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Abstract: The aerodynamic model of propeller，wing，fuselage and vertical tail are established for the tilt quad rotor
（TQR）with partial tilt⁃wing，and then the flight dynamic model is established. Based on the six⁃degree⁃of⁃freedom
equation and the small disturbance linearization assumption，the trimming and stability of the tilt quad rotor with
partial tilt⁃wing and the tilt quad rotor without tilt⁃wing are analyzed. The results show that in the hovering state，due
to the existence of tilt ⁃ wing，the propeller wake reduces the downwash on the wing，thereby reducing the vertical
weight gain of the aircraft. It is beneficial to increase the endurance time and improve the endurance performance. The
transition corridor of the TQR with tilt ⁃wing is narrower than that of the TQR without tilt ⁃wing，but the transition
corridor of TQR with tilt ⁃wing still has a large space for design. Furthermore，the stability analysis shows that the
Dutch roll damping ratio is larger，and in other modes the aircraft has a certain stability. The manipulation response
analysis shows that in the transition mode the lateral⁃directional coupling is strong.
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0 Introduction

Tilt rotor aircraft has the advantages of both he⁃
licopter and fixed wing，as well as hovering，verti⁃
cal takeoff/landing performance and high⁃speed for⁃
ward flight ability［1⁃5］. It has broad application pros⁃
pects in both military and civilian applications. Since
these new vehicles have no conventional design，
many research groups build their own tilt rotor vehi⁃
cles according to their desired technical properties
and objectives［6⁃8］. Others mainly reflected in the de⁃
velopment of a general mathematical simulation
model for tilt rotor aircraft flight dynamics to deter⁃
mine its transition corridor，but the model accuracy
is not high，without considering the aerodynamic in⁃
terference between the rotor and wing［9］. Further⁃
more，flight tests had been conducted to obtain the

transfer function of the corresponding channel by
means of identification. It improves the model accu⁃
racy at high cost［10⁃12］. Other research mainly focuses
on the establishment of rotor and wing aerodynamic
interference model［13⁃15］，calculation of tilting transi⁃
tion corridor，control strategy of transition state and
trimming method［16⁃18］.

All the aforementioned studies focus on the
general tilt rotor. The tilt rotor aircraft has the prob⁃
lem of rotor and wing aerodynamic interference. In a
hovering state，the downwash of the rotor hits the
wing directly，thereby leading to excessive energy
consumption in the hovering state. The hovering
state is one of the main working states of the tilt ro⁃
tor aircraft. The flight time of the tilt rotor without
the the tilt ⁃ wing is shortened. To solve the prob⁃
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lem，we design a tilt rotor with partial tilt ⁃ wing，
which reduces the downwash of the rotor to the
wing in the hovering state.

The aerodynamic models of propeller，wing，
fuselage and vertical tail are established first，and
then the flight dynamic model of the aircraft. Ac⁃
cording to the six degrees of freedom equation and
the small disturbance linearization hypothesis，the
trimming，stability analysis manipulation response
analysis，and coupling characteristics of the tilt quad
rotor with and without tilt ⁃ wing are completed. It
provides the technical basis for designing the auto⁃
matic control system of the tilt quad rotor.

1 Aerodynamic Model

The tilt quad rotor with tilt ⁃ wing is shown in
Fig.1， including four groups of propellers， front
and rear wings，fuselage，elevator，motors，trans⁃
mission mechanism，tilting mechanism，undercar⁃
riage，and flight control equipment etc.The parame⁃
ters of the tilt quad rotor with tilt ⁃wing is listed in
Table 1.

Both ends of the front and rear wings are de⁃
signed with a tilt nacelle. The tilt⁃wing is connect⁃
ed to the tilt nacelle and turns with the tilt of the

propeller in the nacelle. Hovering state is shown in
Fig.2（a）and cruising state is shown in Fig.2（b）.

1. 1 Propeller aerodynamic model

Compared with the conventional electric air⁃
craft，the small electric tilt quad rotor has a small⁃
er inflow ratio and a larger impeller load when it is
hovering. The tilt quad rotor has a larger inflow ra⁃
tio and a smaller impeller load when flying for⁃
ward.

