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Abstract—The closed-loop position control of a flapping-

wing flying robot (FWFR) is a challenging task. A complete six-

degree-of-freedom (DoF) modeling and control design is 

preferable though that imposes complexity on the procedure 

and analysis of the oscillations in the trajectory. Another 

approach could be studying independent state variables of the 

system and designing a controller for them. This will provide the 

possibility of a better understanding of the dynamic, comparing 

to experimental data, then use this information for moving 

forward to complete 6-DoF modeling. In this work, a simple 

linear proportional closed-loop controller is proposed and 

analyzed for an equivalent dynamic model of the flapping-wing 

flying robot. The equivalent dynamic modeling considers the 

flapping motion as a base excitation that disturbs the system in 

oscillatory behavior. The frequency of the oscillation and data 

of the motion was obtained from previous experimental results 

and used in the modeling. The designed controller performed 

the regulation task easily and regulated the system to a series of 

set-point control successfully. The motivation for the selection 

of a proportional control is to keep the design as simple as 

possible to analyze the excitation and behavior of the flapping 

more precisely. A discussion on the transient and steady-state 

flight and the role of control design on them have been presented 

in this work. 

Keywords—Proportional control, Flapping-wing, Aerial 

robotics, Closed-loop design, Base-excitation. 

I. INTRODUCTION 

Flapping-wing flying robots (FWFRs) have become 
interesting and challenging case studies in robotics. A part of 
the recent development in flapping-wing systems focused on 
closed-loop position control. The precise control is a 
necessary step of various applications for FWFRs such as 
perching on a branch [1], perching to a surface [2, 3], vision-
based monitoring systems [4-8], long-endurance flights [9, 
10], manipulation [11, 12], etc. The system in question is 
under-actuated and the control inputs could be the frequency 
of the flapping, and the motion of the tails. Full control 
capability over this under-actuated system is difficult. There 
were valuable studies to design several control methods to 
achieve a closed-loop stable regulation, briefly reviewed in 
the following. A dihedral-based control was introduced and 
experimented with a flapping-wing small aircraft [13]. The 
robot flew in gliding mode and the application of the flight 
was perching (landing) on a surface. Fei et al. presented flight 
control in a hovering condition and trajectory tracking for a 
tailless flapping-wing robot using a robust closed-loop  

 

Fig. 1. The E-Flap prototype, mounted on the launcher; claw below the robot, 
and the manipulator on top. 

feedback control [14]. Gao et al. investigated the adaptive 
control of bionic flapping wings using a neural network 
approach [15]. Adaptive nonlinear control was also exercised 
for the gliding phase of an FWFR for perching application 
[16]. The perching in the gliding phase does not suffer from 
the oscillation of the flapping, approximately 10(cm) 
disturbance to the trajectory, and motivated the designers to 
use this phase of flight for that application. 

The challenge in control is rooted in the limited number of 
actuators, availability of position feedback, design, and 
manufacturing and one of the most difficult one is the limited 
payload. The limited payload capacity forces the designs to be 
very lightweight resulting in fragile mechanisms with limited 
inputs, i.e. the E-Flap possessed a flapping wing, rudder, and 
elevator in the tail as the inputs (three inputs in total) [17]. 
With that configuration, the forward flight is always needed. 
In a simulation environment, more actuators were added to 
control flapping-wing systems; however, the possibility of 
prototyping and real flight with those complex configurations 
is a question [18]. 

Closed-loop position control using a combination of linear 

controllers was successfully experimented with in an indoor 

environment for E-Flap [1]. The feedback to the bird was the 

3D position of the robot and its orientation, provided by an 

Opti-track motion-capture system. The limitation on the 
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forward flight was still applicable which led to an impact to 

the branch for perching with almost 2 (
m

s
) [1]. The speed of 

forward flight was recorded in the range of 𝑣𝑥 ∈ [2,8] (
m

s
), an 

initial speed of launching (less than 4), a flight between 4 to 

8, and a lowering speed for perching around 2. The frequency 

of the flapping is one of the most important sources of speed 

and height control in flights. There was also evidence of 

forced oscillations to the robot by the flapping action, visible 

in the flight data, in 𝑍-axis direction. This vertical oscillation 

motivated us to model and study the effect of the base 

excitation and consequently design an independent control for 

that. The set of linear controllers in [1], was also decoupled 

so, this will help us to present a more accurate flight controller 

for future experimentation. 

