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Abstract- This paper present the autopilot control for unmanned aerial vehicle (UAV) flight system. The main contribution 
of this work is to control the bank angle of an airplane using differential deflections of the ailerons. Firstly, the steady-state 
flight conditions have to be accomplished. Secondly, we have to regulate the airplane bank angle to zero degrees and 
maintain the wings-level orientation in the presence of unpredictable external disturbances. Finally, we have to control the 
airplane bank angle for attitude control of an airplane. The mathematical implementation for second order approximation and 
third order approximation with different controller gain has been analyzed in this paper. The simulation results show the 
performance specification of the UAV system in autopilot mode. 
 
Index terms- Autopilot, Altitude control, UAV flight, Mathematical model, Step response. 
 
I. INTRODUCTION 
 
Each time we fly on a commercial airliner, we 
experience first-hand the benefits of automatic 
control systems. These systems assist pilots by 
improving the handling qualities of the aircraft over a 
wide range of flight conditions and by providing pilot 
relief (for such emergencies as going to the restroom) 
during extended flights. The special relationship 
between flight and controls began in the early work 
of the Wright brothers. Using wind tunnels, the 
Wright brothers applied systematic design techniques 
to make their dream of powered flight a reality. This 
systematic approach to design contributed to their 
success.  
Another significant aspect of their approach was their 
emphasis on flight controls; the brothers insisted that 
their aircraft be pilot-controlled. Observing birds 
control their rolling motion by twisting their wings, 
the Wright brothers built aircraft with mechanical 
mechanisms that twisted their airplane wings. Today 
we no longer use wing warping as a mechanism for 
performing a roll maneuver; instead we control 
rolling motion by using ailerons, as shown in 
Figure.1. The Wright brothers also used elevators 
(located forward) for longitudinal control  
(pitch motion) and rudders for lateral control (yaw 
motion). Today's aircraft still use both elevators and 
rudders, although the elevators are generally located 
on the tail (rearward). 
The first controlled, powered, unassisted take-off 
flight occurred in 1903 with the Wright Flyer I (a.k.a.  
Kitty Hawk). The first practical airplane, the Flyer 
III, could fly figure eights and stay aloft for half an 
hour. Three-axis flight control was a major (and often 
overlooked) contribution of the Wright brothers. A 
concise historical perspective is presented in Stevens 
and Lewis [1]. The continuing desire to fly faster, 
lighter, and longer fostered further developments in 
automatic flight control. Today's challenge is to  

 
develop a single-stage-to-orbit aircraft/spacecraft that 
can take off and land on a standard runway.  
We begin by considering the model of the lateral 
dynamics of an airplane moving along a steady, 
wings-level flight path. By lateral dynamics, we mean 
the attitude motion of the aircraft about the forward 
velocity. An accurate mathematical model describing 
the motion (translational and rotational) of an aircraft 
is a complicated set of highly nonlinear, time-
varying, coupled differential equations. A good 
description of the process of developing such a 
mathematical model appears in Etkin and Reid [2]. 
For our purposes a simplified dynamic model is 
required for the autopilot design process. A simplified 
model might consist of a transfer function describing 
the input/output relationship between the aileron 
deflection and the aircraft bank angle. Obtaining such 
a transfer function would require many prudent 
simplifications to the original high-fidelity, nonlinear 
mathematical model. 
Suppose we have a rigid aircraft with a plane of 
symmetry. The airplane is assumed to be cruising at 
subsonic or low supersonic (Mach < 3) speeds. This 
allows us to make a flat-earth approximation. We 
ignore any rotor gyroscopic effects due to spinning 
masses on the aircraft (such as propellers or turbines). 
These assumptions allow us to decouple the 
longitudinal rotational (pitching) motion from the 
lateral rotational (rolling and yawing) motion. 
 

 
Figure 1: Control of the bank angle of an airplane using 

differential deflections of the ailerons 
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II. PROCEDURE FOR CONTROL DESIGN 
 
Of course, we also need to consider a linearization of 
the nonlinear equations of motion. To accomplish 
this, we consider only steady-state flight conditions 
such as 
 Steady, wings-level flight 
 Steady, level turning flight 
 Steady, symmetric pull-up 
 Steady roll. 
 
For this research we assume that the airplane is flying 
at low speed in a steady, wings-level attitude, and we 
want to design an autopilot to control the rolling 
motion. 
We can state the control goal as follows: 
 
Control Goal 
Regulate the airplane bank angle to zero degrees 
(steady, wings level) and maintain the wings-level 
orientation in the presence of unpredictable external 
disturbances. 
We identify the variable to be controlled as 
 
Variable to Be Controlled 
Airplane bank angle (denoted by ϕ). Defining system 
specifications for aircraft control is complicated, so 
we do not attempt it here. It is a subject in and of 
itself, and many engineers have spent significant 
efforts developing good, practical design 
specifications. The goal is to design a control system 
such that the dominant closed-loop system poles have 
satisfactory natural frequency and damping [1]. We 
must define satisfactory and choose test input signals 
on which to base our analysis. 
 