The propeller is modeled according to the
Goldstein vortex theory. Fig.3 shows the velocity
and force acting on the blade element，where R (m)
is the radius，r the distance from hub center to any
point of propeller profile，x the dimensionless value
of r，σ the propeller solidity，ω the rotational speed
of the propeller，V the inflow velocity，λ the inflow
ratio，φ the blade element angle，φT the blade ele⁃
ment inflow angle at propeller tip，α i the interfer⁃
ence angle，VE the resultant velocity，and ω a，ω t the
axial circumferential induced velocity.

w t =
BΓ
4πrκ (1)

w a

ωR
= 1
2 ( - λ+ λ2 + 4 w t

ωR ( )x- w t

ωR ) (2)

where B is the number of blades，Γ the blade ele⁃
ment circulation，and κ the coefficient of Goldstein.

Fig.1 Tilt quad rotor with tilt⁃wing

Table 1 Parameters of the tilt quad rotor with tilt⁃wing

Parameter
Takeoff weight/kg
Front wing area/m2

Front wing length/m
Rear wing area/m2

Rear wing length/m
Vertical tail area/m2

Propeller diameter/m

Value
20
0.278
1.4
0.5
1.8
0.07
0.51

Fig.2 Tilt quad rotor with tilt⁃wing

Fig.3 Velocity and force acting on the blade element
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F= 2
π arccos exp ( - B ( )1- x

2sinφT ) (3)

Thrust coefficient CT， power coefficient CP

can be calculated from Eqs.（4），（5）. CL and CD

are the lift coefficient and drag coefficient，respec⁃
tively.

CT =
π3
8 ∫xh

xT ( VE

ωR )
2

σ

                     (CL cos (φ+ α i )- CD sin (φ+ α i ) ) dx
(4)

CP =
π4
8 ∫xh

xT ( VE

ωR )
2

σx

                     (CL sin (φ+ α i )+ CD cos (φ+ α i ) ) dx
(5)

The thrust T and moment M can be calculated
from Eq.（6），where Ω is the propeller rotational
speed，ρ the atmospheric density，and D the diame⁃
ter of propeller.

n= Ω/60
T = CT ρn2D 4

P= CP ρn3D 5

M = P/Ω

(6)

According to Eqs.（7），（8），the force and mo⁃
ment of the hub system are converted to the propel⁃
ler system.
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where βM is the tilt angle. In addition，since the na⁃
celle has a certain height，the position of the propel⁃
ler in the transition mode is shown in Eq.（9）.
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where h is the distance of the propeller from the cen⁃
ter of the nacelle.

The moment caused by the propeller in the
body axis system is shown in Eq.（10）.
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To facilitate the calculation of the propeller

wake at the wing，the average induced velocity of
the propeller can be calculated by the slip flow theo⁃
ry according to Eq.（11）.

v1 =
T

2ρπR2 (11)

1. 2 Wing aerodynamic model

Due to the presence of the propeller，the area
of the wing will be disturbed by the propeller wake.
Considering that the tilt ⁃wing of the small tilt quad
rotor will turn with the nacelle，here we record that
the tilt ⁃wing turns with the nacelle as the slip flow
area，and the wing does not turn with the nacelle as
the free flow area. The aerodynamic model of the
wing is built by taking the left part of the wing as an
example.

The velocity of the aerodynamic center in the
free flow area is the sum of the free flow velocity
（u，v，w）and the velocity caused by angular veloci⁃
ty（p，q，r）. The velocity of the aerodynamic center
in the free flow area is shown in Eq.（12）.
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Add the velocity in the aerodynamic center of
the sliding flow area into Eq.（12），one can obtain
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The angle of attack in the free area is shown in
Eq.（15）. The angle of attack in the sliding flow area
is shown in Eq.（16）.

