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This paper presents an integrated framework for small Unmanned Aerial Vehicle (UAV) flight control
development. The approach provides a systematic procedure for flight control design process with a
set of design tools that enables control engineers to rapidly synthesize, analyze and validate a candidate
controller design. A model-based environment integrated with control synthesis, off-line and real-time
simulation is developed for flight control synthesis, analysis and testings. The effectiveness of the
proposed integrated framework is demonstrated by applying the framework approach to a small UAV
testbed. Software-in-the-loop, processor-in-the-loop and flight testings are conducted with the synthe-
sized controller implemented. Closed-loop performance and robustness results obtained are presented.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) are used worldwide today for
a broad range of civil and military applications. There continues to
be a growing demand for reliable and low cost UAV systems. This is
especially true for small to mini-size UAV systems (less than 2 m
wing span) where majority of systems are still deployed as proto-
types due to their lack of reliability. Improvement in the modeling,
testing and flight control for these vehicles would help to increase
their reliability and performance during autonomous flight.

The traditional approach used for synthesizing, implementing
and validating a flight control system in [1,2] for manned aircrafts
is time consuming and resource intensive. Applying the same tech-
niques to the small UAVs is not realistic. To reduce the cost and
time to market, small UAV systems make use of low cost commer-
cial-off-the-shelf autopilots [3]. These autopilots are often classical
Proportional-integral-derivative (PID) controllers and ad-hoc
methods are used to tune the controller gains in flight. This meth-
odology is time consuming, high risk and has limitations associ-
ated with performance optimality and robustness. To shorten the
development cycle and improve system reliability and robustness
of the flight control system, it is important to develop an integrated
framework for the flight control design process. This process would
consist of a set of design tools that enables control engineers to
rapidly synthesize, implement, analyze and validate a candidate
controller design using iterative development cycles.
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Numerous researchers have made the case for an integrated
framework approach in recent years [4-9]. The central paradigm
is a model-based development environment where different de-
sign tools and techniques can be formulated, deployed and applied.
The different processes in model-based flight control development
(shown in Fig. 1) are tightly-coupled and the development process
may be severely hindered if each process is tackled as a separate
problem. Hence flight control development must be looked at
simultaneously in the context of dynamic modeling, control and
model analysis, simulation, control design, real-time implementa-
tion, software and hardware-in-the-loop simulation and flight
testing.

One of the main challenges of model-based flight control design
approach is in deriving flight dynamics models with adequate
fidelity to be used in different stages of controller development.
If a precise validated flight dynamic model is available for the con-
troller development, it simplifies the synthesis of a controller to
achieve required performance specifications. However, mathemat-
ical models used are just an approximation of the vehicle dynam-
ics. They are used to describe complex real flight dynamics. The
result is uncertainty in predicting the actual flight dynamic re-
sponses. This problem is even more crucial in the development
of small UAVs since their aerodynamic data are less well under-
stood than full-size aircraft and limited literatures on detailed
dynamics modeling are available [10]. Similarly the sensors used
for measurement and control are less accurate than high end aero-
space vehicle. With low cost and rapid development cycle con-
straints, extensive wind tunnel testings to extract aerodynamic
data are usually not possible. Similarly flight test system identifica-
tion approach for estimating the aerodynamic data is challenging
with the low quality flight data obtained from the simple and
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Fig. 1. Integrated framework for flight control development.

low grade sensors used onboard of the small UAVs. The application
of an integrated framework will improve the fidelity of the models
used through iterative updates during the flight control develop-
ment cycles.

In any flight control system development, flight test validation
represents the actual proof of success and assessment of whether
the flight control system meets the design requirements in true
environment. Flight trials are the best way to test and verify spec-
ifications though they are resource intensive and expensive. There
is a need to use other validation approaches to support and aug-
ment the flight control validation process with modern flight con-
trol system becoming more complex. The ability to update and
improve the accuracy of the aerodynamic and system model in
achieving a high fidelity simulation model provides an attractive
approach to augment the current flight control validation process.
The use of simulation based testings is critical to cost reduction
and time spent in the small UAVs development.

The aim of this paper is to present a systematic approach for an
integrated flight control development framework that combines
theoretical design tools and experimental procedures so that con-
trol engineers can easily synthesize, implement and test flight con-
trollers on small UAV systems in a safer, cost effective and time
efficient way. A commercially-off-the-shelf (COTS) radio-con-
trolled (RC) aircraft instrumented with flight avionics system is
used as a testbed to demonstrate the integrated flight control
development and testing framework. Nonlinear modeling of the
UAV flight dynamics is done using first principle theory in
Matlab/Simulink environment with experiments carried out to
determine the physical model parameters. Flight test system iden-
tification was conducted to update and verify the model devel-
oped. Parametric uncertainties derived from the experiments
carried out are modeled into the nonlinear simulation model. A
simplified uncertain linear lateral model is used for synthesis of a
lateral-directional axis roll angle controller. The designed control-
ler is tested in software and processor-in-the-loop integrated
testing environment. The integrated framework provides an incre-
mental and systematic approach for testing the synthesized con-
troller before it is put onto the UAV for actual flight test.

The paper is organized as follows: In Section 2, a nonlinear
simulation model of the UAV system is being developed with the
aerodynamic coefficients updated using flight test system identifi-
cation. Parametric uncertainties obtained from experiments are in-
cluded into the nonlinear simulation model as well. Section 3

provides the flight control synthesis of the UAV roll angle control-
ler. Details of the integrated flight control synthesis and testing
framework used are covered in Section 4. Application of the inte-
grated framework for testing the synthesized controller is illus-
trated in Section 5. Conclusion for the framework approach to
the flight control development is given in Section 6.