The Cooper-Harper pilot opinion ratings provide a 
way to correlate the feel of the airplane with control 
design specifications [3]. These ratings address the 
handling qualities issues. Many flying qualities 
requirements are specified by government agencies, 
such as the United States Air Force [4]. The USAF 
MIL-F-8785C is a source of time-domain control 
system design specifications. 
 
For the research we might design an autopilot control 
system for an aircraft in steady, wings-level flight to 
achieve a 20% overshoot to a step input with minimal 
oscillatory motion and rapid response time (that is, a 
short time-to-peak). Subsequently we implement the 
controller in the aircraft control system and conduct 
flight tests or high-fidelity computer simulations, 
after which the pilots tell us whether they liked the 
performance of the aircraft. If the overall 
performance was not satisfactory, we change the 
time-domain specification (in this case a percent 
overshoot specification) and redesign until we 
achieve a feel and performance that pilots (and 
ultimately passengers) will accept. Despite the 
simplicity of this approach and many years of 

research, precise-control system design specifications 
that provide acceptable airplane flying characteristics 
in all cases are still not available [1]. 
The control design specifications given in this 
example may seem somewhat contrived. In reality the 
specifications would be much more involved and, in 
many ways, less precisely known.  
 
III. CONTROL DESIGN SPECIFICATIONS 
 
 Percent overshoot less than 20% for a unit step 

input. 
 Fast response time as measured by time-to-peak. 
 
By making the simplifying assumptions discussed 
above and linearizing about the steady, wings-level 
flight condition, we can obtain a transfer function 
model describing the bank angle output, ϕ(s), to the 
aileron deflection input, δa(s). The transfer function 
has the form 
ϕ(s)
δa(s)

=
k(s-c0)(s2+b1s+b00)

s(s+d0)(s+e0)(s2+f1s+f0)
                              (1) 

 
The lateral (roll/yaw) motion has three main modes: 
Dutch roll mode, spiral mode, and roll subsidence 
mode. The Dutch roll mode, which gets its name 
from its similarities to the motion of an ice speed 
skater, is characterized by a rolling and yawing 
motion. The airplane center of mass follows nearly a 
straight line path, and a rudder impulse can excite this 
mode. The spiral mode is characterized by a mainly 
yawing motion with some roll motion. This is a weak 
mode, but it can cause an airplane to enter a steep 
spiral dive. The roll subsidence motion is almost a 
pure roll motion. This is the motion we are concerned 
with for our autopilot design. The denominator of the 
transfer function in Equation (1) shows two first-
order modes (spiral and roll subsidence modes) and a 
second-order mode (Dutch roll mode). 
 
In general the coefficients c0,b0,b1,d0,e0,f0,f1 and the 
gain k are complicated functions of stability 
derivatives. The stability derivatives are functions of 
the flight conditions and the aircraft configuration; 
they differ for different aircraft types. The coupling 
between the roll and yaw is included in Equation (1). 
 
In the transfer function in Equation (1), the pole at 
s=-do is associated with the spiral mode. The pole at s 
= - e0 is associated with the roll subsidence mode. 
Generally, e0>> d0. For an F-16 flying at 500 ft/s in 
steady, wings-level flight, we have e0 = 3.57 and d0= 
0.0128 [1]. The complex conjugate poles given by the 
term s2 + f1s + f0 represent the Dutch roll motion. 
For low angles of attack (such as with steady, wings-
level flight), the Dutch roll mode generally cancels 
out of the transfer function with the s2 + b1s + b0 
term. This is an approximation, but it is consistent 
with our other simplifying assumptions. Also, we can 
ignore the spiral mode since it is essentially a yaw 
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motion only weakly coupled to the roll motion. The 
zero at s = c0 represents a gravity effect that causes 
the aircraft to sideslip as it rolls. We assume that this 
effect is negligible, since it is most pronounced in a 
slow roll maneuver in which the sideslip is allowed to 
build up, and we assume that the aircraft sideslip is 
small or zero. Therefore we can simplify the transfer 
function in Equation (1) to obtain a single-degree-of-
freedom approximation:  
ϕ(s)
δa(s)

=
k

s(s+e0)
                                                           (2) 

 
For our aircraft we select e0 = 1.4 and k = 11.4. The 
associated time-constant of the roll subsidence is τ = 
1/e0 = 0.7 s. These values represent a fairly fast 
rolling motion response. 
For the aileron actuator model, we typically use a 
simple first-order system model, 
δa(s)
e(s)

=
p

s+p
                                                                 (3) 

 
where e(s) = ϕd(s) — ϕ(s). In this case we select p = 
10. This corresponds to a time constant of τ= 1/p = 
0.1 s. This is a typical value consistent with a fast 
response. We need to have an actuator with a fast 
response so that the dynamics of the actively 
controlled airplane will be the dominant component 
of the system response. A slow actuator is akin to a 
time delay that can cause performance and stability 
problems. 
 
