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ABSTRACT The tilt quad rotor (TQR) has the problem of manipulation redundancy due to the aerodynamic
structure changing in conversion mode. The tilting path is limited by the conversion corridor. In order to
solve the problem of manipulation redundancy in conversion mode and find out the optimal tilting path in
conversion corridor, the aerodynamic model of the TQR based on Goldstein vortex theory is established
to obtain the manipulation derivative matrix and conversion corridor. A novel manipulation strategy is
proposed, the altitude, forward velocity and tilt angle are introduced into the manipulation strategy to
ensure the stability of the altitude and attitude in conversion process. To find out the optimal tilting path
in conversion corridor, a novel tilting strategy is proposed based on Ant Colony Optimization (ACO)
algorithm and compared with another three tilting path. To verify the credibility of the flight dynamics
model, the effectiveness of manipulation strategy and tilting path optimization, the simulation and flight test
were carried out. The simulation and flight test results show that the manipulation strategy proposed in this
paper can solve the manipulation redundancy in conversion mode very well, and the proposed tilting path

can ensure the stability of the altitude and attitude in conversion corridor.

INDEX TERMS Tilt quad rotor, manipulation strategy, ant colony optimization, tilting path, flight test.

I. INTRODUCTION
The tilt quad rotor [1]-[6] (TQR) is a novel vehicle which
combines the characteristics of helicopter and fixed wing
aircraft. The TQR has three flight modes: helicopter mode,
fixed wing mode and conversion mode. In order to satisfy the
requirements of helicopter mode and fixed wing mode, TQR
has two sets of manipulation modes(helicopter and fixed wing
mode), and gradually transforms with the change of nacelle
tilt angle [7]-[9]. The TQR can be controlled in the same
state by helicopter or fixed wing control mechanism and the
tilt nacelle. Therefore, the manipulation redundancy of TQR
will appear in the conversion process. In addition, the whole
conversion process must be completed within the conversion
corridor. How to solve the problem of manipulation redun-
dancy is an important research topic [10]-[13].

At present, the control methods of TQR in conversion
mode mainly focus on the preset control scheme to solve
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the problem of manipulation redundancy. The control system
is designed to track the predetermined commands [14]-[17]
(tilting law, flight trajectory, etc.). Oosedo ef al. [18] present
the attitude transition flight control system for pitch angles
ranging 0° to 90° since flight condition with a 90° pitch angle
significantly differs from that in a conventional quad rotor
UAV flight, and then adequate control system and sufficient
experimental validation are necessary for stable flight in a
wide range of attitude conditions. Haixu et al. [19] reckon the
body, the nacelles and the rotors to be independent entities,
establishes a realistic model in the form of multi-body motion
equations. In order to solve the problem of aircraft manip-
ulating redundancy of the tilt tri-rotor UAV in the process
of nacelle tilting in the transitional mode, Zhang et al. [20]
proposed an appropriate dynamic model of the tilt tri-rotor
in the transitional mode is built, and a new tilting control
method based on fuzzy control. Xufeia and Renliang [21]
based on the augmented flight dynamics model, the opti-
mal landing procedure of XV-15 tilt rotor aircraft after one
engine failure is formulated into a Nonlinear Optimal Control
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Problem, solved by collocation and numerical optimization
method. Wang et al. [22] proposes a Negative-buoyancy Quad
tilt quad rotor Autonomous Underwater Vehicle, for which
an attitude-tracking controller is designed for the hover and
transition modes based on a disturbance-rejection control
scheme. However, they do not consider the manipulation
strategy and flight trajectory of the whole tilting process
under different flight missions. In fact, studying the optimal
conversion process will obtain the corresponding manipula-
tion strategy. This can not only solve the problem of manip-
ulation redundancy, but also effectively improve the tilting
efficiency. Therefore, it is necessary to study the optimal
tilting path of TQR.

