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Canard rotor/wing aircraft; actuators. Nonlinear dynamic inversion is used to design the baseline attitude controller and derive

Closed-loop control alloca- the desired moment increment. And a feedback loop for the moment increment produced by the

tion; deflections of actuators is added to the angular rate loop, then the error between the desired and

Dynamic inversion; actual moment increment is the input of the dynamic control allocation. Subsequently, the stability

Flight control systems; of the closed-loop dynamic control allocation system is analyzed in detail. Especially, the closed-

Redundant actuators loop system stability is also analyzed in the presence of two types of actuator failures: loss of effec-
tiveness and lock-in-place actuator failures, where a fault detection subsystem to identify the actu-
ator failures is absent. Finally, the proposed method is applied to a canard rotor/wing (CRW)
aircraft model in fixed-wing mode, which has multiple actuators for flight control. The nonlinear
simulation demonstrates that this method can guarantee the stability and tracking performance
whether the actuators are healthy or fail.

© 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license

1. Introduction

Modern aircraft, automotive vehicles and marine vessels are
usually equipped with more control actuators than controlled
variables to achieve multiple control objectives and high per-
formance. And the nonlinear control design methods, like dy-
namic inversion'? and backstepping,®* result in control laws
specifying the forces and moments, rather than the control sur-
face deflections. Determining how to distribute the control sig-
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nals to the available actuators is known as the control
allocation problem. Meanwhile, the actuator selection is sepa-
rated from the regulation task to simplify the control design
using the control allocation. In particular, an effective re-allo-
cation among the remaining healthy actuators can maintain
the acceptable performance in the case of actuator failures.

Control allocation methods have been studied extensively. The
survey paper that compares the strengths and limitations of control
allocation methods is presented in Ref.’. Regardless of methods,
such as pseudoinverse,® direct allocation,”® daisy chain allocation,’
linear programming'® and nonlinear programming,'' the resulting
methods are static in the sense that the control input depends only
on the current virtual control command.

Different from these methods, the dynamic control alloca-
tion method'>!? is proposed to make use of the redundancy
to get different actuators operate in the different parts of
frequency domain. The control allocation mapping of this
method is a linear filter when there are no actuators in satura-
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tion state. And the control designer can decide the frequency
characteristic of this filter by weighting matrices selected.

Both the static and the dynamic methods mentioned above
are the open-loop control allocation. These control allocation
approaches can be implemented to satisfy the optimization cri-
terion when there is no actuator failure. However, the system
stability or tracking performance becomes a problem if some
unknown actuator failures occur.

Recently, a new nonlinear flight control design method is
presented in Ref.'* for aircraft with redundant actuators, com-
bining the bases sequence control allocation with the moment
compensation to implement the desired moment commands.
However, this method fails to consider the closed-loop stability
of control allocation system whether the actuators are healthy
or fail. In this paper, a new systematic method for closed-loop
dynamic control allocation is proposed, and the design process
and stability analysis are introduced in detail.

2. Closed-loop dynamic control allocation

As mentioned in the first section, the control allocation plays
an important role in nonlinear flight control for aircraft with
multiple actuators, particularly, when the actuators have
dynamics, limits and failures. A conceptual block diagram of
the attitude control loop with closed-loop dynamic control
allocation is shown in Fig. 1. The moments M acting on the
aircraft are given as

M= M, +AM (1

where M is determined by the aircraft configuration and flight
states, and AM the moment increments produced by the con-
trol surface deflections.

The control allocation problem is solved by the moment
allocation among different actuators in this research. In
Fig. 1, the input of system is the commanded attitude r,.
And the desired moment increment AMj is derived by the non-
linear dynamic inversion attitude controller in outer-loop,
while the actual moment increment AM can be measured by
the angular acceleration sensors. Then, the error v between
the desired moment increments AMy and the actual moment

Dynamic control

8 2 Dynamic inversion
allocation

A& | attitude controller

increments AM is as the input of dynamic control allocation.
Thus, the output of control allocation u, has the form of incre-
ment and one integration step delay is required. At last, the in-
put of actuator is u(k) = u(k — 1) + u,(k), and k denotes the
current sampling period. And the output of actuator d is
deflections of actuators, which produces the actual moment
increments AM and aerodynamic force F.

