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Abstract— Attitude control of launch vehicle in atmospheric
phase is a challenging problem which involves ensuring stability
for a time-varying plant with minimal tracking error and
effective wind disturbance rejection. This paper deals with
design of a robust controller for attitude control in atmospheric
phase with slosh and flexibility dynamics included. Standard
linearized time-slice based model is adopted as baseline model
for control design. A robust super twisting sliding mode
controller is designed to handle the uncertainties in plant model
and achieve the desired response. Super-twisting sliding mode
control law is derived for an attitude tracking problem of the
launch vehicle. Performance is augmented by using the
saturation function instead of signum function in the controller.
Robustness of the proposed controller algorithm is validated in
presence of liquid engine slosh, structure flexibility and the wind
disturbance. Stability validations and time domain responses
presented in the paper reinforces the ruggedness of the proposed
controller.
Keywords— Launch Vehicle Control, Robust Control, Sliding
Mode Control, Super-Twisting Sliding-Mode Control, Launch
Vehicle flexibility, Liquid Engine Sloshing

I. INTRODUCTION

Launch vehicle control is a challenging problem
owing to the complexity in terms of time varying flexibility
dynamics, sloshing in liquid engines along with aerodynamic
disturbances. Attitude control is a critical aspect of launch
vehicle operation, ensuring that the vehicle upholds the
desired orientation throughout its flight. Accurate attitude
regulation is not only to cater for aerodynamic load on vehicle
but also essential for achieving precise trajectory tracking and
successful payload deployment. Stabilizing an inherently
unstable launch vehicle (vehicle with positive aerodynamic
disturbance moment coefficient ) subjected to aero
disturbances and structural and flexibility effects makes
attitude control problem more challenging. A robust control
design ensures precise orientation tracking despite external
disturbances, structural flexibility and internal couplings such
as fuel slosh. Ineffective control may lead to mission failure
or excessive guidance correction that results in payload
penalty. Traditionally, launch vehicles have employed
classical gain-scheduled control strategies, where gains are
designed for a linearized plant at specific points (time-sliced
approach) over the flight envelope. Designed gains are

adjusted or interpolated along the flight envelope. In general,
design based on linearized plant and gain-scheduling along
the trajectory is an effective approach in this field. However,
various conventional as well as modern approaches are
available in the literature.

 Conventional proportional integral and derivative
(PID) controllers with appropriate filters for flexibility and
slosh dynamics is also a viable solution cited in the literature.
PID based approach further augmented with various load
relief algorithms during high dynamic pressure regime of the
ascent flight [1, 2]. In [3], Active Disturbance Rejection
Control(ADRC) based continuous-time predictive controller
is designed wherein wind disturbance is estimated by
Generalized Extended State Observer (GESO). Adaptive
methodology based controllers are also cited in literature, as
given in [4] where Lyapunov based adaptive PD and PID
controller in Model Reference Adaptive Control (MRAC)
technique for a highly unstable launch vehicle is designed. It
provides better performance than conventional gain
scheduling approach in terms of tracking error.

One important aspect of launch vehicle control is the
utmost ruirement of robustness, due to uncertainty in terms of
disturbances, un-modelled dynamics and parameter
perturbations. Induced angle of attack in response to the
winds and other disturbances like separation disturbances
must be controlled specifically in the region where dynamic
pressure is high.

Higher order controllers are also implemented as
explained in [5], wherein a robust 𝐻ஶ  based controller is
designed for the attitude control. Transfer function of the
simplified model (neglecting component due to wind) is
considered for the automatic weight selection algorithm of
the 𝐻ஶ Controller and its robustness is analyzed. Similarly,
an 𝐻ஶ  controller is designed and compared with classical
controller in [6].

