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Flexibility and endurance are the continuous pursuits of un-

manned aerial vehicle (UAV) research. A fixed-wing UAV

with vertical takeoff and landing ability is ideal because it

combines the advantages of long flight durations and free-

dom from runways [1]. Therefore, tilt-wing and tilt-rotor

UAVs have been developed. The former is more suitable for

long-duration flight because the propeller slip-stream is less

disturbed, and a longer wingspan can be designed [2].

Despite its several advantages, the tilt-wing UAV faces

considerable challenges [2]. The first challenge is the config-

uration design. A good tilt-wing UAV must strike excellent

balance parameters, such as hovering and cruise flight mode

efficiency, the actuation method, and mechanical complex-

ity. The tilt-wing UAV has higher mechanical complexity

than the tilt-rotor UAV because of the simultaneous tilt-

ing of the wing and rotor. The second challenge is reliable

control. Compared with transition flight, research on hov-

ering and cruise flight is somewhat lacking because they are

generally considered problems of mature rotary-wing UAVs

and fixed-wing UAVs, respectively. However, very different

challenges are encountered because of the complex propul-

sion system, wings, and actuators. In particular, different

propulsion systems present very different challenges for at-

titude stabilization in hovering flights.

Aiming at the above two challenges, the main contribu-

tions of this work are also twofold. First, a novel distributed

propulsion tilt-wing UAV is developed, allowing the strong

actuating effort of hovering flight and the high efficiency of

cruise flight. The time-varying dynamics and the moment-

damping effects of the propulsion system are newly revealed.

Second, a simple yet robust attitude control law is devel-

oped. On the basis of a variable-gain linear/square-root

control law, outer flight velocity compensation is used in the

inner attitude loop to compensate for the moment-damping

effects for the first time. Several flight experiments are con-

ducted in different scenarios to validate the tilt-wing UAV

and the control law.

Development of the tilt-wing UAV prototype. The dual

tilt-wing UAV [3] and the quad tilt-wing UAV [4] are two

typical representatives of the tilt-wing UAV family. Gener-

ally, the dual tilt-wing UAV has a propeller on the left and

right wings, which is somewhat similar to the well-known

tilt-rotor aircraft XV-15 [5]. A major problem with this

configuration is its hovering attitude control. Instead of the

complex variable-pitch propellers used in XV-15, the small

dual tilt-wing UAV generally chooses to rotate the fixed-

pitch propellers forward or backward simultaneously to gen-

erate control moments. This design is inefficient and difficult

to use in large-scale vehicles. To overcome this problem, the

quad tilt-wing UAV [4] is developed. It is equipped with four

equal-size propellers and tandem wings. Therefore, the dif-

ferential thrust of the front and rear propellers can provide

enough control moments. However, the four propellers bring

a complex wing-propeller aerodynamic coupling to cruise

flight, and the tandem wings lead to a small aspect ratio.

This design greatly reduces cruise flight efficiency.

Aiming at these deficiencies, a project was launched in

2020 by Tsinghua University to design a high-efficiency tilt-

wing UAV. The THU-TW001 UAV, as shown in Figure 1(a),

is the prototype. By exploiting traditional tilt-rotor and tilt-

wing UAVs, its wing is designed with an inner fixed part and

an outer tiltable part. The propulsion system comprises two

sets of tiltable propellers: two large propellers (with diame-

ters of 40 inches each) are installed on the main nacelle and

tilt with the outer wing simultaneously, and two small pro-

pellers (with diameters of 13 inches each) are installed on

the tail nacelle and tilt with the elevator simultaneously. By

tilting the main and tail nacelles down or up 90◦, the THU-

TW001 UAV can switch between the hovering and cruise

flight modes. The main wing of the THU-TW001 UAV has

a span of 2.31 m and a chord length of 0.218 m. The all-

up weight of the THU-TW001 UAV is 23 kg, in which an

approximately 6-kg battery is used as the power supply.

