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ABSTRACT. Quad Tilt Wing Unmanned Aerial Vehicle (QTW UAV) can fly Vertical
Take-Off and Landing (VTOL) and also horizontally (Cruise). The QTW UAV can fly
near a stationary state during hover. Stationary flying can be done by maintaining the
orientation of the Fuler angle of the rollers and pitch at 0°, the yaw angle in a particular
direction, and the altitude (on the wvertical axis of the earth). QTW UAV requires a
control system that can maintain a stationary state. The Linear Quadratic Regulator
(LQR) method is one of the control systems to maintain a stationary state. This ability
1s done in order to minimize the error response approaching zero. The LQR method uses
the state as feedback to control the attitude of the UAV. The simulation of the QTW
UAV model was carried out to obtain the test results of the control system method.
Keywords: QTW UAV, LQR, Hover, Stationer, Error response

1. Introduction. A UAV is a vehicle that can fly autonomously using autopilot or con-
trolled remotely so that no pilot is in the vehicle [1]. Fixed-wing UAV is an unmanned
aircraft that can fly using the lift generated by the wing construction and the thrust from
the propulsion system [2]. A rotary-wing UAV is an unmanned aircraft with a rotor as
propeller [3].

Both fixed-wing and rotary-wing UAVs have several advantages and disadvantages.
Fixed-wing UAVs require a long runway for taking off and landing. In contrast, rotary-
wing UAVs can perform VTOL [4]. Fixed-wing UAV has a high cruising range. However,
rotary-wing UAVs do not fly a long distance [5]. As a result, the rotary-wing UAVs do
not have a high cruising range [6-8].

Developing a UAV capable of achieving a long flight range and performing VTOL is
still an exciting topic of research. The VTOL plane is one potential solution. The VTOL
plane combines the advantages of both the fixed-wing and rotary-wing concepts in one
UAV [7,9]. QTW UAV is one type of VTOL plane [10]. QTW UAV combines fixed-wing
and rotary-wing concepts in one UAV, thus inheriting the advantages of both [7].

QTW UAV has several flight stages: vertical take-off, hover, transition, cruise, and
vertical landing. The transition stage is where the QTW UAV’s wings swing to move
from hover to cruise and vice versa. The wing swings (tilting) by 90° so that it becomes
perpendicular to the previous position [11-13].

However, before going to the transition stage, the QTW UAV must be able to hover
close to a stationary state. Altitude and attitude controls are needed for stabilizing the
hover flight mode which is a very critical phase of operation since normally airplane does
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not perform hover flights [9,14]. As the QTW UAV hover approaches a stationary state,
the total force generated by the rotor is equal to the weight of the vehicle under gravity.
The direction of the force generated by the rotor is parallel to the direction of the upward
vertical force of the vehicle [15,16]. The QTW UAV can fly close to a stationary state
by maintaining the orientation of the Euler roll and pitch angles at 0°, the yaw angle in
a particular direction, and the altitude (on the vertical axis of the earth). Therefore, a
control system is needed to make the QTW UAV fly close to a stationary state.

Several control methods have been implemented on the VTOL plane UAV for various
needs, such as Proportional Integral Derivative (PID) [17], adaptive nonlinear hierarchical
control [18,19], Linear Quadratic with Integrator (LQI) [6], and LQR [20]. The LQR
method uses the state as feedback to control the attitude of the UAV [20]. In this study,
LQR is used to maintain the height and slope of the Euler angle to minimize the error
response to near zero. A QTW UAV, a type of VTOL plane, is to be supported by LQR
to stabilize its hover mode.

The rest of the paper is structured as follows: Section 2 addresses the theory and
formulas, Section 3 describes the simulation setup, Section 4 discusses the simulation
result, and performance analysis, and finally, Section 5 concludes the paper.

2. Theory and Formulas. Mathematical models are needed to design methods and
algorithms [21]. After the mathematical model is obtained, the LQR method can be
simulated on the model. The mathematical model of the QTW UAV is designed based
on Newton Euler’s concept, which uses Newton’s laws and Euler’s laws as the basis for
transitional and rotational motion. Equations (9), (12), (13), and (14) show mathematical
models that reference the dynamics of the QTW UAV.

