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Abstract
Unmanned Aerial Vehicles (UAVs) have generated consid-

erable interest in the control and commercial community for
several decades due to their advantages over manned systems.
In this work we focus on the nonlinear modelling of a quad
rotor UAV. An experimental system including a flying mill,
a DSP system, a programmed microprocessor and a wireless
transmitter have been used to test the flight controller. Based
on the nonlinear model, an H∞ loop shaping controller is de-
signed for stabilization, speed, throttle and yaw control. A
constraint model based predictive control (MBPC) controller
is implemented for longitudinal and lateral trajectory control.
The results recorded in typical manoeuvres respect the perfor-
mance criteria imposed.

1. Nomenclature
u(1) u(1) = F1 + F2 + F3 + F4, N
u(2) u(2) = F4 − F2, N
u(3) u(3) = F3 − F1, N
u(4) u(4) = F1 − F2 + F3 − F4, N
FxB ,FyB ,FzB Force in body-axis x,y,z direction, N
Fx,Fy,Fz Force in earth-axis x,y,z direction, N
Ix,Iy,Iz Moment of inertia in x,y,z direction
p,q,r Roll rate,pitch rate,yaw rate, rad/s
φ,θ,ψ Roll angle,pitch angle,yaw angle, rad
uB ,vB ,wB Velocity in body-axis x,y,z direction, m/s
u,v,w Velocity in earth-axis x,y,z direction, m/s
x,y,z COG in earth-axis x,y,z direction, m

2. Introduction
UAVs, or ‘Unmanned Aerial Vehicles,’ are defined as air-

crafts without the onboard presence of pilots [11]. UAVs have
been used to perform intelligence, surveillance, and reconnais-
sance missions. The technological promise of UAVs is to serve
across the full range of missions. UAVs have several basic
advantages over manned systems including increased maneu-
verability, reduced cost, reduced radar signatures, longer en-
durance, and less risk to crews. Vertical take-off and landing
type UAVs exhibit even further maneuverability features. Such
vehicles are to require little human intervention from take-off
to landing.

Affordability is the key word when building and control-
ling a UAV. A commercial quad rotor helicopter, Draganflyer
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III, was considered by our team as a starting point for more
complex missions involving cooperative control and formation
flying. This instrumented vehicle has significant autonomy re-
quired for prototype missions.

As regulatory design control method, H∞ loop shaping has
been picked since it combines classic loop shaping and the no-
tion of bandwidth with model H∞ robust stabilization. This
technique extends the traditional parameter-space methods to
enable the mapping of frequency response specifications into
the parameter-space providing a straightforward way of select-
ing the gains in a fixed control structure to satisfy H∞ ro-
bustness and performance specifications. This method, first
proposed by McFarlane and Glover [7], has now been widely
used in prototype aerospace projects. In 1994 [13], H∞ loop
shaping controller was used for position control of a radio con-
trolled helicopter at hover. In 1996 [12], a fixed gain 2 de-
gree of freedom H∞ loop shaping controller was designed for
the Westland Lynx multirole combat helicopter. In 1999 [8], a
new linear parameter-varying (LPV) using also the 2 DOF H∞
loop shaping design procedure was proposed to design a flight
controller for the pitch dynamics of the VAAC Harrier. In
2001 [2], the 2 DOF control architecture and recent advances
in parameter-space control design techniques were combined
to form a new approach for designing flight controllers for high
performance aircraft throughout a large design envelope.

After introduced in the late 1960’s, Model Based Predic-
tive Control (MBPC) has received much interest and been
proven to be very successful in industrial applications. In
[5], the MBPC scheme was applied to a linearized model of
a high performance and high bandwidth aerospace process,
and therefore can only be used around an operating point of
the nonlinear process. Recent work has focused on extend-
ing MBPC strategy to a nonlinear high performance aerospace
system [10][6]. The main advantage of MBPC is that the con-
straints can be easily handled, and therefore complex processes
can be controlled without special precautions. In [9], the com-
bined use of H∞ loop shaping and MBPC architecture was
motivated for designing automatic polits for civil aircraft.