αwing,FL = φF + α1 (14)

αwing,FL = φF + α1 + ( π2 - βM ) (15)
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where
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αwing,FL =
π
2 ,uwing,FL = 0

α1 =
wwing,FL

uwing,FL
,uwing,FL ≠ 0

(16)

Thus，the force on the left part of the front
wing of the wind axis is shown in Eq.（17）.
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Dwing,FL = q
Swing,FL
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(17)

Convert the force on the left part of the front
wing under the wind axis into the force and moment
under the body axis，as shown in Eq.（18）.
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Similarly，the forces and moment on the right
part of the front wing are obtained. Compared with
the front wing，the rear wing adds lift caused by rud⁃
der deflection（δpitch and δ roll）. The slant angles of
the left and right rudder surfaces of the rear wing are
defined as δwing，BL and δwing，BR.

{δwing,BL =-δpitch + δ roll
δwing,BR =-δpitch - δ roll

(19)

1. 3 Vertical tail aerodynamic model

The velocity of the aerodynamic center on the
vertical tail is the sum of the free flow velocity
（u，v，w）and the velocity caused by the angular ve⁃
locity（p，q，r）， as shown in Eq.（20） ， where
xVT，yVT，zVT are the distance between the pressure
center of the vertical tail and the center of gravity of
the aircraft.
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The force on the vertical tail of the wind axis
is shown in Eq.（21） ， where， SVT， C α

L，VT，

CD，VT，αVT and α0，VT are the vertical tail area，the
slope of the vertical tail lift coefficient，the slope
of the vertical tail drag coefficient，the angle of at⁃
tack of the vertical tail，and the angle of attack of
zero lift.
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L,VT ( )αVT - α0,VT

DVT = qSVTCD,VT

(21)

The force and moment in the body axis are
shown in Eq.（22）.
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1. 4 Fuselage aerodynamic model

The fuselage aerodynamic center velocity is the
sum of the free velocity and the velocity caused by
the angular velocity. x fuse，y fuse，z fuse are the distances
between the pressure center of the fuselage and the
center of gravity of the aircraft.
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Fig.4 shows the lift and drag curves of the fuse⁃
lage at the aerodynamic center at a forward flying
speed of 30 m/s. The lift L fuse and drag D fuse of other
forwarding speeds are obtained by interpolation.

The force and moment in the body axis are
shown in Eq.（24）.
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1. 5 Equation of motion

Based on the above analysis，the aerodynamic
resultant force and moment of the tilt quad rotor
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with tilt⁃wing in the body axis can be obtained.
ì

í

î

ï

ï

ï

ï

ï

ï

ï

ï
ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ï
ïï
ï

ï

ï

é

ë

ê
êê
ê

ù

û

ú
úú
ú

Fx

Fy

Fz

=
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Fx rotor
Fy rotor
Fz rotor

+
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Fxwing,F
Fywing,F
Fzwing,F

+
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Fxwing,B
Fywing,B
Fzwing,B

+

é

ë

ê
êê
ê

ù

û

ú
úú
ú

FxVT
FyVT
FzVT

+
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Fx fuse
Fy fuse
Fz fuse

é

ë

ê
êê
ê

ù

û

ú
úú
ú

Mx

My

Mz

=
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Mx rotor
My rotor
Mz rotor

+
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Mxwing,F
Mywing,F
Mzwing,F

+
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Mxwing,B
Mywing,B
Mzwing,B

+

é

ë

ê
êê
ê

ù

û

ú
úú
ú

MxVT
MyVT
MzVT

+
é

ë

ê
êê
ê

ù

û

ú
úú
ú

Mx fuse
My fuse
Mz fuse

(25)

Eqs.（26，27）are the dynamic and the kinemat⁃

ics equations，where m is the weight of the aircraft，
I the moment of inertia；u，v，w the velocity compo⁃
nents；ϕ，θ，ψ the Euler angles，and p，q，r the angu⁃
lar velocity components.
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Fig.5 shows the flight dynamic model of the tilt
quad rotor. Model input，output and functions of
each module are as follows：（1） Input module：
Throttle manipulation，pitch manipulation，roll ma⁃
nipulation，yaw manipulation and tilt angle；（2）
output module：Velocity（u，v，w），angular velocity
（p，q，r），and angle（ϕ，θ，ψ）；（3） aerodynamics
module：The aerodynamic model，manipulation al⁃
location model，the force and moment model；（4）
kinematics module：Six⁃degree⁃of⁃freedom equation
and output u，v，w，p，q，r，ϕ，θ，ψ；（5） coordinate
conversion module：Conversion of output values
from body axis to earth axis.

