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Abstract: This paper investigates the state-tracking control problem in conversion mode of a tilt-rotor aircraft with
a switching modeling method and a smooth interpolation technique. Based on the nonlinear model of the conversion
mode, a switched linear model is developed by using the Jacobian linearization method and designing the switching
signal based on the mast angle. Furthermore, an H., state-tracking control scheme is designed to deal with the
conversion mode control issue. Moreover, instead of limiting the amplitude of control inputs, a smooth interpolation
method is developed to create bumpless performance. Finally, the XV-15 tilt-rotor aircraft is chosen as a prototype

to illustrate the effectiveness of this developed control method.
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1 Introduction

A tilt-rotor aircraft can switch between heli-
copter mode and airplane mode by installing two ro-
tating nacelles to the tips of wings, which has the ad-
vantages of both fixed-wing aircrafts and helicopters
(Thompson, 1990). The mode in which a tilt-rotor
aircraft transforms between these two modes is called
conversion mode, and it includes the characteristics
of full flight modes (Rysdyk RT and Calise, 1999).
Modeling a tilt-rotor aircraft in conversion mode is
arduous, because it is difficult to reconcile the accu-
racy of the mathematical model and the difficulty of
control design. For instance, a simplified nonlinear
mathematical model was built based on the Euler
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equations in Kleinhesselink (2007). However, this
simplified model is inaccurate because of the rotor
effects. Simplifying the model can make the control
design easier, but the model might be inaccurate.
Designing control laws based on a nonlinear model
is also a challenge, due to complex changes in dy-
namic characteristics and other problems (Rysdyk
R and Calise, 2005). Although the transition pro-
cess lasts only for a couple of seconds, it is still the
most complicated and significant part (Li Z and Xia,
2018). Consequently, many scholars have focused on
the modeling and control issues of conversion mode
(Wang YE et al., 2016; Barra et al., 2019; Aba et al.,
2020).

The aerodynamic features change violently as
the nacelles tilt. Thus, it is difficult to describe
the transition process with a single mathematical
model. It is also difficult to design control schemes
directly for nonlinear models (Chen et al., 2017; Li
YL et al., 2022; Tang et al., 2022; Zhao H et al.,
2023). Modeling by the switched system and de-
signing the switching control scheme can effectively
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resolve this problem. In Wang XH and Cai (2015), a
switching control method was adopted in controller
design based on a nonlinear model of conversion
mode. A novel tilt-rotor was studied in Kong and
Lu (2018), and a switching control law was designed
by developing the back-stepping method. However,
the tilting features were eliminated in designing the
back-stepping controller. The methods above ap-
ply switching method to complete the switching con-
troller design, but the nonlinear aerodynamic model
is adopted for the modeling. A switched system
generally consists of a number of subsystems and a
switching law representing the switching order (Zhao
XD et al., 2012; Ye et al., 2021; Hou et al., 2022;
Roy et al., 2022). Modeling the tilting process by
a switched linear model can obtain more tilting fea-
tures, and the violent changes of aerodynamic pa-
rameters can be depicted more precisely. Moreover,
the control design can be simplified based on the
switched linear model.

Due to the switching characteristic, abrupt con-
troller bumps will appear when switching occurs at
the switching instants, which may destroy the per-
formance and even the stability of the system. To re-
duce controller bumps, a bumpless transfer method
is necessary to make the control input smooth at
switching instants, which can further improve the
transient performance of the system. In Daafouz
et al. (2012), an additional global condition was in-
troduced to restrain the controller gain. However,
finding a feasible solution to avoid this global limi-
tation is difficult (Yang and Zhao, 2019). To release
this constraint, a local condition was proposed in-
stead, and this bumpless transfer method was widely
used (Yang and Zhao, 2019; Zhao Y and Zhao, 2020;
Zhao'Y et al., 2020). This approach requires a refer-
ence input to limit the amplitude range of the actual
control input. As aresult, the disparity of the control
signal between adjacent sides of a switching instant
can be maintained at a small level. Unfortunately,
there is still no effective way to obtain a proper ref-
erence input.

