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Abstract: Aiming at the complex tilting process of quad tilt-rotor (QTR) transition mode, this paper studies the

manipulation strategy in transition mode to solve the problem of manipulation redundancy and coupling in transition

mode of quad tilt rotor. The variations of the manipulation derivative are analyzed in the tilting process. Through the

flight control simulation and flight test of the quad tiltrotor, the validity of the control system and the rationality of the

manipulation strategy are verified.
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0 Introduction

The quad tilt-rotor """ (QTR) is a novel vehi-
cle which combines the characteristics of helicop-
ters and planes. QTR has three flight modes: the
helicopter mode, plane mode and the transition
mode. QTR has two sets of helicopter and plane
manipulation modes, and gradually transforms
with the change of the nacelle tilt angle'*’. There-
fore, the manipulation redundancy of QTR will ap-
pear in the transition process. In addition, the
whole tilting transition process must be completed
within the transition corridor. How to solve the
problem of manipulation redundancy and make
QTR successfully complete the conversion be-
tween the helicopter and the plane mode is an im-
portant research topic'**’.

At present, the control methods of QTR in the
transition mode focus on the preset control scheme
to solve the problem of manipulation redundancy,
and the control system is designed to track the pre-

[7-10]

determined commands (tilting law, flight trajec-

tory, etc.). It is impossible to obtain the optimal ma-
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nipulation strategy and flight trajectory of the whole

[11-13] In

tilting process under different flight missions
fact, studying the optimal transition process will ob-
tain the corresponding manipulation strategy. This
can not only solve the problem of manipulation re-
dundancy, but also effectively improve the tilting ef-
ficiency. Therefore, it is necessary to study the opti-

mal tilt path of QTR.

1 Aerodynamic Model

The quad tilt rotor with partial tilt wings in this

paper is shown in Fig.1. It includes four groups of
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Fig.1 Quad tilt-rotor with partial tilt wing
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propellers, front and rear wings, a fuselage, an ele-
vator, motors, the tilting mechanism, an undercar-

riage and the flight control system.

[14

The parameters'™* of the quad tilt rotor with

partial tilt wings are shown in Table 1.

Table 1 Parameters of quad tilt rotor

Category Item Value
Radius/inch 20
Propeller Blade number 2
Thread pitch/inch m
Front Rear
Wing area/m* 0.28 0.475
Tilt wing area/m* 0.042 5(One side)
. Wingspan/m 1.3 1.8
Wing parameter )
Taper ratio 1.2 1.5
Mean-chord/m 0.265 0.3
Aspect ratio 4.9 6
Airfoil profile Eppler1200
Length/m 1.8
Fuselage parameter ) . )
Maximum cross-sectional area/m” 0.06
Vertical distance of front and rear wings/m 0.08
Relative position parameter Vertical distance of the two propellers on the same side/m 0.08
Horizontal distance of the two propellers on the same side/m 0.26

Nonlinear dynamic model of the quad tilt-rotor
can be described as

X=f(X,U,1) (1)
where X is the system state variable, X = [« v w p
gr ¢ d wl; U the system control variable, which in-
cludes the throttle manipulation ¢, the longitudinal
manipulation 0, the lateral manipulation ¢,, the

course manipulation 8 and the tilt angle 3.
U=[0r 0r 04 0x fu] (2)
The Taylor series expansion of Eq.(2) is car-
ried out at the equilibrium point. Keeping the linear

part and ignoring the higher order part, we can get

where the subscript #7im indicates the trimming val-
ue, AX and AU are the increments of system state
variables and system control variables, respectively.
Eq.(3) can be rewritten as

AX = AAX + BAX (4)
where A is the system state matrix, which is com-
posed of partial derivatives of forces and moments
with respect to state variables; B the control matrix,
which 1s composed of partial derivatives of forces
and moments with respect to control variables,
namely, the manipulation derivative matrix. It also
reflects the aerodynamic change generated by the

unit control quantity, which reflects the control effi-

AX = %’leAX + %] UidU — (3)
F,/30: JF,)00s
F,/30; IF,/d0;
F./90, OF./d0:
M, /30 M. d0s
B=\am,/a0, oam,/30.
OM./36: OM./30
0 0
0 0
Lo 0

ciency of the control input to the vehicle.
JF./30, OF,/06x JF./dp, |
dF,/d64 dF,/d0x OF,/3P,
OF./20, OF./36x OF./3B.,
IM,/d0, dM,/dd, IM,/dp,
OM,/96, OM,/d0, aM,/dp, (5)
IM./36y OM./d0x IM./3P,
0 0 0
0 0 0
0 0 o
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2 Tilt Angle of Nacelle

The maximum and minimum velocities under
each tilt angle are calculated, and then the transition
corridor of QTR with tilt wing are obtained. The
boundary of a small velocity is mainly determined
by whether the wing reaches the stall angle of at-
tack, and the maximum velocity boundary is mainly
determined by whether the propeller power reaches
the maximum power.