 In field of robust control, variable structure control
i.e. Sliding Mode Control (SMC) is also an effective tool to
design a robust controller. SMC techniques have gained
attention as it is highly robust as providing strong resistance
to model uncertainties, parameter changes and external
disturbances. It drives the system’s trajectory onto a
predefined sliding surface, wherein the system behavior
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remains unaffected by these imperfections once it reaches the
sliding mode. Sliding mode in the context of control system
was introduced by Utkin [7], since then it is successfully
applied to a wide range of systems, including robotics,
automotive control, and aerospace applications [8-10].
Among these, the Super-Twisting Sliding Mode Control
(STSMC) algorithm, a second-order SMC method, offers
notable advantages including finite-time convergence and
reduced chattering without ruiring measurement of the
derivative of the sliding variable. These features make it
particularly suitable for aerospace systems, where
maintaining smooth and reliable control is essential.In view
of the above, variable structure based approach i.e. sliding
mode is a suitable candidate for the launch vehicle control
due to its inherent robustness.

              STSMC is used in [11] to deal with slosh dynamics
of launch vehicle whereas in the present study, flexibility
dynamics and wind disturbance are also added to the vehicle
model. Further, work is extended by deriving generalized
STSMC for attitude tracking problem. Sign function of
STSMC is updated with saturation function as explained in
[9].

 In present study, a detailed model of launch vehicle
consisting of flexibility, slosh, and actuator is considered.
Here, simulation study mainly focuses on the application of
the STSMC algorithm to a linear model of a launch vehicle,
which incorporates structural flexibility and propellant slosh
dynamics, two effects known to significantly influence
vehicle behavior during ascent. To evaluate the robustness
and performance of the proposed control scheme, a
representative wind disturbance profile is introduced,
consisting of an initial ramp input (shear), followed by a gust,
and finally a constant wind phase. This profile simulates
realistic environmental conditions encountered during launch
and allows for a comprehensive assessment of the control
algorithm’s disturbance rejection capability.

Simulation results demonstrate that the STSMC
provides effective attitude stabilization and disturbance
attenuation under the defined conditions. The findings
highlight the suitability of the super-twisting approach for
launch vehicle control, offering a robust and high-
performance alternative to conventional gain-scheduled or
PID-based controllers, especially in scenarios where vehicle
flexibility, sloshing , parametric uncertainties and
disturbances play a significant role.

II. MATHEMATICAL MODEL

Mathematical model of the launch vehicle is
considered as given in [1], [6], [11]. Dynamics of an unstable
launch vehicle in longitudinal plane is explained by means of
mathematical model given by (1).

   Linearized motion of the launch vehicle in pitch
plane can be written as𝑧̈ = −்೅ି஽௠ 𝜃 − ௅௠ഀ 𝛼 + ೎்௠ 𝛿𝜃̈ = 𝜇ఈ𝛼 + 𝜇௖𝛿 

where 𝛼 = 𝜃 + ௭̇௏ + 𝛼௪ . 𝑧  is normal displacement of the
vehicle in 𝑍ூ  axis. 𝐷  is drag, 𝑚  is mass of vehicle, 𝜃  is
attitude angle of the vehicle relative to inertial frame. 𝑉 is
forward velocity of the vehicle and 𝛼௪ is the gust angle of
attack of the vehicle. 𝑇  is  defined  as  total  thrust  of  the
vehicle given by 𝑇 = 𝑇௖ + 𝑇௦ ; where 𝑇௦  is non-swivelled
thrust.

Fig.  1. Launch vehicle geometry in longitudinal direction.

A. Slosh and Flexibility Dynamics
Mathematical Model is further augmented with

linear model of slosh and flexibility dynamics. Simple
pendulum model of slosh is considered as explained in [1],
[11]. Γ̈௣ = ଵ௅೛ ቂ− ஊிೋ௠బ +

(௟೛ି௅೛)ூ Σ𝑀௬ − 𝑈̇଴Γ௣ቃ 

forces and moments of slosh phenomenon can be
expressed as Σ𝐹௭ = 𝑇௖𝛿 − 𝐿ఈ𝛼 +𝑚௣𝑈̇଴Γ௣Σ𝑀௬ = 𝑇௖𝑙௖𝛿 + 𝐿ఈ𝑙ఈ𝛼 −𝑚௣𝑙௣𝑈̇଴Γ௣ 

where, 𝐿௣ is the length of the pendulum considered
for the slosh dynamics, 𝑙௣  represents distance of the hinge
point from the origin of the body axis of the system,Γ௣ is slosh
angle,𝑚଴ is the vehicle mass without the slosh mass. 𝐼 is the
moment of inertia,𝑈̇଴ is forward acceleration and 𝑚௣ is mass
of the pendulum.

