided control moment Mc

is bounded due to the bounded surface deflection angle for the NSV. However, the NSV is controllable

under the bounded surface deflection angles. Thus, we can conclude that the difference Δu is bounded.

To satisfy Assumption 3, the parameter θ can be large.

3.1 Design of disturbance observer with finite time convergence property

To design a TSMDO for the disturbance D of the uncertain MIMO nonlinear system (6), an auxiliary

variable is defined as [29]

σ = z − x, (9)

where z is given by

ż = −Kσ − Λsign(σ)− Γσp0/q0 − |F (x)|sign(σ) +G(x)u, (10)

where q0 and p0 are odd positive integers with p0 < q0. K = diag{ki}n×n, Λ = diag{λi}n×n, Γ =

diag{τi}n×n, ki > 0, λi > 0 and τi > 0 are design parameters and λi > |Di|, σp0/q0 = [σ
p0/q0
1 , σ

p0/q0
2 , . . .,

σ
p0/q0
n ]T, sign(σ) = [sign(σ1), sign(σ2), . . . , sign(σn)]

T, and |F (x)| = diag{|Fi(x)|}n×n.

The disturbance estimate D̂ of the TSMDO is decided by

D̂ = −Kσ − Λsign(σ) − Γσp0/q0 − |F (x)|sign(σ)− F (x). (11)

Differentiating (9), and considering (6) and (10) yields

σ̇ = ż − ẋ = −Kσ − Λsign(σ)− Γσp0/q0 − |F (x)|sign(σ)− F (x) −D. (12)

The above design of the TSMDO can be included in the following theorem.
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Theorem 1. For an MIMO nonlinear system described by (6), the TSMDO is designed in accordance

with (9)–(11). Then, the finite time convergence of the estimate error can be guaranteed for the developed

TSMDO.

Proof. Consider the following Lyapunov function candidate

Vo =
1

2
σTσ. (13)

Considering (12), we have

V̇o =

n∑

i=1

σiσ̇i =

n∑

i=1

[σi(−kiσi − λisign(σi)− τiσ
p0/q0
i − |Fi(x)|sign(σi)− Fi(x)−Di)]

� −
n∑

i=1

ki
2σ2

i −
n∑

i=1

λi|σi| −
n∑

i=1

τiσ
(p0+q0)/q0
i −

n∑

i=1

|Fi(x)||σi|+
n∑

i=1

|Fi(x)||σi|+
n∑

i=1

|σi||Di|

� −
n∑

i=1

ki
2σ2

i −
n∑

i=1

τiσ
(p0+q0)/q0
i

� −2kVo − 2(p0+q0)/2q0τV (p0+q0)/2q0
o , (14)

where k = min(ki) and τ = min(τi).

Define D̃ = D − D̂. Considering (6) and (9)–(11), we obtain

D̃ = D − D̂ = D +Kσ + Λsign(σ) + Γσp0/q0 + |F (x)|sign(σ) + F (x)

= ẋ− F (x) −G(x)u +Kσ + Λsign(σ) + Γσp0/q0 + |F (x)|sign(σ) + F (x)

= ẋ+Kσ + Λsign(σ) + Γσp0/q0 + |F (x)|sign(σ) −G(x)u

= ẋ− ż = −σ̇. (15)

Based on Lemma 1 and (14), we can guarantee the auxiliary variable σ converge to zero in finite time.

Since the auxiliary variable σ converges to zero in finite time, we know that the derivative of σ can

converge to zero in finite time. Thus, the finite time convergence of the disturbance estimate error D̃ of

the designed TSMDO can also be guaranteed according to (15). This concludes the proof.

