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manage the unknown time-varying aircraft parameter uncertainty and un-modeled cou-
pling perturbations. The employed adaptivity relaxes the required knowledge of the per-
turbation bound, the suggested sliding surface improves the system stability and bypass-
ing the SMC reaching phase enhances the performance robustness. The effectiveness of the

Keywords:

Adaptive second-order SMC scheme in providing low tolerance responses with respect to the basic controller is illus-
Aircraft roll stabilization trated through extensive simulations. The response is more appreciated when the system
Disturbance rejection operates in a high angle of attack/sideslip conditions.

Performance robustness

Robust control © 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Aircraft controllers are expected to provide accurate command tracking. A robust, well-tuned controller will suppress
external disturbances and make the system insensitive to parameter uncertainty. Due to nonlinear and time-varying nature
of an aircraft system, its controller design is a tough task. Traditionally, Gain Scheduling Proportional-Integral-Derivative
(GS-PID) controllers are utilized for handling different types of the system manoeuvres.

Apart from GS-PID other robust control techniques have also been developed that could be applied. An approximate
constraint-following based adaptive robust control scheme for control of uncertain mechanical systems has been proposed
in [1]. The robust Fractional Order PID design which is widely used for control of uncertain systems has presented in [2].
Aircraft roll angle control using Hy, has been studied in [3,4]. In [5], a robust backstepping-based aircraft roll dynamics
control has been discussed. Modern aircrafts often exhibit a limit cycle oscillation in the roll angle known as the "wing
rock phenomenon” at a high angle of attack operations; a simple adaptive control has been worked out to suppress this
oscillation in [6]. A two-loop PI/linear active disturbance rejection control and H,, control scheme has been suggested in
[7]; where the outer loop enforces trajectory tracking and the H., inner loop keeps attitude under control.

Another type of robust control methods with numerous applications is the sliding mode control. The attitude fault-
tolerant control of a satellite with reaction-wheel failures, uncertainties, and unknown external disturbances using a third-
order SMC has been proposed in [8]. SMC for control of nonlinear-uncertain magnetic levitation process has been reported
in [9]. Using an adaptive second order sliding mode for fault detection has been reported in [10]. A direct power control
strategy based on SMC is implemented to enhance the robustness of the doubly-fed induction generator in [11]. Design of an
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intelligent controller for reduction of chattering phenomenon resulting from SMC in control of robotic arm has been found
in [12]. Fuzzy SMC for a nonlinear system control has been worked out in [13]. A novel second-order sliding mode control
to handle sliding mode dynamics with mismatched term has been introduced in [14]. Efficient vehicle braking on a non-
uniform road using an adaptive SMC strategy has been successfully implemented in [15]. Investigation on the application of
a novel robust adaptive second-order sliding mode tracking control technique for uncertain dynamical systems with matched
and unmatched disturbances has been reported in [16].

Regarding the application of SMC to aircraft control, an adaptive fuzzy sliding mode roll control of an aircraft under
high perturbations is discussed in [17]. In [18], a second-order sliding mode control for the altitude tracking of an aircraft
has been reported. Second-order sliding mode control has also been used to extend the flight envelope and reduce the
sensitivity to the parametric uncertainty and/or signal perturbations in [19]. The procedure for a frequency-domain-based
synthesis technique using pseudo-sliding mode for robust aircraft flight control has been presented in [20]. A comprehen-
sive strategy that combines improved fast non-singular terminal sliding mode control and an extended state observer to
solve the problems of uncertainty in the aeronautical field has been analyzed in [21]. In [22], a discontinuous SMC and a
super-twisting continuous control law are designed to control the aircraft system parameter uncertainties. Robust trajec-
tory tracking for unmanned aircraft systems using a non-singular terminal modified super-twisting SMC is another study in
control and guidance of aircrafts to contain the system uncertainty [23].