Similarly, uation for the flexibility can be expressed
in terms of generalized coordinate 𝑞.𝑞̈ = − ೎்஍೅௠೜ 𝛿 − 2 ∗ 𝜁௤𝜔௤𝑞̇ − 𝜔௤ଶ𝑞 

 where 𝑚௤  is generalized mass of bending mode, Φ்
represents modal displacement, 𝜔  is fruency and 𝜁௤  is
damping of first bending mode. 𝑞  represents generalized
coordinate for first bending mode. Bending modes are
generally normalized at thrust location so here Φ்  is
considered as unity [1]. Engine dynamics is not considered in
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(4).  (1)  can  be  augmented  further  with  the  slosh  and
flexibility dynamics as𝜃̈ = 𝜇ఈ𝛼 − 𝜇௣Γ௣ + 𝜇௤𝑞 + 𝜇௖𝛿; 

where slosh angle dynamics given asΓ̈௣     =
1𝐿௣ ൤(𝑙௣ − 𝐿௣)𝜇௖ − 𝑇௖𝑚଴൨𝛿

+
1𝐿௣ ൤𝐿ఈ𝑚଴ + (𝑙௣ − 𝐿௣)𝜇ఈ൨ 𝜃− ଵ௅೛ ቂቀ1 +

௠೛௠బቁ 𝑈̇଴ + (𝑙௣ − 𝐿௉)𝜇௣ቃ Γ௣ 

Here, aerodynamic, thrust and sloshing coefficients
are defined as

𝜇ఈ =
𝐿ఈ𝑙ఈ𝐼 ,𝜇௖ =

𝑇௖𝑙௖𝐼 , 𝜇௣ =
𝑚௣𝑙௉𝑈̇଴𝐼 ,𝜇௤ = − ೎்ூ೤೤ (𝑙௖𝜎் +Φ்)

where Φ்  represents modal displacement and 𝜎் is
slope of first bending mode at thrust location. 𝜇௤ is flexibility
coefficient.

B. State Space uation
In state space uation derivation, 𝛼 is replace by 𝛼 =

(𝜃 + ௭̇௏ + 𝛼௪).  State  space  uation  is  derived by using  (1)  to
(6). State vector is given by𝑥௣ = [𝜃, 𝜃̇, 𝑧̇, 𝑞, 𝑞̇, 𝜏௣ , 𝜏̇௣ ,𝛿௔ , 𝛿̇௔]்.

State-space uation with defined state vector can be
written as 𝑥̇௣ = 𝐴௣𝑥௣ + 𝐵௣𝑢 + 𝐵ௗ𝑑𝑦௣ = 𝐶௣𝑥௣𝑦௠ = 𝐶௠𝑥௣ 
 where matrices are defined as𝐴௣ =

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎡
0 1 0 0 0 0 0 0 0𝜇ఈ 0

𝜇ఈ𝑉 𝜇௤ 0 −𝜇௣ 0 𝜇௖ 0𝑏ଵ 0 − 𝐿ఈ𝑚𝑉 0 0 0 0
𝑇௖𝑚 0

0 0 0 0 1 0 0 0 0

0 0 0 −𝜔௤ଶ −2𝜁௤𝜔௤ 0 0 −𝑇௖Φ்𝑚௤ 0

0 0 0 0 0 0 1 0 0𝑏ଶ 0 0 0 0 𝑏ଷ 0 𝑏ସ 0
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 −𝜔௔ଶ −2𝜁௔𝜔௔ ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎤


𝐵௣ = ൤0 0 0 0 0 0 0 0 𝜔௔ଶ൨்
𝐶௣ = [1  0  0  0  0  0  0  0  0]; ;