Fig.2 shows the calculated tilt transition corri-
dor. The tilt angle is 90° for the helicopter mode;
and 0° for the plane mode. The black line is the
boundary of the minimum velocity of QTR with tilt
wings. And the red line is the boundary of the maxi-
mum speed of QTR with tilt wings.

The vehicle transition switching is a variable ve-
locity and structure process which must reasonably
control the aerodynamic distribution between the
propellers and the wings. If the forward velocity is
too small, it will lead to the stalled wing. There-
fore, the transition mode is a process of controling
the altitude, the forward velocity and the tilt angle.
The change of tilt angle j3,, of the nacelle is as follows

Bn=wgyt (6)
where wy 1s the tilt velocity based on altitude and for-

ward velocity and ¢ the tilt time.

80

401

Tilt angle / (°)

0
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Forward speed / (m * s™')

Fig.2 Tilt transition corridor

3 Manipulation Distribution

Fig.3 shows the curves of manipulation deriva-
tives with forward velocity in the transition mode.
It can be seen from Figs.3 (a), (b) and (c¢)

that with the increase of the forward velocity, the
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efficiency of 64,0r and 0, are en-

hanced. As observed, the two manipulation deriva-
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tives of 8Fl./86»1~ and 8F1/86T are essentially linear.
However, the manipulation derivatives of 3F;/86E,
HM‘,./ac?,\ and 8My/8é‘5 have obvious non-monoto-

nicity. For vertical position control, §+ and 0 are re-
dundant. With the increase of f3,,, the manipulation
efficiency of 6+ decreases and the manipulation effi-
ciency of &y increases. From Fig.3(d) , we can
know that with the increase of the forward velocity,

the manipulation derivative of aM_,/aaR increases,
but the manipulation derivatives of dM,/dé; and
IM./ 30y decreases. The manipulation derivative of
8M:/86A increases and then decrease with the in-

creases of the forward velocity. From Figs.3 (¢) ,
(d), we can see that in the transition mode, ¢+ and
0r have redundant manipulations for pitch. The ma-
nipulation efficiency of ¢ is enhanced with the in-
crease of the forward speed while the manipulation
efficiency of ¢, is receded. The lateral and course
have coupling manipulations. The effect of 5, on the
course coupling is greater than that of d on the later-
al coupling. Especially, the manipulation efficiency
of 04 on course is enhanced with the tilt angel 8, in-
creaing at the beginning. However, when the tilt an-
gle reaches a certain value, the manipulation efficien-
cy of 04 on course is receded. Therefore we can know
from Fig.3 the forward velocity and tilt angle §,, have
great influence on the manipulation derivatives.

In the transition mode, QTR always maintains
the attitude angle and height stability to achieve a
smooth transition flight. In terms of height manipula-
tion, it is necessary to automatically compensate the
propeller rotational speed and the rudder deflection
angle to achieve height stability.

The height control and steering authority distri-
bution strategy used by QTR is shown in Fig.4.

ki, ko, ks, ke are distribution coefficient related
to the tilt angle j3,, and forward velocity.

k Tilt
! ller
Forward | [ Speed | | contro
speed error controller
Motor speed
2
controller
Motor speed
3
Heioh controller
Height error (| eight
controller _
Pitch
"
controller

Fig.4 Manipulation distribution in transition mode

ky = ((cos(2(x/2 —B,)))+ 1)/2 (7)
ky= ((sin(2(x/2 —B,)— =/2))+1)/2 (8)

1 u<"18
— 18
hy=11— ”20 18<<u< 38 (9)
0 u>= 38
0 u<18
—18
e 18<<u <38 (10)
20
1 u=>38

Fig.4 shows the manipulation right distribution
is required during the transition process due to the
change of height and speed. The angle of the nacelle
is small and the forward flying speed is low. By ad-
justing the speed of the propeller to change the lift of
the rotor, the height can be more effectively con-
trolled stably. In the early stage, when the speed is
not established, it is necessary to change the atti-
tude of the quad tilt rotor, while increase the rota-
tional speed of the propeller to achieve the accelera-
tion of the quad tilt rotor