The main reasons for introducing this scheme were:

• Same as the H∞ flight controller, the MBPC controller
can handle multivariable control problems naturally.

• The MBPC controller can take account of the actuator
constraints and ensure the stability even if the constraints
are exceed.

• It allows flight operation closer to the constraints com-
pared with the H∞ flight controller which can maximize



the tracking performance of UAVs.

• This combined architecture can perfectly integrate the ro-
bustness of the H∞ controller for stability control and the
constraint handling with the MBPC constrained trajec-
tory control.

In this paper, we present in Section 3 the nonlinear quad-
rotor helicopter model. Next, in Section 4 the experimental
flying mill is addressed. A briefing on the control methods is
given in Section 5. A combined MBPC controller is designed
in Section 6. The nonlinear simulation results proving the
robustness and the satisfactory of the combined MBPC/H∞
controller architecture are presented in Section 7 followed by
conclusions in Section 8.

3. Nonlinear Quad-Rotor UAV Model
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Figure 1: The Quad-Rotor UAV

The UAV used in the project is a commercial four-rotor
helicopter, Draganflyer III, currently with a 3 min flying time
but extensible to 1 hour by adequate sizing of the power source
and actuators. Quad-rotor helicopters using the variant rotor
speeds to change the lift forces are dynamically unstable and
therefore a control law is permanently required to ensure their
stability. Motions of the quad-rotor helicopter can be briefly
described in Figure 1. The vertical motions along z-axis in the
body-fixed frame can be obtained by changing the speeds of
all the four rotors simultaneously. The forward motions along
x-axis in the body-fixed frame can be achieved by changing the
speeds of rotor 1 and 3 reversely and retaining the speeds of
rotor 2 and 4. The lateral motions along y-axis in the body-
fixed frame can be reached by changing the speeds of rotor 2
and 4 reversely and retaining the speeds of rotor 1 and 3. The
yaw motions are related to the difference between the moments
created by the rotors. To turn in a clock-wise direction, rotor
2 and 4 should increase speeds to overcome the speeds of rotor
1 and 3. The x,y axis definition becomes arbitrary since the
structure presents x,y symmetry.

Section 1 summarizes the nomenclature used in the the-
oretical formulation and further in the SIMULINK model of
the quad-rotor helicopter, Draganflyer III. This nomenclature
is based on GARTEUR notations [1].

For convenience and compatibility with the control panel
of the Futaba radio transmitter used with Draganflyer III, we
define the inputs to be:

u(1) = F1 + F2 + F3 + F4

u(2) = F4 − F2

u(3) = F3 − F1

u(4) = F1 − F2 + F3 − F4

Thus, the motion equations of the quad-rotor UAV is:

ẍ =
u(1)(sin ψ sin φ + cos ψ sin θ cos φ)

m
(1)

ÿ =
u(1)(sin ψ sin θ cos φ − cos ψ sin φ)

m

z̈ =
u(1) cos φ cos θ

m
− g

θ̈ = u(2)l/Iy

φ̈ = u(3)l/Ix

ψ̈ = u(4)/I
′
z

where l is the length from the center of gravity of the heli-
copter to each rotor and m is the mass of the UAV. I represents
the moment of inertia with respect to the axes and I

′
z includes

the moment of inertia of z axis and the force to moment scaling
factor. The length l and mass m can be obtained by rule and
balance. The moment of inertia in the x,y,z axes can be mea-
sured and identified using grey box identification. The drag
coefficients were set to 0 in Equation 1 due to the relatively
slow speeds at which this UAV operates.

The calculations of the above motion equations and the
corresponding SIMULINK diagram are presented in [3].

4. The Experimental Setup
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Figure 2: Photo of the flying mill with Draganflyer III



In order to carry out flight control experiments, an exper-
imental rig including a custom designed flying mill, a personal
computer, dSPACE DSP board, a microprocessor pulse mod-
ulator, a radio transmitter and the Draganflyer III was built.

A picture of the flying mill is shown in Figure 2. The steel
base and carbon fiber boom limit the flight route of the UAV
Draganflyer III to a half sphericity of 1 meter radius.

