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Abstract—The need for autonomous Unmanned Aerial
Vehicles (UAVs) is very interesting nowadays.
Autonomous UAVs provide the possibility of
performing tasks and missions that are -currently
hazardous or can cost humans or money, enable
autonomous search, persistent combat intelligence,
surveillance and reconnaissance (ISR), and many other
applications. This paper presents an overview of
autopilot design with a detailed design of longitudinal
autopilot of a Small Unmanned Aerial Vehicle (SUAV).
The designed autopilot is applied to an Ultrastick-25e
fixed wing UAV depending on longitudinal linear model
and analytic linear model with trimmed values of
straight and leveling scenario. The longitudinal motion
controller design is started with the design of most inner
loop (pitch rate feedback) of the longitudinal system,
then pitch tracker design with a Proportional Integral
(PD)- controller. The guidance and control system is
related with the design of altitude hold controller with P-
controller as an example of outer loop controller design.
The performance of two classic controller approaches
for the design of autopilot are compared and evaluated
for both linear and non-linear models. The proposed
controller is chosen for design due to its higher
performance than the classic one. At last the climbing
turn scenario is applied to the whole autopilot
(longitudinal and lateral) for the evaluation process. The
results show a good performance in both disturbance
rejection and robustness against sensors noise.

Index Terms—Nonlinear equations of motion,
longitudinal motion controller, pitch tracker, altitude
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hold controller, sensors noise, environment effects.

1. INTRODUCTION

The increased interest in remote sensing applications
and the advances in technology attract the researchers of
aerospace engineering to design low cost satellites [1]
and UAVs [2] for remote sensing and many other
applications.

The increased interest in UAVs has resulted in a
rapidly growing number of organizations, both military
and civilian, and conducting researches to develop fully
autonomous UAVs. SUAVs are of particular interest to
many researchers around the scientific society, as they
are relatively inexpensive, offer the ability to address a
multitude of autonomous flight research applications that
once seemed out of reach. Using autonomous UAVs of
all sizes, and the visions of using them for almost any
task leads the way for a more lethal and efficient force in
the field too.

The more autonomous ability of UAV, the more
complex its guidance and control system, advanced
guidance algorithms development is essential and
necessary for meeting new requirements with the
increasing area of UAV applications and for defining
future UAV concepts and associated critical
technologies. SUAV control and stabilization is more
difficult than larger one, due to several factors, including
the low mass of the vehicle, lower Reynolds numbers,
and light wing loading. These factors make it more
difficult to design a flight control system [3].
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The complete state of the UAV comprises its position,
airspeed (V,), attitudes (roll (¢),pitch(8),yaw(p)),
angle-of-attack (a), sideslip angle (), and rotation (roll
(p), pitch (g), and yaw (r)) rates. Position, airspeed, and
heading attitude are also known as the navigation states
[4]. Control on these states provides full control on the
vehicle movements with six degrees of freedom. The
requirements of control are to ensure that the dynamics
are “fast”) and to ensure that the oscillations die out
quickly, and also the requirements on a good tracking of
command input with minimum steady state errors. Since
the open-loop dynamics of the vehicle rarely satisfy
these requirements, so the typical approach is to use
linear and non-linear feedback control to modify the pole
locations and loop gains [35, 6].

MATLARB is one of the most important programs used
in modeling and controller design of aircraft on which it
is possible to simulate and test the performance of an
accurate autopilot with linear model, Software In Loop
(SIL), and Hardware In Loop (HIL). Root Locus
technique and Conventional PI (Proportional Integral)
and PID (Proportional Integral Derivative) controllers
can be used to design the autopilot and hence to improve
their performance characteristics. With respect to
nonlinear control many strategies can be considered in
the design as sliding mode controller [7, 8]. By
converting Multi Input Multi Output (MIMO) linear
model of aircraft into a Single Input Single Output
(SISO) transfer functions which can be controlled by
appropriate P (proportional), PI or PID controllers [9, 10,
and 11], a desired Pole- Zero locations affect the
stability of the system by a varied gain which can be
observed by root locus plot. Gain Margin and Phase
Margin can also be determined for a relative stability
analysis of the system.