2 Trimming Result Analysis

Tilt quad rotor with tilt⁃wing has propeller and
wing at the same time. Before trimming，the control
decoupling should be performed first.

Helicopter mode control decoupling is shown
in Fig.6. The length of Fi（i=1，2，3，4） repre⁃
sents the pulling force provided by the propeller，
and the direction of Mi（i=1，2，3，4） represents
the rotation direction of propeller. When the change
of the rotation speed of the two front propellers is

Fig.4 Flying speed being 30 m/s
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opposite to that of the two back ones（the rotation
speeds of M1 and M3 increase， and the rotation
speeds of M2 and M4 decrease），the aircraft will do
pitch motion. When the change of the rotation
speed of the two left propellers is opposite to that
of the two right ones（the rotation speeds of M2

and M3 increase，and the rotation speeds of M1 and
M4 decrease）， the aircraft will do roll motion.
When the change of the rotation speed of the pro⁃
pellers on the two diagonals is opposite（such as
the rotation speed of M1 and M2 increase，and the
rotation speed of M3 and M4 decrease），the aircraft
will do yaw motion.

In helicopter mode，the rudder deflection angle
is 0°，and the control decoupling methods are shown
in Eqs.（28），（29），where δ rpm1，δ rpm2，δ rpm3，δ rpm4 are
the rotation speed of the four propellers. δT is the
throttle revolution，δE is pitch manipulation，δA is
roll manipulation，δR is yaw manipulation，δpitch，δ roll
is rudder deflection angle.
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δ rpm1 = δT + δE + δA + δR
δ rpm2 = δT + δE - δA - δR
δ rpm3 = δT - δE - δA + δR
δ rpm4 = δT - δE + δA - δR

(28)

{δpitch = 0δ roll = 0
(29)

In the fixed wing mode， the rudder surface
plays the main control role. The propeller only pro⁃
vides forward tension and yaw direction control cou⁃
pling. Control decoupling mode is
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δ rpm2 = δT - δR
δ rpm3 = δT + δR
δ rpm4 = δT - δR

(30)

{δpitch = 0.1 δEδ roll = 0.1 δA
(31)

In the transition mode of tilt quad rotor with tilt⁃
wing when the tilt angle decreases，the control ef⁃
fect of the propeller becomes weaker，and the con⁃
trol effect of the elevator becomes stronger. Define
that tilt angle is 90° for the fixed wing mode and 0°
for the helicopter mode.
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δ rpm,pitch = δE cos βM
δpitch = 0.1 δE sin βM
δ rpm,roll = δA cos βM
δ roll = 0.1 δA sin βM

(32)

2. 1 Hovering and cruising conditions

Whether tilt rotor aircraft with tilt⁃wing or with⁃
out in the hover state，namely，the tilting angle is
0°，as shown in Fig.7（a），the throttle revolution in⁃
creases with the increase of forwarding speed. It is
mainly caused by the increase of air flow rate of the
propeller，thus leading to induced velocity decrease.

Fig.5 Flight dynamic model

Fig.6 Helicopter mode control decoupling
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The rotation speed of the propeller will increase to
generate the same amount of tension. In addition，
when the forwarding flight speed increases，the fuse⁃
lage drag increases. The aircraft lowers its head to
balance the fuselage drag，and the pitch revolution
manipulation is negative，as shown in Figs. 7（b），

（d）. Since the aircraft is in the pitch down state，the
propeller needs to provide part of force to balance
the drag and the gravity of the aircraft. In the heli⁃
copter mode，the elevator does not participate in the
control，and the elevator deflection angle is 0°，as
shown in Fig.7（c）.