Base excitation is a well-known phenomenon in 
mechanical vibration [19, 20]. The application is quite diverse 
and some examples could be named such as the analysis of 
fluid in pipes [21], energy harvesting in cantilever beams [22], 
piezoelectric stack energy harvester [23], dynamic analysis of 
laminated composite material [24], and many more. The 
modeling of base excitation helps a designer choose the proper 
damping coefficient, elastic constant, and frequency of the 
excitation to put the system in a safe zone to avoid possible 
resonance or other destructive effects. Müller et al. used this 
concept to define damping value from data of phase resonance 
in a system subjected to base excitation [19]. 

Here in this work, the frequency of the flapping is modeled 
as a forced excitation to the base and it provides the power of 
flight so it cannot be omitted. The logical approach is to define 
the flapping limits in a zone that provides enough lift force 
without damaging the system, which motivates modeling, 
simulation, and analysis such as this work. The modeling and 
control will help us to set the elastic constant and damping 
coefficient in a zone that provides a sufficiently smooth 
condition for flight and acceptable precision in position 
control. For this work, a simple proportional (P) closed-loop 
linear controller has been chosen to present a clear analysis on 
the part of oscillation and base excitation and also provide 
valuable inputs for future modifications on the available linear 
controller on the E-Flap prototype. A discussion on the 
transient and steady-state flight has been provided to show the 
reason for choosing this P controller. The limited zone of 
experimentation forced the flight to be in the transient zone of 
regulation; so, moving towards complex control at this stage 
might not be reasonable, as discussed in Section IV. 

The main contribution of this work is to model and control 
the elevation (control in 𝑍-axis) of the flapping-wing flying 
robot, considering the oscillation of the flapping wings as the 
excitation of the base. 

The remainder of the work includes: Section II presents 
the system modeling and dynamics of the base excitation 
system. Section III expresses the control design and defines 
the parameters of the robot. Section IV is devoted to 
simulation results and Section V states the concluding 
remarks. 

II. SYSTEM MODELLING AND DYNAMICS OF BASE 

EXCITATION 

The flapping-wing robot for vertical base-excitation 
modeling is F-Flap [17], originally weighed 500(g) with the 
possibility of almost 500(g)  more load-carrying capacity. 
The addition of a leg to the system increased the weight to 
700(g) including a line sensor and additional servomotor for 
activating the leg [1]. The current version, represented in Fig. 
1, has also an additional 79(g) two-DoF manipulator [11]. 

Despite the changes in the weight of the system and 
configuration of the add-ons such as manipulator, camera, and 
leg, there have been always oscillations in the motion control 
in 𝑍-axis direction, see Fig. 2, which shows a set of flight data 
with different set points as an example. These oscillations 
were caused by the main actuator of the robot, the flapping 
wing, and vary in the range of [3.5,4.5](Hz) [17]. The limit 
was set to have a minimum thrust force for moving forward 
and a lift force to keep the robot steadily flying in the air. The 
maximum limit also avoids the wing to be damaged by the 
high produced force. The range will be used in this work to 
define the limits of the proportional gain and the controller. 

Assumption 1.  The frequency of the flapping is limited 
to [3.5,4.5](Hz) which is sufficient to change the altitude of 
the flapping wing robot. 

 

Fig. 2. Regulation and behavior of the flapping-wing robot in vertical motion 

for a series of experiments, a series of flight as an example, more data of 

flight are available though the behavior of the oscillation is the same [1]. 
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Fig. 3. The presentation of the equivalent dynamic with base excitation. 

The other two actuators are the rudder and elevator of the 
tail, responsible for yaw and pitch control respectively. Both 
actuators of the tail will indeed have interactions on other 
degrees of freedom, but for the sake of simplicity in the 
modeling, it will be assumed that the interactions are 
negligible. An example is that the elevator of the tail changes 
the pitch and the pitch angle changes the lift force of the 
wings, which is the cause of ascending or descending of the 
robot. To make the modeling valid, it is assumed that the robot 
flies with a steady value for the elevator (that means a constant 
pitch angle). Then the frequency of flapping will increase or 
decrease the height of the FWFR in flight. 