For SUAVs, the autopilot is in complete control of the
aircraft during all phases of flight. From beginning, the
autopilot is designed according to many philosophies;
one of them is the design with two separate design
autopilots; longitudinal and lateral motion controller [12],
the longitudinal dynamics (forward speed, pitching, and
climbing/descending motions) and the lateral dynamics
(rolling, and yawing motions) [13]. This design concept
simplifies the development of the autopilot and at the
same time is accurate.

This paper presents a design of a longitudinal motion
controller of SUAV  (longitudinal  autopilot).
Longitudinal Subsystem can be represented by various
transfer functions of UAV. Unit-step, doublet response,
noise effect, and ability to disturbance rejection tests are
executed to check the performance and robustness of
autopilot in linear and non-linear models [14, 15].

The longitudinal linearized model of ultrastick-25e
[13] (state space linearized model) was used in the
design of autopilot with the trimming values of a straight
and leveling scenario. The behavior of the aircraft due to
the desired scenarios results were compared between
(the state space linearized and the derived short period
analytical linearized models) and the nonlinear aircraft
dynamics, the results is too matched between all of the
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three.

The outer-loops were designed to achieve the tracking
command requirements in (altitude, and cruise speed).
The inner loops are designed to track pitch attitude
reference signals required for the outer loops. Several
design goals were introduced against the inner loop
performance that the closed loop rise time should be less
than 1 second, and the overshoot has to be smaller than 5%
in outer loop but in pitch attitude is in between 7% to
increase the response and decrease the settling time.

Proportional-Integral blocks for the inner loop
controller (Pitch Tracker), while for attitude rates a non-
unity feedback was introduced (pitch damper). For outer
loops controllers a proportional gain was chosen for
altitude controller, and for a cruise speed controller PI-
controller was used.

If the controller causes overshoot and degrades the
controller performance when coming out of saturation.
In order to prevent this, an anti-windup scheme is
implemented which checks if the actuator would saturate
on the current time step and does not perform the
integration if this case is happened [16].

The throttle commands go directly to the aircraft
model without any modification by the inner loop. Pitch
angle (0) has to remain between 20°. Throttle command
is limited between the range of 0 and 1.

Elevator and throttle is the inputs for longitudinal
motion controller. Elevator is used to control inner loops
(pitch 8, and pitch rate g) and outer loops height (%),
while throttle (6;) is used at the outer loop to control
vehicle speed [17].

At last the longitudinal states of aircraft (forward
speed (u), vertical speed (w), pitch rate (g), pitch attitude
(0), altitude (h)) are controlled by the control parameters
elevator, and throttle (6,, §;) respectively.

II. LONGITUDINAL MOTION CONTROLLER
(LONGITUDINAL AUTOPILOT) DESIGN PROCEDURES

The longitudinal autopilot is designed in two stages.
First is the pitch tracker (inner loops), second is the

Velocity Vref- Kv 6th . V
Command "| Longitudinal
Inner Loop
Altitude h re| K Bref . Control System
Command h iy h

Fig.1. Longitudinal Autopilot Block Diagram

altitude (h) and air speed (V,) control which is
related to guidance and navigation control (outer
loops). SUAV altitude hold controller is designed
at this assumption the speed is constant (cruise
speed) [18]. The performance of the longitudinal
motion controller is checked in the scenario of
straight and leveling flight, and level climbing
flight. The block diagram of longitudinal autopilot
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is shown in Fig. 1

The simulation results of longitudinal autopilot
at Figs. (5, 6, 7, 8, 11, 12, 13, 14, 15, and 16) show
that the PID classic controller structure outlined in
this paper can adequately control the altitude. The
cruise speed controller of the aircraft is designed
with the same manner to achieve the guidance and
navigation requirements.

III. INNER LOOP PITCH ATTITUDE TRACKER DESIGN

At longitudinal inner loop, the beginning with
the most inner loop which is the pitch damper
(stability augmentation system (SAS)) [19], this is
done to provide satisfactory natural frequency and
damping ratio for the short period mode. This
mode involves the variable pitch rate, and feedback
it to the elevator control as shown in Fig. 2 to
provide a good natural frequency and damping
with a feedback gain. Pitch rate feedback provides
a complete control of position of the short period
poles.