Compared with tilt rotor aircraft without tilt ⁃
wing，the throttle revolution decreases，as shown
in Fig.7（a）. The main reason is that when tilt⁃wing
is not taken，the propeller wake will cause certain
vertical weight gain， and the propeller rotation
speed needs to be increased to balance the vertical
force. However，as the forwarding flight speed in⁃
creases，the drag formed by tilt ⁃ wing increases，
and the aircraft further lowers its head，as shown in
Fig.7（d）. When the speed increases，the throttle

revolution of the tilt rotor aircraft with tilt⁃wing rap⁃
idly increases. The absolute value of pitch revolu⁃
tion manipulation is larger than that without tilt ⁃
wing.

When in the cruising state，namely，tilt angles
is 90°，the variable of the tilt rotor aircraft with and
without tilt ⁃ wing are almost same. Similar to the
hover state，the throttle revolution increases with
the increase of the forward flight speed，as shown in
Fig.7（a）. When the forwarding flight speed increas⁃
es，the drag of the whole aircraft increases，and the
aircraft lowers its head gradually，as shown in Fig.7
（d）. Different from the hovering state，the elevator
replaces the propeller to take part in the control in
the cruising state.

Considering that the forward flight speed of tilt
rotor aircraft is small in the helicopter mode，the
throttle revolution of the aircraft with tilt ⁃ wing is
small and the power consumption is small at a low
speed. Therefore，from the perspective of the heli⁃
copter mode，tilt rotor aircraft with tilt ⁃wing is bet⁃
ter than that without tilt⁃wing.

Fig.7 Change of manipulation and attitude angle with velocity
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2. 2 Cases of Tilts 30° and 60°

Similar to the helicopter mode，at nacelle tilt⁃
ing 30°，for both tilt rotor aircraft with and without
tilt ⁃ wing，throttle revolution increases with the in⁃
crease of forwarding speed，as shown in Fig. 8（a）.
But the value of throttle revolution is smaller than
that of the helicopter mode. This is at nacelle tilting
30°，the wing provides a certain amount of lift，and
the lift caused by propeller thus decreases. With the
increase of forward flight speed，the aircraft further
lowers its head，as shown in Figs. 8（b），（d）. The
elevator starts to participate in the control， as
shown in Fig.8（c）.

Compared with the tilt rotor aircraft without tilt⁃
wing，the pitch manipulation and elevator deflection
angle of the tilt rotor with tilt ⁃wing further increase
negatively. The aircraft further lowers its head. It is
because when the nacelle turns to 30°，the aircraft
has a certain speed，and the drag of the aircraft is

larger than that without tilt ⁃ wing. In addition，the
propeller wake does not vertically hit on the wings，
and the drag value of the tilt rotor with tilt ⁃wing is
still large. The throttle revolution required by the
tilt rotor with tilt ⁃ wing is larger， as shown in
Fig.8（a）.

When tilting at 60°，throttle revolution，pitch
revolution manipulation，the elevator deflection an⁃
gle and pitch angle changing with the forward speed
are similar to tilting at 30°. Compared with tilting at
30°，when nacelle tilting at 60°，the throttle revolu⁃
tion of the tilt rotor with tilt ⁃wing decreases，and it
is mainly because the tilt ⁃ wing produces smaller
drag when the nacelle tilting at 60°. The throttle rev⁃
olution of the tilt rotor without tilt ⁃wing increases，
and it is mainly due to the fact that the propeller un⁃
der vertical inflow is larger at the same forwarding
speed when the nacelle tilting at 60°，as shown in
Fig.8（a）.

3 Transition Corridor

On the basic of the trimming calculation in the

previous section，the maximum and minimum veloc⁃
ities at each tilt angle are calculated，and then the
transition corridor of tilt quad rotor with tilt ⁃ wing

Fig.8 Change of manipulation and attitude angle with velocity
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and the tilt quad rotor without tilt ⁃ wing are ob⁃
tained. The calculation process is shown in Fig. 9.
The boundary of small velocity is mainly deter⁃
mined whether the wing reaches the stall angle of at⁃
tack，and the maximum velocity boundary is mainly
determined whether the propeller power reaches the
maximum power.