Similar to the conventional quad tilt-wing UAV, the

THU-TW001 adopts differential thrust mechanisms for at-

titude control in hovering flight. Here, the arms of the

large and small propellers are configured as 1:6 to ensure

the moment balance. However, the two small propellers

are turned off and folded up in cruise flight to reduce drag

forces and aerodynamic coupling, which is a large advan-
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Figure 1 (Color online) Design, analysis and control of the THU-TW001 tilt-wing UAV. (a) The designed THU-TW001 tilt-wing

UAV; (b) time-varying dynamics of the tail propeller; (c) the normal force of the main propeller; (d) the control structure of the

pitch channel; (e) experiments A (left) and B (right); (f) experiments C (left) and D (right).

tage of the THU-TW001 UAV. This task is easily achieved

in flight because of their small size. Compared with other

existing tilt-wing UAVs [3, 4], this design achieves not only

the strong actuating effort of hovering flight but also the

high efficiency of cruise flight. However, as will be discussed

below, the asymmetrically distributed propulsion system of

the THU-TW001 UAV also brings new control difficulties,

which is the focus of the following study.

Analysis of the propulsion system. The response speed

of the propulsion system greatly affects the attitude con-

trol effect. Generally, the propulsion system is modeled as a

first-order, low-pass filter with a fixed gain, which is an un-

realistic assumption. Considering that the theoretical mod-

eling of the propulsion system is very complex, ground tests

are performed in this study to identify the dynamic charac-

teristics. By commanding step pulse width modulation sig-

nals, the revolution speeds of the propellers are measured.

The augmented least squares method is then used to find

the best-fitted bandwidth for a first-order, low-pass system.

Figure 1(b) shows the ground test results (red points) and

the identified bandwidth ωn (blue line) of the tail propeller.

Note that the response speeds are not constant: the tail pro-

peller has a quicker response at a higher revolution speed

and vice versa. The maximum bandwidth can even be up

to three times the minimum. This feature indicates that a

fixed-gain assumption is surely not accurate.

Another concern is the forces and moments of the propul-

sion system caused by nonuniform inflow. To this end, the

blade element momentum method combined with the Peter-

Pitts inflow model [6] was used to obtain an intuitive rule.

An interesting result is the normal force of the main pro-

peller, which is shown in Figure 1(c). Here, V indicates the

flight speed, and D indicates the diameter of the propeller.

For the main propeller (the solid lines) of the THU-TW001

UAV, Figure 1(c) shows that a large flight velocity can in-

duce a large normal force. In contrast, the inflow angle,

which is approximately equal to the pitch angle in hover-

ing flight, has little influence on it. This normal force can

lead to a large damping moment for the attitude control of

the THU-TW001 UAV. In fact, the problem is not serious

for conventional multicopter UAVs because of the small-size

propellers generally used: from Figure 1(c), a small-size pro-

peller has a much smaller normal force (the dotted lines).

Robust attitude controller design. The above propulsion

system characteristics bring new challenges to the hovering

attitude stabilization of the THU-TW001 UAV. At present,

advanced control methods, such as model predictive con-

trol [7] and dynamic inversion control [8], have been widely

studied in flight control. However, they are not widely ap-

plicable in real flights because an accurate dynamic model is

required. In this study, we develop a robust, model-free at-

titude controller for the hovering flight of the THU-TW001.

For clarity of description, the pitch channel is taken as an

example in the following analysis. Aiming at the two charac-

teristics of the propulsion system, the attitude controller also

comprises two parts accordingly. As shown in Figure 1(d),

the first part is a variable-gain linear/square-root control,

and the second part is a flight velocity compensation.

(1) The variable-gain linear/square-root control.

Considering the possible control saturation, a linear control

law is adopted when the control error is small, and a square

root control law is adopted when the control error is large.

The controller is specifically given as

un =

{

kθ · eθ − kq ·q, |eθ| < e0,

sgn(eθ)·
√

amax (2 |eθ|−e0)− kq ·q, |eθ| > e0,
(1)

where sgn(·) is the sign function, eθ = θd − θ is the pitch

control error, q is the pitch angular rate, kθ and kq are the

two adjustable proportional gains, and amax is the available

maximum pitch angular acceleration. Here, e0 = amax

/

k2
θ

is the linear zone point. Using the square-root control law

when eθ > e0, the controller saturation problem can be al-

leviated because of a smaller equivalent gain. For further

analysis of this control law, please refer to Appendix A.