Assumption 2.  The robot flies with negligible change in 
the pitch angle, then the role of flapping frequency is 
dominant in the change of the altitude. 

With the mentioned assumptions, the robot could be 
modeled as a mechanical system with two parts: body and 
wings, see Fig. 3. The body plays the role of the base and the 
wings are generating the excitation to the base. 

Considering the free-body-diagram in Fig. 3, the equation 
of motion of the system is written as: 

𝑚b�̈�b(𝑡) + 𝑐�̇�b(𝑡) + 𝑘𝑧b(𝑡) + (𝑚b +𝑚w)𝑔
= 𝑚w�̈�w(𝑡) + 𝑐�̇�w(𝑡) + 𝑘𝑧w(𝑡)
+ �̅�(𝑡), 

(1) 

where 𝑚b  and 𝑚w(kg)  are mass of base and wings 
respectively, 𝑐(Ns/m)  is damping coefficient, 𝑘(N/m)  is 
stiffness coefficient, 𝑧b(𝑡) ∈ ℝ is a generalized coordinate of 
the system and 𝑧w(𝑡) ∈ ℝ is the excitation of the base and 

𝑔 = 9.81(m/s2) is the gravity constant. �̅�(𝑡) ∈ ℝ is an input 
lift force produced by flapping. The excitation of the base and 
its derivatives are introduced as 

𝑧w(𝑡) = 𝑧0 sin(𝜔(𝑡)𝑡), 

�̇�w(𝑡) = 𝑧0{𝜔(𝑡) + �̇�(𝑡)𝑡} cos(𝜔(𝑡)𝑡), 

�̈�w(𝑡) = 𝑧0[{2�̇�(𝑡) + �̈�(𝑡)𝑡} cos(𝜔(𝑡)𝑡)
− {𝜔(𝑡) + �̇�(𝑡)𝑡}2 sin(𝜔(𝑡)𝑡)], 

(2) 

where 𝑧0(m)  is the amplitude of the base excitation and 

𝜔(𝑡) ∈ ℝ  is the frequency of the flapping wing in (
rad

s
) . 

Substitution of (2) into (1) generates 

𝑚b�̈�b(𝑡) + 𝑐�̇�b(𝑡) + 𝑘𝑧b(𝑡) + (𝑚b +𝑚w)𝑔
= 𝑧0([𝑐{𝜔(𝑡) + �̇�(𝑡)𝑡}
+ 𝑚w{2�̇�(𝑡)
+ �̈�(𝑡)𝑡}] cos(𝜔(𝑡)𝑡)
+ [𝑘
− 𝑚w{𝜔(𝑡)
+ �̇�(𝑡)𝑡}2] sin(𝜔(𝑡)𝑡)) + �̅�(𝑡). 

(3) 

Dividing equation (3) by 𝑚b, defining damping ratio 𝜉 =
𝑐

2𝑚b𝜔n
 and natural frequency of the system 𝜔n = √

𝑘

𝑚b
(
rad

s
), 

one could rewrite equation (3) as: 

�̈�b(𝑡) + 2𝜉𝜔n�̇�b(𝑡) + 𝜔n
2𝑧b(𝑡)

= 𝑧0([2𝜉𝜔n{𝜔(𝑡) + �̇�(𝑡)𝑡}
+ 𝛼{2�̇�(𝑡) + �̈�(𝑡)}] cos(𝜔(𝑡)𝑡)
+ [𝜔n

2

− 𝛼{𝜔(𝑡)
+ �̇�(𝑡)𝑡}2] sin(𝜔(𝑡)𝑡)) + 𝐹(𝑡)
− (1 + 𝛼)𝑔, 

(4) 

where 𝛼 =
𝑚w

𝑚b
 is the ratio of the mass of the wings to the base. 

Equation (4), equivalent dynamics of the vertical motion will 

be used to shape the state-space representation of the system 

in Section III. 