2.1. Aircraft model

The aircraft model is described as'®

P =(cir+cp)g+ csM. + caM.
q=cspr—cs(p* = 1*) + 1M, (2)
F= (Cgp - CZ")q + C4Mx + C()N:

vV, = 1V, —qV.—gsin0+ F./m
V,=—rV,+pV.+gsinpcosO+ F,/m (3)

V.=qV,—pV,+gcos¢cosO+ F./m

¢ =p+ (rcos ¢ + gsin ¢) tan 0
0= gcosd —rsing (4)

Y = (rcos¢ + gsin¢)/cos0
Xg = V,cosBcosyy + V,(sin ¢psin @ cosy — cos ¢ sin i)
+V.(sin ¢ sinyy + cos ¢ sin O cos )
Ve = VycosOsiny + V,(sin ¢ sin Osiny + cos ¢ cos )
+V.(—sin ¢ cosy + cos ¢ sin Osin )
h= Vesin0 — V,sin¢cost — V.cos ¢ cos 0
(5)
where p, ¢ and r are the roll, pitch, and yaw angular rates; V,, V,
and V. the components of flight velocity along the body axes; ¢,
0 and  the roll, pitch, and yaw attitude angles; x,, y, and / are
respectively the north, east, and vertical components of the aircraft
position in the locally-level geographic frame on the surface of the
Earth; m is the mass of the aircraft, and g the gravity acceleration;
the constants ¢; (i = 1,2, ...,9) are defined by
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Fig. 1

Closed-loop dynamic control allocation configuration.
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o =[(J, = J)J. = JL]T

C2:(J\_J\+J:)/r7 03:J:/F
ca=J/T; os=(L—J)/y c=Ju/d, (6)
=y = =) + T

C9:Jx/r; F:JXJ:_JEZ

where J; (i = x,y,z) is the moment of inertia about 7 axis, and
J- the cross-product of inertia; M,, M, and M. are the roll,
pitch, and yaw moments, which can be described as

M, = pV>ShC,/2
M, = pV*SéC,, /2 (7)
M. = pV*SbC,/2

where p is the air density, ¥ the flight velocity, S the wing ref-
erence area, b the wing span, and ¢ the wing mean geometric
chord; C,, C,, and C, are the roll, pitch and yaw moment
coefficients.

In Eq. (3), Fy, F), and F. are the components of the resultant
force including aerodynamic force and engine thrust along the
body axes, and they are defined by

F.= P+ Lsino — Ycosasinff — Dcosacosf§
F,=Ycosf—Dsinf (8)
F.=—Lcosa— Ysinasinf — Dsinocosf§
where o and f§ are the angles of attack and sideslip; the engine
thrust P = Cpdp, where Cp is the thrust coefficient, and op the

throttle setting; D, L and Y are the drag, lift and side-force,
which can be described as

D = pV?SCp/2
L=pV?SC,)2 )
Y = pV?SCy/2

where Cp, C; and Cy are the drag, lift and side-force
coefficients.

The expressions of My and AM in Fig. 1 will be given in the
following text. According to Eq. (1), the roll, pitch, and yaw
moments M,, M, and M. can be respectively separated into
two parts as follows:

M, =M +AM,
M, = M)+ AM, (10)
M. =M+ AM,

where AM,, AM, and AM. are the moment increments
produced by control surface deflections, and

M, = [M? M(‘) MO}T is given by

Mg = pVZSb(C/ﬁﬁ + Clpﬁ + C,,f)/Z
M?, =p VZSE(Cm,x:O + mea + Cmqq + Cn:?z&)/z (1 1)

M2 = pV?Sb(CypB + Cypp + Cyi) /2

where C( is the aerodynamic derivatives; p, ¢, ¥ and & are de-
fined by
{ﬁ =pb/(2V), F=rb/(2V)
q=4qc/2V), &=04c/(2V)
and & is the derivative of the angle of attack.
Substituting Egs. (10)—(12) into Eq. (2), Eq. (2) can be
rewritten in the affine nonlinear form

(12)

p I AM,
gl =1/f| +B|AM, (13)
F 1 AM.

where f,, f,, f, and B, are

ﬁ, = (C]I’ + CQP)({ + C3Mx + C4Mz
Jq=cspr—c(p? — 1?) + 1M,
f; = (CSP - CZr)q + C4M¥ + C‘)M:

14

C3 0 Cyq ( )
BC = 0 C7 0
Cy 0 Cy

We suppose AM = [AM . AM, AM.]", and according to
Eq. (13), the actual moment increments AM is derived by

AM=B'[p—f, q—f, i—f] (15)

where p, ¢ and i are measured by the angular acceleration
Sensors.