3.2 Design of tracking control based on TSM technique

In this subsection, the TSM control scheme will be studied for the uncertain MIMO system (6). To

handle the input saturation of the uncertain MIMO nonlinear system (6), the following auxiliary system

is constructed to compensate for the effect of the input saturation with the same order as the MIMO

nonlinear system [43]:

ξ̇ = −Mξ −Wξp1/q1 − θgsign(ξ) +G(x)Δu, (16)

where q1 and p1 are odd positive integers with p1 < q1. ξ ∈ R
n is the state of the auxiliary sys-

tem. M = diag{mi}n×n, W = diag{wi}n×n, mi > 0 and wi > 0 are design parameters. sign(ξ) =

[sign(ξ1), sign(ξ2), . . . , sign(ξn)]
T, g = diag{‖gi(x)‖}n×n, ξ

p1/q1 = [ξ
p1/q1
1 , ξ

p1/q1
2 , . . . , ξ

p1/q1
n ]T, gi(x) is the

ith row of the control gain matrix G(x).

Choose the Lyapunov function candidate as

Va =
1

2
ξTξ. (17)

Invoking (16), we have

V̇a = −ξTMξ −
n∑

i=1

wiξ
(p1+q1)/q1
i − θξTgsign(ξ) + ξTG(x)Δu

� −
n∑

i=1

mi
2ξ2i −

n∑

i=1

wiξ
(p1+q1)/q1
i −

n∑

i=1

θ‖gi(x)‖|ξi|+ ξTG(x)Δu
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� −2mVa − 2(p1+q1)/2q1wV (p1+q1)/2q1
a , (18)

where m = min(mi) and w = min(wi).

To design the TSM control scheme for the studied MIMO nonlinear system (6), we define the sliding

surface as

s = z − yd − ξ. (19)

In accordance with (6), (9), and Δu = u− v, the derivative of s is

ṡ = ẋ+ σ̇ − ẏd − ξ̇

= F (x) +G(x)u +D(x, t)− ẏd +Mξ +Wξp1/q1 + θgsign(ξ)−G(x)Δu + σ̇

= F (x) +G(x)(v +Δu) +D(x, t) − ẏd +Mξ +Wξp1/q1 + θgsign(ξ)−G(x)Δu + σ̇

= F (x) +G(x)v +D(x, t)− ẏd +Mξ +Wξp1/q1 + θgsign(ξ) + σ̇. (20)

Using the designed TSMDO and the auxiliary system, the TSM tracking control scheme is proposed as

v = −G−1(x)(F (x) − ẏd + D̂ +Mξ +Wξp1/q1 + θgsign(ξ) +Bs+ Lsp2/q2), (21)

where q2 and p2 are odd positive integers with p2 < q2. B = diag{bi}n×n, L = diag{li}n×n, bi > 0 and

li > 0 are design parameters and sp2/q2 = [s
p2/q2
1 , s

p2/q2
2 , . . . , s

p2/q2
n ]T.

The above development of the TSM control using the TSMDO for the MIMO nonlinear system (6) is

summarized as follows:

Theorem 2. Considering an uncertain MIMO nonlinear system (6) subject to the disturbance and the

input saturation (7), the TSMDO is designed as (9)–(11). Using the developed disturbance observer-based

TSM tracking control scheme (21), the finite time convergence of all closed-loop signals are guaranteed.

Proof. Considering (20) and (21), we have

ṡ = −Bs− Lsp2/q2 +D − D̂ + σ̇ = −Bs− Lsp2/q2 + D̃ + σ̇. (22)

Invoking (15), we obtain

ṡ = −Bs− Lsp2/q2 . (23)

Consider the Lyapunov function candidate

Vc =
1

2
sTs. (24)

Invoking (23) and (24), the time derivative of V is

V̇c = −
n∑

i=1

bis
2
i −

n∑

i=1

lis
(p2+q2)/q2 � −2bVc − l2(p2+q2)/2q2V (p2+q2)/2q2

c , (25)

where b = min(bi) and l = min(li).

According to Lemma 1 and (25), we obtain s → 0 in finite time, which means z− yd → 0 in finite time

by considering ξ → 0 in finite time. From the definition of z, we know σ + x − yd → 0. Since σ → 0 in

finite time, we can obtain x → yd in finite time. Namely, the tracking error is convergent in finite time

under the designed TSM control scheme.