2. Small UAV simulation model

The UAV simulation model is constructed in Matlab/Simulink
environment through modification to the aerodynamics, propul-
sion and inertia AeroSim blockset [11] from Unmanned Dynamics
[12]. Fig. 2 shows a simplified layout of the Aerosim 6-DOF nonlin-
ear simulation model block diagram. Experiments are carried out
to determine the required physical aircraft parameters for the sim-
ulation model. The equation of motion, earth and atmosphere
blocks are not modified since they are independent of the UAV
platform used. Actuator dynamics are also modeled into the simu-
lation model to account for the actuator characteristics.

2.1. UAV platform

The COTS RC plane used has a conventional horizontal and ver-
tical tail with rudder and elevator control surfaces (as shown in
Fig. 3a). The wing has a symmetrical airfoil with aileron control
surfaces. The propulsion system consists of a 600 W electric out-
runner motor used to drive a 12 x 6 inch propeller. A summary
of the UAV platform physical properties is given in Table 1.

The UAV is instrumented with a suite of avionics for the flight
control development and testing. Fig. 3b shows the architecture
of the avionics system. The IMU (Inertia Measurement Unit)/GPS
sensor provides angular rates, linear accelerations, magnetic fields,
airspeed, barometric altitude, GPS positions and velocities mea-
surement data.

The flight computer uses eCos [13] real-time operating system.
Sensor data are acquired into the flight computer and attitude
determination is done with the acquired sensor data using a se-
ven-state Attitude and Heading Reference Systems (AHRS) Kalman
Filter [14]. At the same time, the flight computer outputs Pulse-
Width Modulated (PWM) signals to drive the servo actuators and
sends telemetry data information through a wireless data modem.
A dual channels datalogger is used to record both raw sensor data
(at 50Hz) and flight control data (at 20 Hz). A ground control
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Fig. 2. Simplified layout of Aerosim 6-DOF UAV simulation model.
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Fig. 3. UAV testbed.

Table 1
Summary of important aircraft geometry.

Parameter Description Value and units
A Wing reference area 0.32 m?

b Wing span 1.2m

c Wing chord 0.3 m

m Gross take off weight 1.9kg

station is used to provide real-time health monitoring of the UAV
during the flight test using the telemetry data received. A failsafe
switch board is used as a safety precaution to switch between
flight computer commands and manual RC pilot commands.

2.2. Propulsion model

The dynamics of small UAVs with propeller propulsion system
is sensitive to propulsion dynamics effects. This is due to the large
propulsion system torque generated being coupled to the aircraft
rigid body dynamics since the small UAV is propelled with a pro-
peller larger relative to its aircraft size. The propulsion system
models the interaction between electric motor and propeller
dynamics. Applying the conservation of angular momentum, the
propulsion system dynamics is described by:

(Imo +Iprop) @p = Tino — Tprop (1)
—_——

Ip

where I, is the moment of inertia of the rotating motor body
(kgm?), Iop is the moment of inertia of the propeller with spinner
hub attached (kgm?), T is the output torque at motor shaft (Nm),
Tprop is the torque generated by the propeller (Nm) and w,, is the
propeller angular velocity (rad/s). The motor moment of inertia
Ino is included because the outrunner motor has major part of the
motor mass rotating with the propeller. This has a significant con-
tribution to the total moment of inertia of the propulsion system, I;,.

2.2.1. Propulsion motor
The propulsion motor (E-flite Power 25 BL Outrunner Motor [15])
performance data is not available from the manufacturer. The
motor performance data is approximated using a commercial
software, MotorCalc [16]. Fig. 4 shows the motor shaft output
power, P, (W), variations with the throttle stick input provided
by MotorCalc. The motor shaft torque generated from the output
power is:
P,
Tino = o (2)

2.2.2. Propeller characteristics

The propulsion thrust is generated by the propeller using the
torque generated at motor output shaft. The propeller angular
velocity depends on both the input torque available and the air-
speed inflow to the propeller disk. The propeller performance is
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Fig. 4. Propulsion system data.

characterized by advance ratio J, coefficient of thrust Cr and power
Cp of the propeller [17]:

. nV,
— pR’

Fprop T2 Tprop T3
= apkar O apRu ®)
PR w3 4pR’ w;

J

where p is the density of air (kg/m?), R is the radius of the propeller
disk (m) and Vj is the airspeed inflow into the propeller disk (m/s).

The propeller performance data is abstracted from work pub-
lished in [18] on an APC 12 x 8 propeller. The thrust Fp, (N) and
torque Tprp, (Nm) generated from the propulsion system were
measured using a force-moment sensor in a wind tunnel with dif-
ferent propeller angular velocities and inflow airspeeds. These data
are put into lookup tables to provide the propeller thrust and tor-
que at different airspeed conditions during the simulation. Fig. 3
shows the coefficient of thrust and power data plotted against
the advance ratios from [18].

2.3. Inertia model

The inertia model contains physical geometric information of
the UAV mass, center of gravity and moment of inertia coefficients.
The UAV moment of inertia matrix I, with assumption that the UAV
is symmetric about the xz plane, is given by:

Le 0 -~y
I=| 0 I, © 4)
Iy 0 I

Beside the moment of inertia matrix, the propulsion system mo-
ment of inertia coefficient, I, is also required. The I, Iy, I, and
I, parameters in Eq. (4) are determined using compound pendulum
method while the I, parameter is determined using bifilar pendu-
lum method. The details of the experiment setups and approaches
for these two methods can be found in [19]. In each of the experi-
ments, three sets of measurement data are collected. The largest
and smallest parameter values in each of the experiments are used
as the upper and lower bound values while the mean value between
these two bounds is set to be the nominal value. Table 2 provides
the nominal, lower and upper bound values obtained from the mo-
ment of inertia experiments.