III. CONTROL DESIGN OF THE FLAPPING-WING ROBOT 

The state vector of the system is selected as 𝐱(𝑡) =
[𝑧b(𝑡), �̇�b(𝑡)]

𝑇, which transforms the second-order system (4) 
into state-space representation as (𝑡 is omitted in (5) for the 
sake of simplicity in presentation): 

�̇�(𝑡)

= [
�̇�b

−2𝜉𝜔n�̇�b − 𝜔n
2𝑧b + 𝑧0𝐻 + 𝐹 − (1 + 𝛼)𝑔

], 
(5) 

where 

𝐻(𝜔(𝑡), �̇�(𝑡), �̈�(𝑡), 𝑡)
= [2𝜉𝜔n{𝜔(𝑡) + �̇�(𝑡)𝑡}
+ 𝛼{2�̇�(𝑡) + �̈�(𝑡)}] cos(𝜔(𝑡)𝑡)
+ [𝜔n

2 − 𝛼{𝜔(𝑡) + �̇�(𝑡)𝑡}2] sin(𝜔(𝑡)𝑡). 

Based on Assumptions 1 and 2, which were taken from 
observation of the experiment data, the frequency of the 
flapping will change between the minimum and maximum 
bounds, 𝜔min ≤ 𝜔(𝑡) ≤ 𝜔max  where 𝜔min = 3.5(Hz)  and 
𝜔max = 4.5(Hz). This small change in the frequency of the 
oscillation will ascend and descend the robot bird which 
means the elastic term and gravity are compensated indirectly 
by input lift force produced by flapping: 

𝐹(𝑡): = 𝑘𝑧b(𝑡) + (𝑚b +𝑚w)𝑔 + 𝜏(𝑡), (6) 

in which 𝜏(𝑡) is a function: 

𝜏(𝑡) =
(𝜔(𝑡) − 𝜔min)(𝑝max − 𝑝min)

(𝜔max −𝜔min) + 𝑝min

, 

that maps 𝜔(𝑡)  from range of [21.9911,28.2743] (
rad

s
)  to 

the range of 𝑝 in [−0.5,0.5]. 

wings, 𝑚w 

body, 𝑚b 

𝐹(𝑡) 

𝑚w𝑔 

𝑚b𝑔 

𝑘 𝑐 

𝑧b(𝑡) 

𝑧w(𝑡) 
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The next step is to define the position error of 𝑍-axis as 

𝑒(𝑡) = 𝑧b(𝑡) − 𝑧b,des  in which 𝑧b,des(m)  is the desired 

height of the regulation control, and introduce the proportional 

control law: 

𝜔(𝑡) = −𝑘p𝑒(𝑡) + 𝜔0, (7) 

where 𝑘p is a positive proportional gain of control law and 𝜔0 

is a constant minimum flapping frequency that keeps the robot 

bird flying steadily in the air, which in our case, is the average 

value of the bounds of flapping 𝜔0 = 4(Hz) =

25.1327 (
rad

s
). 

IV. RESULTS 

Similar to Fig. 2, the time of simulation was set 𝑡f = 4(s). 
The initial condition was chosen 𝐱(0) = [1.2,0]𝑇  and the 
desired condition is 𝐱(4) = [2,0]𝑇. The analysis will be done 
for the robot without the leg-claw subsystem and manipulator, 
where most of the flight data are associated with that 
prototype. The total weight of the E-Flap robot was reported 
510(g)  [17]. Measuring the weight of the wings 𝑚w =
150(g)  and the rest of the body 𝑚b = 360(g) , result in 
weight ratio 𝛼 = 0.4167. The excitation of the wings due to 
flapping is transferred to the body of the robot through the 
carbon fiber tube of the wing. The tube acts like a clamped-
free beam with equivalent stiffness constant: 

𝑘 =
3𝐸𝐼

𝐿3
(
N

m
), (8) 

where 𝐸 = 65 × 109 (
N

m2) is the elastic modulus of carbon 

fiber, length of the wing is 𝑎 = 0.75(𝑚), which defines 𝐿 =
0.25(m) as the distance between the CoM of the body and 
effective lift force on the wing, 𝐼 = 5.1051 × 10−11(m4) is 
the second moment of the cross-sectional area of the tube, 
with an inner diameter of 4 and an outer diameter of 6(mm). 