For the whole system, including the disturbance observer and the auxiliary system, the Lyapunov

function candidate is chosen as

V = Vo + Va + Vc. (26)

Considering (14), (18), and (25), we have

V̇ = V̇o + V̇a + V̇c � −2δ1V − δ22
(p+q)/2qV (p+q)/2q, (27)

where

δ1 = min(k,m, r), δ2 = min(τi, wi, li),
p+ q

2q
= min

(
p0 + q0
2q0

,
p1 + q1
2q1

,
p2 + q2
2q2

)

.

From (27) and Lemma 1, we know that the finite time convergence of all closed-loop system signals

can be guaranteed. This concludes the proof.
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Remark 2. To estimate the unknown disturbance in finite time, the TSMDO is designed for an uncer-

tain MIMO nonlinear system in this paper. From (11), we can see that the disturbance estimate involves

the sign function. To obtain the smooth disturbance estimate, an extra low-pass filter can be introduced

in the designed disturbance observer as the same as the developed SMDO in [44]. On the other hand,

the estimated output of TSMDO is employed to design TSM tracking control (21). Thus, the developed

TSM tracking control based on TSMDO has a good disturbance reject ability for the uncertain MIMO

nonlinear system (6).

4 Anti-disturbance attitude control design

In this section, the attitude tracking control schemes will be developed for the NSV using the designed

TSM tracking control approach in Section 3.

4.1 Terminal sliding mode control design for attitude angle loop

According to (9) and (10), for the attitude angle dynamic (1) of the NSV, we have

σs = zs − Ω, (28)

where zs is designed as

żs = −Ksσs − Λssign(σs)− Γsσ
ps0/qs0
s − |Fs(Ω)|sign(σs) +Gs(Ω)ω, (29)

where qs0 and ps0 are odd positive integers with ps0 < qs0. Ks = diag{ksi}3×3, Λs = diag{λsi}3×3,

Γs = diag{τsi}3×3, ksi > 0, λsi > 0 and τsi > 0, i = 1, 2, 3 are design parameters. Here, λsi >

|Dsi|, σps0/qs0
s = [σ

ps0/qs0
s1 , σ

ps0/qs0
s2 , σ

ps0/qs0
s3 ]T, sign(σs) = [sign(σs1), sign(σs2), sign(σs3)]

T, and |Fs(Ω)| =
diag{|Fs1(Ω)|, |Fs2(Ω)|, |Fs3(Ω)|}.

In accordance with (11), the TSMDO of the attitude angle loop is proposed as

D̂s = −Ksσs − Λssign(σs)− Γsσ
ps0/qs0
s − |Fs(Ω)|sign(σs)− Fs(Ω). (30)

To handle the constraint of rated angular velocity in flight process, the following auxiliary system is

constructed according to (16):

ξ̇s = −Msξs −Wsξ
ps1/qs1
s − θsgssign(ξs) +Gs(Ω)Δω, (31)

where qs1 and ps1 are odd positive integers with ps1 < qs1. ξs ∈ R
3 is the state of the auxiliary system.

Ms = diag{msi}3×3, Ws = diag{wsi}3×3, msi > 0 and wsi > 0 are design parameters. sign(ξs) =

[sign(ξs1), sign(ξs2), sign(ξs3)]
T, gs = diag{‖gsi(x)‖}3×3, ξ

ps1/qs1
s = [ξ

ps1/qs1
s1 , ξ

ps1/qs1
s2 , ξ

ps1/qs1
s3 ]T, gsi is the

ith row of the control gain matrix Gs(Ω), Δω = ω − vω , ‖Δω‖ � θs, and vω is a designed command

input.

To design TSM controller of the attitude angle dynamic (1), the sliding surface is designed as

ss = zs − Ωd − ξs, (32)

where Ωd is the desired signal of the attitude angle Ω.