An admissible solution to the previous problem
is to develop a bumpless control architecture with-
out reference control inputs. Recently, the time-
scheduled multiple Lyapunov function (MLF) ap-
proach was exploited for analysis and synthesis of
switched systems, which can achieve better per-
formance than traditional time-independent MLF
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methods (Allerhand and Shaked, 2011; Xiang, 2015;
Yuan et al., 2018; Shi et al., 2021; Fei et al., 2023).
However, the time-scheduled MLF is discontinu-
ous at switching instants, which leads to controller
bumps. In this paper, the time-scheduled method
is further developed to construct an improved MLF.
An additional subinterval is introduced after each
switching (called a transition interval), and the lin-
ear interpolation method is adopted in transition in-
tervals. By this manipulation, the revised MLF is
continuous and non-increasing at the switching in-
Accordingly, the designed control scheme
can decrease controller bumps without introducing
an additional reference input.

stants.

In this paper, the conversion mode of a tilt-rotor
aircraft is built as a switched linear system. On this
foundation, an improved time-scheduled MLF tech-
nique is proposed to develop a smooth H., state-
tracking control scheme, which can accomplish a
smooth transition between helicopter mode and air-
plane mode. The main improvements of this article
are twofold:

1. A switched linear model of a tilt-rotor air-
craft in conversion mode is built. As a result, the
nonlinear control problem of the conversion mode is
transformed into the state-tracking control issue of
the switched linear system.

2. A time-scheduled method is developed to con-
struct an improved MLF. On this basis, the linear in-
terpolation method is adopted in transition intervals
to resolve the bumpless transfer issue. Compared
with the conventional bumpless transfer technique,

the reference input is no longer essential.

2 Switching modeling for the longi-
tudinal dynamic model of a tilt-rotor
aircraft

The partonomy is used in the modeling process,
and the model is simplified into a longitudinal dy-
namic model. Some assumptions are essential in the
modeling process (Harendra et al., 1973). For in-
stance, each component of a tilt-rotor aircraft is rigid
body and the rotation speed of the rotor is regarded
as fixed during the process.

Take the XV-15 tilt-rotor aircraft as an example.
Based on the Euler equations (Kleinhesselink, 2007),
the longitudinal dynamic model for conversion mode
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is

Mgl = —Mgwq — mggsint + F,

Mg = mguq + mggcost + F, (1)
Iyq = My,

0 =q,

where u, w, ¢, and 6 denote the forward speed, lon-
gitudinal speed, pitch rate, and pitch angle, respec-
tively. mg is the mass of the aircraft, g is the grav-
itational acceleration, and I, is the pitch rotational
inertia. F, denotes the resultant aerodynamic force
of each part in the x direction, while F, denotes the
force in the z direction. M, represents the resultant
aerodynamic moment of each component in the y di-
rection. These forces and moments are related to the
collective pitch 0}, the longitudinal periodic pitch 6,,
the elevator deflection d., and the mast angle Sy;.

Maisel et al. (2000) presented the conversion
corridor with respect to the mast angle S\ and the
air speed V', which can guarantee a safe tilting pro-
cess. By selecting IV operating points in the conver-
sion corridor, trimming the nonlinear model of con-
version mode (1), and taking the Jacobian lineariza-
tion, a cluster of linear models are obtained. Further-
more, introducing a switching signal o(t), nonlinear
model (1) can be transformed to a switched linear
system:

&(t) = Asyx(t) + Boyu(t) + Hoyw(t), (2)

where z(t) = [Au, Aw, Ag, AG]T is the state, u(t) =
[AGy, Ab,, Ade]™ is the input, and w(t) is the ex-
ternal disturbance. o () [0,00) — Ry =
{1,2,--+, N} is the switching signal. A;, B;, and
H, (o(t) =1, i € Ry) are matrices with proper di-
mensions, and these matrix parameters are derived
based on the trimming results.