𝐶௠ = ൦1 0 0 𝜎௤ 0 0 0 0 0
0 1 0 0 𝜎௤ 0 0 0 0
0 0 1 0 0 0 0 0 0

൪ ;

𝐵ௗ = ൤0 𝜇ఈ − 𝐿ఈ𝑚   0  0  0  0  0  0 ൨்
Here, 𝑢 is control input i.e. commanded deflection𝛿௖ and disturbance 𝑑 is wind induced angle of attack 𝛼௪. 𝑦௣

is output i.e. attitude angle of vehicle relative to inertial
frame. 𝑦௠ is measured output vector consists of attitude and
rate with flexibility component and 𝑧̇ (normal velocity of the
vehicle in ZI axis) . Coefficients of matrix 𝐴 defined as 𝑏ଵ =−்೅ି஽ା௅ഀ௠ , 𝑏ଶ = ଵ௅೛ ቂ௅௠ഀబ + (𝑙௣ − 𝐿௣)𝜇ఈቃ , 𝑏ଷ = − ଵ௅೛ ቂቀ1 +௠೛௠బቁ 𝑈̇଴ + (𝑙௣ − 𝐿௣)𝜇௣ቃ , 𝑏ସ = ଵ௅೛ ቂ(𝑙௣ − 𝐿௣)𝜇௖ − ೎்௠బቃ . Here,

in 𝐶௠ matrix, effect of vehicle flexibility in attitude and rate
measurement by the sensor is considered. 𝜎௤  represents
bending mode slope at sensor location.

III. CONTROL LAW DESIGN

In  the  present  section  STSMC  control  law  for  the
system given by (7) is derived. Ideal actuator dynamics are
assumed along with nominal plant characteristics for control
law derivation. Flexibility, slosh and actuator dynamics are
modelled in simulation studies provided in section(5) to
demonstrate the performance of proposed control law.
Vehicle dynamics given by (5) can be written as𝜃̈ = 𝜇ఈ ቀ𝜃 + ௭̇௏ + 𝛼௪ቁ − 𝜇௣𝜏௣ + 𝜇௤𝑞 + 𝜇௖𝛿௖ 

Rewriting (8) and following procedure given in [9], [12] as𝜃̈ = 𝑓௫ + 𝑓ௗ + 𝑔𝑢 

 where 𝑓௫ = 𝜇ఈ𝜃 + 𝜇ఈ ௭̇௏ − 𝜇௣𝜏௣ + 𝜇௤𝑞 , 𝑓ௗ = 𝜇ఈ𝛼௪  is wind
disturbance, 𝑔 = 𝜇௖  is control moment coefficient of vehicle,
and 𝑢 is nozzle deflection command 𝛿௖. Now, sliding mode
surface can be defined in such a way that its relative degree
with respect to control input is one [13].𝑆 = (𝜃̇௖ − 𝜃̇) + 𝜆(𝜃௖ − 𝜃) = 𝑒̇ + 𝜆𝑒 

 Here, 𝜃௖ and 𝜃̇௖ are desired attitude and rate respectively and𝑒 is tracking error. Sliding surface 𝑆 reaching towards zero
ensures stable attitude dynamics of the vehicle for a positive𝜆 > 0 . Super-twisting sliding mode controller can be
designed for launch vehicle dynamics (defined by (9)) as𝑢 = ଵ௚ (−𝑓௫ − 𝑓ௗ − 𝑢ଵ) 𝑢ଵ = −𝐾ଵ|𝑆|

ଵଶ𝑠𝑖𝑔𝑛(𝑆) + 𝜈𝜈̇ = −𝐾ଶ𝑠𝑖𝑔𝑛(𝑆)
 Here,𝐾ଵ , 𝐾ଶ  are control gains satisfying,𝐾ଵ > 0 , 𝐾ଶ > 0 .
Control law given by (11) can be written as

