IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received May 25, 2018, accepted June 28, 2018, date of publication July 5, 2018, date of current version July 30, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2853145

Attitude Control of Aircraft Using Only Synthetic
Jet Actuators When Stall Occurs

CHUNZHI LI

» TINGTING ZHANG, AND JIANYING YANG

State Key Laboratory for Turbulence and Complex Systems, Department of Mechanics and Engineering Science, College of
Engineering, Peking University, Beijing 100871, China

Corresponding author: Jianying Yang (yjy @pku.edu.cn).

This work was supported by the National Natural Science Key Foundation of China under Grant 11332001.

ABSTRACT This paper proposes a novel active flow control method for a special aircraft, that using only
synthetic jet actuators (SJAs) to achieve pitch-roll-yaw attitude control at a high angle of attack when the stall
occurs. The special aircraft goes without traditional aileron, elevator, or vertical stabilizer. As the first step,
the model of the aircraft is built and the relation between the velocity amplitude of SJAs and the moments
provided by SJAs are derived. The next step, to solve the problem that parameter uncertainties, unmodeled
dynamics, and unknown external disturbances exist in the aircraft system, a sliding mode controller base on
extended state observer (ESO) is designed. The parameter uncertainties, unmodeled dynamics, and unknown
external disturbances are regarded as the compound interference of the system, which is estimated by the
ESO and compensated in real time. Finally, the effectiveness of the proposed controller is verified through
the numerical simulations. Simulation results show that the proposed control method is feasible and effective
to solve the difficult problem of attitude control when the stall occurs.

INDEX TERMS Synthetic jet actuators, high-angle-of-attack, attitude control, extended state observer.

Re = Reynolds number based on C and Uy,
Re ~ 6 x 10°

A\ = reference area, 0.6 [m?]

Uso = freestream velocity, 30 [m/s]

u,v,w = speeds of aircraft in body frame, [m/s]

\% = SJAs’ excitation voltage [Volts]

Xx,y,z = positions of aircraft in earth frame [m]

o = angle of attack [deg]

¢ = roll angle [rad]

0 = pitch angle [rad]

01 = dihedral angle, 0.3 [rad]

v = yaw angle [rad]

P = air density, 1.225 [kg/m3]

I. INTRODUCTION

A stall is a condition in aviation and aerodynamics wherein
the AOA increases beyond a certain point such that lift begins
to decrease. At the onset of the stall, the air near the leading
edge of the wing separates from the wing surface, which can
cause the plane to crash. Fortunately, flow control using SJAs
has been shown [1]-[4] to effectively reattach the boundary
layer and at the same time reduce the wing’s frictional drag.
The SJAs originated from the idea of acoustic streaming [5].
Currently, most SJAs make use of piezoelectrically driven
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NOMENCLATURE

Agy = the VASJAs [m/s]

b1 = the distance between aerodynamic center
of tails and center of mass, 1000 [mm]

b> = the distance between aerodynamic center
of wings and center of mass, 500 [mm]

C = chord of airfoil, 300 [mm]

Clg, = the increment of lift coefficient caused by
SJAs

Cdgy = the decrement of drag coefficient caused
by SJAs

g = gravity acceleration [m/s?]

L = wing span of airfoil, 2000 [mm]

L, = reference length, 2000 [mm]

m = aircraft mass [kg]

mi, my, m; = atmospheric moment coefficients

Mgy = the control moments provided by SJAs
[N-m]

I, I, I,I,; =moments of inertia [kg- m?]

(0] = the mass center

p = roll rate [rad/s]

q = pitch rate [rad/s]

q = dynamic pressure, 0.5p Ugo

r = yaw rate, rad/s
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FIGURE 1. Synthetic jet actuator [2].

diaphragms to produce a synthetic jet. As shown in Fig. 1,
the SJA is constructed with a rigid sidewall cavity, an aper-
ture and a diaphragm (on the opposite surface). When the
oscillating membrane vibrates at a certain frequency [6],
the fluid from the surroundings is expelled (blowing stage)
and ingested (suction stage) through the aperture. Therefore,
jets generated by SJAs [7]-[9] have zero net mass but non-
zero momentum. The oscillatory motion of the SJA creates a
coherent vortex ring which delays flow separation and pro-
vides good control effect with zero net mass flux [10]-[12].
The advantages of using SJAs include compact structure,
low cost, quick dynamic response and simple and convenient
operation. Those make SJA a very efficient active flow con-
trol device.

