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Abstract: Flying cars offer huge advantages due to their deformable structure, which can adapt to
external environments and mission requirements. They represent a novel system that can realize
vertical takeoff and landing. However, the structure of a flying car is complicated, placing higher
requirements on modeling accuracy and control effectiveness. Thus, in this paper, a dynamic
model of a flying car is proposed by combining a car body, motor, and propellers. Then, a double-
loop controller based on active disturbance rejection control is proposed to accurately control its
flight altitude. Utilizing the extended state observer, external wind and other disturbances are
regarded as an extended state, which can be dynamically observed and compensated to significantly
improve tracking accuracy. The effectiveness of the proposed controller is validated through detailed
simulations and flight experiments. The proposed controller significantly improves control accuracy
and disturbance rejection capability.

Keywords: flying car; active disturbance rejection control; propeller model; hovering control;
altitude control

1. Introduction

Due to their strong adaptability and ability to perform various tasks, flying cars have
not only become a new choice for future urban transportation but also play an essential role
in sustainable mobility [1] and transportation systems [2]. However, the control strategy
of the flying car is more complicated due to its propulsion system [3,4], placing higher
requirements on its control effectiveness and modeling accuracy.

Recently, electric power has become the key development direction for flying car
propulsion [5–7]. Electrically powered flying cars still face many issues that urgently
need to be solved. For example, Ref. [8] explored the wireless communication problem
of the flying car. Ref. [9] proposed an efficient intelligent energy management strategy
for a hybrid-powered flying car, using reinforcement learning methods to enhance the
endurance of the hybrid flying vehicle. Compared to the aforementioned issues, the control
problem of flying cars is more crucial and has gained widespread attention from scholars,
both domestically and internationally. In the modeling of flying cars, Ref. [10] proposed
a method for the rapid design and evaluation of the aerodynamic performance of the
Ducted Fan Lift System (DFLS) for vertical takeoff and landing of flying cars. Ref. [11]
designed an autobody model of flying cars and explored their aerodynamic characteristics.
Ref. [12] tested the aerodynamic characteristics of flying cars, using different states in the
simulation such as ground travel, vertical takeoff, and landing. Ref. [13] also tested the
aerodynamic characteristics of flying cars with a special bionic seagull wing. Ref. [14] built
a model of a flying car that incorporated a ground driving module and an aerial flight
module. Meanwhile, considering that many flying cars are powered by electricity [15,16],
the modeling of the propellers is also very important. In principle, the propeller model of
flying cars is similar to that of UAVs [17–19]. Considering the fluid–rigid body interaction,
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Ref. [20] built a dynamic model of a flying car with four contra-rotating propeller units. A
moving computational domain method was also designed to track the reference trajectory.

Besides the modeling method, the control and simulation problem of flying cars
is also an important issue. Ref. [21] optimized the airframe of flying cars for medical
emergencies. Ref. [22] proposed the concept of rectangular-shaped unmanned surveillance
flying cars and designed an adaptive fuzzy algorithm. Ref. [23] tested the takeoff and
landing performance of flying cars in a wind tunnel. Ref. [24] proposed a nonlinear
controller for both the position and attitude of flying cars. A strategy was also presented
to avoid saturation of the distributed propulsion control inputs. Ref. [25] built a 6-DOF
model by considering the interaction between the fluid and rigid body and conducted a
numerical simulation of the flying car in a sudden rotor-stop scenario. Ref. [26] designed a
hierarchical control strategy for flying cars with two models: one for ground operation and
one for aerial operation. The proposed method can realize accurate tracking control and
improve fuel economy. Ref. [27] explored a method for a new VTOL-propelled wing design
for flying cars. Ref. [28] proposed a marker-based 3D position-prediction algorithm to
predict the trajectory of flying cars in two modes. Ref. [29] designed a novel flight control
system for flying cars based on Bernoulli’s principle.