𝑢 =
1𝜇௖ ൬−𝜇ఈ𝜃 − 𝜇ఈ 𝑧̇𝑉 + 𝜇௣𝜏௣ − 𝜇௤𝑞 − 𝜇ఈ𝛼௪

+𝐾ଵ|𝑆|
భమ𝑠𝑖𝑔𝑛(𝑆) − 𝜈ቁ 

 If the information of disturbance 𝛼௪ and dynamics of slosh
and flexibility are not available then nominal control law can
be redesigned as,𝑢 = ଵఓ೎ ቀ−𝜇ఈ𝜃 − 𝜇ఈ ௭̇௏ + 𝐾ଵ|𝑆|

భమ𝑠𝑖𝑔𝑛(𝑆)− 𝜈ቁ 
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Fig.  2.  Schematic block diagram of control law given by (13)

In control law given by (13), term (𝜆|𝑆|
భమ𝑠𝑖𝑔𝑛(𝑆))

drives sliding surface to zero, and −𝜈 compensates for total
disturbance similar to integral effect of PID controller. These
two terms are critical in providing robustness in the absence
of information regarding wind-gust angle , flexibility and
slosh dynamics. It also provides robustness against
parametric uncertainties in launch vehicle like dispersion in
control-moment coefficient , aerodynamic disturbance
coefficient etc. Present study mainly focuses on robustness
property of super twisting algorithm towards wind
disturbance, flexibility and slosh dynamics. Super-twisting
sliding mode is a continuous control law wherein high
fruency switching is circumvented by means of integration of
sign of sliding surface as given in (11).

Control law give by  (13) is designated as SMC1. In
order to incorporate tracking error dynamics in the control
design [10], control-law is derived by means of sliding
surface dynamics of (10).𝑆̇ = (𝜃̈௖ + 𝜆𝜃̇௖)− (𝜃̈ + 𝜆𝜃̇)𝑆̇ = 𝐾ఏ೎ − 𝑓௫ − 𝑓ௗ − 𝑔𝑢 − 𝜆𝜃̇ 
 where 𝐾ఏ೎ = (𝜃̈௖ + 𝜆𝜃̇௖) term is due to commanded attitude
dynamics and 𝑓௫ ,𝑓ௗ  and 𝑔  are defined in (9). Resulting
control law derived from dynamics of (14) is augmented with𝐾ఏ೎  and 𝜆𝜃̇ terms and given as𝑢 = ଵఓ೎ ቀ𝐾ఏ೎ − 𝜇ఈ𝜃 − 𝜆𝜃̇ − 𝜇ఈ ௭̇௏ +𝐾ଵ|𝑆|

భమ𝑠𝑖𝑔𝑛(𝑆)− 𝜈ቁ 

Control law given by (15) is designated as SMC2, as
generalized version of SMC1 and can be used either in
attitude tracking or regulation problem.

IV. STABILITY ANALYSIS

Close loop stability is analyzed by means of
Lyapunov function, from (14)𝑆̇ = 𝑒̈ + 𝜆𝑒̇ = ൫𝜃̈௖ − 𝜃̈൯ + 𝜆(𝜃̇௖ − 𝜃̇) 

Substituting 𝜃̈ from (9), with assumption that only
nominal value of 𝑓௫, and 𝑓ௗ , i.e. 𝑓௫଴ , and 𝑓ௗ଴, respectively are
known. Here, 𝑓௫଴ = 𝜇ఈ𝜃 + 𝜇ఈ ௭̇௏  and 𝑓ௗ଴ = 0  as no
information of wind disturbance is available to controller.In
general, exact information regarding dynamics and
disturbances are not known. One can also asses impact of
parametric uncertainty by using these nominal values. Now,
sliding surface dynamics can derived from (9) and (15) as𝑆̇ = −𝑓௫ + 𝑓௫଴ − 𝑓ௗ − 𝐾ଵ|𝑆|

ଵଶ𝑠𝑖𝑔𝑛(𝑆) + 𝜈𝑆̇ = 𝑑̅ − 𝐾ଵ|𝑆|
భమ𝑠𝑖𝑔𝑛(𝑆) + 𝜈 

 where 𝑑̅ = −𝑓௫ + 𝑓௫଴ − 𝑓ௗ  represents total disturbance need
to be compensated by the controller. Rewriting sliding mode
dynamics in compact form as given in [14]𝑆̇ = −𝐾ଵ|𝑆|