The inertial frame of the earth is written with the symbol W (xw, yw, zw) and the
inertial frame of the body B(x s, yp, z5). The position of the Center of Gravity (CoG) in
the Earth’s inertial frame is written in Equations (1) and (2). Figure 1 shows the inertial
frame of the body against the inertial frame of the Earth.

Pw = [X,Y, Z2]" (1)
Vi =Pw = [X.V, z']T @)

FIGURE 1. Inertial framework of the body against the Earth’s inertial framework

QTW UAV has several parameters that reflect the attitude of the vehicle. These param-
eters include the angles of roll (¢), pitch (), and yaw (1), which are shown in Equation
(3), and the rotational speed is shown in Equation (4). The position of the vehicle can be
determined using the rotation matrix ®Ry. The rotation matrix *Ry is obtained from
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the product of the rotation matrix on the z-axis (R.(¢)), the rotation matrix on the
y-axis (Ry(0)), and the rotation matrix on the z-axis (R.(¢)). *Ry is a rotation matrix
that represents the orientation of the body frame to the Earth’s frame, which is written
in Equation (5), in which ¢ represents cosine, and s represents sine.

aw = [0,0.9]" (3)
.. AT
Q= oy = [.6,0)] (4)
cpcl  spshsy) — copsyp  —cpshcy + sopsiyp

ERG (b,0,0) = |spch  spsbsp+ copc)p  spsOsip — soer (5)

—s6 soch coch

QTW UAV dynamics can be written into Equation (6).

mlsxs Osxs| [V 0 | Fr

[ Osx3  Ip } {QJ + {Qb x (I - Qb)] B |:7'T:| (©6)

The gain of the force that occurs on each of the translational axes (on the z-axis) is
shown in Equation (7).

F=FRgp.F,,+F, (7)

Newton’s second law governs the relationship between the force F' and the acceleration
experienced by the center of mass. In addition, the gravitational force expressed at NED
(North East Down) is shown in Equation (8).

Fy=—=10 (8)
mg
The equation of translational motion in hover mode QTW UAV can be derived from
Newton’s second law. The equation is shown in Equation (9).
F.=%Ry - Fy, +F, (9)

cocl F—g
m

m-Z = (coch) F, —mg, Z =

Euler’s second law explains the relationship between the torque (T) and the angular
velocity (w) as shown in Equation (10),

T=IT- w)xw+I w (10)
where
w=( 0 ¢) ,I=|0 I, 0
0 0 I,

Iz, 1y, I.. are the moments of inertia around the body’s z, y, and z axes, respectively.
The calculation of the torque around the z-axis of the body (B, ), the y-axis of the body
(B,) and the z-axis of the body (B,) based on Euler’s second law is shown in Equation

(11).

Lo 0 01[4] [¢ L. 0 07[¢ Ty
0 1, ofldl+|d|x{]|o0 1, of|d|]=]mn (11)
0 0 L.| |4 0 0 0 L. ¥ Ty

-Ixz¢ IZZQZJQ - Iyy¢9 )
Iyye. + [ZZ¢¢ - [xzw¢ = | To
_]zz¢ ]yy¢0 - I:m:ﬁbe Ty
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Three equations of torque QTW UAV when running hover mode can be seen in Equa-
tions (12), (13), and (14).
1) Torque around the B, body (¢ rotation)

Ln:vgb + (Izz - ]yy) ¢0 =Ty
R (12)

2) Torque around the B, body (6 rotation)

Iyyé + (Izz - ]z:c) ¢¢ = To
T (I — L,) - -
0=—1+ ——=00 (13)
Iy Iy
3) Torque around the B, body (1 rotation)

Lo+ (Iy — Iy) 40 = 7

. 1 ([xz — [yy) .