Two revolute joints at the base and near end of boom
provide two degrees of freedom required for flight testing and
system identification. In order to mitigate friction in the joints,
the revolute joint at the near end of boom uses two low-friction
radial ball bearings. The bearings are mounted in-line at an
appropriate distance apart, parallel to their respective rota-
tional axis, to minimize the moment loads. The far end of
the boom is connected to a custom designed spherical bearing
which provides the tested UAV enough tilted degrees of free-
dom and also prevents its four propellers from touching the
ground or the boom. Due to the above features of this rig, the
modelling and identification performed for the UAV did not
justify the modelling of the flying mill. This spherical bear-
ing is made of aluminum to reduce the payload of the tested
UAV. The additional payload due to the weight of boom and
the spherical bearing is approximately 60 g. The flying mill is
mounted on a solid board to prevent overturning during the
experiment or a catastrophic failure. Another platform is built
to support the UAV during take off and landing. This platform
can be replaced by limiting the UAV elevation.

Two optical encoders with resolution of 0.2 degree were
used to sense the elevation and angles radial defining the UAV
position. One optical encoder is fixed at the bottom of the
steel base to record the rotational angle of the vertical shaft.
Another optical encoder is mounted at the revolute joint at
the near end of the boom to record the vertical position of
the tested UAV. The two optical encoders are connected to
the D/A dSPACE interface board, DS1102. During the ex-
periment, the position of the UAV is provided by the data
from the two optical encoders.The attitude data is updated by
three gyroscopes on the UAV. The accelerations along three
axes are given by the triaxial accelerometer also placed on the
UAV. The encoders were used during the identification and
validation of the UAV parameters.
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Figure 3: The Data Flow in Experimental System

Figure 3 shows the data flow in the experimental system.
The attitude data and position data taken from IMU and GPS
receiver module and the two encoders located on the flying mill,
respectively, is transferred to dSPACE D/A interface board
DS1102. Then, the data is analyzed by controller downloaded
onto the dSPACE DS1102 processor. Control data can be gen-

erated either automatically, by the designed auto flight control
laws, or manually, by the slider bars of the cockpit designed
in the Control Desk of the dSPACE system. A microproces-
sor, PIC16F877, is programmed to transfer the control data
to a pulse width modulated signal in order to reduce signif-
icant CPU load which otherwise would have been associated
with the DS1102. This signal is further used to control the
four rotors of the Draganflyer III via a 4 channel Futaba radio
transmitter working in training mode. Currently no wireless
connection between the flight control stationary computer an
these sensors is used. This represents the subject of current
work.

5. Briefing On The Flight Controller
Design Method

5.1. MBPC
The basic strategy of MBPC is the repeated optimization

of a performance objective over a finite horizon. It consists of
the following three steps.

1. Given a reference trajectory r(k + l) based on up to
date time k, we assume ỹ(k + l) as the l-step ahead pre-
dicted output over prediction horizon (Ny). This pre-
dicted output will be a function of future control in-
crements ∆u(k + l) over control horizon (Nu), where
∆u(k + l) = u(k + l) − u(k + l − 1). For prediction, it
is also assumed that ∆u(k + l) = 0 for l > Nu.

2. Obtain the optimization of the cost function shown below.

J(k) =

Ny∑
l=1

‖ỹ(k+ l)−r(k+ l)‖2
Q(l) +

Nu∑
l=0

‖∆u(k+ l)‖2
R(l)

The weights Q(l) and R(l) are independent of k, but if a
failure occurs they may need to vary with k. The norm
‖.‖2

Q is defined as ‖.‖2
Q = xT Qx.

3. Minimize the above optimization by solving some stan-
dard algorithms such as Quadratic Programming subject
to constraints on:

• Input Levels: ul(l) ≤ u(l) ≤ uu(l) , where k ≤ l ≤
k + Nu − 1

• Input Change Rates: �ul(l) ≤ �u(l) ≤ �uu(l),
where k ≤ l ≤ k + Nu − 1

• Output Levels: yl(l) ≤ ỹ(l) ≤ yu(l), where k ≤ l ≤
k + Ny

4. Apply the first control signal of the sequence to the sys-
tem, displace the horizon one time-step towards the future
and repeat the procedure.