Elevator Servo

Ritegmo —

Aireraft dynamics —

<

Fig.2. Block diagram of the pitch rate feedback controller.

The linearized transfer function of (q/d.) is fed
back and the root locus technique can be applied to
determine the effect of the variable kg4 The

approximated short period transfer function for

pitch rate is shown as in (1) [13]:

q —-133.75-990.7

6_3 = $2+23.375+235.9 M

The Eigenvalues are (-11.7 £ 9.97i) with
damping ratio § = 0.761 and natural frequency w, =
15.4 rad/sec. the value of damping ratio is good but
the effect of actuator will get the response slower,
so the choice of the gain is to increase the damping
[19]. Fig. 3 draws a root loci of the pitch rate inner
loop with feedback gain value kg = -0.065, which
increases the damping; the negative sign shifts the
root loci to the left hand side plane. This value is
the optimum value after the test of the whole
longitudinal motion controller and 1is chosen to
smooth the response trajectory of the pitch tracker.
Finally we must note that the feedback gain is
negative, this means that an increasing of pitch
angle gives the elevator a positive displacement.
Alpha feedback is designed at the condition of any
pole in the right hand side plane [19], so a
desirable short period poles location is achieved
for this aircraft with pitch rate feedback only.

The second inner loop is Pitch attitude hold
controller, called pitch tracker because its main
task is to maintain the value of pitch attitude (6)
matched with the commanded pitch. Equation (1)
can be called again to design pitch attitude tracker,
then adding an integrator to obtain pitch from pitch
rate for simplicity.

PI controller is used to design pitch tracker. P
controller alone is not sufficient for the stability due to
some steady state error (constant disturbance), so it can

Root Locus of g/delta e transfer function
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/

]
System: untitied1
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Fig.3. Most inner loop root locus of pitch tracker

Copyright © 2015 MECS

LJ. Intelligent Systems and Applications, 2015, 10, 37-47



40 Design of Longitudinal Motion Controller of a Small Unmanned Aerial Vehicle

I

theta_ref

1.150.8 8.0H: o 133.75-990.7 180/pi E
=U. | - N s. .
,——y@-—y L E% < |  biasisciioise
i S <26 204363 §¢+23.375+235.9 rad2deg  theta
controller Elevator Servo aircraft dynamics .
kd_q White Noise
054
005
1 the classic parameters are  the designed parameters are
kdq =-0.08 kd_q =-0.065
kp_theta=-0.84 kp_theta=-1.1
<I! ki_theta=-0.23 ki_theta=-0.8

disturbance

Fig.4. Simulink MATLAB structure of pitch attitude hold controller.

be eliminated by adding integrator, so PI controller
is used.

The Simulink MATLAB structure for pitch
tracker is seen in Fig. 4, the values of kg, kig
gains depending on the concept of Ziegler [9] were
obtained as initial values, and then by some
iteration with the aiding of Simulink test platform;
the exact values of gains were chosen to make a
good pitch tracking. The designed new parameters
assured that the performance of the designed pitch
attitude tracker is better than the classic one as in
the simulated program of the research group of
Minnesota University [20].

The classic parameters are (Kqq= -0.08, k, o = -
0.84, and ki ¢ = -0.23), and the designed parameters
are (Kqq= -0.06, k, o = -1.1, and ki ¢ = -0.8). The
executed tests on the two controllers are in the next
section.

IV. INNER LOOPS OF LONGITUDINAL MOTION
CONTROLLER TEST RESULTS

This section introduces list

beginning with:

of analysis tests

A. Time Domain Analysis from Unit Step Response.

Table 1. Time domain analysis of pitch tracker

The property Classic controller | Designed controller
t, [sec] 0.6832 0.4333
t, [sec] 15.3072 6.7472
Settling min. 0.9004 0.9011
Settling max. 0.9993 1.0673
Max. O.S. % 0 6.7287
Undershoot% 0 0
Peak 0.9993 1.0673
Peak time [sec] 35.7583 1.1312
Copyright © 2015 MECS

By applying unit step response test the following
parameters can be tested and the results as in table 1.