Definition 1 (Zhao XD et al., 2012) The switch-
ing law o(t) = 4, i € Ry, can be called mode-
dependent dwell-time (MDDT) switching if

Nz(tz,ty) < 1+n(tz,ty)/7-di7 Vty >t > O,

where 74, > 0 is an existing scalar, N;(t,,t,) and
Ti(tz,t,) represent the overall number that switches
to the i*" mode and the total activated time of the
ith subsystem (i € Ry) in the interval [t,t,), re-
spectively. Then, 74; is called MDDT.

Remark 1 The mast angle [\ is closely related
to the inclination angle of the nacelles. In conversion

mode, the variation of Sy from 0° to 90° represents
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the flight mode of the tilt-rotor aircraft changing
from helicopter mode to airplane mode. By lineariz-
ing nonlinear model (1) based on the range of Sy,
the switched linear system (2) is obtained, and thus
the runtime of each subsystem in Eq. (2) has a lower
bound. This MDDT switching can further describe
the tilting characteristics.

3 Smooth H state-tracking control

In this section, the interval partitioning and
smooth interpolation methods are further extended
to develop an improved MLF. On this basis, an Ho
state-tracking control scheme is proposed for the
switched linear system (2).

The reference model can be scrupulously ex-
tracted from the tilting course based on the state
characteristics and trimming results:

. (t) = Ay, (t) + Byr(t), (3)

where x,(t) € R" and r(t) € R" represent the
state and input of the reference system, respectively.
This reference system generates desirable state tra-
jectories to be tracked. To ensure favorable tracking
performance, A, should have the same matrix struc-
ture as A;, 71 € Ry.

Considering the switched system (2) with refer-
ence model (3), define the tracking error as e(t) =
x(t) — x,(t). The control input is designed as

u(t) = Kei(He(t) + Kam(t) + Kur(t),  (4)

where K.;(t), K., and K,; are controller gain ma-
trices, ¢« € Ry. One can further deduce that

é(t) = Acie(t) + Acix, (1) + Apr(t) + Hyw(t), (5)

where Ay, = A; + BiKei(t), Ay = A, + B;K.; —
Ar, and A,; = B;K,; — Br, VO’(t) =1, i € Rn.
Select K.; and K,; such that A.; = 0 and A,; =
0. Hence, the trajectory tracking issue becomes the
stabilization issue of tracking error system (5).
Definition 2 Considering the switched
system (2) with reference model (3), if there exist
switching signal o(t) and controller (4) satisfying

(1) when w(t) = 0 and system (5) is globally
uniformly exponentially stable (GUES),

le(®)]l < vexp(e(t — to))lle(to)ll, ¥t > to,
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(2) when w(t) # 0 and under the zero initial
condition,

/Oo el (¥)e(W)dy < 4* /Oo W (9)w(9)dd,
0 0

where v > 0, € > 0, and 7 > 0 are constants, then
system (5) is said to achieve an H., state-tracking
performance.

The control objective here is to co-design con-
troller (4) and an MDDT switching law such that
tracking error system (5) has an H. tracking
performance.

Inspired by interpolation approaches in several
works (Allerhand and Shaked, 2011; Xiang, 2015;
Yuan et al., 2018), here we introduce a scalar 7,
and let [ts,ts + 7,) denote the transition interval,
where t, denotes the s™ switching instant. The
interpolation process is developed during the inter-
val to design time-scheduled controllers, which can
prevent abrupt bumps appearing at switching in-
stants. Additionally, let the interval [ts + Th,ts41)
be partitioned into L + 1 portions.
sequence {tso,ts1, " ,tsr}, where tgo = ts + 7.
Eventually, the interval [ts, ts11) is divided into
[t57t50) U [ts()atsl) u.---u [ts(L—l)atsL) U [tsL7t5+1)~
Let the length of each portion except [tsr,, ts41) be 1;
for o(ts) =i, i € Ry and [ € Zyg ). To realize this
partitioning approach, 7q; > 1, + L7, is obviously
required for i € Ry. Based on such a partition-
ing, a smooth H., state-tracking control scheme is
developed.
Theorem 1

