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Abstract. This paper analyses the dynamics of a vertical/short take-off and landing (V/STOL)
unmanned aerial vehicle (UAV), and obtains a nonlinear dynamics model. During the flight
from vertical take-off to hovering, the roll moment, pitch moment and yaw moment are
regarded as control inputs to linearize the nonlinear dynamic model to obtain the system
transfer function. Finally, the control scheme of pitch angle during the flight from vertical take-
off to hovering is developed, and the control scheme is verified by simulation. The simulation
results reveal that the designed Proportional-Integration-Differential (PID) attitude controller
can achieve stable control of the pitch attitude of the V/STOL drone during the hovering phase.

1. Introduction

Vertical/short take-off and landing (V/STOL) aircraft combines the advantages of fixed-wing aircraft
and helicopter. In addition to achieving the speed of fixed-wing aircraft, V/STOL is also not subject to
site constraints, which makes V/STOL aircraft of great significance in military and civil affairs.
V/STOL aircrafts are divided into two types by forms at the dynamic force: one is to achieve short-
range vertical take-off and landing by deflecting thrust vector nozzles, such as "Harrier Jet"[1]; the
other is through the tilting rotor, such as MV-22 "Osprey" [2]. However, aircrafts designed according
to these two methods are complex in design and heavy. Therefore, these types are not suitable for
unmanned aerial vehicle.

As shown in Figure 1. For the new V/STOL, the two pairs of propellers on the leading edge of the
wing, combined with the help of the front propeller, produce the increasing effect of deflection slip
flow of the propeller [3-4]. In this way, unconventional vertical take-off and hovering of the aircraft
can be achieved. What’s more, the increasing effect of deflection slip flow of the propeller can be also
fully utilized by the design of the double slotted flap on the wing rudder surface. In general, the
requirements of short-range take-off and landing drones, light and simple construction and low cost,
are satisfied.

Figure 1. The schematic diagram of V/STOL
aircraft
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2. Analysis of dynamic equation

2.1. Coordinate system conversion

The earth coordinate system is attached to the surface of the earth, usually denoted by 0X,Y,Z,, the
usual earth coordinate system is the North-East-Earth coordinate system. That is, any point on the
ground is regarded as the origin of the coordinate system, usually the position of the aircraft taking off.
The body coordinate system is fixed to the aircraft. It is a dynamic coordinate system that changes
continuously with position of the aircraft. The body coordinate system is generally represented by
0XpYypZp.

According to the above setting, the transformation between the body coordinate system and the
ground coordinate system is represented by the roll angle @, the pitch angle 0, and the yaw angle y. By
the vector transformation of Euler angles, the transformation from the body coordinate system to the
earth coordinate system can be given by:

C; =C,(v)C,(9)C,(4) (1)

cos()cos(y) —cos(g)sin(y)+sin(g)sin(8)cos(y) sin(g)sin(y)+cos(¢)sin(8)cos(y)

Cy =|cos(@)sin(y) cos(g)cos(y)+sin(g)sin()sin(y) —sin(¢)cos(y)+cos(g)sin(8)sin(y)
—sin(6) sin(¢)cos(0) cos(¢)cos(6) @)

Supposing: p, q, r are the angular velocities of the aircraft in the body coordinate system, and ¢, 6

1 are the Euler angles velocities of the aircraft in the earth coordinate system. Based on the conversion
relationship, it can be expressed that:

¢=p-+(rcos(4)+qsin(g))tan ()
0 =qcos(g)-rsin(g)
(rcos(g)+asin(¢))

V= cos(0) 3)

2.2. Linear dynamics equations

The movement of the aircraft in space is described by 6-DOF (Six Degrees Of Freedom) model. The
linear velocity vector of the aircraft in the ground coordinate system is Vg = [x ¥ z]T, the angular
velocity vector in the body coordinate system is W}, = [p q r]7. In the hovering state, only three forces,
which are the force of the combination of propeller, wing and flap, the force of front propeller and
gravity, need to be considered respectively. In the body coordinate system, the schematic diagram of
force analysis in the hover state is depicted in figure 2.