In the developments of optimization theory, parti-
cle swarm optimization (PSO) algorithm [23] and ant
colony optimization (ACO) [24] algorithm, as new parallel
optimization algorithm, have been widely used in the fields
of science and engineering. Wang et al. [25] introduced a
particle swarm optimization (PSO) and bacterial foraging
optimization (BFO)-based learning strategy (PBLS) to opti-
mize the classifier and loss function of strengthened region
proposal network (SRPN), but PSO algorithm has some
problems, such as premature convergence, dimension disaster
and easy to fall into local extremum. Ant colony optimization
(ACO) algorithm [26] is a probabilistic algorithm used to find
the optimal path. This algorithm has the characteristics of dis-
tributed computation, positive feedback of information and
heuristic search, and is essentially a heuristic global optimiza-
tion algorithm in evolutionary algorithms [27]. The optimal
tilting path problem of TQR can be reduced to a nonlinear
dynamic optimal problem with state and control constrains.
This problem can be solved by ant colony optimization
algorithm [28]-[30]. Lu and Wang [31] proposes an event-
based model which lists the events related with all phases
of cooperation with partners and puts events into a dynamic
supply chain network in order to understand factors that
affect supply chain partnership integration. They develop a
multi-objective supply chain partnership integration problem
by maximizing trustworthiness, supplier service, qualified
products rate and minimizing cost, and then, apply a hybrid
algorithm with particle swarm optimization and ant colony
optimization that aims to efficiently solve the problem.
Tran et al. [32] adopted a swarm intelligent algorithm, Ant
Colony Optimization, to solve the scheduling optimization
of MRO processes with two business objectives: minimizing
the total scheduling time and total tardiness of all jobs.
The algorithm also has the dynamic scheduling capability
which can help the scheduler to cope with the changes in
the shop floor which frequently occur in the MRO processes.
Oh and Lee [33] proposes a new and efficient path generation
framework that considers dynamic topology changes in a
complex network. Multi-directional and Parallel Ant Colony
Optimization is proposed. Ant agents are divided into several
groups and start at different positions in parallel. Then,
gaussian process regression based pheromone update method
makes the algorithm more efficient. ACO is basically applied
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to control parameters optimization [34]-[36]. At present,
no literature has applied this method to study the optimal
dynamic conversion process of TQR. For the tilt quad rotor
UAV, previous researches only ensured that the tilting path
was in the tilt corridor, and no one conducted optimization
analysis on the tilting path in corridor. By analyzing the
optimal tilting path, the tilt quad rotor can make the mode
transformation faster and safer.

Therefore, in this paper, the optimal tilting path of TQR
was studied on ACO method. First, the flight dynamics model
of TQR was taken as the foundation. We established the
dynamic model to obtain the manipulation derivative matrix
and conversion corridor. Then, we proposed a novel manip-
ulation strategy and tilting path based on ACO algorithm.
Last, we designed another three tilting path to compare with
the optimal tilting path. The simulation and flight test were
carried out to verify the credibility of the flight dynamics
model, the effectiveness of manipulation distribution strategy
and tilt path optimization.

The main contributions in this manuscript are list below:

1) The aerodynamic models of propeller, wing, vertical
tail and fuselage are build respectively by using the idea
of component modeling [6]. The linear flight dynamic
model based on the small perturbation theory is pro-
vided for the analysis of manipulation derivative and
conversion corridor.

2) Based on the conversion corridor, a novel manipulation
strategy is proposed. The altitude, forward velocity and
tilt angle are introduced into the manipulation strategy
to ensure the stability of the altitude and attitude in
conversion process.

3) A novel tilting strategy is proposed based on ACO
algorithm to find out the optimal tilting path in conver-
sion corridor. To verify the manipulation strategy and
optimal tilting path, the simulation of comparing with
another three tilting path and flight test of principle and
prototype aircraft are carried out.

4) Both the simulation and flight test results show that
the manipulation strategy proposed in this paper can
solve the manipulation redundancy in conversion mode
very well, and the proposed tilting path can ensure
the stability of the altitude and attitude in conversion
corridor.

Section II shows the manipulation distribution strategy.
Section III describes the tilting path optimization with ACO.
Section IV shows the results and discussions of simulation
and flight test. Finally, section V draws some conclusions for
this paper.

Il. MANIPULATION DISTRIBUTION STRATEGY

The tilt quad rotor with partial tilt wing in this paper is
shown in Figure 1, including four groups of propellers, front
and rear wings, fuselage, elevator, motors, tilting mechanism,
undercarriage and flight control system. Both ends of the
front and rear wings are designed with a tilt nacelle. The tilt
wing is connected to the nacelle and turns with the tilting of