Define a time

Consider the switched linear
system (2) with reference model (3). Let ¢; > ¢y >
0, 71; > 0, 7, > 0 be given constants for i € Ry, and
v > 0, and suppose that there exist matrices Tj; > 0
and Uy for (Z,]) € Rn XRn, 1 75 i, k€ Z[O,L]v
L€ Zp,r-1)

[ )2%11] H; TjL

Xij=| * —*I 0 | <0, (6)
| % 0 —I
[ X3, Hi Ty ]

X2ij = * —’721 O < O, (7)
| * 0 —TI |
[ X%le Hi ’Tz i

Xlij = * —’72I 0 < O, (8)
| 0 —TI |
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xi;  Hi  Tiagy
X2ij = * =T 0 <0, (9)
* 0 I
xi' H; T,
xi=| * —*I 0 | <0, (10)
* 0 I
where
- Ty — T,
X%}j =He{A;T;;, + B;U;1} + s Tj1 — OTihj,
Ty — T
X31; =He{A;Tjo + B;Uio} + suiTho — 7_7J’
h
_ Tiaq1) — T
X1i; =He{ ATy + B;U;} + i Ty — %7
Xai; =He{ AT 1) + BiUj11)} + ssiTis1)
- Ty — T
T '

lel :He{AzI‘IzL + BzUzL} + gsiﬂL?

with He{X} £ X + X T,

Then, for the MDDT switching signal satisfying
Tdi > Th + L7, i € Ry, the closed-loop system (5)
has an H., state-tracking performance no greater
than

- s
F=4/=", (11)
Su
where T = maxjer,y (Ssi), S, = MiNiery (Sui), and

o= exp(ZiGRN (Gsi — Cui)Th)-

In addition, the controller gains in Eq. (4) sat-
ISfy Km(t)Tl(t) = Uz(t), Az + Bchz = Ar, and
B;K,; = B,, where for (i,j) € Ry X Rn, i # j,
l e Z[O,Lfl]a U(O) =m € Rn:

Tjr + k(t)(Tio — Tjr), t € [ts, ts0),

T, (t)= nl+“i(t)(ﬂ(l+1)—ﬂl), te [tsl,ts(l+1))7
Tip, t€[tsp,tst1),
TmL, te [O,tl),

(12)

UjL + £(t)[Uio — UjL), t€ [ts,ts0),

U, (t)= Uil-f—lii(t)(Ui(Hl) —Uy),te [tsl7ts(l+1))7
Ui, t€ [tsr,tst1),
Uy, te [O,tl),

(13)
with k(t) = (t — t5)/m and k;(t) = (t — ts1) /7.
Proof Without loss of generality, consider o (ts) =
i, 1€ Ry,and o(t;) =4, j € Rn, i # J.
Construct the following revised MLF":

Vie(t)) = e" (t)Pi(t)e(t), (14)
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where Pi(t) = T,

=L(t) for t € [0,00).
verified that the constructed Lyapunov function is
continuous and differential for ¢ € [0, 00).

For t € [ts,ts0), one can deduce that

It can be

V(e(t))+et (te(t) = wt (Hw(t)=¢T (1)O(1)¢ (),

(15)
where ¢(t) = [ eT(t) wT(¢t) ]T , and
S [ €70 PO
@(t) - * _'YQI

with @1(t)
Py(t).
In addition, define

= He{Pi(t)A; + P;(t)B;Kei(t)} + 1 +

Xij (1) =(1 = w())Xi; (t) + £(t) X245 (1)
xi;(t) H; T
—?
0

<.

