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Abstract

This paper proposes a quantitative derivation of the rotor-drag coefficients for the
improved quadcopter model, and a velocity control loop augmentation for enhanced
maneuverability based on the improved dynamic model. A novel experimental method using
accelerometer output is proposed to quantitatively derive key rotor-drag coefficients for
the improved dynamic model, In succession, to compensate for the poor (sluggish)
maneuverability during attitude control mainly caused by rotor-drag, a velocity controller
is augmented as an outer loop to the existing attitude controller. For this control scheme
velocity estimators are implemented with accelerometer output as feedback based on the
improved dynamic model. The fidelity of the improved dynamic model and the effectiveness
of the proposed control scheme were verified in flight tests.
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1. Introduction
Recently, quadcopter flying robots (drones) have seen rapid growth with increasing
civilian applications including search-and-rescue, tracking, and surveillance [1-2]. This
accelerated growth can be attributed to the development of MEMS-based inertial sensors
and high-speed BLDC motors, along with the implementation of low-power technology in
high- performance micro-controllers. drones, driven by four rotors, are relatively easy to
produce and maintain due to their simple structures. With numerous features such as
vertical takeoff and landing, hovering, multi-directional movement, and high
maneuverability, they can be operated in various areas including indoors, cities with tall
buildings, and mountainous regions. However, the small battery capacity and limitations of
small BLDC motors impose restrictions on payload and operating time. Despite these
current restrictions, drones are emerging as a promising industrial tool thanks to their low
production cost, the possibility of further downsizing, and expansion of various civilian
applications [1-2].
Drones are difficult to control due to their unstable dynamic characteristics, and several
control theories have been developed to date[3-9]. Most studies involve simplified models
that neglect rotor drag. These simplified models may be suitable only when the drones are
in hovering condition without external interference, but do not account for changes in
dynamic characteristics that accompany velocity changes during maneuvering flight. As
such, controllers based on simplified models fail to ensure the uniform performance
throughout the entire flight conditions, and simulation results tend to be significantly
different from an actual flight with drag. To resolve this issue, several studies use improved
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dynamic models that include a drag proportional to linear velocity [10-14]. While most
research stopped at qualitatively analyzing the influence of drag, more detailed analysis is
required such as on the physical basis of drag, and a quantitative derivation of the drag
coefficient for the improved dynamic models.
The purposes of this study are:
1

A quantitative derivation of the rotor-drag coefficients for the improved dynamic
model

2

A velocity control loop augmentation for enhanced maneuverability based on the
improved dynamic model.

For the improved dynamic model, a novel experimental method using accelerometer
output is proposed to quantitatively derive key rotor-drag coefficients. In succession, to
compensate for the poor (sluggish) maneuverability during attitude control mainly caused
by rotor-drag, a velocity controller is augmented as an outer loop to the existing attitude
controller. For this control scheme velocity estimators are implemented with accelerometer
output as feedback based on the improved dynamic model. The fidelity of the improved
dynamic model and the effectiveness of the proposed velocity loop augmented control
scheme was verified in flight tests.

2. Improved Dynamic Model
2.1. Without Rotor-Drag Consideration
In general, the coordinate system used in flight modeling is defined by the inertial frame
and body frame. As shown in Figure 1, the inertial frame uses the NED (North-East-Down)
coordinate system, while the body frame has the front as the x-axis, the right as the y-axis,
and the right-hand rule as the z-axis.
Assuming that the drones frame is rigid-body and that the xy and yz planes are
symmetrical (product of inertia (𝑖𝑖𝑗 = 0, 𝑖 ≠ 𝑗), the simplified 6 DOF equation of motion
without rotor-drag considerations is as given in Eq. (1). The velocity component of
translational motion (𝑢, 𝑣, 𝑤) and angular velocity component of rotational motion (𝑝, 𝑞, 𝑟)
fall under the body frame. Using the coordinate transformation matrix 𝐶𝐵𝐼 and 𝑗𝑟 shown in
Eq. (2) and Eq. (3), they can be converted to the velocity component (𝑈, 𝑉, 𝑊) and time
derivatives of Euler angle (𝜙̇, 𝜃̇ , 𝜓̇), respectively.