2.2. Dynamic inversion attitude controller design

Having separated the attitude states into fast and slow dynam-
ics, the feedback is used to provide the system with desirable
dynamics. The fast dynamics of the aircraft attitude has been
given in Eq. (2). And the desired attitude angular rates dynam-
ics is specified by’

[.)d w]l 0 0 Pe—D
Ga| =10 o 0]|g—q (16)
Fq 0 0 o e —F

where w,, w, and o, are the design parameters; p, g, and 7,
the commanded angular rates given by the slow dynamics
loop.

Replacing the [p ¢ 7' in the left of Eq. (13) by
Pa qa fd]T from Eq. (15), we can derive the desired moment

increment AMy:
AMy=B'[pa—1y do—fy Fa—1]" (17)

The slow dynamics of the aircraft attitude has been given in
Eq. (4). And the desired attitude angular dynamics is similar to
Eq. (16):

(bd W 0 0 d)c - ¢
0 l=10 w 0|60 (18)
lbd 0 0 Wy lpc - lp

where wy, wg and wy, are the design parameters; ¢, 0., and Y
the commanded attitude angles given by designer.

Replacing [d) 0 w]T in the left of Eq. (4) by
[(l)d 0, lﬁd]T from Eq. (18), we can derive the commanded
angular rates [p, ¢, rJ" as follows:

Pe I tanOsing tanOcos¢ | ' [ g
.1 =10 cos ¢ —sin ¢ 04 (19)
re 0 sin¢g/cosf cos¢/cost Va
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2.3. Control allocation problem

The objective of control allocation is to determined the actual
control vector u € R” according to the virtual control vector
y € R, where m > I.

Mathematically, given v(z), then u(z) is derived by

Su(1)) = v(1) (20)

where f: R — R’ is the nonlinear mapping from u(z) to (7).
The actuator dynamics can be described as

o =2g(d,u) (21)

where & € R is the actuator deflection, and Eq. (21) is subject
to a set of constraints

6min < 5 < 5max7 |(§| < 5max (22)

where 8.in, Omax and Sy are the lower and upper actuator po-
sition and rate constraints, respectively. Due to the typically
fast actuator dynamics, we assume 6 = u.

In a digital flight control system, it is reasonable to trans-
form the actuator constraints from Eq. (22) to the following
formula'®:

u(t) < u(t) < u(t)
u(t) = max (O, (w(t —T) — 5maxT)) (23)
(1) = min(dpay, (@(t — T) + Snax T))

where 7T is the sample time.

2.4. Analytical solution of closed-loop dynamic control
allocation

The dynamic control allocation can be expressed as the follow-
ing sequential quadratic-programming problem if no actuators
are saturated.

u,(1) = ar%gn{\\ WG, (1) — ()| + | W2y (0) =, (e = 1))}

Q= argmin ||Wq(Bu,(t) —v(1))|

u(t)<uy(r)<a(r)
(24)
where u() € R™ is the desired steady-state control input; W,
W, and Wy, are the square matrices of proper dimensions; |x|
denotes the Euclidean norm defined by ||x|| = v xTx.

Lemma 1. (Ref.'?)Let us remove the constraints of actuators,

then the closed form solution to Eq. (24) is

u,(k) = Euy(k) + Fu,(k — 1) + Gv(k) (25)

where
E=(I-GBW*W
F=(1-GB)W*W:
G=w'Bw")

W=\/Wi+W,

where I is the identity matrix, and the symbol “t” denotes the
pseudoinverse operator defined as AT = AT(447)7".

(26)

In the steady-state, we assume the error w(k) =
AM (k) — AM(k) is zero, therefore, the desired control input
uyk) = 0, and u, (k) = u,(k —1).

Then, Eq. (25) reduces to
u, (k) = (I— F)"'Gv(k) (27)
The input of actuator u(k) in Fig. 1 is
u(k) =u(k —1) +u,(k) (28)

3. Stability for closed-loop dynamic control allocation

The stability for the closed-loop dynamic control allocation
system is of significant importance. In order to validate the sta-
bility, the input-output relation of closed-loop dynamic con-
trol allocation is given in the following text.