* —I
with X3} (t) = He{A;Ty(t) + BiUi(t)} + cuiTi(t) —
T;(t). It is noted that 0 < k(t) < 1 for t € [ts,ts0)-
According to inequalities (6) and (7) and Eqgs. (12)

and (13), one can deduce that x;;(t) < 0.
Pre- and post-multiplying  x;;(t) by
diag{P;(t), I, I} , one can obtain that
xij(t) Pi(t)H; I
* —2I 0 <0
* 0 —I

with x;j(t) = He{P(t)A; + Pi(t)B;Ke(t)} +
GuiP;(t) + P;(t). Applying the Schur complement,
O(t) < 0 can be deduced. Combining with Eq. (15),
one can further deduce that

_Cuzv(e(t))
(16)
By similar manipulation, for t € [ty,t5q41)),

L€ Zp,r-1)

— YT (Hw(t) <

Vie(t)) + et (t)e(t)

_gsiv(e(t))
(17)
can be guaranteed by inequalities (8) and (9). Mean-

YWl (tw(t) <

V(e(t)) + et (t)e(t)

while, inequality (10) can guarantee inequality (17)
for t € [tsp,tss1)-

First, consider w(t) = 0. By integrating in-
equalities (16) and (17) from ts to tsi1, one can

obtain that

V(e(t))
<exp{ — Sui(t.)Th — Ssi(e.)(t — ts — )}V (e(ts))
< H exp{<;mN;(to, t) — wiTi(to, t) } V(e(to))

1ERN
Si Tl
<aexp{ 3 (T~ ) ilto. 1)}V (elto))
1ERN
where ¢ = ¢4 — <u for i € Ry. Be-
cause Tq; > Th, one can deduce that
Vie(t)) < aexp(—s,(t—to))V(e(to)), where

S, = minjery (Gui) as mentioned. Furthermore, it
is observed that V'(e(t)) converges to 0 as t — oo.
Then one can deduce that the system is GUES.

Next, consider w(t) # 0. Integrating inequal-
ities (16) and (17) from t,
F(t) = e'(t)e(t)

to ts41 and letting
— 72wt (t)w(t), it holds that

Vie(t))

<exp{ Ssi(ta) (t —ts — Th)}v(e(t8)>

t
B / exp{suite Toi(0.£) — ey (9, 1) L F(9)dD
ts

<u1 ts)Th —

< H exp{giThNi(to,t) —GSiTi(tO,t)}V(e(tO))
1ERN

_/t H exp{¢;Thi(V, t)

1ERN

— §siTi(197 t) }F(ﬂ)dﬁ

where Ty,;(1, t) denotes the total length of transition
intervals during [9,t) of the i subsystem for i €
RN. It holds that Thi(’ﬂ,t) S Tth'(’ﬂ,t).

Consider the zero initial condition. Because
V(e(t)) > 0, one can deduce that
t
/ TT exp{sices) Toi(®, ) —ssicey Ti(0, 1) Hle(®)|*dv
t0ieR N
t
S/ IT exp{sicea) Thi (¥, 1) =sigen) Ti (0, )}yl (9)|* do.
L0jeR N
(18)

The left-hand side of inequality (18) satisfies

t
/ IT exp{sicen) Thi(¥,1) = ssiey Tu(9, 1) }Hle(@®)]|*dv

0 ieR N

z/texp{—zsu— ) le(9) 2o,
’ (19)



while the right-hand side of inequality (18) satisfies

t
/ ]___[ exp{gi(ts),rhi(197 t) _gsi(ts)Ti(197 t)}’yz Hw(ﬁ)szﬁ
0 eRy

S'Yz /t H Cxp{gi(ts)Thzvi(‘gvt)_<si(ts),1—‘i(197t)}H“)('l9)H2(119
t0ieR N
<ar? [ expl — L~ D)} o) Pa.
K (20)
Let tg = 0. Combining inequalities (18)—(20),
one can obtain that

/ exp( = Su(t — ) [le(9)[2d0

to

t
<ar? [ exp( =g, (¢~ ) Jw(@) Pdv.
to
Integrating two sides of the foregoing inequality
for t from 0 to oo, it holds that

/OO/ exp( —Su(t — 0))[le(9)]|*dvdt
o Jo

soy’ /000/0 exp( — ¢, (t = 9))|w(¥)[|*dvdt,

which indicates that

[ tewie ([ e oar)ao
<ay? /OOO [|w(9)]|? (/:o exp( — ¢, (t — ﬁ))dt) a9

It is noted that g > 0 and s, > 0. One can
further deduce that

[e'e] — 2 [e'e]
agg7y
| lewpa < S [ ) pav,

which demonstrates that tracking error system (5)
achieves a non-weighted H., performance as Eq. (11)
according to Definition 2.