Figure 1. The Coordinate System of Quadcopter
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𝑢̇ = (𝑣𝑟 − 𝑤𝑞) − 𝑔𝑠𝜃
𝑣̇ = (𝑤𝑝 − 𝑢𝑟) + 𝑔𝑠𝜙𝑐𝜃

𝑝̇ = ((𝐼𝑦𝑦 − 𝐼𝑧𝑧 )𝑞𝑟 + 𝐿)⁄𝐼𝑥𝑥
𝑞̇ = ((𝐼𝑧𝑧 − 𝐼𝑥𝑥 )𝑝𝑟 + 𝑀)⁄𝐼𝑦𝑦

𝑤̇ = (𝑢𝑞 − 𝑣𝑝) + 𝑔𝑐𝜙𝑐𝜃 − 𝐹𝑡 ⁄𝑚

𝑟̇ = ((𝐼𝑥𝑥 − 𝐼𝑦𝑦 )𝑝𝑞 + 𝑁)⁄𝐼𝑧𝑧

𝑐𝜃𝑐𝜓
𝐶𝐵𝐼 = [𝑐𝜃𝑠𝜓
−𝑠𝜃

𝑠𝜙𝑠𝜃𝑐𝜓 − 𝑐𝜙𝑠𝜓
𝑠𝜙𝑠𝜃𝑠𝜓 + 𝑐𝜙𝑐𝜓
𝑠𝜙𝑐𝜃

1 𝑠𝜙𝑡𝜃
𝐽𝑟 = [0 𝑐𝜙
𝑠𝜙
0

𝑐𝜙𝑠𝜃𝑐𝜓 + 𝑠𝜙𝑠𝜓
𝑐𝜙𝑠𝜃𝑠𝜓 − 𝑠𝜙𝑐𝜓]
𝑐𝜙𝑐𝜃

𝑐𝜙𝑡𝜃
−𝑠𝜙 ]
𝑐𝜙
𝑐𝜃

𝑐𝜃

(1)
(2)

(3)

where, g is the gravitational acceleration (9.8 m/s 2), 𝑚 is the mass of the quadcopter
(kg), FT is the total thrust (N), Ii is the moment of inertia of each axis (kgm2 ), and L, M, N
are moments of each axis (Nm). c = cos, s = sin and ϕ, θ, ψ represent Euler angles (roll,
pitch, yaw).
When we consider only longitudinal motion in Eq. (1), the linearized model at the
hovering condition is as follows.
𝑢̇ = −𝑔𝜃
𝜃̇ = 𝑞
𝑀

𝑞̇ = 𝐼

(4)

𝑦𝑦

This simplified dynamic model of Eq. (4), which does not consider rotor-drag, exhibits
the following inconsistencies during flight.q
When maintaining the constant attitude, velocity (u) does not increase as in Eq. (4), but
is maintained in proportion to the angle amplitude.
The output of the accelerometer, used to measure specific force, is not always 0.
As shown above, the simplified dynamic model(Eq. (4)) is effective only in the hovering
condition.
2.2. With Rotor-Drag Consideration
This section briefly presents the mathematical basis for the rotor -drag term based
on the Blade Element Theory [14-15], and introduces an improved dynamic model
incorporates rotor-drag coefficients during translational motion. Here, for the brevity,
the high-order term of velocity and acceleration term were considered negligible. The
effect of rotor drag on the moment term was also excluded.
⃗ 𝑖 , and rotor plane are
When the geometric center of the rotor (𝐴𝑖 ) is moving at 𝑉
⃗
⃗ (perpendicular to the axis of rotation 𝑘𝑏 ), the aerodynamic expression
rotating at 𝛺
for thrust 𝐹𝑡 arising from rotor rotational speed (𝜔
⃗ i ) is as follows.
⃗⃗ × 𝑘⃗𝑏 )
⃗ 𝐴 − 𝜆2 Ω
𝐹𝑖 = −𝑎 𝜔
⃗ 𝑖2 𝑘⃗𝑏 − 𝜔
⃗ 𝑖 (𝜆1 𝑉
𝑖