After the quad tilt rotor retreats from the copter
mode, it accelerates forward. At this time, the
flight mode is switched. The simulation results are
shown in Figs.5—6, where the shaded part repre-
sent the transition mode. Fig.5 shows the change of
the pitch angle, the height, the forward speed and
the tilt angle of the nacelle during the mode transi-
tion. It can be seen that the pitch angle of the quad
tilt rotor is finally maintained at the initially set an-
gle of 5%, and the height maintaining effect is better.
The height difference is finally stabilized at about
0 m, and the forward flying speed is increased more
rapidly in the transition mode. The nacelle waits for
a short period of time at the set angle, and the time
of the entire tilt process is about 7.5 s.

Manipulation distribution strategy is designed

30 100
% e
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£1s 3
3 . Jao &
2 — Tilt angle E
2 -=- Speed 190
0 L L L L 0
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tl's
(a) Speed



No. S WANG Zhigang, et al. Research on Manipulation Strategy of Quad Tilt-Rotor 5
166 Figs.5—6).
— Tilt angle 180 Condition 2 Directly tilting from the copter
==« Altitud < . .
& e sommai60 S mode to the plane mode at different tilt rates.
) g 4 1 -
g O / 20 %" Condition 3 Tilting with one tilt rate, and
= ’ g S
< X s = waiting for the forward speed to reach the set speed
- v S 120 .
N at the set tilt angle.
= L . . . 0 egs . e
00 25 50 75 100 125 150 175 200 Condition 4 Directly tilting from the copter
t/'s mode to the plane mode at one tilt rate.
Altitud . ..
- () StHimde 100 The tilt parameters of the four conditions are
shown in Table 2.
= 5 "’.-~~~~“~. 180 —
g / See- <
9 160 3 Table 2 Parameters of four conditions
an —
g 0 o
s la0 § Parameters C1 C2 C3 c4
£ — Tilt angle N = Tiltrate 1/()ys ) 10 10 10 10
== Pitch angle Tiltrate 2/(C)s™") 20 20 10 10
-10 0 Tiltrate 3/(C)s ™)) 40 40 10 10
00 25 50 7.5 100 125 15.0 17.520.0
/s Set speed 1/(mes™")  17.9 19.9
(c) Pitch angle Set speed 2/(mes ") 20 20
Fig.5 Changes in each channel during tilting process Set tilt angle 1/(°) 30 30
Set tilt angle 2/(°) 50 50

100
LIS 180
Seead60 E
)
140 8
— Tilt angle =
_— 120
1 L . L 0
00 25 50 7.5 10.0 12.5 15.0 17.5 20.0
t/s
(a) J;
2 000 100
1500 N
e
—~ 160 5
< 1000 &
R =
= 40 =
500 — Tilt angle =
-—-d, 4120
0 O 1 1 1 L 0
0.0 25 50 7.5 10.0 12.5 15.0 17.520.0
t/s
(b) o,

Fig.6 Manipulation compensation during tilting process

according to Fig.4. Tilting strategy is designed ac-
cording to Figs.5—6. In order to compare the tilt
path optimization strategy, we design other three
tilting strategies.

Condition 1

and waiting for the forward speed to reach the set

Tilting with different tilt rates,

speed at the set tilt angle (the optimal tilt path in

Fig.7 shows the results of the flight simulation.
The shaded parts represent the tilting process in the
four conditions. From Fig.7 we can see that at the
beginning of tilting, the forward speeds are same in
all four conditions. But as the tilt angle increases,
the increment of forward speed changes gradually.
When the tilting process is finished, the forward
speed of the four conditions are 24, 20, 22 and
30 m/s. At the beginning, the altitudes are same in
all four conditions, and then the altitudes of Condi-
tions 1, 3 and 4 increase but the altitude of condition
2 continues to decrease. The minimum altitudes of
the four conditions in the tilting process are —1.3,
—3.1, —5.5and —1.6 m. When QTR turns to the
plane mode, the altitudes of the four conditions
change to 1.3, —3.1, —5.5 and 0.9 m. Same as the
changing of the altitude and the forward speed, the
pitch angles are the same at the beginning. And the
pitch angles of the four conditions are —3.0, 4.5,
0.4 and 8.3°. When the tilt angle is less than 307,
the tilt rate remains the same, so when the tilt time
is 3's, the nacelle tilt angles are all 30° in the four
conditions. When the tilt angle is above 30°, the na-
celles continue tilting. However, the tilt angles of