Figure 2. The schematic diagram of force analysis in the hovering state
The force of the combination of propeller, wing and flap acts on 1, 2, 3, and 4 points respectively,
regarded as F;, F,, F5, F,. The propellers at the 2 and 3 positions turn inwards. The propellers at the 1
and 4 positions turn outward. The force of the forward propeller is applied at 5 and 6 points, turn
outward too. The flap deflection angle is denoted by ‘a ’and the aileron deflection angle is denoted by
‘b ’. It should be noted that in the process analysis of the present work, it is assumed that the flap and
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the aileron deflection angles are fixed during the hovering process, that is to say, ‘a’ and ‘b’ are
constant. Equations of force analysis in the body coordinate system are as follows:

f, =cos(a)(F,+F,)+cos(b)(F,+F,)
f,=0
f,=—sin(a)(F,+F,)-sin(b)(F+F,)-(FK+F)

4

The joint force F in the earth coordinate system can be calculated by equation (5): @
cos(8)cos(y) sin(¢)sin(y)+cos(¢)sin(&)cos(y) 0
F. = f | cos(@)sin(y) |+ f,| —sin(g)cos(y)+cos(¢)sin(8)sin(y) [+| O

—sin(0) cos(¢)cos(0) G (5)

The linear motion equation of the aircraft in the earth coordinate system can be determined from
equation (6):

N cos(@)cos(y) sin(¢)sin(y)+cos(¢)sin()cos(y) | [0
y :EX cos(8)sin(y) +FZ —sin(¢)cos(y)+cos(g)sin(8)sin(y) [+| 0
z —sin(0) cos(¢)cos(0) g

(6)

2.3. Angle kinematic equations

Under the effect of moment, the aircraft rotates around the centre of mass. At the hovering and take-
off states, owing to the small mass and volume, moment of inertia of the rotor is very small, so the
influence of the gyro effect can be ignored. When taking off, the aircraft is at a very low speed, so the
air resistance proportional is also negligible. Therefore, only the torques generated by rolling, pitching
and yawing are taken into account, which are represented by L, M, and N, respectively:

L=sin(a)(F,—F,)r, +sin(b)(F,—F,)r,+(F—F)R
M =(F, +F,)l,~[sin(a)(F, + F,)+sin(b)(F, +F,)]l,
N =cos(a)(F,—F;)r,+cos(b)(F,—F,)r,
According to M = IWg + Wy X IWj :
L=pl +qr(l,—1,)—=(f+pa)l,
M =ql,+pr(l,—1,)+(p*=r?)l,
N=rl,+pg(l, -1, )+(ar-p)l, ®)

In the body coordinate system,/,, 1, I, are moments of inertia in the direction of X, Y, and Z, and
I,is the product of inertia of the axes x and z of the aircraft body. Because the mass of the aircraft is
constant, each moment of inertia and inertial product are constant, so each coefficient in equation (5)
can be replaced by C;-Co.

(7

p=(cr+c,p)g+c,L+c,N
qzcspr_ce(pz_r2)+C7M
F=(cgp—C,r)gq+c,L+cN

©

3. Dynamic equation modeling
Based on equations (3), (6) and (9), the nonlinear dynamics model of the aircraft can be derived.
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f,c05(0)0os(y ) + f,[sin(#)sin () + o5 ¢)sin (0)cos( )]
Fcos(@)sin(y)+ 1 [oos(g)sin()siny)sin(g)cos(y)]
~f,sin(0)+ 1, cos(¢>cos<e>rfg

p= (Clr +C2p)q+ch+C4N

X =

y=

g=c,pr—c,(p’-r’)+c,M
F=(Cp—C,r)g+c,L+cN
¢=p+(rcos(g)+qsin(g))tan(0)
6 =qcos(¢)-rsin(g)

v (rcos(¢)+asin(¢))