(5)

where, a, and λ1 are positive constants.
When a rigid rotor is assumed, λ2 can be ignored, and ω
⃗ i λ1 ⃗VA i term becomes the
‘rotor- drag’. The general model for translational motion, taking into account the
thrust of Eq. (5), is as follows.
4

⃗𝑐̇ = 𝐶𝐼𝐵 𝐹𝑔 + ∑ 𝐹𝑖
𝑚𝑉
𝑖=1

= 𝐶𝐼𝐵 𝐹𝑔 − 𝑎(𝜔
⃗ 12 + 𝜔
⃗ 12 + 𝜔
⃗ 12 + 𝜔
⃗ 12 )𝑘⃗𝑏 − 𝜆1 (𝜔
⃗1+ 𝜔
⃗2+ 𝜔
⃗3+ 𝜔
⃗ 4)
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⃗ band this is the translational velocity at the center of
⃗ c = uib + vjb + wk
where, V
gravity of the quadcopter, and CIB is the transpose of CBI in Eq. (2).
Just like in Section 2.1, when we consider only longitudinal motion in Eq. (6), the
linearized model can be expressed as follows.
u̇ = −𝜇𝑢 − gθ
θ̇ = q
M

q̇ = I

(7)

yy

where, μ = 4λ1 ω
̅ /m, and μ(s −1) represents the rotor- drag coefficient.
2.3. Estimation of the Rotor-Drag Coefficient
The output of the accelerometer (measurement of specific force), installed on the
drones (body frame), is as follows.
1

⃗ T − CIB F
⃗ g)
⃗abm = m (F

(8)

⃗ T is the total external force acting on the drones and F
⃗ g is the gravity.
where F
When a constant thrust (𝐹𝑡 ) without rotor-drag and angle are maintained as shown
in Figure 2, the total external force in the body frame is as follows.
𝐹𝑇 ≈ −𝐹𝑡 + 𝐶𝐼𝐵 𝐹𝑔

(9)

Figure 2. Free-Body Diagram at a Constant Attitude in the Air
Substituting Eq. (9) into Eq. (8), the following equation is obtained for the
accelerometer.
𝑎𝑚𝑖
0
1
𝑏
𝑎
𝑎𝑖 = [ 𝑚𝑗 ] = 𝑚 [ 0 ]
(10)
𝑎𝑚𝑘
−𝐹𝑡
According to Eq. (10), the accelerometer output of the x, the y axis is always 0. As
mentioned in Section 2.1, this is inconsistent with actual flight.
When the improved dynamic model considering rotor-drag (Eq. (6)) is applied,
Eq.10) can be expressed as follows.
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𝑎𝑚𝑖
−𝜇𝑢
1
𝑎𝑖𝑏 = [ 𝑎𝑚𝑗 ] = 𝑚 [−𝜇𝑣 ]
𝑎𝑚𝑘
−𝐹𝑡

(11)

The accelerometer output in the x, y axis is equivalent to the corresponding rotor drag. Since the accelerometer output of Eq. (11) is expressed as a velocity
proportionate to the drag coefficient, it can be used to estimate the drag coefficient.
2.4. Experimental Estimation of Rotor Drag Coefficient
Using the mathematical basis presented in Section 2.3, the drag coefficient of the
quadcopter was derived through an actual flight. The experimental setup, estimation
results, and verification process are described below.
2.4.1. Quadcopter Platforms: The quadcopter platform used in this study is the
Hummingbird model developed by Ascending Technology (AscTec). The Hummingbird’s
autopilot consists of in two layers: LLP (Low- Level Processor) and HLP (High- Level
Processor). The LLP collects and processes various sensor (IMU, GPS, pressure, compass
sensor, etc.) information to provide estimates of the orientation and of the velocity vector
in an inertial frame, and utilizes the inner loop for attitude control. The HLP collects
external sensor information like vision sensors while relying on the outer control loop (see
Figure 3) for high- level missions. In particular, HLP provides an efficient Software
Development Kit (SDK) that enables users to run their algorithms in Matlab/Simulink. The
main specifications of the Hummingbird quadcopter are shown in Table 1 [16].