In order to obtain the predictions of the process output, an
internal model based on the current measurements is needed.
By using a linear model, the resulting optimization problem of
the MBPC will be a quadratic program. If necessary, the cost
function above could involve adjustable weights to compute the
present control move such that the predicted output follows the
reference in the desired manner.



5.2. The 2 DOF H∞ Loop Shaping
The internal model used in the MBPC design includes the

stable model obtained through an H∞ controller. This internal
model takes advantage of the robustness and stability of the
H∞ flight controller to ensure better performance.

The general 2 DOF H∞ controller scheme is shown in Fig-
ure 4. K1 is the H∞ controller for commands and tracking, and
K2 is the H∞ controller for measurement or feedback signals.
The shaped plant Gs = W2GW1, with a normalized coprime
factorization Gs = M−1

s Ns. Wi gives exact model-matching at
steady state. The design procedure of 2 DOF H∞ loop shaping
controller can be described as follows:

Wi K1

K2

Gs
+

+

Figure 4: 2 DOF H∞ Loop Shaping Controller

1. Loop Shaping: Assume G denotes the linear time-
invariant model of the plant for design. Using frequency-
dependent precompensator W1 and/or a postcompensator
W2, the singular values of nominal plant G can be shaped
to a designed open-loop shape and a specific loop band-
width. The shaped plant Gs is defined as Gs = W2GW1.
The postcompensator W2 contains low–pass and lead-lag
filters for noise rejection and robustness augmentation.
The precompensator W1 contains proportional and inte-
gral (PI) filters. The proportional parts can reduce the
phase lag around crossover and set the actuator range.
The integral parts can improve the disturbance rejection
ability.

2. A desired closed-loop transfer function Tref between the
commands and controlled outputs is selected.

3. Robust Stabilization: The stability margin ε :

ε−1ρ−2 = ‖(I − GsK
−1
2 GsK1 − Tref‖∞

is calculated.

If the stability margin is in the interval [0.3, 1], the H∞
controller K∞ would guarantee robustness based on the-
oretical [7] and practical experience [8]. If the stability
margin is not stratified, a return to (1) and an adjust-
ment of W1 and W2 or Tref is required.

4. Implementation: The 2 DOF controller K1 and K2 are
then constructed by splitting the K∞ =

[
K1Wi K2

]
The resulting closed-loop system is simulated to verify
the system stability and robustness. Iterations may be
required.

6. The Combined MBPC/H∞ Controller
Design

In the combined MBPC/H∞ scheme, the stability augmen-
tation system, which provides robust stabilization, disturbance
rejection, noise rejection and the system decoupling, includes

the inner loop and the speed, throttle and yaw outer loop.
This fast dynamic system can be perfectly controlled by the
H∞ flight controllers. To ensure the good performance of the
longitudinal and lateral channel even in the large manoeuvres,
which exceeds the constraints of the actuators, the model based
predictive control (MBPC) is implemented in the second outer
loop. Note that since the throttle range of our UAV is very
limited that normally does not cause the saturation of the ac-
tuators, only longitudinal channel and lateral channel are con-
sidered by the MBPC flight controller combined with the H∞
flight controller.

6.1. The Roll and Pitch Angles, Yaw Rate
and Vertical Speed Stabilization In-
ner Loop 2 DOF H∞ Controller

Figure 5: 2 DOF H∞ Controller Inner Loop

The objective of the inner loop controller is to achieve de-
coupled robust stability control of the quad-rotor helicopter,
Draganflyer III, at hover in disturbed air. The decoupling can
further guarantee the use of diagonal H∞ controllers for flying
a specified trajectory. The 2 DOF H∞ controller inner loop
shown in Figure 5, used to control the attitude angles and
vertical velocity, provides stabilization and decoupling as im-
plemented in [4]. The reference values are the vertical velocity
(W r), the pitch angle (THETA r), the roll angle (PHI r), the
yaw rate (R r). Its control inputs are the pedal, the longitude,
the latitude and the yaw controls. This controller should fulfil
the following requirements:

• All the closed loop poles must lie in the left half of the s
plane to ensure the stability and robustness.