- rr W a0 14

R AR S )

Actions generated by the control method consisting of F}, 74, 79, and 7, are aliased to
uy, ug, ug, and u4, respectively as shown in Equations (15), (16), (17), and (18).
u =k (wf + wj 4+ wj + wj) (15)

uy = kLy (wi — wj + w; — w}) (16)

us = kL (wi + wj — wj — wj) (17)

us = kX (wf — wj — w; + w}) (18)

where k is the motor thrust constant, Ly and L; are the distances from the rotor to CoG
along the y and z-axes, respectively, and A is the torque/force ratio.

3. Simulation Setup. The control method used in this study is the LQR. The LQR is
a regulator control that aims to bring the system to a predetermined state by setting the
error to zero with the minimum cost function value. LQR produces the full-state feedback
control system’s gain K value [2,20].

Based on the model described earlier, the QTW UAV is a MIMO (Multiple Input
Multiple Output) system. The state space equation is indicated by Equation (19).

x = Ax+ Bu (19)

The state-space equation is obtained from the equations of the previous mathematical
model, which consists of two motions namely, the translational and the rotational motion
as shown in Equations (10), (13), (14), and (15). These equations are converted into
state-space equations, shown in Equation (20).

010 0 0 0 0 0] 080 0 0
1 looo 0o 0 0 oolp |99Y o o o
. . m
z| (000 1 0[_()1.002 0 o0 o
¢ 1000 0 0 24 0 0|9 1 F,
Q.ZS_ Iyy ¢ 0 EO 0 T¢ 20
9—000[_01.0 1 009.+ o 0 0 0lls| @0
gl (000 =250 0 00|46 0 o0 L o llm
b Yy 0 [yy
’ 1000 0 0 0 0 11" o o0 0 0
(& Liw — 1y [ 1
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The block diagram of the control system on the hovering QTW UAV is shown in Figure
2. Based on Figure 2, u is the action produced by the control system, which is the product
of the gain K and the entire state of the controlled system x. Action u consists of four
elements, namely uy, us, us, and uy as vertical force, roll torque, pitch torque, and yaw
torque. A, B, and C are matrix characteristics of the system according to the state space
in Equation (20).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . | Plant !
i Set- | i LQR | | Converter ! | Control ! i
1 point i ! - i Element ! !
L Lo . B | |
| | ; N : 4BLDC]| | P | x(8x1) ax1)
X (g 1 | B |
I ]
| | {| Convertto | gl | “ |
“““““ bt control surfaces } control ! !
; | surfaces i |
! angle N I s

Sensor and Transducer

Convert to ¢, d¢/dt, 6, and }‘_‘_& 3 axis Accelerometers ‘
8x1) do/dt 3 axis Gyroscope \ 8x1)
‘ Convert to y and dy/dt }47 3 axis Magnetometer ‘

‘ Converttoz and v, }.7 1 axis Barometer ‘

FiGURE 2. Block diagram of the control system for hovering QTW UAV

4. Results and Discussions. The control system model is simulated using the param-
eters of the UAV in the real world. The simulation was carried out by tuning the matrix
Q and R values from the LQR method [22]. Tuning is done in several steps using an
application designed with the above parameters adjusted automatically. LQR helps in
computing an initial reference value that will be enforced across the system widely.

The component values of the Q matrix consist of ), (Q vertical movement on the
z-axis), (QQy, (Q vertical velocity on the z-axis), @, (Q roll angle), Qy (Q pitch angle), Qy
(Q yaw angle), Q4 (Q roll angular velocity), @y (€ pitch angular velocity), and Q, (Q
yaw angle velocity). Full state feedback gain K is the result that emerges from the LQR
tuning process.

The control stabilization against roll motion disturbances on the QTW UAV (roll angle,
pitch, and yaw) begins by determining the values of (), Q4 Q4> Qo, Qy, and Q. The
tuning results are used to generate values for K¢.T¢, Ké-w’ Ko.ry, Ké_m, Ky.r,, and Kv,b%-
The higher the Q value, the faster the system response because of better torque values
Ts, Ty, and 7y However, if the value of Qy, @, ¢y, Qo, Qy and @ is too large, it can
cause Ty, Ty, and 7, to increase in such a way that the system becomes very sensitive to
disturbance. The values of the tuning components Qgs, @4, @y, Gy, Qy and @, can be
seen in Table 1.