In the aforementioned studies, the level of uncertainty and disturbances are moderate; whereas higher levels of uncer-
tainty (30%) and perturbations (high angle of attack) may also become a concern, as it is analyzed here. The response ro-
bustness of the uncertain system is substantially improved by the proposed AS-SMC which the reaching phase is eliminated
by forcing the sliding surface to include the initial condition [24]. The adaptive gain automatically adjusts the controller
gain to track the “unknown” time-varying upper bound of the uncertainty. Introducing a sliding surface variable by a lin-
ear combination of the sideslip angle and the roll rate strengthens the algorithm to withstand strong perturbations. The
results indicate that the suggested scheme provides more coherent responses despite 30% variations in the aircraft aerody-
namic parameters than using the aircraft basic controller. This is supported by the theoretic proof and certified by numerous
simulations.

In the followings, AS-SMC is detailed in Section 2. In Section 3, the system dynamics and the basic controller are briefly
described. The application of the algorithm to the aircraft roll control is elaborated in Section 4. In Section 5, the simulation
results are presented and lastly, the conclusion comes in Section 6.

2. Modified adaptive second-order sliding mode control

Consider the following SISO uncertain nonlinear system,
7 =b(@,%) |87 (0| < dy
X=Xy i=1.n-1 [64(x)| < dg (1)
Xn = fo() +87(x) + 8 () (1 +8g(x))u,  go(x)(1—dg) >0

where ueR! is the system input, yeR! is the system output, xeR" is the system states, fy and gy are known functions and o5
and g are the unknown uncertain smooth bounded functions. The zero dynamics, 1 is presumed asymptotically stable and
without loss of generality, the origin is the desired steady state.

The first stage of the design includes introducing a stable sliding surface such as the following linear Hurwitz polynomial
one,

n-1
S=Xn+ Y CiXi (2)
-1

where the choice of ¢ determines the x decaying rate. The design objective is to present a control input u, to force s and
S to zero in a finite time despite uncertainty. In this respect, the control is partitioned into uy which cancels the known
dynamics and a switching control us to provide response robustness [25]. Where the exact upper bound of the uncertainty
is not available and or it is time-varying, adaptive gain yields better results. Moreover, the annoying chattering phenomena is
subdued if a filtered switching is applied. Those for a relative degree one system are interpreted as using AS-SMC. Therefore,
the issues are addressed together by a single super twisting switching control action as below,

U= U+ Us us = —gg'L{uy + us] 3)
up = ks|s|*>sign(s) Uy = —Tuy + sign(s)
where T is the filter time constant and L is a time-varying adjustable gain derived using the following adaptation law,
1 .
2 sl ss>0, |s|>c
L =41V sS < —C Lmin <L< l-, (4)

_ Y
Oor — 4 else
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In (4), @, y, ¢; and ¢, are the positive constants of appropriate value. L and Ly, are the upper and lower bounds of L
which is system dependent.
To establish the stability condition, the following Lyapunov function is utilized and its derivative is calculated,

V=14 la(l-1)?=

. . (5)
V=ss+a(l-L)L
s in (5) is obtained by taking the derivative of (2) and substituting the variables from (1) as given below,
n-1 n-1
S=kn+ Y ciki = fo®) + 3 X +87(0) + o) (1 + 8¢ (x))u (6)
i=1 i=1

The 1y component of u is assigned in a way to cancel out the known system dynamics (d; = §g = 0) as defined by,

n-1
up=—go' <f0 + ZCiXiH) (7)
i=1

Now, by inserting ug (7) and us (3) in (6), V (5) is obtained as follows,
V = 5(808glo + 87 — (1+ 8g)L(uy +u)) + (L — L)L (8)

In (8), &f is replaced by its upper bound, df and 1 + &g in the denominator by its lower bound, 1 — dg to reach the
following inequality,