From table 1 the designed controller from the
standalone model in fig. 4 the rise time and setting
time and the other specs are better than the classic
one, but maximum overshoot is designed to be
more than normal to make the system multi steps
of attitudes as in fig. 8. The remaining factors
evaluate Pitch tracker are doublet signal response,
the effect of the micro-electromechanical systems
(MEMS) noisy sensors, and ability of the system to
reject the disturbance.

B. Doublet Signal Response.

The angle 6_ref five degree Doublet signal of
pitch angle was applied and watches the signal
response in linear Simulink.; the responses of the
pitch tracker for two controllers are shown in Fig.
5 which investigate that the maximum over shoot
of the designed parameters is larger than the
classic, but this property has a good benefit, this
benefit is showed in the multistep desired angles
response in Fig. 8.

C. The Effect of Noisy Sensors with Standard Deviation
o = 0.001 Rad.

The  availability of using new  sensor
technologies gives the designers the availability to
design SUAV sensors depending on MEMS. These
sensors are smaller and lighter than the old
mechanical sensor devices. It provides the
possibility to shrink the size and weight of the
UAV to a new milestone. MEMS are low cost, but
SO noisy.

LJ. Intelligent Systems and Applications, 2015, 10, 37-47



Design of Longitudinal Motion Controller of a Small Unmanned Aerial Vehicle

41

+5 degree doublet signal response for pitch tracker

6 r =
designed controller
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Fig.5. +5 degree doublet signal response for pitch tracker.

The solution for beating the noise and obtain a precise
results for attitudes and navigation states is to design a
good robust controller with good analysis and using state
estimator depends on a good estimators. KALMAN filter
is one of the best estimators; it's involved with most of
GPS-INS techniques [21, 22]. In this paper we will
discuss the control performance against noisy sensors
with no details in the state estimator which will be in the

future work of designing the whole autopilot at another
work in details. Fig. 6 illustrates the trajectory of the
response in the effect of noise with standard deviation
till (0.001 rad). The assumption that the bias of the
sensors will be eliminated is considered. As seen from
the Fig. 6 that the two controllers are acceptable, with
KALMAN filter state estimator technique these noises
will be eliminated.

+5 degree doublet signal response in the existence of noise

;
—designed controller
——classical controller ||

pitch angle [deg]
o

el w“\‘v%

W'W'WW“E]

o
o

15

20 25 30

time[sec]

Fig.6. The effect of sensors noise in the doublet signal response.

+5 degree signal response in the existence of disturbance

designed controller
classical controller

pitch angle [deg]
(2]

N £

15
time[sec]

20 25

Fig.7. The ability of pitch tracker to disturbance rejection.

D. Ability of The System To Reject The Disturbance.

Copyright © 2015 MECS

The aircraft can be exposed to disturbance due
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to environments or any other disturbance, Fig. 7
shows the ability of the two controllers to reject the
disturbance  which assures that the designed
controller rejects the disturbance faster than the
classic one.

E. Multi Steps Response.

Increasing the maximum overshoot of the response in
the step response aided the designed controller to track
the desired inputs of pitch attitude, but in the classic
controller the errors are accumulated to result a poor
track in the multi steps test as seen in the Fig. 8.

Multi step of pitch response

designed controller

classical controller [

N &
Q\

pitch angle [deg]
o

\‘
l/:

NV

0 10 20

40 50 60

time[sec]

Fig.8. Multi commanded steps of pitch attitude response.

Briefly, the previous sections introduced the
philosophy of designing of pitch tracker with PID
controller and evaluation of the design. The next section
introduces the design procedures of outer loop altitude
hold controller.

V. OUTER LoOP ALTITUDE HOLD CONTROLLER DESIGN

From the non-linearized equations of motion
[13], a linear relation between altitude and pitch
attitude at a constant airspeed is derived. From (2)

it can be linearized with some assumptions
compatible with longitudinal motions.
h =usin@ — v sing cos @ —w cos cosd 2)

With this equation, it can be seen that the pitch
angle can directly influence the climbing rate of
the aircraft, but at constant airspeed (cruise speed).
The linearized equation can be derived by the
following steps,

First: from (2) add and subtract the term (V, 6).

h=V, 0+ (usinf —V, 8) — v sing cos
— w cos¢ cosb
=>h=V,0+dh 3)

Where:

dh = (usin® — V, 8) — v sing cos @ — w cos¢ cos6
Second: In straight and level flight condition,

Copyright © 2015 MECS

where v =0, w= 0, u = V,, ¢ =0, and 9 is small
[18], so we have dh = 0.