Invoking (21), the TSM control law of the attitude angle dynamic (1) is proposed as

vω = −G−1
s (Ω)(Fs(Ω)− Ω̇d + D̂s +Msξs +Wsξ

ps1/qs1
s + θsgssign(ξs) +Bsss + Lss

ps2/qs2
s ), (33)

where qs2 and ps2 are odd positive integers with ps2 < qs2. Bs = diag{bsi}3×3, Ls = diag{lsi}3×3, bsi > 0

and lsi > 0, i = 1, 2, 3 are design parameters, and s
ps2/qs2
s = [s

ps2/qs2
s1 , s

ps2/qs2
s2 , s

ps2/qs2
s3 ]T.
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4.2 Terminal sliding mode control design for attitude angular velocity loop

For the attitude angular velocity dynamic (2) of the NSV, according to (9) and (10), we have

σf = zf − ω, (34)

where zf is designed as

żf = −Kfσf − Λfsign(σf )− Γfσ
pf0/qf0

f − |Ff (ω)|sign(σf ) +Gf (ω)Mc, (35)

where qf0 and pf0 are odd positive integers with pf0 < qf0. Kf = diag{kfi}3×3, Λf = diag{λfi}3×3,

Γf = diag{τfi}3×3, kfi > 0, λfi > 0 and τfi > 0, i = 1, 2, 3 are design parameters and λfi > |Dfi|,
σ
pf0/qf0

f = [σ
pf0/qf0

f1 , σ
pf0/qf0

f2 , σ
pf0/qf0

f3 ]T, sign(σf ) = [sign(σf1), sign(σf2), sign(σf3)]
T, and |Ff (ω)| =

diag{|Ff1(ω)|, |Ff2(ω)|, |Ff3(ω)|}.
In accordance with (11), the TSMDO of the attitude angle velocity loop is proposed as

D̂f = −Kfσf − Λf sign(σf )− Γfσ
pf0/qf0

f − |Ff (ω)|sign(σf )− Ff (ω). (36)

To handle the constraint of the control moment, the following auxiliary system is constructed according

to (16):

ξ̇f = −Mfξf −Wfξ
pf1/qf1

f − θfgf sign(ξf ) +Gf (ω)ΔMc, (37)

where qf1 and pf1 are odd positive integers with pf1 < qf1. ξf ∈ R
3 is the state of the auxiliary system.

Mf = diag{mfi}3×3, Wf = diag{wfi}3×3, mfi > 0 and wfi > 0 are design parameters. sign(ξf ) =

[sign(ξf1), sign(ξf2), sign(ξf3)]
T, gf = diag{‖gfi(x)‖}3×3, ξ

pf1/qf1

f = [ξ
pf1/qf1

f1 , ξ
pf1/qf1

f2 , ξ
pf1/qf1

f3 ]T, gfi is

the ith row of the control gain matrix Gf (ω), ΔMc = Mc − vM , ‖ΔMc‖ � θf , and vM is a designed

command input.

To design TSM controller of the attitude angle dynamic (1), the sliding surface is given by

sf = zf − ωd − ξf , (38)

where ωd is the desired signal of the attitude angle ω.

Invoking (21), the TSM control law of the attitude angle dynamic (2) is proposed as

vM = −G−1
f (Ω)(Ff (Ω)− Ω̇d + D̂f +Mfξf +Wf ξ

pf1/qf1

f + θfgf sign(ξf ) +Bfsf + Lfs
pf2/qf2

f ), (39)

where qf2 and pf2 are odd positive integers with pf2 < qf2. Bf = diag{bfi}3×3, Lf = diag{lfi}3×3,

bfi > 0 and lfi > 0, i = 1, 2, 3 are design parameters, and s
pf2/qf2

f = [s
pf2/qf2

f1 , s
pf2/qf2

f2 , s
pf2/qf2

f3 ]T.

Remark 3. From (30), (31), (36), and (37), we note that the disturbance upper boundaries λsi and λfi

and the upper boundaries θs and θf of the differences between the desired control inputs and the actual

control inputs are used to design the TSM disturbance observers and the auxiliary systems, respectively.