VOLUME 8, 2020



Z. Lyu et al.: Tilting Path Optimization of TQR in Conversion Process IEEEACCGSS ‘

Propeller — Rear wing

7

_ Vertical tail

Nacelle

Fuselage

Elevator

Flight control system

Undercarriage
FIGURE 1. Tilt quad rotor with partial tilt wing.
TABLE 1. Parameters of the tilt quad rotor with partial tilt wing.
category item value
radius(inch) 20
propeller parameter Blade number 2
Thread pitch(inch) 12
front rear
Wing area(m?) 0.28  0.475
Tilt wing area(m?) 0.0425(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 49 6
Airfoil profile Eppler1200
length(m) 1.8
Fuseladge 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
the propeller in the nacelle. The parameters of the tilt quad p=¢—¢sinb
rotor with partial tilt wing is shown in Table 1. q=06cos¢+ Ysingcosb 2)
The tilt quad rotor has problem of manipulation redun- r = —6sing + v cos p cosd

dancy in conversion process. In this section, we analysis the
dynamic model of tilt quad rotor to obtain the conversion
corridor and propose the manipulation strategy.

The dynamic equation is shown in equation (1), and the
kinematics equation is shown in equation (2). Where, m is the
weight of aircraft, / is the inertia matrix, u, v, w is the velocity,

A. MANIPULATION DERIVATIVE ¢,0, Y .1s the euler a'mgle, p,q,1is th.e angular velomty.

Nonlinear dynamic model of equation (1) and equation (2)

Fy = m@i+ gw — rv) + mgsin 0 can be described as:

Fy = m(V + ru — pw) — mgcos 6 sin ¢ X=fX,U,1) 3)

F, = m(w‘ +pv — qu) — mgcos GZCOS ¢2 where, X = [uvwpqr ¢ ¥ ] is system state variable.

M, = Lixp — (lyy — I)gr + L, (r" — q°) U is system control variable, which includes throttle manipu-

=L (pg + i) + Iy (pr — §) €)) lation 87, longitudinal manipulation &g, lateral manipulation

My = Ly — (Iy — Le)pr + Ly (p* — %) 84, course manipulation dg and tilt angle B,,.

—Ly(gr —p) + Iy:(pqg — 7) U= [5T O 64 Or .Bm] “4)

M; = I;i — (e — Iyy)pg + Ixy(q2 -p?) The Taylor series expansion of equation(3) is carried out

=1y, (pr — @) + Li,(qr — p) at the equilibrium point. Keep the linear part and ignore the

VOLUME 8, 2020 140779



IEEE Access

Z. Lyu et al.: Tilting Path Optimization of TQR in Conversion Process

0.006 — ———————————————1———

0.004

0.002

0.000

-0.002

Manipulatin dericatives

-0.004

Forward velocity(m/s)
(@) OFy /06T, OF /00T
0.40 T T T T T T T T

o
w
a

—a— 0M_ /05,
o oM, [d5, /

e o 9o
NN w
o o o
T T
1

Manipulatin dericatives
1
o
T

1 " 1 N L " 1 " 1 N 1 s 1 N 1

5 10 15 20 25 30 35 40
Forward velocity(m/s)

(©) DMy /954, DMy /95

FIGURE 2. Curves of manipulation derivatives.

higher order part, one can obtain:

.o af
AX = ﬁ |XtrimAX + ﬁ |UtrimAU (5)

where, the subscript frim indicates the trimming value, AX
and AU are the increments of system state variables and
system control variables. equation(5) can be rewritten as:

AX = AAX + BAU (6)

where, A is system state matrix; B is control matrix.

Figure2 shows the curves of manipulation derivatives with
forward velocity in conversion mode. It can be seen from
Figure2 (a), (b) and (c) that with the increase of forward
velocity, the manipulation derivatives of §7, g and §4 are
enhanced. Manipulation derivatives of dF, /05 and 0F, /94T
are essentially linear. However, the manipulation deriva-
tives of 0F,/08g, 0M,/054 and dM,/d6g have obvious
non-monotonicity. For vertical position control, §7 and dg
are redundant. With the increase of B,,, the manipulation
derivatives of §7 decrease and the manipulation derivatives
of §g increase. From Figure2 (d), we can know that with
the increase of forward velocity, the manipulation derivative
of dM, /d8g increase, but the manipulation derivatives of
0M, /387 and 0M./06g decrease. The manipulation deriva-
tive of dM; /38, increase and then decrease with the increase
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of forward velocity. From Figure2 (c) and (d), we can see
that in the conversion mode, §7 and g have manipulation
redundancy for pitch. The manipulation derivatives of 8¢ is
enhanced with the increase of forward velocity, while the
manipulation derivatives of d7 is receded. The lateral and
course have coupling manipulations. The effect of §4 on
course coupling is greater than that of §g on lateral coupling.
Especially, the manipulation derivatives of §4 on course is
enhanced with the tilt angel B,, increase at beginning, how-
ever, when the tilt angle reached a certain value, the manip-
ulation derivatives of 54 on course is receded. Therefor we
can know from Figure 2 the forward velocity and tilt angle
B have great influence on the manipulation derivatives.