Fig.10 shows the calculated transition corri⁃
dor，where tilt angle is 90° for the helicopter mode
and 0° for the fixed wing model，the black line is the
boundary of minimum speed of the tilt quad rotor
without tilt⁃wing，the red line is the boundary of the
maximum speed of tilt quad rotor without tilt⁃wing，
the blue line is the boundary of the minimum speed
of tilt quad rotor with tilt ⁃wing，and the purple line
is the boundary of the maximum speed of tilt quad

rotor with tilt⁃wing.
It can be seen that the transition corridor of tilt

quad rotor with tilt⁃wing is narrower than that with⁃
out tilt⁃wing. It is due to the fact that the wing with
the tilt ⁃wing will produce greater drag when in the
helicopter mode and when the tilt angle is small. To
balance the drag，the rotation speed of the propeller
should be increased to provide forward force.

4 Stability Analysis

On the basic of the trimming state，the linear⁃
ized model of the tilt quad rotor is obtained by using
the small disturbance hypothesis， as shown in
Eq.（33），where A is the system stability matrix and
B the control derivative matrix. Furthermore，the
stability of the aircraft is discussed by obtaining the
characteristic roots in each state.

ΔẊ = AΔX + BΔU
ΔX=[ Δu,Δv,Δw,Δp,Δq,Δr,Δφ,Δθ,Δψ ]

ΔU=[ ΔδT,ΔδE,ΔδA,ΔδR,Δδ t ]
(33)

In the hovering mode without tilt ⁃ wing，as
shown in Fig.11（a），with the increase of velocity，

Fig.11 Hovering state

Fig.9 Calculation process of transition corridor

Fig.10 Tilting transition corridor
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the natural frequency of Dutch rolling mode increas⁃
es and the damping remains unchanged. As shown
in Fig.11（b），with the increase of velocity， the
aerodynamic force of the wing increases and the an⁃
gle of attack instability is improved. The short peri⁃
od gradually turns into a pair of conjugate negative
roots，and the longitudinal long period mode turns
into a pair of negative real roots，which is similar to
the hovering oscillation mode of a helicopter. The
root value of transverse roll and spiral mode increas⁃
es negatively at first and then decreases，which is
mainly related to the downwash of propeller to wing.

In the cruising mode，as shown in Fig.12（a），

with the increase of speed，roll damping and yaw
damping， roll mode and spiral mode time con⁃
stants，and the root value increase negatively. When
the speed increases，the natural frequency increases
and the damping is approximately constant，which
is similar to the variation of the root trajectory of
conventional fixed⁃wing aircraft.

As shown in Fig.12（b）， in the longitudinal

plane，with the increase of velocity，the natural fre⁃
quency and damping ratio of the short ⁃ period mode
increase，the damping of the long ⁃ period mode in⁃
creases，and the natural frequency decreases at first
and then increases，which is different from the con⁃
ventional fixed ⁃ wing aircraft. When the speed in⁃
creases，the inflow of the propellers increases，the
tension decreases， the rise torque is generated.
When the aircraft raises its head，the propeller in⁃
flow decreases，and the tension increases，the bow
torque is generated，and it has the static stability of
angle of attack.

Under the tilt angle of 30° and 60° transverse
plane，as shown in Fig.13（a） and Fig.14（a），it
is similar to the distribution of characteristic roots
in the cruising state. In the longitudinal plane，as
shown in Fig.13（b） and Fig.14（b），it is similar
to the hovering power distribution. It is mainly be⁃
cause the influence of the propeller in the longitudi⁃
nal plane is greater than that in the transverse
plane.

Fig.12 Cruising state

Fig.13 Tilt angle 30°
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Compared with the tilt quad rotor without tilt ⁃
wing，the Dutch roll damping ratio of the rotor in⁃
creases and the natural frequency approximately re⁃
mains unchanged. At the other modes，damping de⁃
creases and its change is not determined. It is be⁃
cause the tilt⁃wing is always in the state of large an⁃
gle of attack and the aerodynamic force changes
greatly. But except for the tilting at 30°，the charac⁃
teristic root is in the left half plane，which still has a
good stability.