Third: if airspeed is constant, by converting (3)
into the Laplace domain, the linearized transfer
function of the altitude from pitch attitude is as
follows:

M@zﬁ@+iﬂ) 4)

N

(gyS T gy

st 4 gy + gy

Fig.9. Block diagram of the designed altitude hold controller.

The block diagram of altitude hold controller is
shown in Fig. 9; it's constructed from pitch
depending on (4).

So MATLAB structure block diagram as in Fig. 10
with the model of sensors noise, disturbances, and model
of first order servo motor as an actuator. Executed tests
showed that the designed controller is better than the
classic one as seen in Figs. (11, 12, 13, 14, 15, and 16).
The classic control parameters are (Ky 4 = -
0.08, k, ¢ = -0.84, k; g = -0.23, k, , = 0.021, and
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kin = 0.0017), and the designed one (K44 = -0.06, The next section represents the result analysis of
-1.1, ki o = -0.8, ky » = 0.05, and k; , = 0.00). controller design.

o~

1

S
1

1
s

ki theta Int2
04363
80H +133.75-990.7 17 Be
ldt] B Pﬁ : —p| biaslscflnoise E |§|
26 B s.2+23.37s+23.5.9 "s. | m
Elevator Servo g Avcraftdyamics pitchint a@m

White Noise|

»
the classic parametersare the designed parameters are I:I: "
kdq =-008 kdgq =-0.065 N
i m Alt_ref kp_theta = -0.84 kp_theta = -11 disturbance [ 45
ki_theta = -0.23 ki theta = -08
¢ m kph = 0021 kph = 005 [ ¢
L kih = 00017 kih = 0 L

Fig.10. MATLAB Structure of altitude hold controller

Table 2. Time domain analysis of outer loop of longitudinal motion

VI. LONGITUDINAL MOTION CONTROLLER OUTER LOOP controller
TEST RESULTS The property Classic controller | Designed controller

. L . . t. [sec] 4.0431 2.1814
The evaluation of the longitudinal autopilot is t, [sec] 31.1408 48717
introduced at the following various tests beginning Settling min. 0.9070 0.9015
with the time domain analysis Settling max. 1.1397 1.005
Max. O.S. % 13.0716 0.5006

A. Time Domain Analysis. Undershoot% 0 0
) ) ] Peak 1.1397 1.005
Time domain analysis parameters of outer loop Peak time [sec] 11.5481 9.0188

are listed in Table 2.
B. Step Response Analysis.

Step response of altitude from pitch

1.4
e classic controller
1ol — designed controller
_‘N\
\_‘%—
——
1 v
0.8 —
£
=
0.6 — —
0.4 —
0.2 —
0 [ [ [ [ [ [ [
0 5 10 15 20 25 30 35 40

Time (seconds)

Fig.11. Step response of altitude hold controller.

Step response of altitude hold controller is shown in
Fig. 11. The designed controller is better than the classic
controller which is obvious in the climbing scenario at When 10 m doublet signal is applied as a desired
Fig. 13. altitude to the controllers, the outputs of the

C. 10 [m] Altitude Doublet Signal Response.
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designed controller result a good behavior than the classic controller as shown in Fig. 12.

doublet response of altitude hold controller
15

T
classic controller
designed controller

altitude h [m]
/

5 10 15 20 25 30 35 40

45 50
time[sec]

Fig.12. +10 [m] doublet signal response.

D. The Output Changes against Noise with Standard accumulated errors.
Deviation = 0.001m

E. Ability of The System To Reject The Disturbance
The effect of sensors noise can be considered as

. The test of disturbance rejection is executed in the
no effect on the altitude hold controller as seen .
. . S o step response after very steady state. From Fig. 14 the
from Fig. 13 with the considering of calibrating the . .
. . . response is focused at a time from 58 sec. to 70 sec.
altimeter  periodically to  prevent it  from

doublet response of altitude hold controller in the existence of noise

I

classic controller
P N
e designed controller

altitude h [m]
‘\
7

5 I\ [
/

5 10 15 20 25 30 35 40 45
time[sec]

50

Fig.13. The effect of noise in the altitude hold controller.