B. MANIPULATION STRATEGY
The maximum and minimum velocity under each tilt angle
are calculated, and then the conversion corridor of TQR
with partial tilt wing are obtained. The minimum velocity
boundary is mainly determined by whether the wing reaches
the stall angle of attack, and the maximum velocity boundary
is mainly determined by whether the propeller power reaches
the maximum power.

Figure 3 shows the conversion corridor of the tilt quad rotor
with partial tilt wing. When the tilt angle is 90°, the aircraft
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FIGURE 3. Tilt transition corridor.

is helicopter mode; when the tilt angle is 0°, the aircraft is
fixed-wing mode. The black line is the boundary of minimum
velocity of the TQR with partial tilt wing. The red line is the
boundary of maximum velocity of TQR with partial tilt wing.

The aircraft conversion process is a variable velocity and
structure process which must reasonably control the aerody-
namic distribution between propeller and wing. If the forward
velocity is too small that will lead to the wing stalled. There-
fore, the conversion mode is a process about altitude, forward
velocity and tilt angle. The change of tilt angle §,, of nacelle
is as follows:

B =wp -t ™

where, wg is tilt velocity based on altitude and forward veloc-
ity and ¢ is tilt time.

In the conversion mode, the TQR always maintains the
attitude angle and altitude stability to achieve a safety conver-
sion flight. In terms of altitude manipulation, it is necessary
to automatically compensate the propeller rotational speed
and the elevator to achieve altitude stability. The altitude
control and manipulation strategy used in the TQR is shown
in figure 4.

Tilt
troll
Forward Speed || controller
Speed error controller
Motor speed
i controller
. Motor speed
ks troller
. Height CONLo
Height error —
controller ]
Pitch
u controller

FIGURE 4. Manipulation distribution in transition mode.

Where, ki, ky, k3, k4 are distribution coefficient related to
the tilt angle B, and forward velocity in figure 3.

ki = ((cos (2( /2 = Bm))) +1)/2 ®)
ky=((sin(2(7/2=Bw) —7/2))+1)/2 (9
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FIGURE 5. ACO optimization graph.

1 u<18
— 18
ky = 1—”20 18 < u < 38 (10)
0 u > 38
0 u<18
— 18
ky = ”20 18 < u < 38 (11)
1 u>38

where, # = 18 is the minimum forward velocity of the TQR
in fixed wing mode and ¥ = 38 is the maximum forward
velocity of the TQR in conversion mode (8, = 60°).

Ill. TILTING PATH OPTIMIZATION

A. THEORY OF ANT COLONY OPTIMIZATION

ACO is a meta-heuristic algorithm based on the foraging
behavior of ants, which can be simplified as finding an
optimal path in the optimization graph composed of nodes.
Therefore, the basic idea of ACO is: the ant’s walking path
in the optimization graph is used to represent the feasible
solution of the optimization problem. All the paths in the
optimization graph constitute all feasible solutions of opti-
mization problem. ACO is to find the optimal solution of
optimization problem from all the feasible solutions of opti-
mization problem.

At the beginning, put m ants randomly into n nodes, mean-
while, the first element of each ant’s tabu table is set to its
current node. The amounts of pheromones in each path is
equal, assign 7;; (0) = c (c is a small constant). Each ant
independently selects the next node according to the heuristic
information (the distance between two nodes) and the amount
of pheromone remaining on the path. At time ¢, the probabil-
ity that ant k moves from node i to node j is:

[Tij (t)]a : [771']' (t)]ﬂ

J€Jk ()
) T B
pg ) = se%(i) [Tis (t)]a [nis ()] (12)
0 other
where,J; (i) = {1, 2, - - - , n}—tabuy represents the next set of

nodes that ant k is allowed to select. tabuy records the nodes
that ant k£ currently walking through. When all n nodes are
added to tabuy, ant k has finished a path. The path of ant &
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walked is a feasible solution of optimization problem. #;; in
equation(12) is heuristic factor which represents the expecta-
tion of ant moving from node i to node j. o and B represent the
relative importance of pheromone and heuristic factor. When
all the ants have completed a journey, pheromones on each
path are updated according to equation(13):

i t+n)=0-p) 1)+ At (13)

where:p (0 < p < 1) is the evaporation coefficient of the
pheromone on the path, 1 — p represents the persistence
coefficient of pheromone; At; represents the increment of
pheromone on edge ij:

m
At = Z At (14)

k=1
where, Arl.]]‘. represents the pheromone of ant remained on the

edge ij.
« g ant k go through edge ij
At =3 Ly (15)
0  other

where, Q is positive constant, Ly represents the length of ant
k walking path in this journey.