The following corollary can be derived based on
Theorem 1 without considering interval partition-
ing or smooth interpolation. In this situation, the
controller gain Ke;(t) in control law (4) becomes a
time-invariant matrix K;, i € Ry.

Corollary 1
system (2) with reference model (3).

Consider the switched linear
i > 0 and
1; > 1 are given constants for i € Ry. Supposing
that there exist matrices T; > 0 and U, for i € Ry,
(i,7) € RN X RN, 1 # j,

He{AT; + BU;} +T;, H; T,
* I 0
* 0 I

<0,
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1-.’7 SMZ'E?

for the MDDT switching law satisfying 7q; >
In(u;/si), i € Ry, system (5) is GUES with an Hoo

performance no greater than

_ S
Y= - H iy
® 1ERN

where ¢ = max;ery(s) and @ =
maX;ery (In(p;/7a;) — ;).  In addition, the con-
troller gains satisty K¢, T; = U;, A; + B; K., = A,,
and B;K,; = B,, fori € Ry.

The proof is omitted here.

4 An example based on the XV-15 tilt-
rotor aircraft

In this section, the XV-15 tilt-rotor aircraft is
taken as an illustrative example to verify the effec-
tiveness of the developed control method in Theo-
rem 1.

Table 1 provides trimming results of each se-
lected trimming point according to the conversion
corridor, and the tilting process starts with Sy = 0°
and V =101.21 ft/s (1 ft=0.3048 m). On this basis,
the linearized Jacobian matrices of each trimming
point can be obtained:

[ —0.0282 —0.0167 4.3608 —32.1701
A, | 00181 03791 1010725 13874
—0.0421 —0.6593 0 0
0 0 1 0
T —0.0387 0.0580 —14.7603 —32.0068 ]
A, | 00226 —0.5043 1341710 -3.5221
0.1309 —0.9469 0 0
0 0 1 0
[ —0.0554 0.1567 —39.3071 —31.3142
A, | 00708 —0.6455 1641248 ~7.5007
0.3873 —1.2751 0 0
0 0 1 0
[ —0.0672 0.1682 —42.4852 —31.4838 ]
A, | 00763 —0.7647 1980320 —6.7533
04153 —1.5256 0 0
0 0 1 0
T —0.0879 0.1630 —42.7192 —31.7954 ]
A | ~00783 —10004 2666466 —5.0877
0.4103 —2.0228 0 0
L0 0 1 0o
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Table 1 Trimming results of the selected operating points