The actual moment increment AM(k) can be derived by

AM(k) = B,(K)u(k) (29)

where B.(k) is the actual control effectiveness matrix, which is
changed with different flight conditions.
Substituting Eqs. (27) and (28) into Eq. (29), we have

AM(k) = B.(k)u(k — 1) + B.(k)(I - F) "' Gv(k) (30)
where the input of dynamic control allocation v(k) is given by
v(k) = AMy(k) — AM(k) (31)
The change of B, (k) is small during the sample time, we obtain
B.(k) = B.(k—1) (32)

Then substituting Eqs. (29), (31) and (32) into Eq. (30), we
have

AM(k) = AM(k — 1) + V(k)(AMy(k) — AM(k)) (33)
where
V(k) = B.(k)(I- F)"'G, VeR* (34)

The input—output relation of closed-loop dynamic control allo-
cation is obtained according to the z transform of Eq. (33):
AM(z) zV(z)

AMy(z) z(I+ V() -1 (33)

3.1. Stability in the absence of actuator failures

In this part, we consider the stability for closed-loop dynamic
allocation when the actuators are healthy.

Lemma 2 (Schur Lemma). Given A € R™" with eigenvalues 1,
Aoy« -, in any prescribed order, there is an orthogonal matrix
P c E™ where E is the set of orthogonal matrix. And we have

by by - by
0 byn - by
P'AP=B=
0 e 0 bnn
is upper triangular, with diagonal entries b; = 1;

(i=12...n).
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Theorem 1. Let the closed form solution to Eq. (24) be defined in
Lemma 1, and the closed-loop dynamic control allocation system
is described as Eq. (35). And 7; (i = 1,2, ... ,n) is the eigenvalue
of V(z). The closed-loop dynamic control allocation is stable
if | 14+ A | > 1 is satisfied.

Proof. According to Eq. (35), the stability of the closed-loop
allocation system is determined by the locations of the
closed-loop poles or the roots of characteristic equation in
the z plane. The characteristic equation is

I+ V(=) —I=0 (36)

And the system is stable if any of the closed-loop character-
istic roots lie inside the unit circle.

Considering Lemma 2, we obtain

Ao by e e bin
0 /12 b22 e b2n
Viz)=P| : Lo | P! (37)
. bn—ln
0 0 -~ 0

Substituting Eq. (37) into Eq. (36), we have

b by oo oo by,
0 A byn -+ by
PP +zP P'—pp!
. bn—lJ1
o 0 - 0 I
Ao byn oo by,
0 /12 b22 e bZn
=P|zl+: —1|P'=0
. bn—l,n
o 0 - 0 A
(38)
The characteristic equation becomes
Z[JFZ,/LI_l:O (12172771’1) (39)
The roots of characteristic equation are found to be
! (i=1,2 ) (40)
Z'_l+i,- i=1,2,....n
If | z,-| < 1, then the system is stable and we obtain
[T+ 4] >1 (41)

This completes the proof. [

3.2. Stability in the presence of actuator failures

The stability condition for closed-loop control allocation is gi-
ven in Theorem 1 when the actuators are healthy. However,
the actuators of an aircraft can be affected by many types of
failures in the flight missions. And there are two typical failures

which are the loss of effectiveness and lock-in-place failures.
Both of them are considered here.
do not

Assumption 1. Two actuator failures

simultaneously.

happen

The control signal d(¢z) (input to the plant, output of the
actuator) can be described as the following formula to
incorporate the actuator failures.

8(1) = (5 + ®,)u(l) + D,w(1)

E =diag(d{,d;,---,dy;), 0<df<1

®, = diag(d}\,dy,---,dy), d ={0,1} (42)
@, =diag(d',dy,---.d,), d"={0,1}

w=[w  w wa ]t O < <Ol

where &' and &' present the ith element of &, and dp,y in
Eq. (22), respectively. And the actuator 7 has a loss of effective-
ness failure if 0 < df < 1, d =1, j#iand &, = @, = 0; the
actuator i is stuck at the degree w; if 4/ =0, d' =1, d" =1,

d'=0, j#iand £ = 0.

