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Abstract—The two-step procedure is suggested to tune the robust PID control for the uncertain nonlinear
dynamic system of the unmanned aerial vehicle based on the nonlinear optimization and output error
method in the time domain. The suggested procedure is applied to design the robust PID control for the
Skywalker X8 flying wing roll and lateral channels. For evaluating the suggested procedure, the robust
PID for the Skywalker X8 flying wing roll and lateral channels is also designed using “systune” command
in the Matlab Software. Suggested method can be used to design robust control with known structures for

uncertain nonlinear systems.
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and nonlinear uncertain dynamic model; output error method; optimization; Simulated Annealing algo-
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I. INTRODUCTION

PID controllers are used in a variety of areas such
as industrial, automotive, aerospace, electrical mo-
tors, and so on. More than 90% of the control loops
have PID control. The reasons for using the PID
control are as follows:

1) Easy to understand and use.

2) Acceptable performance.

3) Easy to tune, though not optimal.

4) Traditional tendency.

5) Need for support and maintenance in different
systems.

Despite the widespread application, but especially
with the improvement of the electric and digital
technology, the attention to the PID controller was
reduced. But recently, there has been the tendency to
design the automated, optimal and robust PID con-
trollers. The PID controller works well with integral
windup and actuator saturation. Manual adjustment
without modeling is still used. Experienced engineers
use controller parameter control methods based on
model and impulse test. Two methods of internal
model control and lambda method are often used to
tune the PID controller's parameters. According to
researches, only 20 to 30 percent of the PID control-
lers used in the industry are optimal or near optimal
and work satisfactorily, [1] — [4].

Control engineers are faced with a wide range of
design requirements. These requirements such as
reference tracking, disturbance rejection, robustness,
noise attenuation and implementation constraints are
contradictory. The complexity and contradictory of
the requirements make it difficult to design the con-
trol system. Additionally, in real-world applications,
there is a tendency to use simple controllers such as

PIDs and known structures to facilitate implementa-
tion, validation, and re-tuning, [5], [6].

In order to adjust the parameters of the robust
controller with a known structure such as PID, the
uncertain dynamics of the system and the require-
ments of the closed-loop system are determined at
first. The design requirements of the closed-loop
system include the efficiency, robustness to the un-
certainty of system parameters and external distur-
bances, and the low sensitivity to noise. One rea-
sonable method for finding the parameters of the
controller is to satisfy these requirements based on
the optimization of a criterion function.

Regardless of the implementation limitations,
LMI-based methods have been developed to design a
control system for multiple design requirements.
These techniques lead to sophisticated controllers
that are necessary to reduce order, delete fast dy-
namics, etc. for implementing. This controller sim-
plification is a difficult problem and sometimes
complex controllers cannot be implemented. So
recently, research has been conducted on finding
optimal parameters for simple controller and PIDs.
Different methods for adjusting of the parameters for
PID and robust PID controllers such as Ziggler Ni-
chols method, Kappa Tauing Tuning, pole placement,
design based on gain and phase margins, interval
polynomial method, QFD method, Kharitanov-based
methods, Nyquist-based methods, tuning based on
the genetic algorithm, loop shaping, and so on were
developed, [1]—[4], [7] - [17].

In order to achieve the good robustness of the
single-input single-output systems, the gain and
phase margins are used. Robustness of the mul-
ti-input multi-output systems can be applied through
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the infinity norm of the sensitivity and complemen-
tary transfer functions of the closed-loop system:

ISGo)|, <M,
VoeR,

T(w)| <M,,
(o), B

where ®, the frequency is measured in rad/s and
R* includes all non-negative frequencies. The above
conditions are equivalent to the non-entrance to the
circles related to M and M, values in the Nyquist
diagram of the open loop system. By decreasing the
values of the M and M, the radius of the circles
and level of the robustness are increased. The values
from 1.2 to 2.0 for M, and M, provide acceptable

robustness and they are equivalent to the gain margin
from 6 to 2, and the phase margin from 49 to 29 de-
grees, respectively, [1].