Algorithm 1 ACO Algorithm

1 Parameters initialization. Assign time t = 0 and number
of cycles N, = 0, assign maximum number of cycles G,
put m ants on n elements, the initial pheromone of each
edge (i, j) on a digraph 7;; (1) = ¢, where c is constant,
and at beginning At;; (0) = 0;

while Termination criterion N, < G do

Ne <— N+ 1

Index number of ant tabu k = 1;

for each ant k,k € [1, m] do

for each dimension, j € [1, n] do

if the elements in set C are not traversal
then

8 The individual ant selects element j and
advances according to the probability
calculated by the state transition
probability equation(12), j € {Jx (i)};

9 Modify tabu pointer, move the ant to the
new element, and move the element to
the tabu of the individual ant;

N N A WN

10 else
11 Record the best path;
12 Update pheromones on each path

B according to equations(13) and(14);

output optimization result

—
w

ACO algorithm is implemented in Algorithm 1. The pro-
cess diagram of ACO is shown in figure 6.
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FIGURE 6. ACO process diagram.

B. BOUNDARY CONDITIONS

In the conversion process, we make the UAV complete the

conversion process in the shortest time under the altitude

maintenance. From subsection II.LA, we can see that the

change in altitude is mainly caused by 7, 6, u and B,,.
Tilting path optimization is to solve the nonlinear equations

of equation (3):

giXn=0 (i=123,4) (16)
Constructing the target function:
4

J=h(Xp) =Min) g} (X1) (17)

i=1
The constraint condition of tilting path can be expressed as:
w=20
0 <687 < é7max
5°<6<14° (18)
Umin = U = Umax

0° < B, <90°
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where, the maximum value of 6 is the stall angle of attack in
the conversion mode, and the minimum value of 6 is to ensure
that the TQR always fly at a positive angle of attack. u,;, and
Umqy are the left and right boundary of corridor in figure 3.
By using the conversion corridor to determine the constraints,
the dynamic conversion process can be kept in the conversion
corridor.

C. OPTIMIZATION RESULTS

In order to obtain the best performance for ACO, its userde-
fined parameters are worth investigating. There are seven
key parameters in ACO, i.e., the number of ants(m); the
transfer probability(P); the evaporation coefficient of the
pheromone(p); the maximum number of iterations(G). It is
obvious that G remarkably influences the computational time
of ACO.

In this experiment, the Taguchi’s method [37] is used to
acquire a reasonable combination of seven ACO parameters.
The number of levels for four factors are set as follows:
three levels for m € {10, 20, 30}; three levels for P €
{0.1, 0.2, 0.3}; three levels for p € {0.2, 0.5, 0.9}; and three
levels for G € {1500, 2000, 2500}. A full factorial analysis
needs 3* = 81 experiments. Compared with the full factorial
analysis, Taguchi’s method adopts the orthogonal arrays so as
to decrease greatly the number of experimental runs, the cost
of time, manpower, and materials. Therefore, an orthogonal
array Lo(3%) that contains only 9 experiments is adopted in
our experiment. The level values of each key parameter are
shown in the table?2.

TABLE 2. Level values of each key parameter.

parameter  symbol 1 2 3

m A 10 20 30
P B 0.1 0.2 0.3
p C 0.2 0.5 0.9
G D 1500 2000 2500

According to Taguchi’s test method, four key parameters
of the number of ants(m); the transfer probability(P); the
evaporation coefficient of the pheromone(p); the maximum
number of iterations(G) were analyzed sensitively. The cal-
culation results are shown in Table 2, where, Delta is the
difference between the maximum average response value and
the minimum average response value for each factor, and the
rank is assigned based on the Delta value. Rank 1 is assigned
to the largest Delta, rank 2 to the second largest Delta, and
so on, to represent the relative effect of each factor on the
response.