• The closed-loop bandwidth should be set so that the rising
time in each loop is around 2 seconds.

• The stability margin ε is to be in the interval [0.3, 0.4]
allowing for 30-40 % coprime factor uncertainty.

• Quick pulse and step disturbance rejection.

The design procedure can be described as follows:

1. Linearize Model:
The nonlinear Draganflyer III model in [3] has to be re-
duced to the four loops required in this design to eliminate
all redundant eigenvalues which make the Riccati equa-
tion unsolvable. The linear model is obtained by lineariz-

ing the nonlinear model around u =
[
4.9 0 0 0

]T

equilibrium point. This is equivalent to freezing the
scheduling states of the nonlinear controller around these
control values.



Shaped Plant Open Loop Singular Values
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Figure 6: Inner Loop Singular Values of Shaped Plant

2. Loop Shaping:
Using frequency-dependent precompensator W1 and a
postcompensator W2, the singular values of the shaped
plant Gs, which is defined as Gs = W2GW1, can be
shaped to the designed open-loop shape and crossover fre-
quencies at around 7 rad/s in Figure 6. The diagonal pre-
compensator W1 contains proportional and integral (PI)
filters. The proportional parts can reduce the phase lag
around crossover and set the actuator range. The integral
parts can improve the disturbance rejection ability. The
postcompensator W2 contains first-order low-pass filters
for noise rejection and robustness augmentation and the
LHP zeros in pitch angle and roll angle loops to guarantee
the slope of -1 in crossover region. The expressions for W1

and W2 are as follows:

W1 = diag
[

1.52s+0.965
s

13 13 1.5(17.2s+9.7)
s

]

W2 = diag
[

90
s+35

73(s+2.31)
s+35

73(s+2.31)
s+35

90
s+35

]

Since the architecture of pitch angle and roll angle loops
are identical, the singular values of these two loops over-
lap. Therefore during controller tuning, the parameters
of these two loops should keep the same, otherwise u(2)
and u(3) would oscillate heavily around the equilibrium
point.

3. Robust Stabilization:
To reach the objective rising time, the reference closed-
loop transfer function Tref was chosen to be:

Tref = diag
[

1
s2+2s+1

9
s2+5.7s+9

9
s2+5.7s+9

9
s2+5.7s+9

]
The H∞ synthesis gave ε = 0.3532 which guarantees the
robustness and stability of the inner loop controller.

4. Implementation:
The controller architecture is presented in Figure 5. The
final H∞ controller, K∞ was split to

[
K1Wi K2

]
which

each has 4 inputs and 4 outputs. The Wi equals to
diag

[
1.2863 10.132 10.145 1.2885

]
Figure 7 shows the closed-loop sensitivity function S for

the inner loop H∞ designed controller. The peak gain, which

is 2.29 dB at 14.6 rad/sec, allows for good disturbance rejec-
tion and reference tracking. The closed-loop complementary
sensitivity function T is plotted in Figure 8. Its peak gain,
1.64 dB at 2.73 rad/sec, guarantees good noise rejection.
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Figure 7: Inner Loop Closed-loop Sensitivity
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Figure 8: Inner Loop Complementary Sensitivity

6.2. Longitudinal and Lateral Speed,
Throttle and Yaw Angle Outer Loop
2 DOF H∞ Controller

The speed, throttle and yaw control outer loop, also called
the first outer loop, was designed as in Figure 9. The reference
values are the vertical position (Z r), the x direction velocity in
earth-fixed frame (U r), the y direction velocity in earth-fixed
frame (V r), the yaw angle (PSI r) and its control inputs are
the vertical velocity (W r), the pitch angle (THETA r), the
roll angle (PHI r), the yaw rate (R r), which are the reference
values of the inner loop design. The required rising time in
each loop should be around 4 seconds.