Based on the above discussion, it can be seen that current research tends to focus more
on the ’flight’ aspect of flying cars, especially in the vertical takeoff and landing stages.
However, the aerodynamic characteristics of flying cars are more complicated. There is also
relatively less consideration for disturbances, with most studies limited to investigating
their nonlinear characteristics and designing nonlinear controllers, leading to insufficient
disturbance resistance. For this reason, in this paper, we focus on the altitude control of the
flying car during the flight portion. Firstly, the model of the flying car is proposed. The
model consists of an unmanned vehicle body, motor, and propellers, enabling accurate
simulation of the dynamic characteristics of a flying car. It provides a viable testing platform
for controller design and controller parameter tuning. Meanwhile, a double-loop controller
based on active disturbance rejection control (ADRC) is designed to accurately control
its flight altitude. The double-loop controller is applied to control the rotation speed of
the motor and the flight altitude. ADRC was originally designed by Jingqing Han [30].
Refs. [31–35] also explored nonlinear ADRC and presented stability proofs. Since nonlinear
ADRC is sometimes too complicated for actual applications, Ref. [36] presented linear
ADRC. In ADRC, the total disturbance and internal uncertainty can be regarded as an
extended state by using an extended state observer (ESO). This extended state can be
dynamically observed and compensated for. Furthermore, in this paper, the proposed
controller is verified through detailed simulations and flight experiments. The average
tracking error of the flight altitude is less than 1 m.

This paper is divided into the following sections. Section 2 presents the dynamic model
of the flying car, including the body part, motor, and propellers. Section 3 presents the con-
trol strategy. The detailed simulations and experiments are presented in Sections 4 and 5.

2. Dynamic Model

The flying car in this paper is driven by electric energy. Thus, the flying car is equipped
with four sets of propellers. In this paper, as shown in Figure 1, the structure of the proposed
flying car is similar to the structure of a quadrotor UAV. Thus, its structure is also similar to
that of a quadrotor UAV [37–39]. In the controller design for quadrotor UAVs, disturbances
are mainly regarded as unknown states [40,41] that are observed by an observer. In this
paper, the dynamic model of the flying car consists of three parts: the vehicle body, motor,
and propellers. The flying car is powered by electric energy. Thus, the propeller rotation
speed is controlled by the motor. The thrust of the propellers is then sent to the body model,
which controls the flight altitude. By modeling these three parts, the main disturbances can
be incorporated into the model, offering huge advantages for controller design.
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(a) (b)

(c) (d)

Figure 1. Structure of a flying car. (a) Top of the flying car with the propellers folded up; (b) Top of
the flying car with the propellers unfolded; (c) Structure of the flying car with the propellers folded up;
(d) Structure of the flying car with the propellers unfolded.

2.1. Structure of Flying Car

The forces on the flying car can be expressed as illustrated in Figure 2. Besides the
gravity, the lift forces are produced by the propellers. In the force analysis of the flying car,
E
(
OE, ex, ey, ez

)
denotes the geodetic coordinate system and B

(
OB, bx, by, bz

)
denotes the

body coordinate system. The relationship between these two systems can be expressed as: x
y
z

 = R

 X
Y
Z

 =

 CθCψ SθSϕCψ − SψCϕ SψSϕ + SθCϕCψ

SCθ CϕCψ + SθSϕSψ SθSψCϕ − SϕCψ

−Sθ SϕCθ CθCϕ

 X
Y
Z

 (1)

where Cx = cos(x), Sx = sin(x), [X, Y, Z] denotes the position in the body system, P = [x, y, z]
denotes the position in the geodetic coordinate system, and R denotes the transfer matrix.

Figure 2. Force analysis of a flying car.
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Define ωB = [p, q, r]T . It is represented as:

ωB =

 1 0 −Sθ

0 Cϕ CθSϕ

0 −Sϕ CθCϕ

ωE (2)

where ωE = [θ, ϕ, ψ]T denotes the Euler angle in the geodetic coordinate system.
Based on Figure 2, the lift forces of the propellers can be expressed as:

F =
[

0 0 ∑4
i=1 lFT

i
]T

(3)

where l denotes the distance between the propeller and its body and FT
i denotes the lift

forces of the four propellers.
Based on the above equations, the translational motion of the flying car can be ex-

pressed as:

mP̈ = RF =

 0
0

mg

+ dF (4)

P̈ =
RF
m

−

 0
0
g

+
dF
m

(5)

where m denotes the mass of the flying car, g denotes the gravity, F denotes the force on
the flying car, and dF = [d1, d2, d3]

T denotes the external disturbance on the moment of the
flying car.