Table 2

UAV moment of inertia data.
Moment of inertia (kgm?) Lower bound Nominal Upper bound
L 7.74 x 1072 8.94 x 1072 1.03 x 107!
Ly 124 x 107" 144 % 107" 159 x 107"
- 1.34x 107" 1.62 x 107" 1.99 x 107!
Iy, 112 x 1072 1.40 x 1072 1.68 x 1072
I, 129 x 107* 130 x 107* 131 x 107*

2.4. Aerodynamic model

The UAV 6-DOF flight dynamic model is derived from the body
axis X, Y and Z force and L, M and N moment equations [20]. Fig. 3a
shows the forces and moments description in the aircraft body
axis.

2.4.1. Force equations
Summation of the forces in body x, y and z axis gives linear
velocity state equations [20] :

1= rv—qwt ¢, — gsing + L

u=rv qw+1an gsm6+m (5)
V=pw-—ru+ %SCY — gcosOsing (6)
w=qu-—pv +%5Cz — gcosdcos¢p (7)

Cx, Cy and Cz are the aerodynamic force coefficients related to lift,
drag and side force aerodynamic coefficients:

Cx = Csino — Cpcosa
C; = —Cpsina — Crcoso

—~
O
=

—
—_
o

=

b
Cy = Cyﬂﬁ + Cywér + V. (Cypp + Cyrr)
a

Making small perturbation assumption to neglect higher order
terms and only retains linear terms, the lift and drag coefficient,
C; and Cp, are functions of the non-dimensional coefficients given
by:

4 .
C=C,+Cu+ CLdeée—Q—W(CLia +C,q) (11)
a
Cp = Cp, + Cp,,de + CD§r5r+w (12)

m.e.AR



Y.C. Paw, GJ. Balas/Mechatronics 21 (2011) 789-802 793

The aerodynamic forces in the body x, y and z axis are given by:

X = GSCx (13)
Y = gSCy (14)
Z=qSC; (15)

2.4.2. Moment equations

The angular rate equations obtained by taking moments about
the aerodynamic center of the aircraft with non-dimensional mo-
ment coefficients ¢, ¢, and ¢, are given by:

pobep B e lng, Lo, (16)
IXX IXX Ixx IXX
. gSc Iy — 1 I I
G =P 0 - pr 2 (p2 -1+ Layr (17)
vy yy yy yy
IXZ . QSb Iyy - Ixx IXZ Ip
—=p="—Cn— —=qr—---w 18
LP=L o P A, (18)
where
b
¢ =, f+ €00+ €, 0 + SV (c,p+cy1) (19)
. c .
Cm = Cmy + Cm, 0 + Ciy, 08 + SV (Cm, 0 + cmqq) (20)
a
X . b
Cn = Cny B + Cny, 00 + Cn,, OT + SV (CnpP + i, T) (21)
a
The moments about the body x, y and z axis are given by:
L = qShc, (22)
M = gShcy, (23)
N = qShc, (24)

2.4.3. Kinematic equations
The kinematics of the aircraft rotation motion relating the body
angular rates, Euler angles and aerodynamic angles are given by:

¢ = p + tand(gsing + rcos¢) (25)
0 = qgcos¢ — rsing (26)
. qsing + rcos¢

V= s @7
0 =y + ocos¢ + psing (28)

2.5. Flight test parameter identification

The aerodynamic coefficients required to model the UAV from
Eqgs. (11), (12), and (19)-(21) in the nonlinear simulation model
are summarized in Table 3. Flight test parameter identification is
used to identify the nonlinear simulation model aerodynamic coef-
ficients at cruise flight condition. The approach taken is to estimate
stability and control derivative parameters from flight data using a
linear state-space model structure and subsequently converting
these identified derivatives to dimensionless aerodynamic
coefficients used in the nonlinear simulation model. The advantage

Table 3
Aerodynamic coefficients required for UAV modeling.
Lift Drag Side Roll Pitch Yaw
force force force moment moment moment
C’-o CDD CY/r Cl// Cmy Cny
Ci, Cb,e Cy, Ciy, Cm, Cnye
Cr, Cp,, Cy, c, Cime Cn,
CLQ Cy, Cy, Cm, Cn,
Cln Cli, Cimg

of this approach is that it is simple to identify linear model param-
eters from flight test data collected using simple flight maneuvers
and control input excitation signals. In this paper, identification re-
sult of the lateral dynamics coefficients Cliy» Cngy» Clsys Cngy s Clys Ciys €y
and ¢, in the nonlinear simulation is presented to limit the scope
of the paper.

2.5.1. Model structure for parameter identification

A linear state-space model, parameterized by physically mean-
ingful stability and control derivatives related to the nonlinear
aerodynamic coefficients, is used for the parameter identification.
A parameterized two-state lateral state-space model derived from
small perturbation linearization on the 6-DOF nonlinear flight dy-
namic model [20] is used for the parameter identification at cruise
flight condition:

) L, L Ls, L ][0
MR AR | )
r Np N; r N(sa No‘r Or
The control and stability derivative parameters in Eq. (29) are re-
lated to the nonlinear simulation model aerodynamic coefficients

in Egs. (19) and (21) through some dimensional quantity depen-
dent, given in Table 5.