5 Manipulation Response

Using time domain analysis method and tilt

quad rotor mathematical model to study the manipu⁃
lation response of the tilt quad rotor with tilt ⁃wing.
For the throttle and longitudinal/lateral control of
the vehicle with tilt⁃wing at the tilt angle of 0°，30°，
60° and 90°，step control input is given，respective⁃
ly，and the response curves obtained are shown in
Figs.15—17.

In Fig.15，the step control of the throttle trig⁃
gers a change in the vertical velocity. The positive
throttle control input makes the vertical motion ve⁃
locity of the aircraft increase，and the response of
the vertical motion velocity to the throttle input is
stable. It finally tends to be stable. There is a first ⁃

Fig.15 Manipulation responses of throttle

Fig.14 Tilt angle 60°
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order inertial relationship between the vertical veloc⁃
ity and the throttle（Fig.15（a））. When the tilt angle
is 30°（Fig. 15（b）），the step control of the throttle
triggers a change in both vertical and forward veloci⁃

ties. The positive throttle control input affects both
vertical and forward velocities of the aircraft，and
the relationship between the forward velocity and
the throttle is also the first⁃order. Compared Figs.15

Fig.16 Manipulation response of longitudinal

Fig.17 Manipulation response of transverse
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（a），（b），（c）and（d），with the increases of tilt an⁃
gle，the forward velocity increase and the vertical
velocity decreases. It is because with the increase of
the tilt angle，the forward force increases and the
vertical force decreases.

In Fig.16，the step control of the longitudinal
gives rise to pitch angle velocity，pitch attitude an⁃
gle， forward velocity，and vertical velocity. The
positive unit longitudinal input causes the positive
pitch angle velocity of the vehicle. The pitch angle
increases， the vehicle raises its head， and then
causes a negative forward flight velocity and a posi⁃
tive vertical velocity（The signs are different be⁃
cause of the definition of the coordinate system）. At
the hovering state，the response of pitch attitude di⁃
verges rapidly. With the increase of tilt angle，the
response of pitch attitude converges gradually. It is
same to stability analysis. Similarly，pitch attitude
angle and pitch angle velocity present integral rela⁃
tionship. Meanwhile，with the increase of tilt angle，
forward velocity，pitch attitude angle and pitch an⁃
gle velocity decrease and the vertical velocity in⁃
creases.

Fig.17 shows the transverse response， the
transverse manipulation input makes the vehicle
transverse velocity，roll angle velocity and roll an⁃
gle change，and causes the course angle velocity
and course angle change. In the hovering and cruis⁃
ing modes，the course angle velocity and course an⁃
gle caused by transverse manipulation input chang⁃
es. However， in the transition mode， it changes
greatly. In the transition mode，the lateral⁃direction⁃
al coupling is strong.

6 Conclusions

The aerodynamic models of tilt quad rotor air⁃
craft with tilt ⁃ wing，propeller，wing，fuselage and
vertical tail are established，and then the flight dy⁃
namic model of the aircraft is established. On this
basis，the trimming and stability of the tilt quad ro⁃
tor with and without tilt⁃wing are compared and ana⁃
lyzed. It can be seen from the trimming results in
the hovering state that，because of the existence of
tilt⁃wing，the downwash of the wing caused by pro⁃

peller wake is reduced，the vertical weight of the air⁃
craft is reduced，and the propeller tension required
is small，and the power consumption in the hover⁃
ing state is small. Considering that the state of tilt
quad rotor is mainly hovering and cruising，and the
power consumption in the hovering state is much
higher than that in the cruising state. The tilt ⁃wing
has certain significance for tilt quad rotor aircraft，
which is conductive to reducing its energy consump⁃
tion，thus increasing its endurance time and improv⁃
ing its endurance performance. Compared with tilt
quad rotor aircraft without tilt ⁃wing，the Dutch roll
damping ratio of the tilt quad rotor with tilt ⁃wing is
larger and the other modes have certain stability. It
can be seen from the manipulation response analysis
that the lateral ⁃ directional coupling is strong in the
transition mode.
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