For a high-fidelity simulation, we would need to 
develop an accurate model of the gyro dynamics. The 
gyro, typically an integrating gyro, is usually 
characterized by a very fast response. To remain 
consistent with our other simplifying assumptions, we 
ignore the gyro dynamics in the design process. This 
means we assume that the sensor measures the bank 
angle precisely. The gyro model is given by a unity 
transfer function, 

 
 
Thus our physical system model is given by 
Equations (2), (3), and (4). The controller we select 
for this design is a proportional controller, 

Gc(s)=K 
The system configuration is shown in Figure.2. 

 

 Figure 2: Bank angle control autopilot 

IV. IMPLEMENTATION OF AUTOPILOT 
DESIGN 
 

Use Controller gain K. 
The closed-loop transfer function is 

T(s)=
ϕ(s)
ϕd(s)

=
114K

s3+11.4s2+14s+114K
                         (5) 

 
We want to determine analytically the value of K that 
will give us the desired response, namely, a percent 
overshoot less than 20% and a fast time-to-peak. The 
analytic analysis would be simpler if our closed-loop 
system were a second order system since we have 
valuable relationship between settling time, percent 
overshoot, natural frequency and damping ratio 
however we have a third-order system, given by T(s) 
in Equation (5). We could consider approximating the 
third-order transfer function by a second-order 
transfer function—this is sometimes a very good 
engineering approach to analysis. There are many 
methods available to obtain approximate transfer 
functions. Here we use the algebraic method that 
attempts to match the frequency response of the 
approximate system as closely as possible to the 
actual system. 
Our transfer function can be rewritten as 

T(s)=
1

1+ 14
114K s+ 11.4

114K s2+ 1
114K s3

 

 
by factoring the constant term out of the numerator 
and denominator. Suppose our approximate transfer 
function is given by the second-order system 

GL(s)=
1

1+d1s+d2s2 

 
The objective is to find appropriate values of d1 and 
d2. We define M(s) and ∆(s) as the numerator and 
denominator of T(s)/GL(s). We also define 

M2q=
(-1)k+qM(k)(0)M(2q-k)(0)

k!(2q-k)!
, q=1,2,…           (6)

2q

k=0

 

and 

∆2q=
(-1)k+q∆(k)(0)∆(2q-k)(0)

k!(2q-k)!
, q=1,2,…               (7)

2q

k=0

 

 
Then, forming the set of algebraic equations 
M2q=∆2q,q=1,2,…                                                       (8) 
 
We can solve for the unknown parameters of the 
approximate function. The index q is incremented 
until sufficient equations are obtained to solve for the 
unknown coefficients of the approximate function. In 
this case, q = 1,2 since we have two parameters d1 
and d2 to compute. 

We have 
M(s)=1+d1s+d2

2 

M(1)(s)=
dM
ds

=d1+2d2s 
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M(2)(s)=
d2M
ds2 =2d2 

M(3)(s)=M(4)(s)=…=0 
 
Thus evaluating at s = 0 yields 

M(1)(0)=d1 
M(2)(0)=2d2 
M(3)(0)=M(4)(0)=…=0 

Similarly, 

∆(s)=1+
14

114K
s+

11.4
114K

s2+
s3

114K
 

∆(1)(s)=
d∆
ds

=
14

114K
+

22.8
114K

s+
3s2

114K
 

∆(2)(s)=
d2∆
ds2 =

22.8
114K

+
6

114K
s 

∆(3)(s)=
d3∆
ds3 =

6
114K

 

∆(4)(s) = ∆(5)(s) = ⋯ = 0 
Evaluating at s = 0, it follows that 

∆(1)(0)=
14

114K
 

∆(2)(0)=
22.8
114K

 

∆(3)(0)=
6

114K
 

∆(4)(0) = ∆(5)(0) = ⋯ = 0 
Using Equation (6) for q = 1 and q =2 yields 

M2=-
M(0)M(2)(0)

2
+

M(1)(0)M(1)(0)
1

-
M(2)(0)M(0)

2
 

=-2d2+d1
2 

And 

M4=
M(0)M(4)(0)

0!4!
-
M(1)(0)M(3)(0)

1!3!
+

M(2)(0)M(2)(0)
2!2!

 

-
M(3)(0)M(1)(0)

3!1!
+

M(4)(0)M(0)
4!0!