A key problem in controller (1) is selecting the control

gains. By applying the linear control part to the system,

the closed-loop transfer function is

θ(s)

θd(s)
=

kθkscωn

Iys3+(Iyyωn+Mq)s2+(kqksc+Mq)ωns+kθkscωn

,(2)
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where ωn is the time-varying bandwidth of the tail propeller,

ksc is the approximated scaling factor between the controller

output and the real control moment, Iyy is the pitch inertial

moment, and Mq > 0 is the pitch damping moment-related

term. According to the Routh-Hurwitz criterion, the stabil-

ity requirement of the closed-loop system (2) is

Iyyksckθ

ksckq +Mq

< Iyyωn +Mq. (3)

A sufficient condition to guarantee (3) is kθ < kqωn. There-

fore, a simple approach is to design kθ and kq based on

the minimum ωn. However, this approach leads to a slow

response in the pitching-down maneuver. In fact, by analyz-

ing the poles with the phase plane, the following rules can

be obtained.

(a) Under a fixed kθ, a larger kq leads to a smaller over-

shoot but a longer adjustment time in any ωn.

(b) Under fixed kθ and kq, the overshoot becomes smaller

and the adjustment time becomes shorter as ωn increases.

(c) Under a fixed kθ/kqωn, the overshoot changes slightly

and the adjustment time becomes shorter as ωn increases.

On the basis of these results, we propose to use the

variable-gain controller as kθ = λkqωn, in which λ ∈ (0, 1)

is an adjustable parameter. Therefore, the system overshoot

and oscillation can remain at a relatively similar level.

(2) The flight velocity compensation. According

to the above analysis, the main propeller can produce a

large damping moment due to the normal force. This re-

sult will inevitably lead to steady errors. A classical way

to reduce errors is integral control. To achieve good perfor-

mance from the THU-TW001 UAV, a large integral gain is

required. However, this feature leads to undesired oscillation

in long-duration pitching-up and pitching-down maneuvers.

According to Figure 1(c), the damping moment is pro-

portional to the flight velocity. Therefore, a new, simple yet

effective idea is to directly employ the outer velocity com-

pensation in the inner attitude control loop. The velocity

compensation is given as

uc = sat
(

−kv · vαx , u
min

c , umax

c

)

, (4)

where vx is the x-axis flight velocity in the body frame, kv
is the proportional gain, α is the power amplification factor,

and sat(·) is the saturated function for preventing divergence

due to excessive compensation. Compared with the integral

control, the velocity compensation takes effect faster.

By combining (1) and (4), the final controller for the

pitch channel is obtained. The roll channel is similar to the

pitch channel, except that the control moment is provided

by the differential between the left and right propellers. For

the yaw channel, which is actuated by the aileron deflection

in hovering flight, velocity compensation is not required be-

cause it does not bring about translational motion.

Flight experiments. To validate the effectiveness of the

controller, four flight experiments are conducted, namely,

(A) the tethered flight without any compensation, (B) the

free-flight without any compensation, (C) the free-flight

with integral control, and (D) the free-flight with velocity

compensation. The controller parameters are set as follows:

kq =1.5 and λ=0.4, the integral gain is set as 1.1 (Exper-

iment C), and the velocity compensation is kv = 0.16 and

α = 1 (Experiment D).

Figure 1(e) shows the results of experiments (A) and (B).

Under the same controller, the figure shows that the com-

mand angle is well-tracked in the hanging tethered experi-

ment, but a large, steady error is obtained in the free-flight

experiment. This error is exactly caused by the damping

moment of the main propeller: because the hanging teth-

ered experiment is in a low flight velocity maneuver, the in-

fluence of the main propeller is weak. Figure 1(f) shows the

results of experiments (C) and (D). The figure reveals that

the steady error is greatly reduced in both cases. However,

the UAV tends to oscillate with the integral control after a

long-duration flight, which is very dangerous. With the ve-

locity compensation, the pitch angle command is closely and

smoothly tracked throughout the flight. Therefore, the ve-

locity compensation is a better choice for the THU-TW001

UAV. A quantitative comparison of the above experiments

is shown in Appendix B.

Furthermore, to validate the robustness of the controller,

several different disturbances are injected. Detailed figures

and analysis are provided in Appendix C. The experiments

show that the proposed controller is robust to mild and

abrupt disturbances to the THU-TW001 tilt-wing UAV.

Conclusion. In this study, a novel distributed propulsion

tilt-wing UAV is developed, that allows the strong actuat-

ing effort of hovering flight and the high efficiency of cruise

flight. The time-varying dynamics and moment-damping ef-

fects of its propulsion system are revealed. Aiming at these

problems, a simple yet effective attitude control law is devel-

oped by employing a variable-gain linear/square-root control

and flight velocity compensation. Flight experiments were

used to validate the tilt-wing UAV and the control law.
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