In the presence of the actuator loss of effectiveness failure,
the actual moment increment AM(k) will be changed. Consid-
ering Egs. (29) and (42), we have

AM(k) = B,(k)Eu(k) = B(k)u(k) (43)

We can see from Eq. (43) the actuator failures change the
control effectiveness matrix. And the changed control effec-
tiveness matrix By can be written as

Bi(k) = B’ (k) + AB. (k) (44)

where B’ (k) is the control effectiveness matrix without failures,
and AB.(k) the control effectiveness matrix change produced
by the actuator loss of effectiveness failure. Substituting Eq.
(44) into Eq. (34), we have

V(k) = (B'(k) + AB.(k))(I— F)"'G = Vy(k) + AV(k)  (45)

where V,(k) = B(k)(I — F)"'G is the matrix without failures,
and the error caused by the actuator loss of effectiveness failure is

AV(k) = AB.(k)(I - F)'G (46)

Assumption 2. The Vy(k) and AV(k) commute, and have eigen-
values /1?, )fz), e }ug and ZIA, ig, R /1,?, respectively.

Corollary 1. The actuator loss of effectiveness failure happens.
Considering Egqs. (35), (45) and Assumption 2, if the eigenvalues
).Z.A (i=1,2,...,n) of the error matrix AV(k) and the eigen-
values 7Y (i = 1,2,...,n) of the matrix Vy(k) satisfy the follow-
ing formula:

A>3 or < (2 +2) (47)
then the closed-loop dynamic control allocation is stable in the
presence of the actuator loss of effectiveness failure.

Proof. According to Assumption 2, the eigenvalues of
Vok) + AV(k) are 2 + 22 (i=1,2,...,n).

The actual control effectiveness matrix changes in the
presence of the actuator loss of effectiveness failure; however,
the stability of the closed-loop system is desired.
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Considering Theorem 1, we obtain

WA+ >1=20 > or 1< —(A+2) (48)
This completes the proof. [

In the presence of the actuator lock-in-place failure, the
actuator i is stuck at the degree w;. It is equivalent to adding
the disturbance to the actual moment increment AM(k). Con-
sidering Egs. (29) and (42), we have

AM(k) = B.(k)(®,u(k) + ®,w(k)) (49)

Corollary 2. The actuator lock-in-place failure happens. If the
eigenvalues 1} of the matrix V,(k)satisfy the following formula:

[T+2]>1 (i=1,2,....n) (50)
where
V.(k) = B.(k)®,I - F)"'G (51)

and the steady-state inputs of actuator u (00) satisfy
B, (00) (P u(c0) + P,w(c0)) =0 (52)
(5min < ll(OO), W(OC) < 6max)

then the closed-loop dynamic control allocation is stable in the
presence of the actuator lock-in-place failure.

Proof. Substituting Egs. (27) and (28) into Eq. (49), we have
AM(k) = B.(k)[@, (u(k — 1) + (I — F)"'Gv(k))

+ D, w(k)] (53)

We derive w(k) = w(k — 1) because the actuator is stuck.
And according to Egs. (32), (33), and (53), we have

AM(k) = AM(k — 1) + V,(k)(AM4(k) — AM(k)) (54)

where the matrix V,(k) is given in Eq. (51).
Considering Theorem 1, we obtain ]l + Af‘} > 1.

Otherwise, the  steady-state ~moment increment
AM(0) = 0. According to Eq. (49), we have
B,(00)(P,u(0) + @,,w(c0)) =0 (55)

and u(oo) and w(oco) must satisfy the following position limits
of the actuators:
5min < M(OO)7 W(OO) < 5max (56)

which completes the proof. [

4. Simulation results

In this section, we consider a canard rotor/wing (CRW) air-
craft model (see Refs.'”'® for more details) in the fixed-wing
mode. The simulation model includes the moment, force, kine-
matic and navigation equations in Eqs. (2)—(5). And the spe-
cific aerodynamic force and moment coefficients of the CRW
in the fixed-wing mode are given by

Cp = Cro+ Cryo+ Cpr5.6c + Cps,0c
Cp = CpiC] + CpaCp + Cps (57)
Cy = CypP + Cys, 0rL + Cys,x Orr

Cr = Cis, 0aL + Cis g 0ar + Cis 0r + Cis Oir
+CiB + Cppp + CipF
Ci = CoiC] + CinCr+ Cog + Coup,0c + Cis, S
+Cgq + Cit G8)

Cn = Cmiﬂl_ 5aL + CmSaR 5aR + CmirL 51‘L + Cmi,R 5rR

+Cn/iﬂ + C}’Iﬁﬁ + Cm’f

where o, and & can be derived by

o = arctan(V,/V,)
B = arcsin(V,/V) (59)
&= [(VV. = V.V,)coso]/ V2

where the flight velocity V = ,/V2 + Vf, + V2. In addition, we
can derive & according to Eqgs. (12) and (59). In addition, the
thrust coefficient of this aircraft in the fixed-wing mode is
Cp = 2487.