=d2
2 

Similarly using Equation (7), we find that 

∆2=
-22.8
114K

+
196

(114K)2  and ∆4=
101.96

(114K)2 

Thus forming the set of algebraic equations in 
Equation (8), 
M2=∆2 and M4=∆4 

We obtain 

-2d2+d1
2=

-22.8
114K

+
196

(114K)2  and d2
2=

101.96
(114K)2 

Solving for d1 and d2 yields 

d1=
√196-296.96K

114K
                                                   (9) 

d2=
10.097
114K

                                                              (10) 
 
where we always choose the positive values of d1 and 
d2 so that GL(s) has poles in the left half-plane. Thus 
(after some manipulation) the approximate transfer 
function is 

GL(s)=
11.29K

s2+√1.92-2.91Ks+11.29K
                         (11) 

We require that K < 0.65 so that the coefficient of the 

s term remains a real number (we do not want to have 
a transfer function with complex valued parameters). 
Our desired second-order transfer function can be  

 
written as 

 
Comparing coefficients in Equations (11) and (12) 
yields 

ωn
2=11.29K and ζ2=

0.043
K

-0.065                             (13) 
 
The design specification that the percent overshoot 
P.O. is to be less than 20% implies that we want ζ > 
0.45. 

P.O=100e-πζ/ 1-ζ2
 

for ζ. Setting ζ = 0.45 in Equation (13) and solving 
for K yields 

K = 0.16. 
With K = 0.16 we compute 

ωn=√11.29K=1.34 
Then we can estimate the time-to-peak Tp to be 

Tp=
π

ωn 1-ζ2
=2.62 s 

We might be tempted at this point to select ζ > 0.45 
so that we reduce the percent overshoot even further 
than 20%. What happens if we decide to try this 
approach? From Equation (13) we see that K 
decreases as ζ increases. Then, since 
ωn=√11.29K 
as K decreases, then can also decreases. But the time-
to-peak, given by 
Tp=

π

ωn 1-ζ2
 

increases as ωn decreases. Since our goal is to meet 
the specification of percent overshoot less than 20% 
while minimizing the time-to-peak, we use the initial 
selection of ζ = 0.45 so that we do not increase Tp 
unnecessarily.  
 
V. RESULTS AND DISCUSSION 
 
The second-order system approximation has allowed 
us to gain insight into the relationship between the 
parameter K and the system response, as measured by 
percent overshoot and time-to-peak. Of course, the 
gain K = 0.16 is only a starting point in the design 
because we in fact have a third-order system and 
must consider the effect of the third pole (which we 
have ignored so far). 
 
A comparison of the third-order aircraft model in 
Equation (5) with the second-order approximation in 
Equation (11) for a unit step input are shown in 
Figure.3 to 5. The step response of the second-order 
system is a good approximation of the original system 
step response, so we would expect that the analytic 
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analysis using the simpler second-order system to 
provide accurate indications of the relationship 
between K and the percent overshoot and time-to-
peak. 

 
Figure 3: Step response comparison of third-order aircraft     

model versus second-order approximation (K=0.10) 

 
Figure 4: Step response comparison of third-order aircraft    

model versus second-order approximation (K=0.16) 

 
Figure 5: Step response comparison of third-order aircraft 

model versus second-order approximation (K=0.20) 

 
Figure 6: Step response of the third-order aircraft model with 

K = 0.10, 0.16, and 0. 20 showing that, as predicted, as K 
decreases percent overshoot decreases while the time-to-peak 

increases 

With the second-order approximation, we estimate 
that with K = 0.16 the percent overshoot P.O. = 20% 
and the time-to-peak Tp = 2.62 seconds. As shown in 
Figure.4 the percent overshoot of the original third-
order system is P.O. = 20.5% and the time-to-peak Tp 
= 2.73 s. Thus, we see that that analytic analysis 
using the approximate system is an excellent 
predictor of the actual response. For comparison 
purposes, we select two variations in the gain and 
observe the response. For K = 0.1, the percent 
overshoot is 9.5% and the time-to-peak Tp = 3.74 s as 
shown in Figure.3. For K = 0.2, the percent overshoot 
is 26.5% and the time-to-peak Tp = 2.38 s as shown 
in Figure.5. So as predicted, as K decreases the 
damping ratio increases, leading to a reduction in the 
percent overshoot. Also as predicted, as the percent 
overshoot decreases the time-to-peak increases. The 
results are summarized in Table 1. 

Table.1 Performance Comparison for K = 0.10, 
0.16, and 0.20 

 
 
CONCLUSION 
 
This paper researched on software architecture and 
control navigation strategy of small UAV flight 
control system. Simulation results have indicated that 
the flight control system designed in the paper could 
achieve the desired effects of controlling the UAV 
with static stability. The control system is of easy 
operation, relatively low cost, which make it suitable 
for low speed static stability small UAVs, and could 
satisfy the altitude hold and autonomous navigation 
functions. 
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