. Sodguio + d ol - L)L dgtio +df|
V§(1+8g)5<1_dg—l~(ul+uz) + 1-d, ~ 14, =d<dn
. 05..: (L — L)s.sign(s)
V< s|:d — L(ks|s|*sign(s) + uz) + o4, 9)
<s(d—Lup) — <L_L +Lks|5|°‘5> Is|
1—d,
V <s(d - Luy)
Under zero initial condition, the response to u, (3) is expressed by,
1 TN
() = 7 (1= e ™)sign(s) (10)
Inserting (10) into (9) leads to,
V< s(d - %(1 - e‘”)sign(s)) (11)
For V to become negative definite, the following conditions have to be satisfied,
L > Tdy, I;:ﬂ>Td'm:>Ol<L., |d|<dm (12)
o Tdn

and this completes the proof.
To test the performance of the presented AS-SMC, it is used to control the following nonlinear perturbed system,

)21 =X
% =013 +u+d, d = 0.9%3 + 4sin(4t)

The system response and the L gain variation under the initial condition [1 4]T have been depicted in Fig. 1.

3. Aircraft dynamical model

An aircraft longitudinal motion is administered by the symmetric deflection of the elevators; while aileron deflection
controls roll and joint rudder-aileron manages the lateral-direction (yaw) motion. The 6-degrees of freedom compact math-
ematical model of an aircraft is denoted by the following equations,

x=f(x,u)
x=[V.B.o.p.qre 0,y ()
U =848 38]"
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Fig. 1. The AS-SMC control of the nonlinear system and variation in the gain L.

where V(speed), B(sideslip angle), o(angle of attack), p(roll rate), q(pitch rate), r(yaw rate), ¢(roll angle), 6(pitch angle) and
Y(yaw angle) are the state variables. The control surface command is delivered by u. The nonlinear roll rate and 8 motion
equations capable of representing the unstable behavior mode of the system is given by,

p= Ilpcza'v (B, 8ait 8rua - T) + InpCa + Lyyqr + Lzpq — L;1q
B=FfB.a6.0.pr1V,..)

where the [ variables (I, Inp, lyy, Ixz) are the system parameters. The nondimensional aerodynamic coefficients C’s (Cn, C;)
are the time-varying nonlinear functions which are often determined experimentally and expressed by some approximate
polynomials. As a result, the detailed p equation is obtained as below,

(14)

p = (0.0317q + V(0.0016c — 0.0023))p
+ (—0.8151q + V (-0.0071cr? + 0.0051cx + 0.0013))r
+107%V?(-5.63100* + 8.2890c> — 1.2350c? — 1.44600 — 0.19800) 8
+107°V?%(6.7510a> — 8.99200:% — 1.8360c + 49510)3,
+107%V?(-2.37a* — 4.068a> — 0.4970> + 0.594c + 4.959)8,4 (15)

which is picked from the set of equations expressing the coupled time-varying and nonlinear nature of the system detailed
in [17].

3.1. Aircraft control

The simplified already implemented aircraft basic flight control law is given by [26],

eter = (89 + 0.800)Ga(s)

1'1i+16r)cA(s) (16)

8ait = (—0.8p — 0.58 — 28)Ga(s)

Sy = (0.5ay +

where Gx(s) is the actuator model. Based on (16), the longitudinal motion is controlled using the angle of attack, o and pitch
rate, q. The directional control uses yaw rate, r, and lateral acceleration . The roll rate control is initiated by feedback from
the roll rate, p. However, it is recognized insufficient in handling the unmodeled coupling among variables especially when
the system is perturbed by high angle of attack and /or sideslip perturbations. Thus, two extra 8 and ﬁ feedback loops are
added to the control system. By this provision not only p is damped, but also 8 and S oscillations are better subdued.
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Fig. 2. Uncertain Kg and Kj,; parameters of p- (17).

3.2. Roll aerodynamic uncertainty
To differentiate the variable couplings and un-modeled dynamics from the rest of the model, Eq. (15) is rewritten as
(17)

below,
p=Kp(a)p+Kg(a)B + Ky (@)1 + d(.)

d(.) =0.0317qp — 0.8151qr + Ky (o)1 + Ky () 810
where d(.) is the total perturbation. To analyze the system uncertainty, a set of random systems by applying 30% tolerance
to the coefficients of (17) is generated. The variation in Kg versus « has been portrayed in Fig. 2(a) and the variation of Ky
has been depicted in Fig. 2(b), which is more or less compatible with 30% tolerance applied.
Now, the prime question here is to what extent the randomness applied to the parameters of (17) affects the system
response. From the viewpoint of robust design and practical implementation, the response tolerance has to be minimized

and the flight stability has to be secured.