The aerodynamic parameters are shown in Table 1, while
the wing-planform and inertia parameters are shown in Ta-
ble 2. These parameters are derived from both Ref.' and
aerodynamic computing in terms of the aircraft geometry
figuration.

The control inputs consist of the deflections for the left aile-
ron Jd,1, the right aileron J,r, the left rudder J,; and the right
rudder 6, in the lateral direction. And the canard J. and ele-

Table 1 Aerodynamic parameters for the model.

Parameter Value Parameter Value

Cro 0.224 Gz 0.115

Crs, 0.0610 Crs, 0.0196

Cpi 0.0815 Cp2 —0.0465

Crg 0.0756 Cyp —9.60x 1073
Cys, —1.45x107° Cys, —1.45%107°
Cs,y 2.50x107* Cloe —2.50x107*
Cis,. 0 Cisx 0

Cy —1.53x1073 Cp —0.343

Cr ~5.54% 1077 Comi —0.166

Co2 0.147 Cp —0.182

Cs, 0.0790 Chs, —0.0356

Cmg =571 Cz —11.6

Crs.. 9.00x 10°° Crsn —9.00x 10°°
Crsy —9.65x107* Crs —9.65x107*
Cup —2.4x1073 Cup 8.46x 103
Cor —0.560

Table 2 Wing-planform and inertia parameters for the model.

Parameter Value Parameter Value
b (m) 2.80 S (m?) 1.21
¢ (m) 0.40 m (kg) 450
J(kgm?) 72.5 Jy(kg'm?) 246.6
J.(kgm?) 140.5 J(kgm?) 0
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Fig. 2 CRW aircraft in the fixed wing mode.

vator o0, with different frequency characteristics are available
for pitch control in the longitudinal direction. Fig. 2 shows
the configuration of the CRW aircraft.?

The actuator dynamic is simplified to produce a simple
first-order lag filter. The aileron, rudder, canard and elevator
dynamics used in the simulation are described as

—_ _10 — _10
5aL — 5+10 UaL, 6rL — 5+10 UrL

_ _10 — _10
Oar = 10 HaR; Or = 110 UrR

_ 10
Ue, e = S Ue

‘51‘L(R)| < 2507 ‘5c| < 1507 ‘5E| < 25°

(60)

where s denotes differential operator, d,1(r) denotes 6,1 Or dar,
OrL(ry 18 similar t0 Gur(r)s (MaLs Uars UrL, UrR, Ues Ue) AN (Sar,-
Jar»>0:L, OrR» Oc» Oc) are the input and output of the actuators,
respectively. The canard actuator is faster than the elevator,
whereas it is beneficial not to deflecting the canard at all to
achieve low drag at trimmed flight. Thus, the canard is used
to achieve the fast initial aircraft response, while the elevator
is used solely at the trimmed flight. And we select the following
constant matrix:

W, = diag(0.5,0.5,0.1,0.1, 60, 37) 61
{ W, = diag(0.4,0.4,0.8,0.8,0, 100) (61)

The actual control effectiveness matrix without failures is given
by

2.50 -=2.50 0 0 0 0
B, =107*[009 —-0.09 -9.65 —9.65 0 0
0 0 0 0 790 —-356

(62)

The design matrix is B = B, whether the actuators are healthy
or fail. However, the actual control effectiveness matrix B,
changes when the actuator failures happen. The attitude con-
troller parameters are g =12, wyp=75, wy =12,
o, =45, w,=10, o, =45, and the sample time is
T = 0.02s.

In the following simulations, the initial altitude and velocity
are 3000 m and 110 m/s, and the initial attitude angles and
angular rates including o, 5, ¢, 0, Y, p, ¢ and r are zeros. In
addition, the throttle setting dp = 0.2, while all the initial actu-
ator deflections are zero.