There are many researches focusing on the SJAs’ effect
on aerodynamic parameters of the airfoil while few of them
have applied SJAs into flight control. Experiments con-
ducted by Neuburger and Wygnanski [13], Bar-Sever [14] and
Seifert et al. [11], effectively demonstrated that air separation
can be delayed and even be fully prevented by introduc-
ing fierce oscillations in the region of incipient separation.
Different active mechanical devices embedded in the bound-
ary layer were used in these experiments. Margalit ef al. and
Seifert et al. [15], [16] studied the theory of delta wing stall
roll control using segmented piezoelectric fluidic actuators.
Li and Yang [17], [18] applied SJAs to rolling control for
a straight airfoil at high AOA. Ciuryla et al. [19] integrated
SJAs with the aileron, elevator and rudder. It turned out that
the velocity change rate of Cessna’s body can be taken control
at low AOA by this integrated control system.

This present study focuses on applying only SJAs into
pitch-roll-yaw attitude control of a special aircraft at high
AOA. The aircraft occupies the following three characteris-
tics. The first one is that it does not have the traditional control
surfaces such as aileron, elevator and rudder. The second
is the aircraft has no vertical stabilizer. We get remove the
vertical stabilizer because it is heavy and usually its AOA is
small then the effect of the SJAs is not significant. To maintain
static stability, a horizontal stabilizer with dihedral angle is
designed as shown in Fig. 2, Fig. 3 and Fig. 4. The third is that
there are parameter uncertainties, unmodeled dynamics and
external disturbances in the aircraft system. They were com-
pensated by the ESO, as mentioned in [20] and [21]. It turned
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FIGURE 3. Front view of the aircraft.
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FIGURE 4. Top view of the fuselage.

out to have high efficiency in accomplishing the nonlinear
dynamic estimation [22]. Xia et al. [23] have applied the
ESO to control a missile systems, then they achieved attitude
tracking of a rigid spacecraft via ESO [24]. Considering the
above characteristics of the aircraft, we design a relatively
robust and practical control method based on ESO. The pitch-
roll-yaw attitude control, at high AOA, is realized by solely
using SJAs.

A preliminary conference version of this paper appeared in
Li and Yang [25]. The main improvement with respect to this
earlier work is the more reasonable and accurate calculation
of data and more effective and robust control method. The
approximate relation between voltage and VASJAs is also
considered.

Il. MODEL

When the aircraft is under the condition of stall, its control
surfaces almost disable to control aircraft effectively. In order
to achieve effective flight control, we place the SJAs on the
upper surface of the wings and horizontal stabilizers instead
of the traditional aileron and elevator, as shown in Fig. 2,
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FIGURE 5. Side view of the airfoil.

Fig. 4 and Fig. 5. It is also an innovation of this article that
the dihedral angle of horizontal stabilizer works coopera-
tively with SJAs to realize pitch-roll-yaw attitude control. The
horizontal stabilizers have a dihedral angle 8; = 0.3 [rad].
Both the wings’ and horizontal stabilizers’ airfoil profile are
NACAOQ015. The coordinate origin of body axes is set at the
mass center of aircraft, and the directions of each axis are
shown in Fig. 2.

A. THE RELATION BETWEEN MOMENTS AND VASJAS

The airfoil’s chord length C = 0.3 [m] and its character-
istic frequency f = 100 [Hz] when the freestream velocity
Us = 30 [m/s]. In our previous work [18], we found that the
lift coefficient improved by SJAs is optimal when the follow
conditions are met: (1) The frequency of SJAs is equal to the
characteristic frequency of the airfoil, that is, f = 100 [Hz];
(2) SJAs exit angle is set to 45 [deg]; (3) The SJAs is located
12% of the chord of the airfoil. So the placement of the SJAs
according to the above conditions is given as shown in Fig. 4
and Fig. 5. From Fig. 6 we can find that the stall occurs when
wings’ AOA is greater than 15 [deg] and the control efficiency
of the SJAs reaches best when wings” AOA is about 19 [deg].
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FIGURE 6. The lift coefficient vs. AOA.