4. AS-SMC roll control design
To start the AS-SMC design, the basic control law configuration is valued and a weighted combination of p and B is
(18)

formed as a new control variable,
z=p+wp
Indeed the sliding mode control based on just p feedback cannot provide the desired result as it is also understood
before, in the basic control law design (16). By combining p (17) and 8 (14), the z dynamical equation is obtained,
(19)

Z =00z +boday + Ao +d(),  [d()] <3
where 0 subscript refers to the nominal values and positive § is the uncertainty bound.

Remark: Only the roll related aerodynamic parameters are exposed to the uncertainty.
Assumptions 1: The basic controller stabilizes the nominal system states including 8 [26].
Assumptions 2: The initial conditions are within the region of attraction of the basic control law [26].

Except for the apw/ term, the rest of the w/ dynamics are collected in Ay, since the uncertainty is only applied to the
roll aerodynamic parameters (Assumption 1), otherwise, other control loops have to be redesigned similarly.

Considering the stability of the 8 loop (Assumption 2), the p variable asymptotical stability is achieved if the following

error function is forced to zero by some appropriate control action,

(20)

(21)

€=2—29 =P — Ptrim +W(IB - ﬂtrim)
To apply AS-SMC, the sliding surface given below with the relative order one is utilized,

s=e—e(0) +A/e(t)dt
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The sliding surface (21) is designed such that the initial state is on the sliding surface (reaching phase free). The choice of
A determines the speed of sliding on the sliding surface to reach the equilibrium point which higher value of A corresponds
to faster settling time. The aileron equivalent control signal stabilizing the nominal system is obtained using s, assuming the
aileron deflection limit is not violated, as below,

Ss=é+Are=0 for t>0
S=age+bodg + Ao +d()+re, |d()| <$ (22)

up = —bj’ (aoe + Ao+ d+ Ae)

where d is a rough estimate of d which even may be taken to be zero, d=0. Due to uncertainty in d, maintaining ro-
bust response requires a complementary switching SMC signal to administer the existing tolerance. This is achieved by the
following adaptive super twisting second-order switching law copied from (3) and (4),

us(s) = —bo ' L[ks|s|"2sign(s) + u1 ]

1 = —Tuy + sign(s)
Lls| $>0, |s|>¢
L={-y SS < —Cy Lin <L <L (23)

v
Oor—4; else

where o, y, ¢, ¢; and ks are some positive numbers with system-dependent appropriate values. Ly, and L are the lower
and the upper bound of the time-varying adjustable gain L. Applying both continuous and switching control laws and fol-
lowing the stability proof line given in (9) leads to,

V=124 la(l-L)?

V =s(ape + bo(uo + us) + Ag+d+ Ae) + a(L - L)L

Vo s(d —d - Luy - L[k|s|"sign(s) ]) + (L—D)s.sign(s) (24)
V <s(eg— L(1—e)sign(s)), eq = ’d—dA)

V <s(eg — §(1—eT)sign(s))

For the system asymptotic stability, Eq. (24) has to become negative definite, which is satisfied under the following
conditions,

Sail—1p < Uo + Us < Sgii_usp
. (25)
L > max(ey)T, o< Tmax(ey)

5. Simulations

The system (1) with parameters reported in [17] is simulated in SIMULINK and a set of 50 random systems with 30%
tolerance in the parameters are generated. Then the basic controller and the proposed AS-SMC are employed to control
the set of random systems. The working point is the one used in [26] for studying the unstable falling leaf phenomena as
below,

x=[V B a p q r ¢ 6 Y|
Xrim=[1065 0 20 -1 2 25 35 19 Of

The aileron deflection angle bound (—25° to 45°) is also applied [26].