Figure 3. Astec Autopilot
Table 1. Hummingbird Specification
Specifications
Dimensions
weight
Max. payload
Max. airspeed
Max. flight time
Battery

Copyright © 2018 SERSC Australia

54 x 54 x 5.5 cm
510g
200g
15m/s
20 mins(non-payload)
2100mAh (LiPo)
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2.4.2. Data Acquisition: Flight experimental data were obtained through the wireless
communication module (XBee, Digi® ) between the quadcopter and ground control
computer with 50Hz update frequency. The collected data include the accelerometer raw
measurements (ami , amj ), Euler angles (ϕ, θ, ψ), and velocity vector in an inertial frame
(Vx , Vy , Vz ). The velocity vector in body frame (u, v, w) is obtained by
𝑉𝑥
𝑢
[ 𝑣 ] = 𝐶𝐼𝐵 [𝑉𝑦 ]
𝑤
𝑉𝑧

(12)

and is considered as the “reference” velocity to validate our modeling assumptions.
The experiment was conducted for 100 seconds over five sessions for estimating the
rotor-drag coefficient.
2.5. Estimation of Rotor Drag Coefficient(𝝁)
The rotor-drag coefficient 𝜇 was extracted by using Eq. (11) based on the accelerometer
raw measurements (𝑎𝑚𝑖 , 𝑎𝑚𝑗 ) and the velocity vector in body frame (𝑢, 𝑣, 𝑤) via trial-anderror. The selected rotor-drag coefficient (𝜇) was the average of the estimated ones obtained
over five sessions (see Table 2).
Table 2. 𝛍 Estimation Result
Test No.
1
2
3
4
5

𝝁 Coefficient
0.319
0.319
0.322
0.319
0.321

Average

0.320

The simulation results of the improved dynamic model incorporating the estimated rotordrag coefficient were compared with actual flight data. The model used in the simulation is
as follows.
𝑢̇ 𝜃 = −𝜇𝑢𝜃 − 𝑔𝜃
𝑣̇ 𝜙 = −𝜇𝑣𝜙 + 𝑔𝜙
(13)
The initial conditions were uθ (0) = u(0) and vϕ = v(0).
6
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Figure 4. X- axis Velocity Estimation
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Figure 5. Y- axis Velocity Estimation
Figure 4 shows good agreement between the “reference” velocity u (Eq. (12)), the
accelerometer-based velocity −ami /μ (Eq. (11)), and the simulated velocity uθ (Eq. (13)),
which reasonably validates our force model. The agreement between the “reference”
velocity v, the accelerometer-based velocity −amj /μ, and the simulated velocity vϕ is also
shown in Figure 4.

3. Velocity Loop Augmentation
The improved dynamic model, including the rotor-drag coefficient, and the model for
the attitude (roll, pitch) controller which is embedded in the LLP were expressed together
as shown in Eq. (14). For the model of the built-in attitude controller, a first-order model
was assumed with a time constant of 0.11 seconds based on the Prediction Error Method
[17].
Figure 5 shows the pitch (𝜃) and velocity (𝑢) response to pitch step input for the attitude
controller. As expected, the pitch response shows a very fast response (τ ≈ 0.11 s), while
the velocity response shows sluggish response (τ ≈ 3.2 s) mainly due to rotor-drag.
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Figure 6. Responses for Attitude Controller (Simulation)
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Velocity [m/s]

This leads to poor maneuverability when only attitude controller is involved. On the
other hand, when a velocity control loop is augmented as an outer loop to the exiting attitude
controller, the maneuverability can be enhanced. For the simplicity, the controller was
designed in the form of a PD multi-loop. The control laws are as follows.
𝜃𝑐 = 𝐾2 (𝐾1 (𝑢𝑟 − 𝑢) − 𝑢̇ )
𝜙𝑐 = 𝐾2 (𝐾1 (𝑣𝑟 − 𝑣) − 𝑣̇ )
(14)
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velocity response
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Figure 7. Responses for Velocity Augmented Controller (Simulation)
Figure 7 shows the enhanced maneuverability ( τ ≈ 1s) with velocity control loop
augmentation.
For this control scheme, velocity state estimators should be implemented. A velocity
observer using accelerometer feedback based on the improved dynamic model was
designed and implemented in this study. To simplify the system, a fixed gain observer was
used. This is not possible under the simplified model without drag considerations.
𝑥̇ = 𝐴𝑥 + 𝐵𝑢, 𝑦𝑎𝑐𝑐 = 𝐶𝑥