Based on the above conditions, as long as the VASJAs
is less than the freestream velocity, the increase of airfoil’s
lift coefficient is quadratic to VASJAs as shown in Fig. 7.
The functional relation between VASJAs Ag; € R* and
the increase of airfoil’s lifting coefficient Clg; € R* as the
following equation (1)

Clsy; = fcig; (Asy;)
— 0000039243, + 0.0003291As;,. (1)
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FIGURE 7. Increment of lift coefficient vs. VASJAs.
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FIGURE 8. Decrement of drag coefficient vs. VASJAs.

where Agy,i € {1,2,3,4} are the components of the
VASJAs. As shown in Fig. 8, the decrease of airfoil’s drag
coefficient Cdgy € R* is quadratic to the VASJAs, too. Their
functional relation is described by equation (2)

Cdjer; = fedy,, (Asy)
= —0.0000099A§ 7, — 0.0002386A5;,, 2)
where i € {1, 2, 3, 4}.
From Fig. 9 [26], we can find that there is an approximate

relation between the VASJAs and SJAs’ excitation voltage
V eRr!

Asy, = fa(Vy)
~ 0.67Vi, V; < T0[Volss],i € (1,2,3,4)  (3)

B. NONLINEAR AIRCRAFT MODEL WITH SJIAS

Euler angle is used to describe the aircraft’s rotation with
respect to the earth frame and the following equations can
be obtained:

¢:> 1 singtan6 cos ¢ tand p
6 |=10 cos¢ sin ¢ q 4)
v 0 singsech cospsectd | | r
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FIGURE 9. VASJAs vs. the excitation voltage.

As being available in most flight dynamic textbooks,
the dynamic model of aircraft can be described by (5), as
shown at the bottom of this page.

The rearranged moment inertias are

I Iy,

gp = z ) gp = : ) gq = 7
(NS N NS
- S -
(U2 — L) UL - L)
P = Ixz(lx + Iz B Iy)
rq — _J2 ’
Il — I
P = Iz(ly — Iz) - Ifz
qr — 2 ’
LI, — I
14 =_1x_z, I}fIr:Ix_Z’ Iqrzlz_lx’
pp Iy Iy p Iy
T = Ix(Ix - Iy) +Ix22
12/ _J2 ’
LI — I
I = Ixz(ly - Ix - Iz)
qr — 2
LI -1,

Translational Dynamics as equations (6) and (7), as shown at
the bottom of this page

i %(Fx—mgSg)—qw—i—rv
\:1 = % (Fy + mgCgS¢) — ru+ pw (6)
w %(Fz—i—mgCngs) —pv+qu

where C, = cos(x), Sx = sin(x).

In the aircraft systems the following assumption is
considered.

Assumption 1: In the aircraft model equations (4)—(7),
only the attitude angle [¢,6, w]T, angular velocities
[p, g, r]" and speeds [u, v, w]” can be measured.

Assumption 2: For simplicity, we consider the pitch angle
control under the condition of —90 < 6 < 90 [deg].

In order to depict the aircraft model explicitly, we define
the states

¢ p X u
xi=[0 |, x2=|q|, X3=[y|, Xa=|[V |,
14 r Z w
(®)
hence, the equations of the nonliner system are as follows
X = fi(x1)x2, )
X2 = f>(X1, X2, X3, X4) + BMgy, (10
X3 = f3(x1)X4, (11)
X4 = fa(X1, X2, X3, X4), (12)

where Mgy € R is the control moments provided by SJAs,
the function f;, i € {1, 2, 3, 4} and matrix B are described as
follows

fi(x2)
1 sin¢gtanf  cos¢tan6
=10 cos¢g sin ¢ (13)
| Osingsecf  cos¢sectd
f2(X1, X2, X3, X4)
Lhapq + 14rqr
= | Ipp* + Ir* + Lhpr
Lypq + 15,.qr
& (mpy B + mhp + mlr)
+§S,L, gamia + m3é + miq) (14)
gioml B +ml B+ mlp + mlr)
f(x1)
B CQCI/,- S¢S9S¢- - C¢S¢ C¢S@C¢ + S¢S¢,
= C@ST/, S¢S@Sw + C¢C@ C¢S@S¢ — S¢C1/,
—Sp S¢Co CyCo

i (15)
Ja(x1, X2, X3, X4)