భమ𝑠𝑖𝑔𝑛(𝑆) + 𝜈̅ 𝜈̅ is defined as 𝜈̅ = 𝑑̅ + 𝜈.
Now defining Lyapunov function 𝑍 as𝑍 = Ψ୘ 𝑃 Ψ 

 and state vector Ψ given by

Ψ = ቎|𝑆|
ଵଶ𝑠𝑖𝑔𝑛(𝑆)𝜈̅ ቏

 Here 𝑃 is a symmetric metric with 𝑃 > 0. Derivative of state
vector Ψ  can  be  written  in  matrix  form,  by  definingௗௗ௧ ቀ|𝑆|

భమ𝑠𝑖𝑔𝑛(𝑆)ቁ = ଵଶඥ|ௌ|
∗ (−𝐾ଵ|𝑆|

భమ𝑠𝑖𝑔𝑛(𝑆) + 𝜈̅) by means

of (18). Derivative of state vector is defined ∀𝑠, except at 𝑆 =
0 due to the discontinuity of sign function at zero.Ψ̇ = |𝑆|ିభమ 𝐴௩ Ψ 

Here 𝐴௩ = 𝐴௩଴ + Δ𝐴௩
𝐴௩଴ = ቎−𝐾ଵ2

1
2−𝐾ଶ 0
቏ ,Δ𝐴௩ = ቎0 0𝑑̇̅ 𝑠𝑖𝑔𝑛(𝑆) 0

቏
Rewriting Δ𝐴௩  matrix in terms of maximum

disturbance bound 𝑑̇̅௠௔௫ such that 𝑓௩ is always ≥ 1Δ𝐴௩ = 𝐶௩ 𝑓௩ 𝑒௩
 where𝐶௩ = ቂ0

1
ቃଶ×ଵ ,𝑓௩ = ቆ 𝑑̇̅𝑑̇̅௠௔௫ቇ , 𝑒௩ = ൣ𝑑̇̅௠௔௫𝑠𝑖𝑔𝑛(𝑆) 0൧ଵ×ଶ

Now derivative of Lyapunov function is obtained as

𝑍̇ = |𝑆|ିଵଶ Ψ்(𝐴௩்𝑃 + 𝑃𝐴௩)Ψ𝑍̇ = |𝑆|ିଵଶ Ψ்{(𝐴௩଴ + 𝐶௩ 𝑓௩ 𝑒௩)்𝑃
    +𝑃(𝐴௩଴ + 𝐶௩ 𝑓௩ 𝑒௩)}Ψ 

Now from Lyapunov theorem defining 𝐴௩்𝑃 +𝑃𝐴௩ = −𝑄 𝑍̇ = −|𝑆|ିభమ Ψ்(𝑄)Ψ 
Here, gains of super-twisting controller are chosen

such that 𝐴௩଴ is Hurwitz, and existence of 𝑃 > 0 for 𝑄 > 0
ensures the stability of dynamics given by (20). Reader may
refer to [14] for finite time convergence analysis.

V. SIMULATIONS

Simulations with actuator dynamics, wind
disturbance profile, bending and slosh dynamics are carried
out to showcase the efficacy of proposed algorithm in launch
vehicle control. Sliding surface is selected as 𝑒̇ + 2𝑒 to fulfill
settling time ruirement of 2 sec for attitude dynamics . Super-
twisting gains 𝐾ଵ = 0.6708 and 𝐾ଶ = 0.11 are designed as
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per [13, 14] and then tuned iteratively based on simulation
results. Performance comparison of SMC1 controller with
signum (Sign) and saturation (Sat) function is carried out. It
is found that, super-twisting controller reduces chattering,
and can be further reduced by saturation function with
appropriate error band 𝑒௟௜௠ . Comparison with both the
functions are shown in Fig(3).

Signum (Sign) function of the controller is replaced
with saturation function defined as [9].