Conditions 2 and 4 are unchanged because of the for-
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Fig.7 Curves of flight simulation results

ward speed. And it waits about 2.4 s for the forward
speed reaching the set speed at tile angle 30°. In
these four conditions, the time spent in the tilting
process is about 5.1, 7.5, 8.7 and 11.1 s

We can see from the results of the flight simu-
lation (Fig.7) that in the first stage of the tilting
process (f,, <<30° ),

the four conditions are same,

the constraint conditions of
so are the results.
The forward speed is established slowly, hence,
QTR lowers its head to speed up the forward speed
according to the manipulation strategy. And then, it
reduction in  height.  When
for Condition 2 and Condition 4,

leads to a
30°< B, << 50°,
the nacelle continues tilting, while the nacelle of
Condition 1 and Condition 3 wait for the forward
speed to establish at 8, = 30°. Due to the tilt rate of
Condition 2 i1s much faster than Condition 4, the
forward speed in Condition 2 is increasing faster
than the speed in condition 4 and the vertical pull in
condition 2 provided by the propellers is sharply re-
duced. The wing’ s increased lift is not enough to
balance the propeller’s reduced vertical pull, so the
height is reduced sharply which will lead the pitch
angle in Condition 2 bigger than that in Condition 4
to reduce the change of height according to the ma-
nipulation strategy in Section 3. When the forward
speed reaches the set speed at 8, = 30°, the results
of the flight simulation in Condition 1 and Condition
3 are same to the results in Conditions 2 and 4. In
the tilting process, the change of the altitude is cru-
cial to the safety of the transition flight. The in-

crease in altitude can be regarded as a safe state of
the flight. All of the four flight conditions, we can
see that the minimum altitudes of the four flight con-
—3.1, —5.5 and —1.6 m. Con~-
dition 1 is our most desired flight condition. And its

ditions are —1.3,

transition time is shorter (7.5s). Therefore, the
optimization solution obtained in this paper is close
to the simulation results. The pitch angle changes
more smoothly, and the whole tilting process is
much faster and more stable.

To verify the effectiveness of the manipulation
the flight test
The flight results are shown in

strategy and the flight control law,

are carried out.

Figs.8—13.
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Fig.8 Pitch angle during forward tilting

As can be seen from Fig.8, the input pitch an-
gle remains basically unchanged after the transfor-
mation. Due to the altitude control during the transi-
tion, the aircraft will adjust the pitch angle of the fu-
selage to maintain a stable altitude. After current
flight speed reaches the minimum forward flight
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speed of the plane, the nacelle will quickly tilt to the
horizontal position to complete the model transfor-
mation.

Fig.9 shows the variation of speed during the
forward flight transition. At the beginning of the tilt-
ing, the forward flight speed increases more slowly.

When the tilt angle is 45°, the nacelle stays at the

58.5 90
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T 115
56.0 A L Nl 0
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Fig.13 Altitude during backward tilting

current angle and waits for the forward speed to
reach the set value (12 m/s).

Fig.10 shows the change in altitude during the
entire flight. After the quad tilt rotor starts in quad
mode, it begins to climb. When the height reaches
43 m, the mode transformation is carried out. Dur-
ing the transition, the height basically remains un-
changed. After the current flying speed reaches the
minimum forward flying speed of the plane, the na-
celle will quickly tilt to the plane position to com-
plete the mode conversion. The forward flying
speed has already exceeded the minimum forward
flying speed of the plane. At this time, the lift force
provided by the wing is be greater than the gravity
of the fuselage, so the altitude of unmanned aerial
vehicle will increase.

Figs.11—13 are the landing transition mode.
When the plane mode changes to the multi-rotor
mode, the nacelle is tilting all the way up to the ver-
tical position. At the beginning of the landing transi-
tion mode, the pitch angle is negative which will
lead the altitude to decrease, and with the tilting
goes on, the pitch angle increases to positive, so the
altitude increases. In the whole landing transition
mode, the forward speed decreases about 2 m/s.

4 Conclusions

Aiming at controling surface redundancy and
channel coupling in the transition mode, the manipu-
lation strategy is designed. The simulation and flight
results show that the manipulation strategy has high
control precision. The effectiveness of the control
system and the rationality of the manipulation strate-

gy have been verified.
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