(Fx —mgSp) /m —gqw +rv

=| (Fy+ mgCgS¢) /m — ru + pw (16)
| (F+ mgC9C¢) /m— pv+ qu

- | Bupg + 1qr + &M + ghM,
I[;]pp2 + Igr’l + I[?rpr + gZLMy
L Bpg + a4 My + g M

+3S/Lr

gy (mfy B+ mhp +mlyr)

gmimla +mlo +miq) | )

g (mP B +mb B +mlp+mr)

X i CoCy  SpSeSy — CpSy CpSeCy + SpSy u
vy | =] CoSy  S¢SeSy +CpCo  CpSeSy — S¢Cy v . 7)
| Z i L —S(-) S¢C9 C¢C9 w
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a 0 &

B=|0 g 0] (17)
g 0 &4
It’s reasonable to suppose there is an approximate relation-
ship as eqation (18) based on the Fig. 7 and Fig. 8.
fca(Asy) = —kfci(Asy,), (18)

where k ~ 0.3,0 < Agy, <30[m/s],i €{1,2,3,4}.
Fw is the magnitude of the lift and drag changed by SJAs
in the wind frame, it is expressed as below

Fw = MwClgy, (19)
where My € R>** is an approximate conversion matrix from

lift coefficient Clg; to lift and drag changed by SJAs. The
matrix My is expressed as

1 -k -k —0.5k —0.5k
My = ZE]S, 0 0 0.5sin6; —0.5sin6; |,
-1 -1 —0.5c0s0; —0.5co0s6;

(20)

Therefore, the control moment Mg; € R> provided by SJAs
has the following form

-4 3
ZCISJj(lz’jng’i i 1312 ms mll)
Mg, = Zczsj(l*meB mly — zlemB mih| @1

ZClsjj(l]’jZmSI RN RN, ZmB muﬂ
=1 i=1 i

where the matrix / € R3** represents the distance from the
aerodynamic center of SJAs to each body-axis, named arm
of force matrix. According to the layout of the SJAs, we can
estimate the value of /. For example, from Fig. 2, Fig. 3 and
Fig. 4, we can conclude that the PBl=p2=0p33=134=
83 < 0. Mp is the transformation matrix from wind frame to
body frame which is given as

cosa cos B —cosasinfB  sina
Mp = sin 8 cos B 0 (22)
—sina cos B sina sin B cos o

Hence, the relation between the Mgy and the Clg;y is
Mg, = My Clgy, (23)

where the components of My have the following form
_IZJZm m' 1312 2,i lj
25 3 s Li ij 1 3.0 i
mM—lJZmBmW—l]Z my myy,

ll/ZmB mly) — 12/Zm3 mly, (24)

where i € {1,2,3},j € {1,2,3,4}.
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Then, take the equation (3) to (23), we get the following
equation

Mgy = My fci o fa(V). (25)

The equation (25) reveals the relation between the excitation
voltage of SJAs and the moments provided by SJAs. There-
fore, the equation (10) can be rewritten as follows

X2 = fo(X1, X2, X3, X4) + BMyfci o fa(V) (26)

Ill. EXTENDED STATE OBSERVER

The equations (1) and (2) are built based on the 2D simulation
data. However, the true flight environment is 3D cases where
there is a notably wingtip vortex shedding phenomenon. It not
only affects the lift coefficient, but also affects the improve-
ment of lift coefficient by SJAs. What’s more, it also changes
the aerodynamic center of SJAs then affects /, brings the
parameter uncertainties Al in /. In the meantime, we do not
know the exact value of the atmospheric moment coefficients
my, my; and m7, too. The simplification of the equation (3)
also brings uncertainties in function f4. Similarly, there are
uncertainties in function f¢y, too. Due to there are parameter
errors and model uncertainties, the f>, B and M), become
unknown, which makes the control design complicated.

The ESO is not dependent on the exact mathematical model
of the system, the disturbances, the unmodeled dynamics and
the parameter uncertainties of the system are regarded as total
uncertainty, and the total uncertainty is tracked and com-
pensated in real time. Thus, it offering inherent robustness.
Further, it is simple to implement. The observer takes the total
uncertainty as an extended state of the system, hence, it is
known as ESO.