In Taguchi’s experiments, we want to make the standard
deviation as small as possible and the SNR and slope as large
as possible among all the results. It can be seen from the
SNR results in table 3 that the p (Delta = 14.42, rank = 1)
has the greatest effect on the SNR, followed by G (Delta =
12.55, rank = 2), and then the m and P. It can be seen
from the mean value results in table 4 that the p (Delta =
0.002657, rank = 1) has the greatest effect on the mean
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TABLE 3. Response of SNR (Signal to Noise Ratio).

level m P P G

1 5544  55.10 50.78 50.82
2 5246 5796 5479  56.56
3 6286 57.70 65.20 63.37
Delta 10.41 2.86 1442 12.55
Rank 3 4 1 2

TABLE 4. Response of mean value.

level m P p G

1 0.002542  0.002599  0.003247  0.002870
2 0.001992  0.001064  0.001441  0.001658
3 0.000745  0.001616  0.000590  0.000751
Delta  0.001797  0.001534  0.002657  0.002119
Rank 3 4 1 2

TABLE 5. Response of standard deviation value.

level m P p G

1 0.002856  0.002692  0.003607  0.003032
2 0.001984  0.001043  0.001241  0.001805
3 0.000541  0.001646  0.000533  0.000545
Delta  0.002315 0.001649  0.003074  0.002487
Rank 3 4 1 2

value, followed by G (Delta = 0.002119, rank = 2), and
then the m and P. It can be seen from the standard devia-
tion value results in table 5 that the p (Delta = 0.003074,
rank = 1) has the greatest effect on the standard deviation
value, followed by G (Delta = 0.002487, rank = 2), and then
the m and P.

In the simulation analysis of ACO algorithm, we found that
although ACO algorithm has the advantages of distributed
parallel mechanism, easy to combine with other algorithms
and robustness, it has the prominent disadvantages such as
long search time and easy to fall into local optimum. Its
complexity reflects this phenomenon, the time complexity
is O(n*) and the space complexity is O(n?). Moreover, this
method is prone to stagnation, that is, after searching to
a certain extent, the solutions found by all individuals are
exactly the same, and the further searching of solution space
is not conducive to finding better solutions.

Through the simulation analysis of the key parameters of
ACO algorithm, the main parameters of ACO are determined
as shown in the table 6.

TABLE 6. Selfdefined parameters of ACO algorithm.

parameter  value  description

m 20 Number of ants

P 0.2 Transfer probability constant

p 0.2 Evaporation coefficient of the pheromone
G 2000  Maximum number of iterations

Figure 7 shows the curves of optimization result with
different tilt angle. We can see that ACO convergence very
quickly. At the beginning of the conversion process, the vari-
ation of throttle is larger, it is due to the vertical manipulation
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FIGURE 7. Optimization result with different tilt angle gm.

is mainly based on throttle. The change of throttle decreases
with the increase of tilt angle. When the tilt angle is larger
than 60°, due to the increase of forward velocity, the variation
of elevator plays a major role. This is consistent with the
analysis of manipulation strategy in subsection II.A. During
the entire conversion process, the pitch angle of TQR can be
a positive angle 5°. The required forward velocity increase
with the increase of tilt angle. However, when the tilt angle
is above 50°, the required forward velocity is basically the
same. It is because the lift provide by the wings can balance
gravity perfectly. The tilt rate of the tilt angle can be set to a
multi-stage mode by means of the change trend of required
forward velocity. In order to speed up the conversion pro-
cess that is to shorten the conversion time, we can rewrite
equation (7) as:

10[1 0° = /3m = 30°
201 + 1014 30° < B <50° (19)
40t3 + 201, + 1071 50° < B, < 90°

:3m=

where, #; (i = 1, 2, 3) is tilt time.
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TABLE 7. Parameters of the four conditions.
Condition] ~ Condition2  Condition3  Condition4
Tilt rate 1(°/s) 10 10 10 10
Tilt rate 2(°/s) 20 20 10 10
Tilt rate 3(°/s) 40 40 10 10
Set speed 1(m/s) 17.91 - 19.9 -
Set speed 2(m/s) 202 - 20 -
Set tilt angle 1(°) 30 - 30 -
Set tilt angle 2(°) 50 - 50 -

T 2 values are set according to figure 7(c)

IV. RESULT AND DISCUSSION
A series of simulation and flight test are carried out to verify
the manipulation strategy and tilting path.