Mast angle Air speed System state Control input
Bum V (ft/s) u (ft/s) w (ft/s) q (rad/s) 0 (rad) 0y (rad) 0a (rad) Jde (rad)
0° 101.21 101.1160 —4.3608 0 —0.0431 0.5661 0 0.1011
12° 135.02 134.2099 14.7686 0 0.1096 0.4576 0 —0.1847
35° 168.78 164.1370 39.3157 0 0.2351 0.2658 0 —0.4413
52° 202.53 1980255  42.4769 0 02113 0.2183 0 ~0.3906
90° 270.04 266.6466 42.6757 0 0.1587 0.2432 0 —0.2821
1 ft=0.3048 m
0 33.8880 —0.1496 B.,=[10 0 0 ]T7
—59.9340 0 —3.4695
B.= 0 06.9554 —42.8655 |’ and the reference input is selected as r(t) =
0 0 0 22sin(0.1146t). External disturbance input, addi-
: i} tionally, is considered as w(t) = 2 cos(0.53t)e 905,
124611 26.7040 0.6760 Set Gu1 = Gu2 = Su3 = Gud = Sup = Ss1 = G2 =
—58.6249 5.6761 —6.1434
B,= 0 790373 _76.3334 | ° 63 =G4 =65 = 0.1, 1 = 0.8, and 71 = 12 = 713 =
T4 = 15 = 0.5, and select v = 1.1615 and L = 1.
- 0 0 0 - Dealing with the conditions in Theorem 1, one
[ 34.3774  12.5764 2.2496 can obtain
B;= _49(')0960 5484026619 __1?533121 , [ —0.0187 0.0189  0.1197 —0.0093 ]
0 'O O Uix=| -0.0135 —-0.0189 —0.0125 0.0010 |,
- | —0.0237 0.1596 —0.0070 0.0039
Cshsoor omse —1asons -4 —00ao 0 005
By= 0 346704 —172.7199 | Uyy=| 0.1680 —0.8188 —0.0113 0.0147 |,
0 0 0 0.0839 0 0 0.0208
_ [ —0.0294 —0.0083 —0.0043 —0.0044 T
59'?)333 12.(())885 _23(33913 Uy;=| —0.0086 —0.0402 —0.0085 0.0015 |,
Bs= , —0.0294 0.1139  0.0022  0.0021
0 40.6470 —316.5923 3 B
0 0 0 —0.2846 —0.1707 0 —0.0750
i Us =| 08171 —1.5554 —0.0187 0.1194 |,
0.1 T [ 0.2 7 [ —0.1 0.1727 0 0 0.0482
| " | % = %2 [ —0.0344 —0.0061 —0.0715 —0.0025 ]
—05 —02 0-3 Usp=| 00552 —0.1752 0.0116  0.0099 |,
0 L 0 L0 | —0.0241 0.0780  0.0119  0.0041
[ —0.4 7 [ 0.8 7 [ —0.3249 —0.3610 0 —0.1564
H.— 0.2 Hee —0.2 Ujp=| 20504 —2.1442 -0.0191 0.7170 |,
4= 5=
—0.3 —0.1 0.3292 0 0 0.1458
L0 L0 [ -0.0220 0.0246 02724 —0.0009 ]
The whole tilting process is represented by the Uy = 0.0238 —0.1146 0.0280 0.0778 ,
five subsystems provided above. 0.0291 0.1694 0.0105 0.0167 |
. The parameters of the reference system are © _0.0093 0 0 —0.0586
given by Us;=| —1.0569 0.6317 —0.0150 10.3686 |,
—0.0092 —0.0011 0.1620 —32.1996 L —0.1717 05233 0 1.3322
A 0.0039  —0.1297 33.7596  0.1546 [ —0.0053 0 0 —0.0628 7
" | 0.0008 —0.2525 0 0 " Use=| —0.7929 0.7681 —0.0178 11.6953 |,
0 0 1 0 | —0.1403 0.5836 0 1.5020
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[ 0.4055 —0.0046 —0.0066 0.0059
Tyy— —0.0046 0.4006  0.0087  0.0037
—0.0066  0.0087  0.1540 —0.0048 |’
0.0059  0.0037 —0.0048  0.0009
[ 0.3948  0.0326 —0.0276 0.0037
Ty — 0.0326  0.3785  0.0102 —0.0024
—0.0276  0.0102  0.4791 —0.0229 |’
0.0037  —0.0024 -0.0229 0.0018
0.3657  —0.0152 —0.0069 0.0041
Tyy— —0.0152 0.3656 —0.0002  0.0036
—0.0069 —0.0002 0.0897 —0.0018 |’
0.0041 0.0036 —0.0018  0.0006
[ 03730  0.0396  0.0414 —0.0053 7
Ty = 0.0396  0.3742  0.0299 —0.0053 ’
0.0414  0.0299  0.4231 —0.0261
L —0.0053 —0.0053 —0.0261 0.0029
0.3830 —0.0139 —0.0001 —0.0010 T
Ty — —0.0139 0.3570  0.0097 —0.0012
—0.0001  0.0097  0.0844 —0.0010 |’
L —0.0010 -0.0012 —0.0010 0.0028
[ 0.3513  0.0180  0.0360 —0.0092 7
Ty = 0.0180  0.3713  0.0321 —0.0075 7
0.0360  0.0321 0.3775  —0.0526
L —0.0092 —0.0075 —0.0526 0.0170
[ 0.3448  0.0072 —0.0032 —0.0012 7
Ty = 0.0072  0.3469  0.0199 —0.0014
—0.0032 0.0199  0.2203 —0.0021 |’
L —0.0012 —0.0014 —-0.0021 0.0209
[ 0.3813  0.0020  0.0252  —0.0472 7
T — 0.0020  0.3876  0.0182 —0.0144
0.0252  0.0182  0.5221 —0.3385 |’
| —0.0472 —-0.0144 —-0.3385 0.5064 |
[ 0.3901 0.0011 0.0161  —0.0231 T
Tyy— 0.0011 0.3949  0.0176 —0.0101
0.0161 0.0176  0.5722 —0.3817
| —0.0231 —-0.0101 —0.3817 0.5780