In order to reduce the complicity of control design we
take the unmodeled dynamics, parameter uncertainties and
external disturbances existing in (10) together as the total
uncertainty d(z), the new variable d(#) is defined as

d(?) = fr(X1, X2, X3, X4) + BMpfcr o f4(V)

Hence, system (10) can be rewritten as

— Ba@r). (27

%y = d(1) + Bi(), (28)
where B = BOM/?,, is the estimation matrix coefficient,
) = fgl o f/?(V) is virtual control input. The matrix

and functions B, M,?,I , fgl , f£ are the corresponding nominal
value, detailed in the section (V).

Next, we estimate the uncertainty d(7) as an extended state
xs5(#) by a nonlinear continuous ESO. The second-order ESO
has the following form

e—=7Z — X
71 = 7p — fie —i—éﬁ(l‘)
7y = —fofal(e, A, ) (29)

where z, z, are the states of the observer, e = [e] ea e3]7 is
the estimation vector error between z; and X;. 1, 2 are the
observer gains rely on the time step At. 0 < A < 1, u > 0
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are constant to be properly chosen. By choosing suitable
parameters B1, B2, A and u, the error vector e will tend to 0,
z1 — Xp and zp — d(t). So the extended state x5 is obtained,
X5 = Z». The function fal(-, -, -) is defined as

faly(er, A, 1)

fal(e, 1, u) = | fal(ez, A, ) (30)
falz(e3, X, )
where
A
ei|" sgn(e;), |ei| >
falier, by = |10 e feil = 1t (€29)
e/ ", otherwise.

IV. CONTROLLER DESIGN
Due to the fact that the aircraft model is nonlinear in aero-
dynamics and there is a very complex nonlinear relation
between the SJAs’ excitation voltage and the lift/drag coef-
ficient, a robust controller needs to be designed. As is well
known, the SMC is robust to disturbances and unmodeled
dynamics, especially for the control of nonlinear systems.
It has attractive features to keep the system insensitive to
uncertainties on sliding surfaces [27], [28]. Therefore, for
solving the attitude tracking problem with parameter uncer-
tainties, unmodeled dynamics and external disturbances exist
in the aircraft system, a sliding-mode controller can be
designed to force the state variables to converge to the ref-
erence states by compensating the total disturbances via the
ESO. The objective is to design a feedback controller such
that forcing the attitude angle x; to track the given desired
reference signal x ;.

The tracking error of attitude angle is given as the following
equation

il =X] — X1,r- (32)

The X; — 0 means that the attitude angle x; have tracked
the reference signal x; ,. Derivatives on both sides of the
equation (32) are

X1 = X1 — X1, = fi(X1)X2 — X1, (33)

Assuming that the aircraft angular velocity can be imposed
instantaneously, define X5 , as a virtual control input for the
desired dynamics (34)

) ki 0 0
X1=—-Kix3=—1|0 ko 0 |Xxg. (34)
0 0 k3

Where, the design matrix K is chosen as k; > 0,k > O,
k3 > 0 to ensure the asymptotic stability of (34). Combining
equations (33) and (34), we can get the x» , as follows

xo =f X1 — Ki%y), 35)

where, according to the assumption 2, we know that the f; (x)
is nonsingular. In order to guarantee the asymptotic stability
of (34), a sliding controller is designed to achieve the above
virtue control input X3 .

VOLUME 6, 2018

The sliding surface is designed as following
S = X2 — X2 . (36)

Derivative on both sides of the equation (36), and take replace
the d(r) by xs(¢), we get the follow equation

S=x% -,
= x5(t) + Bi(t) — Xz, (37)
Taking the following reaching law
S = —£S —nsig®)", (38)

where § = diag[&1, &2, &3], n = diag[n1, m2, m31, & > O,
ni>0and0<r <1,

sig(S)" =[IS11" sgn(S1), IS21"sgn(S2), 1S31" sen(S3)1".  (39)

Combine equations (37) and (38) we can give the control
law

(1) = BT (—£S — nsig(S)" —x5(1) + %2,)  (40)

where B = BT (IABIAS’T)_l is the pseudo-inverse of B.