Step response of altitude hold controller in the existence of disturbance
22 -
classic controller
designed controller

20

18
E 6
=
()
e}
=]
£ 14
©

12

10

8

58 60 62 64 66 68 70
time[sec]
Fig.14. The effect of disturbance on the altitude hold controller.
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By the previous tests, the basic tests of the
controller were executed under linear model. The
next section is final test results on the autopilot at
whole.

VII. AUTOPILOT TESTS RESULTS

This section with the aiding of the previous test

sections was done to evaluate the whole
longitudinal motion controller and last whole
autopilot with longitudinal and lateral motion
controllers for non-linear model of aircraft in

existence of noisy sensors and environment model
[23] at the basic navigation scenarios of the aircraft
as straight and leveling, and level climbing.

45

A. Climbing Level Scenario Test.

The two controllers are checked in the state
space linear model by applying climbing scenario
100 [m] then straight and leveling as in Fig. 15.
The test shows that the error in climbing from the
designed controller is better than the classic
controller.

B. Level Climb (10 M) Comparison

This test is done between analytical linear model
and nonlinear model in the existence of sensors
noise and environmental of nonlinear model as
shown in Fig. 16.

Level climb scenario 100 m altitude from pitch

120

100 | 1 u“A"AWM w” : ‘\ ’ i 4 h‘n Am 1u"u A “L ? L’\’l"\ ».‘u.‘u ul'rwuv \‘ ln o
' (y
80 M
E w ,
=
F /
=]
E 40 J
< M
20
classic controller
—designed controller
0
20 20 40 60 80 100 120
Time[sec]
Fig.15. Level Climb 100 meter altitude from the pitch
Level climb inanalytical linear and nonlinear models
16
) M ” ‘ ‘ H”\ H\\ m}‘\\\\‘ h‘ ”\ (T T |
10

Altitude h [m]
[=-]

=2

—— lin. model classic contraller
—— lin. model designed controller

4 Non lin-model classic controller 1
—— Nonlin. model designed controller
2
0
0 5 10 15 2 % )] % 40 45 50
Time [Sec]

Fig.16. Comparison between the classic and designed controllers applied on the approximated analytical linear model and non-linear model
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C. Climbing Turn Scenario

The last test is to evaluate the whole
performance  of the autopilot (lateral and
longitudinal motion controllers) in the Climbing
Turn scenario. The altitude command is from 100
to 600 meter and the heading in rectangular motion
the response and simulated results is shown in Fig.
17.

- Simulation time 120 s

- Turn in 4 steps heading direction from 0 to
90 and then and then.

- Altitude command 500 m ascending.

cimbing um trajecory

0.7806
o7 O7es 0786 O7B 0.7806 0.7806 0.7806

latitude

longitude

Fig.17. Climbing turn trajectory of the aircraft

VIII. CONCLUSION

In this paper, the design of autopilot is overviewed
with the detailed design of longitudinal motion
controller. Beginning with the inner loop pitch rate (q)
(pitch damper) which is designed with optimum value of
feedback gain by root locus technique and tuning it with
the nonlinear simulator, and then pitch attitude hold
controller (pitch tracker) which is designed with PI-
controller far away from complexity with good
performance in the time domain characteristics.
Linearization of the nonlinear equation of motion of
altitude dynamics is derived to get a linear relation
between altitude and pitch angle at assumption of
constant air speed (cruise speed of 17 m/s). Altitude hold
controller was designed using of P-controller with
results are better than Pl-controller in the -classic
controller. Ascending scenario is tested in the non-linear
model to check the behavior of the aircraft. The
environment disturbances and sensors noise are
considered in the design architecture of test platform.
The whole autopilot is tested under climbing turn
scenario. At the end we can say that we have robust
autopilot for autonomous SUAV. GPS-INS system and
hardware implementation of the designed autopilot are
under development as soon as possible.
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