2.5.2. System identification flight test

Open-loop flight tests are carried out to identify the roll and
yaw stability and control derivatives in Eq. (29). The avionics sys-
tem onboard of the UAV (Fig. 3b) records IMU/GPS sensor and con-
trol surfaces input data at 50 Hz for the system identification.
Aileron and rudder doublet control input signals are applied man-
ually by the RC pilot from the ground in separate time window to
excite the UAV open-loop lateral dynamics at a trim and wing-lev-
eled cruise flight condition given in Table 4. Aileron doublet control
input is used to perform bank-to-bank roll maneuver while rudder
doublet control input is used for Dutch-roll maneuver.

2.5.3. Parameter identification

Open-loop flight test data are collected for stability and control
derivative parameters identification in Eq. (29). Time-domain out-
put error maximum likelihood parameter estimation method is
used for the parameter identification due to its desirable statistical
properties such as asymptotically unbiased and consistent esti-
mates. Details of the maximum likelihood parameter identification
method and its derivation can be found in [21-23]. The software
toolbox, System Identification Program for Aircraft (SISPAC), devel-
oped by [23] is used for the parameter identification.

In the parameter identification setup, the state-space model in
Eq. (29) provides the model structure with unknown parameters
for the SISPAC program. Three sets of open-loop flight test data col-
lected are used for the parameter identification. Table 6 provides
the parameter identification results from the three data set to give
model 1, model 2 and model 3.

Table 4
Desired cruise flight operating envelope.

Airspeed, V, (m/s)
16-18

Altitude, h (m)
90-110

Throttle, 51 (%)
45-60

Table 5
Relationships between nonlinear simulation model aerodynamic coefficients and
parameter identification derivatives.

Lol LLs 2l tigl, 2 tigl,
¢, =holia ¢ =halar _ 2lwlioly = 2lwligly
lsa = qSh 1sr ="gSh Cly = ~gsp? Ci, ash?
_ LN, _ LN, 2l,,UN, = 201N,
Cnye = Zf,s 3 Cny = Zz%sb’r Cn, = ZSL:Z Cn = gSI;JOZ -
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Table 6
Flight test parameter identification results.

Derivatives Model 1 Model 2 Model 3 Nominal model
L, -12.0 -12.8 -11.1 -12.0

L, 12.7 14.4 8.62 11.5

N, 0.294 —0.448 0.687 0.120

N, -8.48 —6.08 —4.62 —6.55

Ls, 58.1 61.4 433 52.4

Ls, 13.6 124 8.99 113

Ns, -6.58 -3.67 -4.76 -5.13

N, -17.5 —-15.0 -11.9 -14.7

2.6. Uncertainty modeling

The physical parameters derived from different experiments in
the UAV modeling from Fig. 4, Tables 2 and 6 contain uncertainty
due to imprecise nature of experimentation and limitations of
physical system modeling. It is important to include these para-
metric uncertainties into the nonlinear simulation model so that
it gives a confidence level and a bound in predicting the actual sys-
tem response for controller testings using the nonlinear simulation
model in the integrated framework.

2.6.1. Parametric uncertainty modeling

Parametric uncertainties are modeled in the nonlinear simula-
tion model with each parameter described by a parametric uncer-
tainty set using a nominal value bounded by a lower and upper
bound values. An uncertain parameter P bounded within a region
[Piower Pupper] can be expressed in the form:

P = P(1 + Wpo) (30)

where P is the nominal parameter value, § is any real scalar satisfy-
ing —1 < 6 < 1 and Whp is the uncertain gain used to scale 6 to norm
size of 1 given by:

Pu - PI wer
Wo = pper owel 31
F Pupper + Plower ( )

The parametric uncertainties are included in the nonlinear simula-
tion model via a multiplicative or inverse multiplicative uncertainty
structure with USS System (Uncertain State-Space) blocks from Ro-
bust Control Toolbox [24]. This is illustrated with a simple example
using the first right hand term of the angular rate equation in Eq.

155000

(16), ¢ coefficient in Eq. (19) and parametric uncertainties in Iy,

Clya» Clyvs €1y and ¢, parameter:
qsb qSh b
=T = T [c1, B + 1,00 + ¢, 07 + W, (c,p + ;1)) (32)
where
Clsy = Z'[m(l + sz(iﬂ b) C,, = El(ir(1 + Wfldrb\)v a, = Elp(] + WCI,, b)

1 1 1 _
Ty —a(1+W.08), —1<o<1
I (IX) <1+W1xx5)7 a, =6 (1+ W), 0

Each USS system block in Fig. 5 is modeled using an ureal [24] object
with a zero nominal value and a weighted range of real value vari-
ation. All the parametric uncertainties obtained from the experi-
ments are modeled into the nonlinear simulation model using
this technique described.

2.6.2. Aerodynamic coefficients updating

The three identified lateral models in Table 6 contain variations
in each of the stability and control derivatives. These identified
model parameters are updated to the nonlinear simulation model
using the nominal values with real parameter variations as de-
scribed in Section 2.6. The nominal model is calculated using the
mid-point value between the minimum and maximum value for
each of the identified parameters from the three identified models.
This has the benefit of reducing the size of the uncertainty bound
from the nominal model.

2.6.3. Simplified uncertain linear model for controller synthesis

The two-state lateral model in Eq. (29) with eight real paramet-
ric uncertainties identified from flight test system identification is
described by the nominal, lower and upper bound values for each
of the stability and control derivatives given in Table 3. A simple
linear uncertain model is desired for model-based controller
synthesis. One approach is to overbound the real parametric uncer-
tainty perturbation region with an unmodeled Linear Time-Invari-
ant (LTI) dynamic uncertainty using a single complex uncertainty
perturbation [25]. The computation of tight overbound from fre-
quency domain data has been shown to reduce to a Linear Matrix
Inequalities (LMI) feasibility problem in [26] where the objective is
to simultaneously search for a nominal model and uncertainty
weighting bound that give optimal uncertain model with the tight-
est bound on the data set.