V. RESULTS AND DISCUSSION
The control efficiency of the SJAs is best when wings’ AOA
is about 19 [deg], so we aim at maintaining wings’ AOA
about 19 [deg] by adjusting the attitude angle according to the
path angle. In this paper, for simplification, we don’t consider
the actual path angle, as long as the aircraft’s attitude angle
equal to the reference attitude angle then the AOA is 19 [deg].
Numerical simulations were conducted to demonstrate the
effectiveness of aircraft attitudes control using only SJAs.
Consider the aircraft model (4) and (5) with the nominal
inertia matrix

3.0 2
Iy=0 4 0 |kg-m? (41)
2 0 5
and parameter uncertainties
Al = diag[0.5, 1, 1] kg - m? (42)

The above equation causes uncertainties in the rearranged
moment inertias B, then B = B® + AB.

The uncertainties of function f> partly caused by the equa-
tion (42) are expressed as Ap, and others caused by AUx,
Am?, Am;f and Am] taken together as A;. So we can rewriter
equation (14) as following

H=R+A+ A, (43)

We also take account of the errors existing in equations (3)
and (7), rewriter them as

Sfv(V) = 0.67V; + Az, (44)
fci(Asy) = —(k + Ak)fci(Asy,). 45)
where Az = 0.1, Ak = 0.2.
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FIGURE 10. The attitude angle tracking errors.

0.6 T T T T T T T T T
X21
X22
0.4 X235 |
0.2 1
0 2 4 6

-0.2

Angular velocity [rad/s]
o

V3 [Volts]
o g

-0.4

06 L L L L L L
8 10 12 14 16 18 20
Time (s)

FIGURE 11. The angular velocity.

The nominal arm of force matrix [

05 0.5 -1 -1
Ip=| —0.8 0.8 —0.4 04 | kg-m?> (46)
0 0 —-0.01 -0.01
and parameter uncertainties
Al = —0.11 47)
The external disturbances are described as
0.02sin(5¢) 4 0.01 sin(15¢)
D() = 0.002 sin(10¢) N-m. (48)
0.01 sin(0.2¢) 4 0.01 sin(20¢)
The value of ESO parameters are g1 = 200,86, =

1600, A = 0.5 and u = 0.1, respectively. While, the gains
of the system are K = diag[l, 1, 1], § = diag[10, 10, 10]
and n = diag[0.001, 0.001, 0.001], respectively.
The desired attitude angle of the numerical simulation,
is given by
0.5

X1, r = 0.1
-0.5

rad/s. (49)

The initial value of attitude angle is x1(0) = [0, 0.05, 017 rad
and the initial value of the angular velocity is x3(0) =
[0, 0, 017 rad/s.
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FIGURE 14. Estimation of disturbances via ESO.

Fig. 10 and Fig. 11 show the attitude angle tracking errors
and angular velocity tracking errors, respectively. They prove
that the sliding-mode controller is efficient to achieve atti-
tude tracking when the parameter uncertainties, unmodeled
dynamics and disturbances compensated by the ESO. The
sliding surface is shown in Fig. 12 It is clear that the sliding
mode is stable. Fig. 13 shows that the SJAs’ voltage input
control signals are high frequency oscillation. On the one
hand, it can be suppressed by adjusting parameter K, £ and 7.
On the other hand, benefit from SJAs’ structural properties
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the control signals is feasible, but it is infeasible to the con-
ventional mechanical aileron and elevator. Fig. 14 shows the
estimation of disturbances by ESO. Obviously, the estimated
state z,(f) converges to the total disturbance d(¢) in finite time
in spite of the parameter uncertainties, unmodeled dynamics
and unknown external disturbances.

VI. CONCLUSION

In this paper, a novel active flow control technique is pro-
posed to realize pitch-roll-yaw attitude control for a spe-
cial aircraft at high AOA using only SJAs. Although the
parameters uncertainties, unmodeled dynamics and unknown
external disturbances exist the system, it has been proved
that using only SJAs with a sliding mode controller based
on ESO can effectively stabilize the aircraft at high AOA.
Detailed simulation results have been presented to illustrate
the developed method. The future of work, we will study on
solely use only SJAs to achieve trajectory tracking control of
UAV at a wide range of AOA and take the jet angle as a control
input too.
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