A. SIMULATION

Manipulation distribution strategy is designed according to
subsection II.B. Tilting strategy is designed according to
section III. In order to compare the tilting path optimization
strategy, we designed another three conversion strategies.
The conversion parameters of the four conditions are shown
in table 7.
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FIGURE 8. Manipulation curves of flight simulation resuilts.

o Condition 1: conversion with different tilt rate, and
waiting for the forward velocity to reach the set speed
at the set tilt angle (optimal tilting path in section III);

o Condition 2: directly conversion from helicopter mode
to fixed wing mode at different tilt rate;

« Condition 3: conversion with one tilt rate, and waiting
for the forward velocity to reach the set speed at the set
tilt angle;

o Condition 4: directly conversion from helicopter mode
to fixed wing mode at one tilt rate.

Figure 8 and 9 shows the results of flight simulation. The
shaded parts represent the conversion process of the four
conditions. From figure 9 we can see that at the beginning
of conversion, the forward velocitys are same in all four
conditions. But with the tilt angle increases, the increment of
forward velocity changes gradually. When the tilting process
finished, the forward velocity of the four condition 1-4 are
24m/s, 20m/s, 22m/s and 30m/s. At the beginning, the alti-
tudes are same in all four conditions, and then the altitudes of
condition 1,3 and 4 increase but the altitude of condition 2 is
continue to decrease. The minimum altitudes of the four
conditions in conversion process are —1.3m, —3.1m, —5.5m
and —1.6m. When the QTR turn to the fixed wing mode,
the altitudes of the four conditions change to 1.3m, —3.1m,
—5.5m and 0.9m. Same as altitude and forward velocity,
the pitch angles are the same at the beginning. The pitch
angles of the four conditions are —3.0°, 4.5°, 0.4° and 8.3°.
When the tilt angle is less than 30°, the tilt rate is same,
so when tilt time is 3s, the nacelle tilt angles are all 30°
in the four conditions. When the tilt angle is above 30°,
the nacelles continue tilting. However, the tilt angles of con-
dition 2 and 4 are unchanged because of the forward velocity.
And it waits about 2.4s for the forward velocity reaching
the set speed at tile angle 30°. In these four conditions,
the time spent in the tilting process is about 5.1s, 7.5s, 8.7s
and 11.1s.
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We can see from the results of flight simulation (Figure9)
that in the first stage of conversion process ( B, < 30°).
the simulation results are same due to the same of the con-
straint conditions of the four conditions. The forward velocity
is established slowly, hence, the TQR lowers its head to
speed up the forward velocity according to manipulation
strategy. Then, it leads to a reduction in altitude. When
30° < B, < 50°, for condition 2 and condition 4, the nacelle
continue tilting, while the nacelle of condition 1 and condi-
tion 3 waits the forward velocity establishing at 8, = 30°.
Due to the tilt rate of condition 2 is much faster than con-
dition 4, the forward velocity in condition 2 is increasing
faster than the speed in condition4 and the vertical tension
in condition 2 provided by the propellers is sharply reduced.
The increased lift provided by the wing is not enough to
balance the reduced vertical tension of the propeller, so the
altitude is reduced sharply. It will lead the pitch angle in
condition 2 is bigger than that in condition 4 to reduce the
change of altitude according to manipulation strategy in sub-
section II.B. When the forward velocity reaches the set speed
at B,, = 30°, the results of flight simulation in condition 1 and
condition 3 are same to the results in condition 2 and 4. In the
conversion process, the change of altitude is crucial to the
safety of the conversion flight. The increase in altitude can
be regarded as a safe state of flight. From all of the four
flight conditions, we can see that the minimum altitudes of
the four flight conditions are —1.3m, —3.1m, —5.5m and
—1.6m. condition 1 is our most desired flight condition. The
conversion time is shorter (7.5s). The pitch angle changes
more smoothly, and the whole conversion process is much
faster and more stable.

Figure 10 shows the tilting path of different conditions
in conversion corridor. From the figure we can see that the
tilting strategy of condition 2 is all out of the conversion
corridor. The condition 4 is better than condition 1, but worse
than condition 1 and condition 3. The tilting strategy of
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FIGURE 9. State curves of flight simulation results.
920 — From the simulation results, it can be seen that the tiltin,
----- condition 4 o . n8
8ol strategy proposed in this paper is reasonable and effective,
o N N condition 3 which can ensure the stability of the height and attitude of
60k - condition 2 the aircraft in the conversion process.
3
> 50 condition 1 B. FLIGHT TEST
..<.- 40 The UAV has a quick-release structure for easy transporta-
e 30r tion. Figure 11 shows several key states of the principle
20 aircraft during the flight test. Figure 12 is the hover flight test
10+ of the prototype aircraft. Figure 13 shows several key states
0 ; of the prototype aircraft during the flight test. Figure 16 is
10 0 10 20 30 40 50 60 partial flight path in the whole flight test.
In helicopter mode, the UAV can maintain good stability