Fig. 5. Parametric uncertainty implementation example.
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An input multiplicative unmodeled Linear Time-Invariant (LTI)
dynamic uncertain model, G4, used to cover the original set of
parametric uncertain model is described by:

Ga = Go(I+W4),[l4]|,, <1

where

e Go € R™™ is the lateral model in Eq. (29) with nominal param-
eter value.

e G, € R™™ has no poles on the imaginary axis.

e W e R™ is a stable and minimum phase weighting function,
consisting of weights Wy; and Wiy4.

e A is any stable transfer function with magnitude of less than or
equal to 1 at each frequency point.

Fig. 6 shows the system interconnection for the input multipli-
cative unmodeled LTI dynamic of the uncertain lateral model. To
compute the weights W,;; and W,,4 required to overbound the set
of real parametric uncertain lateral model, a family of 50 models
is generated from the real parametric uncertain lateral model by
random sampling of the parametric uncertainties between the
lower and upper bound values. The objective of the sampling is
to ensure the family of sampled models covers a wide range of
model output responses described by the real parametric uncertain
lateral model. The overbounding problem is to compute the opti-
mal weighting function W at each frequency point using LMI feasi-
bility problem [27] that satisfy the condition:

(G1,Gar.r Gso} CGoll+WA), 4]l < TW = [
—_——

family of 50 sampled models

Wail 0 :|
0 Wrud

The ucover function from the Robust Control Toolbox is used to
compute the overbounding weight W. This function computes an

795

optimal frequency domain overbound and fits them to a stable,
minimum phase weighting function. A second order weighting
function is used to overbound these 50 sampled models and the
resulting weighting functions obtained are:

0.312s2 +10.7s + 33.3
§$2+4+287s+775

0.295s% + 5.08s +40.1
s2+14.4s+42.1

Wai =

Wi = (33)

3. Flight control architecture, synthesis and implementation
3.1. Flight control architecture

The autonomous cruise flight phase of an UAV mission involves
flying at a desired cruise flight condition, performing waypoint
navigation with roll angle tracking, airspeed hold, altitude hold
and pitch hold mode engaged as shown in Fig. 7. The function
for each of the flight modes is summarized in Table 7. Classical
PID tracking controllers were synthesized and implemented on
the UAV using Zigler-Nichols tuning method [19]. The scope in
this paper is restricted to redesign of roll angle controller using
the lateral model and model uncertainty developed with p synthe-
sis technique and demonstrate the integrated framework
approach.

3.2. Roll angle controller synthesis

The objective of the roll angle controller is to accurately track
roll angle reference commands generated by the waypoint guid-
ance controller and to increase damping in the lateral-directional

Table 7
e i e _UAV Lateral rgoge_\l UAV flight modes.
| m “ | Flight Controller Function
| : | mode used
S 1 o . .
= | = Nominal I P Airspeed hold Airspeed Tracking of desired airspeed
| Wiud “ UAV 7 controller
| . lateral | Altitude hold Altitude controller  Tracking of desired altitude
5 —I I model L Pitch hold Pitch angle Tracking of reference pitch angle
| I controller and provides pitch rate damping
| I Roll tracking Roll angle Tracking of reference roll angle
L — - - controller and provides roll and yaw rates
d .
Fig. 6. Lateral UAV model with input multiplicative uncertainty. amping
™ Roll angle
»| Waypoint »| controller y r
______ et O o
I Desired | guidance Bror > > é
| waesgients | »| controller
I tla | UAV Lat & Lon
| Desired | Model
| altitude | ™ Altitude S o v,
| | | controller o
Alt
: Desired | - -
| airspeed | ®™  Airspeed Oet o
it
I | controller 3 _ | Pitch angle S
| [ Desired I "| controller o q
| pitch angle [T |—.
______ |
Desired operating
condition

Fig. 7. UAV flight control architecture for autonomous cruise flight.
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axis. These objectives are challenging because tracking of roll an-
gle commands will cause an adverse yaw that opposes the per-
formance objective of increased yaw rate damping. The
performance criteria for the roll angle controller design are as
follows:

e Track roll angle reference commands (¢.) with less than 6°
tracking error for up to 1rad/s bandwidth. The rise time for
the roll angle tracking should be less than 2.5 s.

e The yaw rate coupling should be less than 25 deg/s across all
frequencies.

e The aileron and rudder control efforts should stay within the
control surface saturation limits.

e The controller should be robust and achieve desired perfor-
mance objectives for the model uncertainties described in Sec-
tion 2.6.

3.2.1. Weighting functions selection

The u synthesis [28,29] controller design technique allows
investigation of optimal tradeoffs between conflicting design
objectives through the selection of weighting functions in the con-
troller synthesis formulation. The weighting functions shape the
frequency and magnitude content information of the input exoge-
nous signals and output error signals, normalize and weight each
of the performance requirements so that the controller synthesis
problem is well-posed. This reduces the control design problem
to a standard signal-based H., optimization problem where the
norm of the error signals is to be kept small subjected to different
external signal effects. Fig. 8 shows the system interconnection
with weighting functions and reference model for the roll angle
controller p synthesis.