4.1. No actuator failures

Considering Egs. (26), (34), (61) and (62), the eigenvalues of
the matrix V(k) are 4, = 1, = 23 = 1. According to Theo-
rem 1, the designed closed-loop dynamic control allocation is
stable. Figs. 3 and 4 show the attitude responses and actuator
deflections using dynamic control allocation and closed-loop
dynamic control allocation.

The two methods have the similar attitude tracking perfor-
mance and actuator responses when there are no actuator fail-
ures. And the canard deflections are zero in steady state for
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——-Yaw command
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Yaw angle (°)
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-2 . . . . .
15

——-Pitch command
K Dynamic allocation
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Pitch angle (°)
W
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Time (s)

Fig. 3 Responses of attitude without failure.
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Fig. 4 Actuator deflections without failure.
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two methods in Fig. 4. However, there is shorter rise time in
the yaw response, and there is smaller effect on the roll re-
sponse when the yaw angle changes using the closed-loop dy-
namic control allocation method in Fig. 3. And there are
smaller overshot and shorter settling time in the pitch response
for the closed-loop dynamic control allocation.

4.2. Actuator failures

Two failure cases are considered; however, there is no fault
detection subsystem to identify the actuator failures in this re-
search. We suppose the longitudinal- and lateral-directional
equations are decoupled, and there is only one actuator which
has only one type failure in one simulation. Therefore, the sim-
ulations of the different types of actuator failures in longitudi-
nal direction and those in lateral direction are performed
respectively.

The actual control effectiveness matrices, B, jon € R"? and
B 1. € R>*, change while the design matrix, B, € R"? and
By, € R®*, maintain constant after the actuator failure hap-
pens. And the weighting W, € R™, W, o, € R7?
(i = 1,2) and design matrix are derived by Egs. (61) and (62)
using block matrix method.

Wy = diag(W1_1ai, Wiion)
WZ - dl'dg( W2_1at7 W2_lon)

B, 0,
Br _ I: lat 2 2]
0lx2 Blon

(63)

4.2.1. Failure Case I: the loss of effectiveness failure

(1) Longitudinal actuator failure

The actuator failure is the loss of effectiveness failure of the
elevator deflection in the pitch channel, while the canard is
healthy. The elevator maintains only 50% of its effectiveness
after 4s, and we have the following formula according to
Eq. (42).

[i} N {(1) OOSHZ} (t>45) (64)

Both longitudinal attitude tracking and actuator deflections
are shown in Figs. 5 and 6.

Figs. 5 and 6 show that the dynamic control allocation
method does not exactly distribute the desired pitch moment
between canard and elevator after the failure happens. How-
ever, the closed-loop dynamic control allocation maintains

~ 8
= 6
§ 4
£ :
£ 2 —— Closed-loop allocation 1

0 ——-Pitch command i

------- Dynamic allocation
-2 L L L L 1 1 L L
0 6 12 18

Time (s)

Fig. 5 Responses of pitch with elevator effectiveness loss.
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< DN - SN
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S = -
<
-10 -
6 12 18
Time (s)
Fig. 6 Deflections of longitudinal actuators with elevator

effectiveness loss.

the attitude tracking with little degradation, because there is
a feedback from moment increment in the proposed approach,
and the error between the desired and actual moment can be
enforced to zero. To eliminate this error, the canard is used
to compensate the elevator effectiveness loss. And the eigen-
values of Vy(k) and AV(k) are /1(1) =1 and )LIA = —0.17. Accord-
ing to Corollary 1, the closed-loop dynamic control allocation
system is stable.

(2) Lateral actuator failure

The actuator failure is the loss of effectiveness failure of the
right rudder deflection in the yaw channel, while the left rudder
and ailerons are healthy. The right rudder maintains only 50%
of its effectiveness after 12's, and we have the following for-
mula according to Eq. (42):

GaL 1 UL
5, 1 \
K= MR (> 125) (65)
Or]_ 1 UL
5rR 0.5 UrR

Both lateral attitude tracking and actuator deflections are
shown in Figs. 7 and 8.