Additionally, U;(t) and T;(t) can be derived
from Eqs. (12) and (13), respectively. Meanwhile,
the controller gain matrices can be deduced by
K.(t) = UMT (), Ai + BiK,; = A,, and
B, K,; = B,.

Set v = 1.0595, ¢1 = ¢ = @3 = ¢4 = ¢ =
0.1, and g = 1.3, and deal with the conditions in
Corollary 1. By similar manipulation, K.; and K,;
share the same values in Theorem 1, and K,; for

1 € Ry are
0.0902 0.1170 0.5060 —8.7093 T
Kq.=| —0.0563 —0.0607 —0.0344 1.4909
| —0.1083 0.3619 0.0450 3.7505
0.0054 0.0544 —0.2046 —7.8495 7
Keo=| —0.0697 —0.1480 —0.0290 3.5646
| —0.0947  0.2836 0.0674 2.4529
[ —0.0934 —0.0015 —0.8613 —1.2124 ]
K.3= 0.1356  —0.4803 0.2334 3.4144
| —0.0508 0.2182 0.1343 1.5734
[ —0.0520 0.0014 1.2362 0.0770
Ko = 0.0906 —0.3276 0.1935 3.7293 |,
0.0773 0.4894 0.0127 0.8406
[ —0.0197 0.0009 —0.1295 —0.1950
K= —0.8890 1.7971 24.0109 36.0877
| —0.2151 1.4604 3.0490 4.6291

The total runtime of tilting is 15 s, and the se-
lected switching signal is displayed in Fig. 1, which
depends on the intervals between adjoining trimming
points. The MDDT constraints of Theorem 1 and
Corollary 1 are both satisfied.

The comparison of Theorem 1 and Corollary 1
is displayed in one figure to highlight the difference.
Figs. 2—5 track performances of forward speed u,
longitudinal speed w, pitch rate ¢, and pitch angle 6,
respectively. Both control schemes of Theorem 1 and
Corollary 1 are capable of accomplishing state track-
ing and control. However, the control scheme of The-
orem 1 has better tracking control performance than
the scheme of Corollary 1, particularly at switching
instants.

Mode

—— Switching signal o(f)

0 2 5 10 15
Time (s)

Fig. 1 Switching signal o(t)
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5 Conclusions

In this paper, a switched linear modeling
method is provided for the conversion mode of a tilt-
rotor aircraft. An H. state-tracking control law is
designed that transforms the nonlinear control is-
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Fig. 5 Pitch angle 6

sue of conversion mode into a stabilization problem
of the switched linear system. Moreover, the linear
interpolation and interval partitioning methods are
further developed to restrain the abrupt controller
bumps at switching instants. Finally, the effective-
ness and advantages of the proposed control scheme
are validated by using the XV-15 aircraft as an exam-
ple. It is worth mentioning that the linearization pro-
cess leads to inevitable error between the switched
linear model and the original nonlinear model, which
has a certain impact on the performance of the sys-
tem. To deal with this issue, a switched Takagi-
Sugeno fuzzy modeling method can be further pur-
sued to improve the accuracy of modeling in future
studies.
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