(15)

where, 𝑥 = [𝑢 𝑣 𝜃 𝜙]𝑇 , 𝑢 = [𝜃𝑐 𝜙𝑐 ]𝑇

−0.32
0
−9.8
0
0
0
0
−0.32
0
9.8
0
0
A= [
],B = [
]
0
0
−8.74
0
7.54
0
0
0
0
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0
7.28
−0.32
0
0 0
C= [
]
0
−0.32 0 0

(16)

Figure 8. Velocity Control Loop with Observer
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3.1. Velocity Estimator
Figure 8 presents the structure of the velocity control loop augmentation with the velocity
estimator.
The dynamic equation of the observer is as follows.
𝑥̂̇ = 𝐴𝑥̂ + 𝐵𝑢 + 𝐿(𝑦𝑎𝑐𝑐 − 𝐶𝑥̂)

(17)

where 𝑥̂ is the estimated state variable and 𝐿 is the observer gain. We take 𝑦𝑎𝑐𝑐 =
𝑇

[𝑎𝑚𝑖 , 𝑎𝑚𝑗 ] as modeled by Eq. (11).
The observer gain 𝐿 was set to have the fastest response possible using the ‘place’
function in MATLAB. Because of its simplicity, the linear fixed gain filter is the most
practical choice for an embedded processor compared to the other filters involving complex
calculations.
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Figure 9. Estimation 𝒖
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Figure 10. Estimation 𝒗
Figures 8 & 9 show simulation results for the x and y body-axis velocity estimation using
accelerometer output obtained in actual flight. From the graphs, we can verify that the
observer-estimated velocity (𝑢̂, 𝑣̂) is highly similar to the reference velocity (𝑢, 𝑣).
3.2. Velocity Loop Augmentation
Using the observer-estimated velocity (𝑢̂, 𝑣̂), a velocity controller is augmented as an
outer loop to the exiting attitude controller to enhance the maneuverability.

Copyright © 2018 SERSC Australia

113

International Journal of Control and Automation
Vol. 11, No. 4 (2018)

The control laws, modified from Eq. (14), are as follows.
𝜃𝑐 = 𝐾2 (𝐾1 (𝑢𝑟 − 𝑢̂) − 𝑢̂̇
𝜙𝑐 = 𝐾2 (𝐾1 (𝑣𝑟 − 𝑣̂) − 𝑣̂̇

()

(18)

Velocity [m/s]

where, 𝑢̂, 𝑣̂and 𝑢̂̇, 𝑣̂̇ represent the estimated velocities and accelerations for each axis.
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Figure 11. Responses for Velocity Augmented Controller in Flight
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Figure 12. Zoomed Figure 9
As expected from the simulation results in Figure 11, the velocity response shows
enhanced maneuverability (τ ≈ 1.2 s), which is a 50% improvement compared to that when
only the attitude controller is used. Results for the y-axis were similar to the x-axis.

4. Conclusion
This paper proposes a quantitative derivation of the rotor-drag coefficients for the
improved quadcopter model, and a velocity control loop augmentation for enhanced
maneuverability based on the improved dynamic model. Mathematical models and
contradictions in actual flight were verified through experiments. And the reference
velocity is based on GPS because velocity sensor was absent. The result that controlled the
estimated velocity, the maneuverability was improved by about 40-50%.It'll be an
opportunity to increase the efficiency of the position control. Also, the estimated coefficient
for a lot of flight and the proposed control scheme were successfully implemented, resulting
in a quadcopter not only much faster maneuvering but also easier to fly than with the usual
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scheme. But this paper does not solve the problem of external disturbance because the
velocity is estimated based on the acceleration. Future studies will lead to improved results
including external environments.
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