The moment of the forces can be expressed as:

mF =

[
l(F4 − F2)
l(F3 − F1)

]
(6)

mA = ϖ
(

Ω2
2 + Ω2

4 − Ω2
3 − Ω2

1

)
(7)

md =
[

dϕ ṗ dθ q̇ dψ ṙ
]T (8)

where Ωi denotes the rotation speed of the motor, ϖ denotes the reaction torque coefficient,[
dϕ, dθdψ

]
represents the aerodynamic drag coefficient, mF denotes the moment of the lift

force, mA denotes the reaction torque of the propellers, and md denotes the moment of the
air resistance.

Meanwhile, based on the theorem of the moment of momentum, the rotation of the
flying car can be expressed as:

mB = IBω̇B + ωB × (IBωB) + md (9)

ω̇B = I−1
B [mB − md − ωB × (IBωB)] (10) ṗ

q̇
ṙ

 =


Iy−Iz

Ix
q̇ṙ − dϕ

Ix
ṗ + mBx

Ix
Iz−Ix

Iy
ṗṙ − dθ

Iy
q̇ +

mBy
Iy

Ix−Iy
Iz

q̇ ṗ − dψ

Iz
ṙ + mBz

Iz

 (11)

where mB =
[

mF mA
]T

=
[

mBx mBy mBz
]T , Ib =

 Ix 0 0
0 Iy 0
0 0 Iz

.

Then, the control inputs of the flying car are determined by the lift forces generated by
the propellers and are denoted as UF

i =, i = 1, 2, 3, 4. These inputs are represented as:
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
UF

1
UF

2
UF

3
UF

4

 =


l(F1 + F2 + F3 + F4)

− l
Ix
(F2 − F4)

− l
Iy
(F1 − F3)

−ϖ
Iz

(
Ω2

1 − Ω2
2 + Ω2

3 − Ω2
4
)
 (12)

By combining the above equations, the translational motion of the flying car can be
expressed as: 

ẍ =
(CϕSθCψ+SϕSψ)UF

1 +d1
m

ÿ =
(CϕSθ Sψ−SϕCψ)UF

1 +d2
m

z̈ =
CϕCθUF

1 +d3
m

(13)

Furthermore, with Equation (12), it yields:

mB =

[
mF
mA

]
=

 mBx
mBy
mBz

 =

 l(F4 − F2)
l(F3 − F1)

ϖ(F2 + F4 − F1 − F3)

 =

 U2 Ix
U3 Iy
U4 Iz

 (14)

Combining Equations (11) and (14), the rotation of the flying car can be rewritten as:

 ṗ
q̇
ṙ

 =


Iy−Iz

Ix
q̇ṙ − dϕ

Ix
ṗ + U2 + d4

Iz−Ix
Iy

ṗṙ − dθ
Iy

q̇ + U3 + d5
Ix−Iy

Iz
q̇ ṗ − dψ

Iz
ṙ + U4 + d6

 (15)

where d4, d5, d6 denote disturbances on the rotation moment of the flying car.
By combining the above equations, the dynamic model of the system can be obtained.

However, it is obvious that the lift forces and the rotation speed of the propellers are all
important in the model. These variables are the control input of the system. Thus, in this
paper, the model of the motor and the propeller are embedded into the model.

2.2. Motor Model

In this paper, the flying car is electrically driven. Thus, a brushless DC motor is applied.
Firstly, the armature voltage and the exciting voltage of the motor can be expressed as:

Ua = E + IaRa + La
dIa

dt
(16)

U f = I f R f + L f
dI f

dt
(17)

where the subscript a denotes the variables of the armature voltage, the subscript f denotes
the variables of the exciting voltage, E denotes the induced electromotive force, and R, I,
and U denote the resistance, electricity, and voltage, respectively.