The selection of the weighting functions and reference model in
the u synthesis are as follows:

e Actuator model: The actuator models, Act 1 and Act 2 (rudder
and aileron servo actuators), describe the servo actuators
dynamics. The outputs from the actuator models are the angu-
lar deflection rates and angle deflections. The aileron and rud-
der servo actuators used are the same and are modeled with
first order dynamic model which mainly accounts for actuator
time lag. The actuator time lag is approximated to be 20 ms.
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The transfer functions of the angular deflection rate and angle
deflection output from the actuators are:

_ 50s .50
T s4+50° YT s+50

o Actuator output weighting function: The actuator output weight-
ing function W, is used to limit the maximum angular rate and
angle deflections for both the aileron and rudder control sur-
faces. A constant diagonal weight corresponding to the aileron
angular deflection rate and angle deflection and rudder angular
deflection rate and angle deflection, is used. A constant weight
of 1.0 is used for the aileron and rudder angle deflections to
limit the deflection angle outputs to be within +25° while the
angular deflection rates are limited to be within +5 deg/s using
a constant weighting function of 0.2. The actuator weighting
function W, is:

02 0 0 O
Wy — 0 10 0 O
0 0 02 O

o 0 0 10

Time delay: Time delay within the closed-loop control system is
inevitable since it takes finite amount of time to process, pack,
send or receive data from different hardware devices at the
same time. A time delay model is used to account for the time
delay (T,) in the closed-loop system measured from the PIL sim-
ulator setup. A first order Padé approximation is used to
approximate the time delay:

o tus o 1= Tas/2
T4 Tys/2

where the time delay T, measured from the PIL simulator setup is
0.08s.

e Washout filter: Yaw damping using rudder control input during
the roll angle tracking maneuver is achieved with the addition
of a washout filter to the yaw rate sensor feedback path. The fil-
ter results in only high frequency yaw rate signals being fed
back to the controller. The washout filter transfer function is
given by:

-
;_ Wact _beacr
- e
r 1 Washout filter
» Act1 -
™ UAVIateral | ¢
model . S
» Act2 o P Tref
| %L | Wez |
———————— < -—
Sa | +‘F+ | W, | ¢ 10lse
Ewp2
Delay S | Roll controller I<—(|)4 .
4—’: I X
1 Mres  [o—— drer

ki

Supr

Fig. 8. System interconnection for roll angle controller u synthesis.
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s
S+ Wy

where m,, is the cutoff frequency that the yaw rate signal is atten-
uated such that the roll angle controller will not provide any yaw
rate feedback below the cutoff frequency during steady turn. A cut-
off frequency of 15 rad/s is selected.

e Sensor noise: A constant weight is used to model the roll and
yaw gyroscopes noise in the sensor data fed back to the control-
ler. The weight is selected based on three standard deviations
bound (99.7% confidence interval) of the gyroscope noise pub-
lished in [30], which is 0.03 rad/s. The sensor noise weight used
is:

003 0
W= "o oo

0 0.03

Model reference: A reference model is used to define the ideal
closed-loop roll angle tracking response required by the
UAV waypoint guidance controller that provides the roll angle
reference commands. A second order reference model is used
to provide a smooth roll angle reference command to the roll
angle controller. A rise time of 2.2 s is chosen to have a reason-
able bandwidth in the roll angle reference command. A damp-
ing ratio of 0.75 is selected to have an overshoot of less than
3% in the roll angle reference command. The second order refer-
ence model is given by:

Mo 0.669
o T 52112275+ 0.669

Performance weighting functions: Performance weighting func-
tions, Wp; and Wp,, are used to shape the roll angle and yaw
angular rate tracking error responses in achieving the required
closed-loop performance specifications. Wp; is used to keep
the mismatch between the roll angle reference command and
the UAV roll angle small at low frequency with small steady-
state error. The controller should roll-off at high frequency since
tracking of roll angle reference command from the waypoint
navigation controller is not required at high frequency. With
rise time of the roll angle reference model set to 2.2's, good
tracking of the roll angle reference command signals is required
between 0 and 1 rad/s. A steady-state reference roll angle track-
ing error of less than 6° is desired since the accuracy of roll
angle attitude solution obtained from the AHRS is around #5°.
The weighting function used is:

_ 2.5(s + 40)
1= s+10

(34)

35)

This gives a low frequency gain of 10 for up to 1 rad/s with roll angle
tracking error of less than 5.7°.Wp, is used to penalize the closed-
loop yaw rate response with the yaw rate reference, r..5, set to zero.
The weighting function used is:

1
015

This limits the yaw rate to be less than +25deg/s across all
frequencies.

Wp, (36)

3.2.2. u synthesis

The Matlab function dksyn in the Robust Control Toolbox is
used for the u synthesis of the roll angle controller for the system
interconnection shown in Fig. 8. The roll angle controller are syn-
thesized through minimizing of p values using D-K iterations
and solves a sequence of scaled H,, controller problems to achieve
the robust performance for the uncertain closed-loop system. A
sub-optimal u controller is used because the order of the synthe-
sized controller grows rapidly with D-K optimization to give high

order controller which is difficult to implement in the embedded
flight computer system. A roll angle controller of 31 states with y
value of 0.857 and peak u value of 0.817 is obtained from the u
synthesis.

3.3. Controller implementation

The 31 states u controller is reduced to a eight states controller
using residualization method to preserve the low frequency range
DC gain of the controller since the frequency range of interest of
the roll angle controller is to have good low frequency tracking
performance.

The reduced order continuous-time controller is discretized
with sampling time of 0.04 s using a first-order hold method for
digital implementation at 25 Hz. The first-order hold discretization
method is preferred because it provides a linear interpolation be-
tween the input sampled data and does not introduce additional
time delay to the discretized system unlike zero-order hold meth-
od which has a half-sample time delay [31].

4. Integrated framework
4.1. Integrated framework flight control development testing

The integrated framework for flight control development pro-
vides a systematic and progressive environment for testing the
synthesized controller using the derived nonlinear simulation
model containing parametric uncertainties in Section 2. Fig. 9
shows the four progressive steps used in the controller testing. In
each of the test setups, different aspects and issues of the control-
ler synthesis and implementation are tested and verified. This pro-
vides an useful tool for debugging and identifying any design or
implementation issue during the development cycle. Therefore it
is important to know the differences between each of the test set-
ups to better identify the source of the problem (see Fig. 10).