Fig. 7 shows that the desired lateral attitude commands,
especially the yaw command, can be tracked by the proposed
method after the failure happens. In Fig. 8, the deflections of
all lateral actuators increase to derive the desired roll and
yaw moments when the right rudder loses its effectiveness

=== R(;ll commarlld
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3 A SRR Dynamic allocation
o : —— Closed-loop allocation
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g |
= I
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) . . . .
6 T T

——- Yaw command I
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— Closed-loop allocation

I

Yaw angle (°)
(8]

) L L L L
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Fig. 7 Responses of lateral attitude with right rudder effective-
ness loss.
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Fig. 8 Deflections of lateral actuators with right rudder effec-
tiveness loss.

using the proposed method. And the eigenvalues of Vy(k) and
AV(k) are 2] =1, J} = —0.25, 23 =1 and /3 = 0. According
to Corollary 1, the closed-loop dynamic control allocation sys-
tem is stable.

4.2.2. Failure Case II: lock-in-place failure

(1) Longitudinal actuator failure

The actuator failure is the lock-in-place failure of the eleva-
tor in the pitch channel, while the canard is healthy. The eleva-
tor is stuck at —3° after 4 s, and we have the following formula
according to Eq. (42).

B} - B 8”2%[8 ?Hl] (1 > 45) (66)

Both longitudinal attitude tracking and actuator deflections
are shown in Figs. 9 and 10.

Fig. 9 shows that the dynamic control allocation method
does not track the pitch command after the elevator is stuck
at —3°, and the attitude control system is unstable gradually.
However, the proposed closed-loop dynamic control allocation
maintains stability and attitude tracking after the failure hap-
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— - =Pitch command

------ Dynamic allocation
_6 L L L ’ ’

0 6 12 18

Time (s)

Fig. 9 Responses of pitch with elevator stuck.
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Fig. 10  Deflections of longitudinal actuators with elevator stuck.

pens. We can see the canard in the two methods deflects to
counteract the disturbance from the locked elevator in
Fig. 10. However, the magnitude of canard deflection is larger
and the response is faster in the proposed method. And the
existence of feedback loop forces the moment increments
error to zero. The eigenvalue of V,(k) is 0.65, and
u(co) = [1.35° — 3°". According to Corollary 2, the closed-
loop dynamic control allocation system is stable.

(2) Lateral actuator failure

The actuator failure is the lock-in-place failure of the left
aileron in the roll channel, while the right aileron and rudders
are healthy. The left aileron is stuck at 10° after 12 s, and we
have the following equation according to Eq. (42):

5;1L 0 Uy 1 10
5aR 1 Uyr 0
— + t>12s
6rL 1 UL, 0 ( )
51‘R 1 UrR 0 0
(67)

Both lateral attitude tracking and actuator deflections are
shown in Figs. 11 and 12.

Fig. 11 shows that the desired lateral attitude commands,
especially the roll command, cannot be tracked by the dynamic
control allocation method after the failure happens. In Fig. 12,
we can see the right aileron deflects to counteract the distur-
bance from the locked left aileron and derive the desired roll
moment using the proposed method. Meanwhile, the left and
right rudders deflect to derive the desired yaw moment and

15 — Closed-loop allocation
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o - —-Roll command
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—— Closed-loop allocation

< : ------ Dynamic allocation
2 1 ¥ = —-Yaw command
o Lk
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s — 00 S
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] " L L L
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Fig. 11  Responses of lateral attitude with left aileron stuck.
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Fig. 14 Frequency responses of closed-loop dynamic control
allocation in two failure cases in lateral direction.

counteract the disturbance from the roll channel. And the
eigenvalues of FV,(k) are Aj=1 and 15=0.5 and
u(oo) = [10° 10° —0.005°

—0.005°]". According to Corollary 2, the closed-loop dynamic
control allocation system is stable. The actuator deflections in
Fig. 12 are very close to the u(co) when the simulation time ex-
tends to 80 s.

Figs. 13 and 14 show the open-loop frequency responses of
closed-loop dynamic control allocation system in two cases in
both longitudinal and lateral directions. We can see the pro-
posed method has enough gain and phase margins before los-
ing stability.

5. Conclusions

In this paper, a closed-loop control allocation approach is pro-
posed for aircraft with multiple actuators. By combining
closed-loop configuration with dynamic control allocation,
the proposed method guarantees that the closed-loop system
is stable in the absence or presence actuator failures, and the
actuators work in the respective frequency domain. The
CRW aircraft model example demonstrates the effectiveness
of the proposed approach.

The actuator dynamics presented here does not contain
actuator saturation. Therefore, the closed-loop dynamic con-
trol allocation approach with actuator saturation is our future
research.
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