From Equation (16), we have:

E = CeΦn = CeΦ
30ωm

π
(18)

where Ce denotes the electromotive force coefficient, Φ denotes the magnetic flux, and n
and ωm denote the rotation speed of the motor in r/min and rad/s.

The electromagnetic torque of the motor Te can be given as:

Te =
30
π

CeΦIa (19)
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Based on the above equations, the motion equation of the motor can be expressed as:

d
dt

 Ia
I f
n

 =


− Ra

La
0 −CeΦ

La

0 − R f
L f

0
CeΦ

J 0 0


 Ia

I f
n

+


1
La

0 0
0 1

L f
0

0 0 1
J


 Ua

U f
−TL

 (20)

Using Equation (20), the rotation speed of the motor can be obtained, which is applied
to accurately calculate the thrust of the propellers.

2.3. Propeller Model

Finally, using the rotation speed, the thrust of the propellers can be obtained as:

Fth = ρCD4n2 = Cthn2 (21)

where ρ denotes the air density, C denotes the propeller coefficient, D denotes the diameter
of the propeller, and Cth denotes the coefficient of the thrust.

The dynamic model of the flying car can be built based on the above statements. In
the next section, the ADRC controller is designed to control its flight altitude.

3. Active Disturbance Rejection Controller

As shown in Figure 3, to compensate for the external disturbances, a double-loop
controller is designed based on active disturbance rejection control. In the flying car system,
the flight altitude is controlled by adjusting the thrust of the propellers, and the rotation
speed of the propellers is controlled by the motor. In the proposed controller, the system
input of the outer-loop controller is the flight altitude of the flying car. The control input of
the outer-loop controller is the thrust of the propeller.s The outer-loop controller calculates
the reference thrust for the inner loop. The inner-loop controller controls the rotation speed
of the motor. Its control input is the voltage of the motor. It dynamically changes the
rotation speed of the motor. Then, using the propeller model, the thrust is transformed into
the dynamic model of the flying car to control its flight altitude.

Figure 3. Double-loop controller based on active disturbance rejection control.

Taking the outer-loop controller as an example, the flight altitude can be expressed as:{
ḧ(t) = f (t, h(t), ḣ(t), wdtr(t)) + b1(t)u1(t)
y = h(t)

(22)

where h denotes the flight altitude, b1 denotes the control gain of the outer-loop controller,
u1 denotes its control input, wdtr denotes the external disturbance, and y denotes the
system state.

Firstly, define f = f (t, h(t), ḣ(t), wdtr(t)), X1 = [x1, x2, x3]
T . Equation (22) can be

transformed into the form of a state space expression. It is expressed as:
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
ẋ1(t) = x2(t)

ẋ2(t) = x3(t) + b1(t)u1(t)
ẋ3(t) = ḟ
y1 = x1(t)

(23)

where x3 denotes the total disturbance f , x1 denotes the flight altitude, and x2 can be
regarded as the vertical velocity.

Based on Equation (23), the extended state observer (ESO) can be built as:{
Ż1(t) = AZ1(t) + B(t)u1(t) + L1ŷ1(t)

ŷ1(t) = CZ1(t)
(24)

A =

 0 1 0
0 0 1
0 0 0

, B =

 0
b1T

0

, C =
[

1 0 0
]

(25)

where Z1 = [z1, z2, z3]
T denotes the observed state, ŷ1 denotes the sampling value of the

system state, T denotes the sampling time, and l = [l1, l2, l3]T denotes the observation gain.
It is clear that in ADRC, the main target is to compensate for the total disturbance x3,

minimizing the error between X1 and Z1. To make sure that the observation error satisfies
the upper bound, li should be set to −wo(wo > 0), which can be expressed by:

λ0(s) = s3 + l1s2 + l2s + l3 = (s + wo)
3 (26)

where l1 = 3wo, l2 = wo
2, l3 = wo

3, with wo denoting the observation bandwidth. Under
this condition, the ESO can be built. The states can be accurately observed by the ESO.