4.1.1. Initial design testing

Initial design testing is the first step used to test the synthesized
controller. The discrete-time controller is implemented in Simulink
to validate the closed-loop performance with the nonlinear simu-
lation model. This test verifies if the designed controller is able
to meet the design requirements.

4.1.2. Software-in-the-loop testing

The second step is implementation of the controller in C code as
an embedded S-function block for SIL testing in the Matlab/Simu-
link environment. The purpose of the SIL test is to validate the cor-
rectness and implementation of the controller C code
implementation.

4.1.3. Processor-in-the-loop testing

The PIL testing is used to test the successful C code controller
from SIL testing to the actual flight computer in the third step. This
provides an actual test of the implemented flight control codes in
the flight computer. In addition to the flight control code running
on the embedded processor, other software sub-modules of the
autopilot system such as AHRS attitude determination algorithm,
data acquisition and telemetry communication modules are run-
ning at the same time to form a complete standalone autopilot
system.

4.1.4. Flight testing

Flight test provides actual test of the complete flight control
system in real flight environment. The exact flight control code
that was used in the PIL testing is implemented onto the UAV flight
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Fig. 9. Integrated framework for flight control development testing.
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Fig. 10. Flight control development testing architecture: Initial design, software-in-the-loop and processor-in-the-loop testings.

computer system for flight testings. Data collected from the closed-
loop flight tests are used to validate the nonlinear simulation mod-
el used and the performance of the flight control system
implemented.

4.2. Processor-in-the-loop simulator

The PIL simulator setup is an extension of SIL setup that in-
cludes actual embedded flight computer with the simulation envi-
ronment sending sensor data out through a communication link to
the target processor that executes the embedded software code in
real-time. The flight computer uses sensor data to generate control
signals and sends the control signals back to the simulation model
with another communication link to control the nonlinear UAV
simulation model. This setup provides an intermediate step to test
the synthesized controller on the actual hardware target processor
before the controller is put to actual flight test.

4.2.1. PIL software system architecture

The PIL simulation model uses the same nonlinear simulation
model used in the SIL testing. For the nonlinear simulation model
to execute in real-time on desktop computer, Real-Time Windows

Target (RTWT) toolbox [32] is used. The RTWT provides real-time
execution of the generated C code to run on Windows operating
system. The generated C code is able to interact with external hard-
ware systems using the input/output (I/O) devices within the desk-
top computer. The entire C code generation and binary executable
file are automatically generated with the RTWT toolbox.

4.2.2. PIL hardware system architecture

The PIL hardware system setup is a duplicate of the actual flight
computer system on the UAV except for the IMU/GPS sensor and
data modem. Fig. 11a shows the architecture of the PIL simulator
hardware system setup. The desktop computer runs both the
RTWT simulation and FlightGear flight simulator programs in
real-time. The FlightGear flight simulator receives simulation data
at 5 Hz from the RTWT simulation. The failsafe board is used to
switch the PWM servo actuator control output signals between
manual RC pilot or autopilot mode using the RC transmitter. This
functionality allows the PIL simulator to simulate the same sce-
nario as in the actual flight test in which the RC pilot performs
manual flight before switching to autopilot mode during the flight
to test the autopilot system. Fig. 11b shows the PIL simulator
station.
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Fig. 11. PIL simulator setup.

of controller testing within the integrated framework. This pro-
vides a direct and meaningful comparison for the closed-loop sys-
tem performance and gives useful information for controller
redesign if necessary.

5. Application of integrated framework and results

The integrated framework approach is used to test and validate
the synthesized roll angle u controller.

5.1. Flight test validation setup 5.1.1. Reference command signal design
A filtered doublet reference roll angle, ¢, is used to provide a
A well-designed validation experiment is necessary to provide a smooth and piecewise continuous reference tracking signal for

realistic and consistent set of test conditions across different levels practical controller testing in the flight test. A second order low
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pass filter, with rise time of 0.7 s and damping of 0.85, smoothes
the standard doublet signal. The filter transfer function is:

6.612

TF‘/’dbr“(/’ﬂ’f - +4371s+6.612

The amplitude of the roll angle doublet is chosen to be +20° so that
the closed-loop system stays within the controller designed operat-
ing flight envelope. The period of the doublet signal is selected to be
2.5 s. To ensure a consistent and repeatable ¢, is being input to all
the testings, the ¢, signal profile is pre-programmed and gener-
ated by the flight computer system. Fig. 12 shows the time history
of ¢rer signal designed for the validation experiment. The ¢, signal
is divided into three parts:

e 0 < t<2s:The ¢ris zero to give zero roll angle reference track-
ing to achieve a wing-leveled flight before the filtered doublet
roll angle command is executed.

e 2 < t<9s: The filtered doublet roll angle command is executed
to provide dynamic reference roll angle tracking commands for
the controller testing.

e 9 < t<11s: The ¢ris zero to command the UAV back to wing-
leveled flight again to complete the validation experiment.

5.1.2. Validation test setup

The flight conditions and setup of the experiments have to be
the same so that the controller tracking performance can be com-
pared between different sets of validation experiments. This can be
easily configured in the simulation setup for the SIL and PIL tes-
tings but not in actual flight testings since ambient environment
factors such as wind gust disturbances cannot be controlled during
the flight tests. These environmental disturbances are difficult to
include in the SIL and PIL testings since it is not easy to measure
these variables during the flight tests. Hence, precautions are taken
to conduct the flight tests with minimal deviation from the flight
test conditions used in the SIL and PIL testings.