According to Kharitanov's theorem, for the in-
vestigation of the stability of uncertain linear systems
with an interval characteristic equation (in which the
coefficients of the characteristic equation can inde-
pendently change), instead of the stability check for
all different combinations of the coefficients, it is
enough to check the stability for the four Kharitanov's
equations, [18]. Each of the uncertain coefficients of
the characteristic equation is a function of the un-
certain aerodynamic coefficients of the unmanned
aerial vehicle (UAV). Every uncertain coefficient of
the characteristic equation depends on some uncer-
tain aecrodynamic coefficients, so the intervals of the
uncertain coefficients in the characteristic equation
are not independent. Kharitanov's theorem can only
be used to determine the intervals (space) of the
parameters that stabilize the uncertain linear system.
These acceptable intervals of parameters can be used
as a limitation to determine their optimal value using
constraint optimization for the criterion function
obtained in accordance with the design requirements.
Therefore, the use of the Khiryatanov's theorem for
the linear system with uncertain aerodynamic coef-
ficients of an UAV is conservative, and it is not
possible to use the Kharitonov's theorem for nonli-
near systems with uncertain aerodynamic coeffi-
cients. Therefore, stabilizing robust controller can be
better achieved for the non-linear dynamical system
of the UAV with using parametric optimization and
nonlinear criterion function. But the optimization of
this function is a complicated criterion for achieving
an optimal global minimum. Therefore, in the first
phase of the suggested approach, the robust control
system is designed with a reduced dimension of
uncertain aerodynamic coefficients vector based on
the output sensitivity to them to reduce the order of

the problem of optimization and increase the proba-
bility of achieving the optimal global minimum.

In this research, all of the PID controllers are de-
signed simultaneously for the non-linear uncertain
dynamic model of the UAV in two stages, based on
the optimization of the criterion function in the time
domain. To reduce the size of the problem of opti-
mization based on the sensitivity of the output vector
to the aerodynamic coefficients, the aerodynamic
coefficients are classified into two groups with high
and low sensitivity. In the first stage, nominal values
for the aerodynamic coefficients with low-sensitivity,
and upper and lower limit values for coefficients with
high-sensitivity are used. In the second step, the
upper and lower limits for all coefficients are consi-
dered and coefficients of the controller are evaluated
and re-adjusted. Simulating annealing optimization
algorithm (SAOA) as a powerful algorithm is used
for nonlinear optimization.

“Systune” command in the Matlab software is also
addressed to design robust PID control for the
equivalent uncertain linear model of the UAV.

Problem is given in the second section. Robust
PID controller for the uncertain nonlinear dynamic of
the UAV is discussed in the third section. Fourth
section presents robust PID controller using the
“systune” command. Parameters of the designed
robust PID controllers and simulation results are
given in the fifth section. Conclusion and suggested
future works are given in final section.

II. PROBLEM STATEMENT

The UAYV dynamics model can be considered as a
dynamic model with uncertainty. Because the aero-
dynamic model or the aerodynamic coefficients
cannot be accurately calculated and are always asso-
ciated with uncertainty. The UAV also has various
flight modes and operates at a range of airspeed. In
other words, the UAV dynamic system has different
operating points. Based on the uncertainty of the
aerodynamic coefficients as well as the range of
changes in the airspeed of the UAV, an interval dy-
namic model can be considered for it.

The goal is to suggest a procedure to design the
optimal robust PID controllers for uncertain nonli-
near dynamic model of the UAV and then apply this
approach to the roll and lateral uncertain dynamic
model of the Skywalker X8 flying wing. The Sky-
walker X8 flying wing, its airframe and aerodynamic
parameters were shown in Fig. 1, Table and Table
respectively [19], [20]. Estimated aerodynamic pa-
rameters and their uncertainties are used in the un-
certain nonlinear model of the UAV for designing
robust PID controller.
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aileron, elevator, rudder and thrust, g, is the gravity
vector in the Inertial Frame; /, is matrix of inertial
moments, ® is vector of the Euler angles, H; and

L; are the corresponding rotation matrixes. It means

that aerodynamic forces and moments depend on
airspeed where:

Fig. 1. Skywalker X8 flying wing with the mini autopilot V,=V,-W=|v,| =|W,|,
developed in at the National Aerospace University (KhAI)
in Kharkov, Ukraine Vs | W, I
Nonlinear dynamical equations of motion equa- u,
tions in the presence of the wind can be write as, [21]: [VA ]B =\v, |=HV, =V, -HW, (3)
w
5 f—aer0+f—rus 6 - -
|:VA:|B: - ml(?l‘)th t( T)+H]Bgl_m3><[Vl]B’
|V| «[uA2+VA2+WA2
foaer():fB—aero(VA ’a_aW’B_BW’O‘)B’SA’sE’SR)’ 5 v
BA = s ( % ) >
do, 4 4
d :IB (mB—aero +mB—thrust (ST)_(DB ><115’0‘)[1’)5 a’A
’ w7
u
mB—aem:mB—aero(VA ’a_awaﬁ_BW’mB’SA’SE’SR)’ 4 -
e where W is the wind vector in the Inertial Frame.
a = Ly, The linearized lateral equations of motion, in-
@) cluding the effect of the wind gusts, are:
T
Where fB—aero’ fB—thrust’ mB—aero and mB—thrust arc acro- AxlatB = [AV Ap Al" A(I)] s
dynamic and thrust forces and moments in the UAV Au,, =AS,, Aw, =Av,, @)
Body Frame, a, 3 are angles of ’flttack. and side s.hp, Ak, =4 Ax . + B, Au, +E, Aw,
o, , B, areangles of attack and side slip due to wind,
. . Aylatb’ = ClatAxlatB + DlatAulat + F}atAWlat ’
V.V, are airspeed and ground speed, ®, is angular
velocity vector; & ,,8,,8,,5, are control signals for ~Where matrixes 4,,, B, E,,:
4 Y, +w, Y, —u, g, cosB,
L& L, L L,
“IN,+Y,N, N,+(Y,+w)N, N, +(¥,-u,)N, o |
0 1 —sin@, 0
- 6]
YaA _Alat (1’1) _Yv
5o | | L
lat — > lat — - >
t Ny, + YN, t _Alat (3’1) _(Nv+YvNo)
L 0 0 0
where all of the parameters Y,, Y, Y., L,, L,, L., 1 0 00
i 01 00
L,, N,, N,, N, and N, depend on aerodynamic C, = D, =F, = [0 0 0 O]T‘ ©)
ones and matrixes C,,,, D,,, F,, : 0010
0 0 01
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TABLEI.  AIRFRAME PARAMETERS FOR SKYWALKER
X8 FLYING WING

Parameter Sky walker X8

Mass: m[kg] 4.5

Moment of inertia: J, [kg- m’ 0.45

Moment of inertia: J, | kg-m” 0.325

Moment of inertia: J_ [kg- sz 0.75

Moment of inertia: J__ [kg- sz 0.06

Wing area: S [sz 0.75

Wing span: b[m] 2.12

Mean aerodynamic chord: ¢[m] 0.3571

Propeller area: S [sz 0.1018

Air density: p[kg/ mq 1.2682

Motor constant: K, .. 40

Propeller aerodynamic coef.: C 0.5

TABLEII. AERODYNAMIC PARAMETERS ESTIMATES
AND THEIR UNCERTAINTIES FOR SX8FW

Parame- Values
ters Estimated values Theoretically
(Uncertainty) values
CY[, —0.0811 (60%) -0.1949
C, —0.0729 (80%) -0.0696
Cz[, —0.1170 (50%) -0.0765
C —0.3507 (30%) -0.4018
C 0.0830 (90%) 0.0250
C, 0.3087 (40%) 0.2987
C’Zﬁ 0.0583 (60%) 0.0403
C, —0.0154 (50%) -0.0247
C, —0.1023 (30%) -0.1252
C -0.002 (80%) -0.0076

g,

The failure of one of the elven actuators for the
flying wing also can be considered as an uncertainty
in the design of the control system.