_ 1
cos(0)

(10)
Linearizing the nonlinear dynamics model of the aircraft in hovering state [5-6], the system can be
defined as follows:
X = AX +Bu
{Y =CX +Du (1 1)
Where: X is a state variable, Y is the system output, u is the input vector, and the state space
matrixes A, B, C, D are functions of time-varying parameters. X, Y, u are defined respectively

as:X = [X, y' 2' q")' é' l/J' d)' 9' l/)]TaY = [¢' 9' l/)]Tau = [ul'uZ!uS]T

u=2L+N
C4
u,=M
U, = G N+L
R (12)
Laplace transform is performed on equation (11):
G(s)=C(sl —A)'B+D (13)

Equilibrium computation shows that, in order to meet the requirements of vertical take-off and
hovering and achieve a balance between force and moment during the vertical take-off to hovering
phase, the aircraft needs to maintain an angle of 40°-60° with the ground. Afterwards, a set of trim
points in the hovering state are obtained [7-8], and the pitch angle for the trim points is 60°.

After the linearization process, the transfer function can be developed.

[c, 433c, |
s? 250s?
Ge)=|0 & o
S
0o 0 X
L s (14)

According to Y(s) = G(s)u(s), the transfer function relationship between pitching moment and
pitching angle can be expressed as:

0:C—;M :3'8246M

S (15)

wn

4. Design of the PID control criterion
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PID controllers have simple control structure and are easier to set in practical applications. Therefore,
the PID controller is used to control the pitch angle. PID controller schematic diagram [9] is shown in
Figure 3.
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Figure 3. PID controller principle

Rise time, overshoot, settling time, and steady-state error are indicators to measure the performance
of a control system. These four parameters reflect the system's responsiveness and stability, through
which the performance of a system can be determined. With step response, the desirable performance
specifications of the control system designed in this paper include the settling time which is less than 2
s, the overshoot which is less than 20%, and the rise time which is less than 1 s.

Based on the transfer function, the PID control strategy for pitch angle control is designed. The
simulation with MATLAB/SIMULINK software verifies the correctness of the PID control strategy.
Simulation block diagram is descripted in Figure 4. Parameter setting is crucial for PID control
strategy. In this paper, the proportion degree method [10] is used to set the PID parameters. The
parameters of the PID controller are Kp = 1.5, K; = 0.06 and K, = 0.3 . In the actual simulation
process, the parameters may be also adjusted by the root locus method and finally determined by the
limit value range of the PID parameter in the outer-loop attitude control loop of flight control system.
Simulation results are shown in Figure 5. Results indicate that the PID control strategy can basically
meet the control requirements and achieve stable control of the pitch angle.
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Figure 4. Pitch angle attitude simulation of the PID controller
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Figure 5. The pitch angle response curve under  Figure 6. Changing curve of the pitch angle
step input versus time
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Finally, based on the Pixhawk flight controlling unit, the flight dynamics simulation model of the
aircraft under the hovering state is constructed. The control amount of each channel for a set of trim
and the PID parameters obtained by setting are input into the attitude angle control loop in the
simulation model to obtain the simulation curve. As shown in Figure 6, with settling time less than 2 s,
rise time less than 1 s and overshoot less than 20%, the simulation results reveal that the pitch attitude
angle of the V/STOL aircraft under the hovering state is controllable and stable.

5. Conclusion

In this paper, the dynamics model built for the hovering and take-off phases of a new type of V/STOL
UAYV which is based on the principle of the increasing effect of deflection slip flow of the propeller
aided by the forward vertical propeller is performed. Under the MATLAB/Simulink environment, the
simulation model of PID controller is established and verify the control effect of PID controller.
Results of the simulation suggest that this PID control system based on the vertical take-off and
landing stage of the new V/STOL aircraft has good control effect and could achieve the stable control
for pitch attitude.
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