Based on this, the control input can be defined as:

u1 =
u0 − z3

b1
=

kp1(r(t)− z1(t)) + kd1(ṙ(t)− z2(t))− z3

b1
(27)

where r denotes the reference flight altitude, kp1 = 2wc, and kd1 = w2
c . In Equation (27), z3

is regarded as the total disturbance. Using Equation (27), Equation (22) can be rewritten as:

ḧ(t) = f + b1u1 = f + u0 − b3 ≈ u0 (28)

Thus, in Equation (28), the error between z3 and x3 can be minimized. This nonlinear
system can be regarded as a linear system. Under this condition, its control difficulty can
be significantly reduced. It is also the main advantage of the active disturbance rejection
control method.

The outer-loop controller can be built based on Equations (22)–(28). The inner-loop
controller has a similar structure. However, the reference input of the inner-loop controller,
r2, is the control input of the outer-loop controller, u1. Additionally, based on research on
linear ADRC by Prof. Gao [36], the convergence of the observation error and control error
of the state can be proven by properly setting wo and wc. With these considerations, the
double-loop ADRC controller can be built for altitude control of the flying car.

4. Simulation Verification

So far in this paper, we have built a dynamic model of a flying car and designed a
double-loop ADRC controller. In this section, the model and the controller are verified
through a detailed simulation and actual experiments.

4.1. Verification of the Propeller and Motor Models

Firstly, as shown in Figure 4, we built a platform for thrust verification. The motor and
the propeller are set on a thrust-measuring device. The rotation speed of the propeller and
its thrust can be dynamically recorded in real time.
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Figure 4. Thrust verification equipment and experiment.

The results are depicted in Figure 5, which shows the thrust of the propeller under
different rotation speeds. In the actual test, we utilized two different propellers: one was
15 × 8 inches and the other one was 21 × 10 inches. The red points represent the data
points of the actual test. The blue lines represent the theoretical values of the thrust in the
simulation model.

(a) (b)

Figure 5. Data comparison of the thrust with different propellers. (a) Propeller: 15 × 8 inches.
(b) Propeller: 21 × 10 inches.

In Figure 5, it can be clearly seen that the thrust of the propellers can be accurately cal-
culated by the model. The error between the theoretical value and the actual experimental
value is very small, thus proving the practicability and validity of the proposed model.

Meanwhile, Figure 6 presents the control effect of the inner-loop controller. The results
show that the proposed controller can realize accurate tracking of the rotation speed of the
motor.

Figure 6. Verification of the motor.
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4.2. Altitude Control

After the verification of the model, a simulation of the altitude control of the flying
car was carried out. In the simulation, the reference altitude was set at 500 m. The initial
altitude of the flying car was set at 510 for the first case and 500 m for the second one. In
Case 1, a 4 m/s wind gust was set for 100 s and lasted for 20 s. In Case 2, in addition to the
wind gust, a 3 m/s constant wind was also set along the Z-axis of the geodetic coordinate
system for 100 s.

The results are presented in Figures 7 and 8. Firstly, in Figure 7, it can be observed
that the proposed controller can realize accurate altitude control. Figure 7a shows the flight
altitude, and Figure 7b shows the thrust of the propeller. At 100 s, it is obvious that the
flight altitude shows some oscillations under the disturbance of the wind gust. However,
with the ESO, it can be clearly seen that the control error converges before 140 s. The
average error in the stable stage is less than 1 m.

(a) (b)

Figure 7. Altitude control with external wind disturbance—Case 1. (a) Flight altitude. (b) Thrust.

(a) (b)

Figure 8. Altitude control of the ADRC and PID controllers. (a) Flight altitude. (b) Thrust.