Forward Speed(m/s)

FIGURE 10. Tilting path of different conditions in conversion corridor.

condition 1 and condition 3 are similar in the conversion
corridor. However, compared with figure 9 we can know that
the change of altitude and pitch angle of condition 1 is smaller

than that of condition 3.
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and be sensitive to control. The acceleration process of the
UAV is relatively obvious through the tilt of the nacelle
and the acceleration is relatively fast. During the conversion,
the nacelle began to tilt forward and the forward velocity
increased rapidly. When the current flight speed reaches
18m/s, the nacelle will continue to tilt to the horizontal
position to complete the mode change and switch to the
fixed-wing mode. Under the fixed-wing mode cruise flight,
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(a) hover

FIGURE 11. Principle aircraft flight mode.

(b) conversion

(c) cruise

FIGURE 12. Hover flight test.

(a) hover

FIGURE 13. Prototype aircraft flight mode.

the unmanned vehicle can quickly follow the control of the
remote control to conduct a stable stability control flight.
The flight test results of forward conversion process are
shown in figure 14(a) — (c). Figure 14(d) — (f) show the
flight test results of the tilt quad rotor in backward conver-
sion process. As we can see from figurel4(a), in the for-
ward conversion process, we do not give the pitch command
signal. The tilt quad rotor will change the pitch angle based
on the manipulation strategy to ensure the stability of the
altitude(figure 14(c)). The range of pitch angle in forward
conversion process is about 8°. From figurel4(b), we can
know that at the beginning of the forward conversion process,
the increase of the forward velocity is slowly. While with the

VOLUME 8, 2020

(b) conversion

(c) cruise

forward conversion process goes on, the forward velocity can
increase rapidly. The tilt quad rotor in backward conversion
process can be controlled as helicopter, which is different
from the forward conversion process. When the flight mode
changing from fixed wing mode to helicopter mode, the tilt
quad rotor will tilt its nacelle from the horizontal position
to the vertical position. Figure 15 shows the tilting path
of prototype aircraft in the conversion corridor. From the
figure we can see that the tilting path is similar to the proposed
manipulation strategy.

The flight tests verify the reasonable and effective of
manipulation strategy and tilting path optimization proposed
in this paper.
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FIGURE 14. Flight results.

C. ANALYSIS

From subsection SIMULATION and FLIGHT TEST, we can
know that the tilting strategy of condition 1 is much bet-
ter than others. Based on ACO optimized tilting strategy,
the aircraft can maintain relatively stable altitude and attitude
during the entire tilting transition. At the initial conversion
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stage, the forward flight speed of the aircraft is small and
the flight speed is established slowly, which is determined
by the manipulation strategy in subsection II.B. Due to the
small forward flying speed, the lift force provided by the
wings is not enough to offset the gravity of the aircraft. At this
time, the main control mode of the aircraft is helicopter mode.
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In order to increase the forward flying speed of the aircraft
while maintaining a stable altitude, the tilt nacelle is tilted
forward slowly. As the forward tilt angle of the tilt nacelle
increases, the forward flight speed of the aircraft increases,
and the lift force provided by the wing can gradually offset the
gravity. The control mode of the aircraft gradually changes
to the fixed-wing mode. The tilt nacelle quickly tilts to
a horizontal position to complete the mode conversion. In the
whole process of tilting, the tilting path of the aircraft is
basically in the tilt conversion corridor. This proves that the
manipulation strategy and tilting path optimization strategy
proposed in this paper are effective and feasible.

V. CONCLUSION

In this paper, the TQR has the problem of aerodynamic
structure changing in conversion mode. In order to solve the
manipulation redundancy and find out the optimal tilting path
in conversion corridor, The aerodynamic model of the tilt
quad rotor based on Goldstein vortex theory is established
to obtain the manipulation derivative matrix and conversion
corridor. A novel manipulation strategy based on the analysis
of manipulation derivative matrix and conversion corridor is
carried out to solve the manipulation redundancy problem.

VOLUME 8, 2020

A novel tilting path based on ACO algorithm is proposed and
compared with another three tilting path. The simulation and
flight test results show that the manipulation strategy pro-
posed in this paper can solve the manipulation redundancy in
conversion mode very well, and the proposed tilting path can
ensure the stability of the altitude and attitude in conversion
corridor.
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