The design procedure can be presented as follows:

1. Linearize Model:
The nonlinear model of the inner loop and the Dragan-
flyer III, see in Figure 10, was linearized around u =[
0 0 0 0

]T
equilibrium point.



Figure 9: The First Outer Loop With H∞ controller

Figure 10: Nonlinear Inner Loop & Draganflyer III Model

2. Loop Shaping:
Since the Draganflyer III model has already been shaped
desiredly in the inner loop design, only the diagonal pre-
compensator W1 with proportional gains is used to shape
the singular values. The singular values of the shaped
linear model are drawn in Figure 11. The crossover fre-
quency is set to around 0.47 rad/s. The expression for
W1 is W1 = diag

[
0.5 0.05 0.05 0.5

]
.

10
−2

10
−1

10
0

10
1

10
2

−140

−120

−100

−80

−60

−40

−20

0

20

40

Shaped Plant Open Loop Singular Values for the First Outer Loop

Frequency (rad/sec)

S
in

gu
la

r 
V

al
ue

s 
(d

B
)

Figure 11: First Outer Loop Shaped Singular Values

3. Robust Stabilization:
The reference closed-loop transfer function Tref was cho-
sen as Tref with the following diagonal entries:

[
1.69

s2+2.6s+1.69
1.69

s2+2.6s+1.69
1.69

s2+2.6s+1.69
4

s2+4.2s+4

]
. The H∞ optimization gave ε = 0.3852 which guaran-

tees the robustness and stability of the first outer loop
controller.

4. Implementation:
The Simulink Diagram in Figure 9 was implemented to
check the performance of the achieved controller. The
final H∞ controller, K∞, which has 64 states, 8 inputs
and 4 outputs was first reduced to 20 states, 8 inputs
and 4 outputs. Then the reduced H∞ controller was split
to K1 and K2 which each has 4 inputs and 4 outputs.
Wi = diag

[
1.825 1.656 1.656 2.1116

]
contains the

static steady gain for each loop.
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Figure 12: First Outer Loop Sensitivity
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Figure 13: First Outer Loop Complementary Sensitivity

The closed-loop sensitivity function S in Figure 12 indi-
cates good disturbance rejection achieved by the H∞ controller.
The peak value is 2.31 dB at the frequency of 1.06 rad/s. Fig-
ure 13 shows the closed-loop sensitivity function proving the
good noise rejection exhibited by the H∞ controller.

6.3. Constraint MBPC Trajectory Con-
troller

The trajectory longitudinal and lateral outer loop are
closed with the MBPC controller is shown in Figure 14. The
internal model was linearized from the nonlinear model that in-
cludes the Draganflyer III, the inner loop and first outer loop



Figure 14: MBPC In Longitudinal And Lateral Channel

both achieved with the 2 DOF H∞ controller, see in Figure 15.
After linearization, the longitudinal and lateral speed channels
were selected for the MBPC design. The prediction horizon
was set to 10 and the control horizon was 1 to ensure a fast re-
sponse. The output weight was Q = diag

[
5 5

]
and the input

weight was R = diag
[
1 1

]
. Constraints on the longitudinal

and lateral speeds and the rate change of the two speeds have
been implemented.

Figure 15: Nonlinear Model of The Second Outer Loop

7. Results
The achieved controller in each loop was simulated to

check its robustness and stability.

The performance of the stabilization inner loop with the
2 DOF H∞ controller is checked in Figure 16 and Figure 17.
Figure 16 compares the nonlinear step responses of each loop
separately with the H∞ controller in place. The rising time of
each step response is around 2 seconds, satisfying the specifi-
cation. Figure 17 shows the output step disturbance to each
loop. The outputs return to zero after 2-3 seconds indicating
very good step disturbance rejection of the controller. Such
fast responses are prone to actuator saturation.

The performance of the speed, throttle and yaw control
outer loop with H∞ controller is checked in Figure 18 and
Figure 19. Figure 18 compares the step response to each loop
with the H∞ controller in place. For the vertical position (z)
loop, the rising time is about 5 seconds. For the x and y
direction velocity loops (U and V) loops, the rising time are all
around 4.5 seconds. The rising time of the yaw angle loop is
around 3.5 seconds. The controller designed specifications of
the Draganflyer III are met. Figure 19 shows that the output
step disturbance to each loop was also rejected quickly by the
H∞ controller.