Four test scenarios are defined by introducing initial condition perturbations to the angle of attack and sideslip: 1) high
« and high B, 2) high o and medium $, 3) medium « and high $, 4) medium « and medium . The initial conditions are
taken within the attraction region of the basic controller (Assumption 2) since just the controllers’ response robustness is
examined.

In the first test, high « = 80 and B = 50 perturbations are introduced through the following initial condition,

Xmiit = [106.5 50 80 24 2 3 60 19 0]

The system responses have been depicted in Fig. 3. The responses with lower variance are the outcome of using the
suggested AS-SMC controller. The response tolerance is so much low as if no uncertainty has been applied to the system
parameters. This is also true for the other system states. Once the control reaches the sliding surface the system becomes
insensitive against disturbances because it won't be able to leave it; so SMC is robust only in the sliding phase; however,
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Fig. 3. The system response robustness under high « and § perturbations using (a) AS-SMC versus (b) the basic controller.
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Fig. 4. The AS-SMC behavior using w = 0 with a) A = 2 and b) A = 0.1.

where the sliding surface satisfies the initial condition forced by (21); the reaching phase is eliminated and overall robust-
ness is achieved [24]. The system response can be compared with using fuzzy sliding mode [17], where the simpler tuning
and design procedure is the advantage here. Since the initial condition is within the attraction region of the basic controller
(Assumption 2), the basic controller system remains stable but the response tolerance is poor.

The system response where p is used in place of z (w = 0) with A = 2 (fast sliding speed) leads to flight failure as shown
in Fig. 4(a). However, where A = 0.1 (slower sliding speed) is employed the stability is again restored Fig. 4(b). Thus, for the
robust adaptive second-order sliding mode roll control design, it is not enough to stands on just p feedback, using 8 is also
necessary. In other words, defining the sliding surface based on z extends the size of the system attractor.

In the second test, the initial condition,

Xmitiw = (1065 20 80 9 2 8 35 19 0]
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Fig. 5. The system response robustness under high « and medium 8 perturbations using (a) AS-SMC versus (b) the basic controller.
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Fig. 6. The system response robustness under medium « and high B perturbations using (a) AS-SMC versus (b) the basic controller.

is employed reflecting high « and medium S perturbation. The responses of both methods have been exhibited in Fig. 5.
More coherencies in the response (robustness) of AS-SMC are visible from the figure. Therefore, it is realized that the pro-
posed method outperforms the basic design. Moreover, less input control fluctuation is another salient point of the proposed

approach.
The initial condition for the third test is as below,

Xmii = [106.5 60 30 25 25 20 25 0 O]

corresponding to the medium « and high B perturbation. The system responses have been portrayed in Fig 6. Similar
conclusion is obtained again, i.e. better performance of random systems.
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Fig. 7. The system response robustness under medium « and B perturbations using (a) AS-SMC versus (b) the basic controller.

Lastly, the initial condition representing medium « and 8 perturbation is applied,
Xmitiq = [106.5 20 30 30 20 3 35 10 O]

The roll state responses and the required control efforts have been exhibited in Fig. 7. By comparing the roll responses, it
is easily verified that the proposed controller provides superior performance. Moreover, the task is achieved with very low
control efforts. The algorithm outcome under other working points within the region of attraction also proves the validity

of the findings.
In overall, the results indicate that the basic controller serves its task moderate even under a low angle of attack flight

execution with respect to the AS-SMC design.

6. Conclusion

In this paper, a robust aircraft roll control design is investigated to deliver low tolerance system responses. The system is
nonlinear with un-modelled dynamics and subjected to strong coupling and initial condition perturbations. In this respect,
(1) an AS-SMC design is developed and its stability proof is provided (2) It is reformulated for an aircraft roll dynamics
control by taking a linearly weighted p and B variables as the sliding surface variable (3) The reaching phase is bypassed by
introducing an appropriate sliding surface (4) Large 30% aerodynamic parameter uncertainty and initial conditions perturba-
tions are applied and the response tolerances are observed. The results indicate that the proposed controller provides lower
tolerance responses (performance robustness) than the behavior of the basic controller under various simulation scenarios.
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