TABLE 1. Optimal Q and K values for attitude control QTW UAV

Q R K
Qs = 2500 | Ry =1 Ky, =50
Q,=20 |R;=1| K; _ =7.77817459
Qy =2500 | Ry =1 Ky, = 50

Qy=20 | Ry=1| K;,  =T.77817459
Qu = 1800 | Ry =1 | K., = 42.42640687
Q;=30 |Ry=1| K;_ =9.54431904
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Tests were carried out on roll, pitch, and yaw rotations. The test has been carried out
by providing disturbances at the ¢, 6, and ¢ angles of 10°. The test results are conducted
by observing how fast the system response gives an error response of 0. The test results
can be seen in Figure 3 which shows that the roll ¢ and pitch 6 angle response speeds are
faster than that of the yaw . The control system can overcome the error response on
roll and pitch angles within 0.4 seconds, and that on the yaw angle, 0.6 seconds.
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Xs pitch angle (Degree)
x7 yaw angle (Degree)

0 1 4 5 0 1 4 5 0 1 4 5

2 3 2 3 2 3
Time (Second) Time (Second) Time (Second)

(a) (b) (c)

FIGURE 3. Responses to errors in rotational motion against time with an
error of 10°: (a) Roll ¢; (b) Pitch 0; (c) Yaw ¢

The second test was carried out by providing disturbances at ¢, 6, and 1 angles of 30°.
The test results can be seen in Figure 4. In Figure 4, the response speeds of the roll and
pitch angles are faster than that of the yaw angle. The control system can overcome error
responses on roll and pitch angles within 0.5 seconds, and that of the yaw angle, 0.65
seconds.
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FI1GURE 4. Responses to errors in rotational motion against time with an
error of 30°: (a) Roll ¢; (b) Pitch 6; (c) Yaw ¢

Altitude control on the QTW UAV (vertical axis in the Earth’s inertial frame) begins
by determining the component values ), and @),.. The tuning results of the @), and @Q,.
values are used to control the UAV’s QTW altitude close to stationary so that the error
response is close to zero. In the simulation, a one-meter error is introduced on the z-axis.
The process of tuning the values of ), and @, produces gains K,.p, and K, . . The
higher the Q value, the faster the response because the F., value is rising. However, if
the value of @, and @,, is too large, it can cause F, to increase the system becoming
susceptible to disturbances. The values of the tuning components @), and @, can be seen
in Table 2.

TABLE 2. Optimal Q and K values for altitude control QTW UAV

Q R K
Q.=900| R, =1 K. =30
Qv. =30 | R,. = 1| K, = 17.32050808
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The test was carried out on the vertical motion on the z-axis. Testing was done by
providing interference on the z-axis. The test results showed how fast the system response
is to return the error response to 0. The test was carried out by providing a disturbance
on the z-axis of 1 meter. The test results can be seen in Figure 5.

00 W | F.
-02 704 —— F; stat
60 F: on QTW

X7 (meters)
F, (N)

0 1 2 3 4 5 1 2 3 4 5 6 7
Time (seconds) Time (seconds)

(a) (b)

FIGURE 5. Error responses on the z-axis: (a) Height adjustment response;
(b) Magnitude of force required to produce the response

When the QTW UAV is in hover mode, it can be seen from Figure 5 that the QTW UAV
can correct the altitude with an error of 1 meter in 1.2 seconds. The total lift generated
by the four motors is around 74 N.

5. Conclusions. Based on the simulation results, it can be concluded that the QTW
UAV can maintain a stationary state using the LQR method. This conclusion is indicated
by the translational and rotational motion error response results. The errors are minimized
close to 0 when the disturbance is given. QTW UAV can improve altitude and overcome
error responses in roll, pitch, and yaw angles according to the desired results. The results
show that the control system on the QTW UAV can be appropriately controlled.

Work is undergoing to simulate the control when the QTW UAV makes a transition
flight from hover mode to cruise flight mode.
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