Figure 20 shows the nonlinear simulation of large manoeu-
vres in the longitudinal and lateral channel. The constraints
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Figure 16: Inner Loop Step Responses
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Figure 17: Inner Loop Output Step Disturbance Re-
sponses

Step Response

Time (sec)

A
m

pl
itu

de

0

0.5

1

T
o:

 O
ut

pu
t P

oi
nt

(1
)

From: Input Point(1)

0

0.5

1

T
o:

 O
ut

pu
t P

oi
nt

(2
)

0

0.5

1

T
o:

 O
ut

pu
t P

oi
nt

(3
)

0 5 10
0

0.5

1

T
o:

 O
ut

pu
t P

oi
nt

(4
)

From: Input Point(2)

0 5 10

From: Input Point(3)

0 5 10

From: Input Point(4)

0 5 10

Figure 18: First Outer Loop Step Responses
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Figure 19: First Outer Loop Step Disturbance Responses

of control inputs are −2m/s ≤ U r ≤ 2m/s,−2m/s ≤ V r ≤
2m/s,−1m/s ≤ ∆U r ≤ 1m/s and −1m/s ≤ ∆V r ≤ 1m/s.
The reference value in the longitudinal channel is 60 meters and
the reference value in the lateral channel is -40 meters. The
inputs, U and V, saturates during the flight time. From this
simulation, we conclude that the MBPC architecture improves
the constraint handling ability of the autonomous UAV.
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Figure 20: Large Step Responses In The Longitudinal And
Lateral Channel With Constraint MBPC

To check the combined MBPC/2 DOF H∞ controller, a
nonlinear trajectory simulation was implemented as in Figure
21. The reference values are the x direction position, y direc-
tion position, z direction position in earth-fixed frame and yaw
angle. The initial position of Draganflyer III was at (0,0,0)
in the earth-fixed frame with 0 degree yaw angle. First, the
Draganflyer III was asked to fly to (8,6,3) meters with 0 degree
yaw angle. At 15 seconds, the UAV flew to the next destina-
tion at (11,12,11) meters. At 30 seconds, the UAV changed
its yaw angle to 30 degree while keeping this hover position
unchanged. Figure 24 shows the step responses of this trajec-
tory simulation of each loop. All control values reached the
reference values within 5 seconds.

Two trajectory scenarios were simulated with the com-
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Figure 21: Trajectory Step Response With The Combined
MBPC/2 DOF H∞ Controller

Figure 22: Half Circle Scenario With The Combined
MBPC/2 DOF H∞ Controller

Figure 23: Trajectory Scenario With The Combined
MBPC/2 DOF H∞ Controller



bined MBPC/2 DOF H∞ controller in Figure 22 and Figure
23. Figure 22 shows the half circle trajectory. After vertically
taking off from (0,0,0) to (0,0,10) meters , the Draganflyer III
flew to (-20,0,10) meters through a half circle trajectory. Then,
the UAV vertically landed. Figure 23 animates the other tra-
jectory scenario. After vertically taking off from (0,0,0) to
(0,0,10) meters, the Draganflyer III flew to (-9,0,10) meters.
Then, the UAV flew to the next two destinations at (-9,-8,10)
and (-4, -8,10) meters continuously. Finally, the Draganflyer
III flew back to the original point at (0,0,0).

8. Conclusions
In this paper, we have presented an automatic quad-rotor

UAV design. A high fidelity nonlinear model was obtained
and represented in SIMULINK for design purpose. A testing
flying mill was built for the flight testing and parameter iden-
tification. Based on the nonlinear model, an H∞ loop shaping
controller was designed for the robust stability and trajectory
control. To improve the constraint handling ability for large
manoeuvres , a combined MBPC/H∞ controller was employed.
Nonlinear simulations have shown this combined architecture
yields satisfactory performance in the presence of disturbances
and various input and /or output constraints. Flying mill sim-
ulations are currently on the way.
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