𝑠𝑎𝑡(𝑆) = ൞1 𝑆 > 𝑒௟௜௠ௌ௘೗೔೘ |𝑆| ≥ 𝑒௟௜௠−1 𝑆 > 𝑒௟௜௠ 

 In present simulation 𝑒௟௜௠  is taken as 0.1 deg. Simulation
results with actuator dynamics of 6Hz and damping of 0.7, 1
flexible mode with fruency 3Hz and damping of 0.01 is
considered. Slosh and other parameters of launch vehicle are
given in the Table(1). Initial conditions of launch vehicle
considered as zero except initial position of 1 deg and rate of
2deg/sec. Commanded attitude and rates are taken as zero.

Fig. 3. Comparative study for signum and saturation function in super-
twisting sliding mode control

TABLE  I: Launch vehicle parameters

parameter value𝑙௖: control arm 21 m𝑇: thrust 6.4 × 10ହ𝑁𝐼௬௬: moment of inertia 4 × 10଺𝑘𝑔 − 𝑚ଶ𝑚௢ : vehicle mass without slosh 50580 kg𝑚௣ : pendulum mass 2500 kg𝑈̇଴:forward acceleration 12 𝑚/𝑠ଶ𝜇௖: control moment coefficient 3.36 𝑠𝑒𝑐ିଶ𝐿௣: pendulum length 2.73 m𝑙௣: hinge point to CG 5.56 m𝜎௤: bending mode slope at sensor location -0.0127 rad/m𝜎்: bending mode slope at thrust location 0.015 rad/m𝑙ఈ: aero moment arm 15 m𝐿ఈ: Lift coefficient 3.2267 × 10ହ N/rad

V: forward velocity of vehicle 170 m/s𝜇௤: bending mode coefficient -0.2104 𝑠𝑒𝑐ିଶ

𝑚௤ : generalized mass of bending mode 4000 kg𝜔௔: actuator frequency 37.6991 rad/s𝜁௔: actuator damping 0.7𝜁௤: bending mode damping 0.01𝜔௤: bending mode frequency 18.8496 rad/s𝜇௣: slosh mode coefficient  0.0417 𝑠𝑒𝑐ିଶ
Comparative study between SMC1 controller given

by (13) and SMC2 controller given by (15) is carried out for
the attitude regulation problem.

In simulation, a typical wind profile is selected to
test robustness of SMC controller. Till 8 sec a ramp wind
profile followed by a wind gust and then constant wind is
considered. In Fig.(4) , profile of wind disturbance is given.
As response to wind disturbance , angle of attack 𝛼 profile of
launch vehicle is shown. Initial overshoots in 𝛼 and attitude𝜃 is higher in SMC1. SMC2 output is smoother as compare
to SMC1 as shown in steady state rate in Fig(5). Performance
of SMC2 is better even in regulation problem because of
additional term 𝜆𝜃̇ in the control law.

Fig.  4. Wind disturbance angle 𝛼௪ and angle of attack 𝛼 of the vehicle
States related to flexibility, slosh and actuator are

plotted in Fig(6). 3Hz bending fruency of considered mode is
visible in plot of generalized coordinate 𝑞.

Additional term 𝜆𝜃̇  added in SMC2 improves
performance and reached sliding surface smoothly as shown
in Fig (7,8).
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Fig. 5.  Attitude, rate, normal velocity and engine deflection of the vehicle

VI. CONCLUSION AND FUTURE SCOPE

In the present study super-twisting sliding mode
controller is applied to the launch vehicle with slosh and
flexibility dynamics. In presence of wind disturbance vehicle
is  able  to  regulate  the  attitude  by  means  of  robust
performance of controller. No additional information of slosh
and bending mode is used in super-twisting algorithm. Study
further can be extended with detailed stability analysis. Wind
disturbance observer can be integrated with the proposed
algorithm to reduce bounds of uncertainty present in the real
scenario. Classical linear control based analysis of super
twisting by means of describing function or gain design for
super twisting controller of launch vehicle based on classical
algorithms can also be a future scope of the study.

Fig.  6. States related to slosh, flexibility and actuator
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Fig.  7. sliding surface

Fig.  8. Phase plane of sliding surface
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