The results of the other simulation case are presented in Figure 8. Figure 8a presents
the flight altitude, and the thrust is presented in Figure 8b. In this paper, the proposed
controller was compared with a PID controller. The parameters of ADRC were set as
ωo,1 = 0.7, ωc,1 = 0.25, b1 = 0.17, ωo,2 = 1.2, ωc,1 = 0.14, and b1 = 0.14. The parameters
of the PID controller were set as kp,1 = 0.6, kd,1 = 0.8, ki,1 = 0.1, kp,2 = 0.4, kd,1 = 0.4, and
ki,1 = 0.1. It can be seen that the proposed controller can realize accurate trajectory tracking
despite wind gusts and constant wind disturbances. The flight altitude of the flying car
remains stable and converges to the reference value despite the external wind. From the
results, it can be observed that the proposed method has better control effectiveness. Its
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maximum error is about 20% less than that of the PID controller. Its average error is about
0.6 m, whereas the average error of the PID controller is 0.53 m.

Furthermore, Figure 9 presents the observation error of the outer-loop controller. It can
be seen that the observation error converges to zero by accurately adjusting the controller
coefficients. Under this condition, accurate altitude control can be realized, dynamically
compensating for external disturbances.

Figure 9. Observation error.

Then, to verify the control effectiveness under hardware variations, a Monte Carlo
simulation was carried out. The results are shown in Figure 10. In the simulation, the
aerodynamic coefficients of the propeller were varied by ±20%. It can be seen that the
proposed controller can realize accurate control under various hardware conditions. The
tracking error can converge within a limited time.

Figure 10. Monte Carlo simulation with various aerodynamic coefficients.

5. Experimental Tests

Finally, based on the detailed simulation cases and model verification, a small platform
for the flying car was built. The hardware system is presented in Figure 11a. The external
wind was recorded by an anemoscope, as shown in Figure 11b. Based on this platform,
an actual flight experiment was carried out. The results are presented in Figures 12 and 13.
During the flight test, the proposed method was compared with a PID controller. The
reference flight altitude was 6 m.
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(a)

(b)

Figure 11. Hardware of the flying car. (a) Flying car. (b) External wind disturbance.

The flight test using the PID controller is presented in Figure 12. Figure 12a shows the
thrust, and Figure 12b presents the flight altitude. The flight time is more than 500 s. It can
be observed that both the control input and the flight altitude have large and prolonged
oscillations due to unknown external disturbances. Steady-state errors are also present in
most experimental times.

(a) (b)

Figure 12. Flight experiment using the PID controller for altitude control. (a) Thrust. (b) Flight altitude.

The proposed double-loop ADRC controller is presented in Figure 13. The thrust is
presented in Figure 13a, and the flight altitude is presented in Figure 13b. It can be seen that
when using the proposed method, the flight altitude error of the flying car is much less than
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that of the PID controller. The error converges at 40 s, which is nearly 60 s faster than with
the PID controller. It also has a lower trajectory error. The altitude error is less than 0.1 m.
Furthermore, it can be observed that the proposed active disturbance rejection control has
a much better capacity to resist disturbances, which further proves the effectiveness of the
proposed method.

(a) (b)

Figure 13. Flight experiment using the proposed method for altitude control. (a) Thrust. (b) Flight al-
titude.

6. Conclusions

In this paper, to realize accurate altitude control of a flying car, we first built a dynamic
model of a flying car comprising a body model, motor model, and propeller model. Then,
a double-loop controller based on active disturbance rejection control was designed to
accurately control the flight altitude and compensate for unknown external disturbances.
Then, detailed simulation results were presented. Through simulation and tests, the model
was verified. A simulation of the altitude control was also carried out. In the simulation,
the proposed method showed excellent control effectiveness. Finally, based on the detailed
simulation results, actual flight tests were carried out. The proposed method was compared
with a PID controller. In the flight test, it was observed that the proposed method had
better control effectiveness, capacity to resist disturbances, and convergence velocity. The
results prove that the proposed method represents a novel method for the altitude control
of a flying car and shows broad application prospects.

Besides the disturbances in this paper, there exist time-varying wind disturbances
and coupling influences between different propellers. All unknown disturbances need
to be considered in the controller design. In future work, we expect to adopt the active
disturbance rejection control method. By using an extended state observer, the unknown
disturbance can be regarded as an extended state, which can be dynamically compensated
for. This is the main research direction for our next work.
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