In the initial design, SIL and PIL testings, the nonlinear simula-
tion model used contains parametric uncertainties derived from
experiments. The parametric uncertainties are varied repeatedly
through random samplings with multiple runs (Monte-Carlo simu-
lation runs) to test the robustness of the implemented controller in
each of the test setups.

The flight conditions used for the validation experiment is the
cruise flight operating condition in Table 4. The sequence of ¢,
command starts when the autopilot system is engaged by the RC
pilot. In the autopilot mode, the pitch angle PID controller is en-

Do command for flight control validation

¢ (deg)

0 1 2 3 4 5 6 7 8 9 10 11
time (s)

Fig. 12. Time history of ¢ used for validation experiment.

gaged to provide a zero pitch angle flight condition while the roll
angle controller is tracking the ¢, command.

5.2. Results

5.2.1. Initial design testing

The first level of controller testing is done using the discrete-
time reduced order yu controller. Closed-loop Monte-Carlo simula-
tion runs with model uncertainty perturbations are performed.
Fig. 13a shows the ¢ angle tracking result obtained from 50 simu-
lation runs. The result shows that the designed controller is able to
track the ¢,; command well.

5.2.2. Software-in-the-loop testing

The SIL testing is performed with u controller implemented into
the Matlab S-function block. Fifty Monte-Carlo simulation runs are
performed. Fig. 13b shows the result for the ¢ angle tracking. The
SIL ¢ angle tracking responses obtained are almost the same as the
result obtained from the initial design testing. This indicates that
the controller implemented in C is correct and the implemented
C code can be port to the embedded flight computer system for
PIL testing.

5.2.3. Processor-in-the-loop testing

The successfully tested C code from the SIL testing was com-
plied with the full autopilot program code and uploaded into the
flight computer system for PIL testing. The PIL testing is done in
the exact same manner as in flight testing where the RC pilot needs
to fly the aircraft in the manual mode, trim the aircraft and switch
over to autopilot mode to test the implemented controller.

Automated Monte-Carlo simulation runs used in the initial de-
sign and SIL testing cannot be used in PIL testing as the flight com-
puter system is running the standalone autopilot routine that
cannot be reset instantaneously for each different Monte-Carlo
simulation run. Therefore manual variation of model uncertainty
conditions was performed in each of the PIL testing run. Selective
model uncertainty conditions are chosen for the PIL testing to limit
the number of PIL tests. The worst-case gain analysis tools [32] is
used to provide the worst-case closed-loop model uncertainty con-
ditions for the PIL test. Ten different combinations of parameter
values resulted to the worst-case gain condition within 0.5-
10rad/s frequency range are used in the nonlinear simulation
model parametric uncertainties for the PIL testing. Fig. 13c shows
the PIL testing result obtained using each of the worst-case gain
conditions. The roll angle tracking responses obtained are similar
to the result obtained from the SIL testing.

5.2.4. Flight testing

Flight testing of the UAV was conducted with the same autopi-
lot program code tested in the PIL testing. The procedure of the
flight test is carried out in the same way as the PIL testing. The
RC pilot needs to fly and trim the UAV to the cruise flight condition
in Table 4 before engaging the autopilot mode with the help of a
ground monitoring station that provides the real-time flight test
condition. For each of the runs, the reference roll command signal
from Section 5.1.1 is executed by the onboard flight computer.
Once the reference roll command signal execution is completed,
the RC pilot assumed manual control of the UAV and trims the
UAV for the next run. This procedure is repeated for four times.
In each of the runs, the RC pilot trimmed the UAV towards the head
wind direction to have the controller tested in a minimal cross-
wind condition so that the flight test condition is similar to that
used in the inital design, SIL and PIL testings.

Fig. 13d shows the flight test roll angle tracking responses ob-
tained where t = 0 s (origin) is the time the autopilot was engaged.
The initial roll angle values for all the runs are different since this is
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Fig. 13. Roll angle tracking responses.

dependent on how well the RC pilot managed to trim the UAV to
wing-leveled position before the autopilot was engaged. However,
regardless of the initial roll angle positions, the roll angle controller
is able to have similar roll angle tracking responses obtained from
the initial design, SIL and PIL testing. Repeatable and consistent
tracking responses are achieved for the five different flight test
runs shown in Fig. 13d. The only difference between the flight test
results with the rest of the test results is that some high frequency
oscillations are observed from the flight test tracking responses.
This might be due to other external disturbances or high order
model dynamics not captured or accounted for during the control-
ler synthesis. Nevertheless, the flight test results still show good
matching with the initial design, SIL and PIL testing. This result
helps to validate:

1. Performance of the synthesized controller using the model
developed achieves the control design tracking performance
objectives.

2. Model and model uncertainty developed have adequate fidelity
for the controller synthesis and analysis purposes.

3. Framework used for control synthesis and validation is feasible
and achieves the intended objectives.

6. Conclusion

This paper presented the development of an integrated frame-
work for flight control synthesis and validation with practical

application to a small UAV testbed. The aim of this paper is to pro-
vide a systematic approach in integrating different processes in
model-based flight control development using advance techniques
and design tools from initial design to flight testing of the UAV
system.

The 6-DOF nonlinear simulation model developed based on first
principle theory was updated with flight test data to improve the
fidelity of the simulation model used for controller synthesis and
validation process with inclusion of experimental uncertainty
modeling results. The SIL and PIL testings provide good prediction
to the closed-loop tracking performance obtained from flight tests
and this validates the model and model uncertainty used in the
integrated framework and proves the working of the proposed
integrated framework for synthesis of flight control system on
the small UAV system.
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