It is clear that these parameters will affect the disturbance estimate performance and the auxiliary system

states, which should be properly chosen to satisfy the design requirement.

5 Numerical simulation

To illustrate the effectiveness of the proposed TSM attitude control scheme of the NSV, the simulation

results are presented in this section. The TSM attitude control schemes are designed in accordance with

(28)–(39).

In this simulation, we suppose that the flight velocity is V = 2500 m/s and the flight altitude is

h = 30 km for the NSV. The initial values of the attitude angles and attitude angular velocities are

assumed as α0 = 2◦, β0 = 1◦, μ0 = 0◦, and p0 = q0 = r0 = 0◦/s for the NSV. The saturation levels are

chosen as vrimax = 1.4× 106 Nm and vlimax = −1.5× 106 Nm, i = 1, 2, 3. At the same time, the system

uncertainties ΔFs(Ω) and ΔFf (ω) are assumed as the 10% uncertainties in aerodynamic coefficients and
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Figure 1 Control result of (a) angle of attack, (b) sideslip angle, (c) flight-path roll angle, (d) roll angular velocity,

(e) pitch angular velocity, and (f) yaw angular velocity.

aerodynamic moment coefficients, respectively. The external disturbances ds(t) and df (t) of the NSV are

chosen as [7]

ds1(t) = sin(0.5t) + 0.25, ds2(t) = 2(sin(0.2t) + 0.2)), ds3(t) = 1.5(sin(0.5t) + 0.1)), (40)

and

df1(t) = 150000(sin(2t) + 0.1)) Nm,

df2(t) = 200000(sin(2t) + 0.2)) Nm, (41)
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Figure 2 (a) Roll, (b) pitching, and (c) yaw control moment.

df3(t) = 200000(sin(2t) + 0.2)) Nm.

To design the TSM attitude controllers, all design parameters are chosen as qs0 = qs1 = qs2 = qf0 = qf1
= qf2 = 9, ps0 = ps1 = ps2 = pf0 = pf1 = pf2 = 5, Ks = diag{200}3×3, Λs = diag{50}3×3, Γs =

diag{0.5}3×3, Ms = diag{150}3×3, Ws = diag{0.5}3×3, θs = 50, Bs = diag{50}3×3, Ls = diag{0.5}3×3,

Kf = diag{200}3×3,Λf = diag{300000}3×3,Γf = diag{0.5}3×3,Mf = diag{150}3×3,Wf = diag{0.5}3×3,

θf = 10000, Bf = diag{100}3×3, and Lf = diag{0.5}3×3.

The desired attitude signals are taken as αd = 2 sin(0.5t)− 10 cos(0.2t), βd = 2, μd = 5, and pd = qd =

rd = 0. Under the developed TSM attitude control schemes, the control results of the attitude angles and

the attitude angular velocities are presented in Figure 1. From this figure, we observe that the satisfactory

tracking performance is obtained for the desired attitude signals of the NSV with time-varying unknown

disturbance and input saturation. At the same time, the corresponding control moments are shown in

Figure 2, which are bounded and convergent.

Based on the above simulation results, we conclude that the developed TSM attitude control scheme

is valid for the NSV in the presence of unknown disturbance and input saturation.

6 Conclusion

In this article, the TSM attitude control scheme has been studied for the NSV subject to unknown dis-

turbance and input saturation. The TSMDO has been proposed to guarantee the finite time convergence

of the disturbance estimate error. At the same time, an auxiliary design system has been designed to
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compensate for the input saturation effect. Using the developed disturbance observer and the auxiliary

system, the TSM attitude control scheme has been developed to improve the anti-disturbance ability and

to speed up the convergence of all closed-loop system signals. Numerical simulation results have been

presented to show the effectiveness of the developed TSM attitude control scheme under the integrated

affection of the unknown compound disturbance and the input saturation. In future, the developed TSM

attitude control scheme based on the TSMDO can be extended to other nonlinear systems.
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