This ultimately results in 𝑘 = 637.115 (
N

m
) . The stiffness 

constant generates the natural frequency of the flapping robot 

as 𝜔n = 42.0686 (
rad

s
) . Selection of the damping ratio as 

𝜉 = 0.011, the damping coefficient is found 𝑐 = 2𝑚b𝜔n𝜉 =

0.3332 (
Ns

m
) which results in matching the simulation output 

with the experimental data. The control gain of the input law 
is chosen as 𝑘p = 4 . The position of the robot in 𝑍 -axis 

presented in Fig. 4. The velocity state is illustrated in Fig. 5 
and the input signal, and flapping frequency are plotted in Fig. 
6. Finally, the error is plotted in Fig. 7. 

To check the performance of the controller with a different 
final condition, a set of desired heights were selected for 
simulating the controller and the equivalent system dynamics 

𝑍des = {0.25,0.5,0.75,1,1.25,1.5,1.75,2,2.5}(m), 

which results in Fig. 8, successfully regulated to zero error. 
The oscillation in the whole trajectory which was caused by 
the flapping could be observed in the results, similar to 
experimental data which shows the validity of the simulation. 

 

Fig. 4. The position state of the modeled equivalent dynamics. 

 

Fig. 5. The velocity state of the modeled equivalent dynamics. 

 

Fig. 6. Flapping frequency of the system, as the input to the control problem. 

 

Fig. 7. Error of the system. 
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Transient or steady-state flight: This is an important 
discussion on the flight control of the flapping-wing robot. 
The dynamic of the FWFR is a slow system and it needs 
several seconds to pass the transient condition of the system. 
The Opti-track testbed of the GRVC laboratory allows us to 
experiment within a diagonal line, less than 15(m)  which 
almost takes less than 3 to 4 seconds for the robot to reach the 
end and perch on the branch, see Fig. 9 . If we increase the 
time of simulation with the same condition and control gain, 
the behavior of the system is found in Fig. 10. It is clear that 
the system needs more than 8 seconds to reach the steady-state 
condition and the control design is usually done based on that. 
So, one could see that the defined gain 𝑘p = 4  is not 

regulating the system to desired conditions 0.25 and 0.5(m). 
Reducing the gain to 𝑘p = 3 will solve the problem and also 

regulates the system successfully to all desired conditions. 
However, at a critical impact point to the branch, around 4 
seconds, the error would increase. This is a drawback that 
forced the control designer to define the gain based on 
transient conditions, imposed by the physical limitation of the 
flight zone. 

Another point is the selection of only a proportional 
controller. With the same consideration, if one used a 
proportional-integral (PI) controller to omit the steady-state 
error after 8 seconds, please see Fig. 10, the error at 4 seconds 
would increase again. However, with the PI design, 
considering 𝑘p = 3 and 𝑘i = 0.5, the shift in the steady-state 

error is corrected, presented in Fig. 11. The overall discussion 
and results show a significant point in the design of the 
controller for the FWFR. It also indicates that moving towards 
more model-based advanced controllers is not trivial since the 
robot is working in the transient flight zone caused by the slow 
dynamics of the robot and physical limitation of the GRVC 
testbed. 

 

 
Fig. 8. Error of the system with the different final conditions. 

 
Fig. 9. The Opti-track testbed of the GRVC and the different zones of flight 

[1]. 

 

Fig. 10. Error of the system with the different final conditions, increased time 
to 10 seconds. 

 

Fig. 11. Error of the system with PI controller. 
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V. CONCLUSIONS 

The flapping-wing robotic systems have become an 
interesting topic for flight control and applications such as 
manipulation, perching on a branch, monitoring, and 
inspection by cameras, etc. Flight control is an important step 
in the design and prototyping as well. This paper focused on 
the control of the equivalent dynamics of vertical motion 
using a proportional closed-loop design. The equivalent 
dynamics have been adopted from vibration models subjected 
to base excitation that generates oscillation in motion. Those 
oscillations here in this work were generated by the flapping 
of the wings and disturbed the body of the robot during the 
flight. A model and control approach was proposed and 
simulated here to analyze the behavior of the motion and 
compared the results with the available experimental data. The 
results showed similarity and validated the equivalent 
modeling. The simple proportional linear control was chosen 
to keep the design as simple as possible for having a clear 
understanding of the motion analysis and oscillatory behavior 
of the dynamics. A discussion on the transient and steady-state 
flight has been presented that showed the reason for choosing 
the simple proportional controller in this work. 
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