In the case of the wide range of changes for the
airspeed, robust adaptive control can be designed
based on the airspeed of the UAV. In the roll channel,
the reduction of the disturbance effect is of para-
mount importance, since it is a regulation problem for
the roll angle. It is desirable that the roll angle in the
presence of internal and external disturbances will
not be further increased. In other words, the problem
of the reference tracking for the roll angle does not
have a priority, but for the lateral channel, the preci-

sion of command tracking for the course angle is of
prime importance, which is, of course, done through
the roll angle.

The objective is to optimize the parameters of
robust PID controllers for the uncertain nonlinear
dynamic model of the UAV based on the two-stage
approach.

Design requirements for the uncertain dynamic
model of the UAV roll and lateral channels include:

1) Good reference course angle, y tracking.

2) Disturbance rejection for the roll and course
angles.

3) Minimum energy consumption to include angle
and rate limits of the actuator.

III. ROBUST PID CONTROLLER FOR THE UNCERTAIN
NONLINEAR DYNAMIC OF THE UAV

In practice, for the design of the UAV control
system, the successful control loop closure is usually
used. In this way, the controller design is initially
designed for the inner control loop in the presence of
the angle and angular velocity saturation of the actu-
ator. In other words, the limitation of the angle and
angular rate of the actuator limits the bandwidth and
thus the function of the inner loop. Then, it is as-
sumed that the performance of this control loop is
successful, the inner loop is replaced with the unit
gain and the second control loop is designed. It's
worth noting that the speed or bandwidth of the inner
control loop should be 5 to 10 times faster than the
speed or bandwidth of the outer control loop. Again,
it is assumed that the performance of the second
control loop is successful, this loop also is replaced
with the unit gain and the controller of the third con-
trol loop is designed. For example, in Fig. 2, the
successive loop closure method as an usual and
practical autopilot design method is shown in which
E(s) to B(s) are transfer functions of the UAV and

C,(s) to C,(s) are the controllers that must be de-

signed sequentially. In this research, the parameters
of internal and external loop controllers for the dy-
namical system are simultaneously found using op-
timization in the frequency and time domains, [19].

In this research, all of the PID controllers are de-
signed simultaneously for the non-linear uncertain
dynamic model of the UAV in two stages, based on
the optimization of the criterion function in the time
domain.

To achieve optimal performance, several func-
tions can be used to optimize in the time domain:

1) Integrated Absolute Error.

2) Integrated Square Error.

3) Integrated Time Weighted Absolute Error.

4) Integrated Time-Weighted Square Error.
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Fig. 2. Successive loop closure method for autopilot design

To achieve zero steady state error, time-weighted
functions are used.

According to Kharitonov's theorem, it is enough
to examine the stability of the four Kharitanov's
equations for studying the stability of an interval
characteristic equation. According to the Kharito-
nov’s theorem, it is no longer necessary to examine
the stability of all the different combinations of the
uncertain parameters separately.

An interval polynomial is a polynomial that:

p()=p,;s’+ps' +..+p, " +p,s",  (T)

which the polynomial coefficients can be
independently changed in their intervals:

pelp p'] i=l2..n (8)

Then Kharitonov's theorem states that all the po-
lynomials of the interval equation are stables if and
only if these four Kharitonov's equations are stable:

A)=p, 8"+ p s +p, s+ pts' + p s+
A (s)=p, 8"+ ps'+p, " +p, s+ p s+ )
A(s)=p,s" +p, s +p, "+ ptst+ptst
A)=p, " +ps' +p, 5" +ps' +pSs

The generalized Kharitonov's theorem also has
been developed as the box theorem for single in-
put-multi outputs or multi inputs-single output, [22].

The uncertain linear dynamic model of the UAV,
based on the uncertain aerodynamic coefficients,
leads to the transfer functions with dependent coef-
ficients. Therefore, the use of Khiryatanov's theorem

leads to a conservative approach for describing un-
certain coefficients of the polynomials. However,
using the Kharitonov's generalized theorem, initial
range for the parameters of the stabilizing PID con-
trollers can be obtained, since the coefficients of the
polynomial are independent of each other. Also,
Kharitonov's theorem cannot be used for the
non-linear uncertain dynamic model of the UAV.
Therefore, a two-stage non-linear optimization ap-
proach is proposed for designing the robust PID
controller.

For the design of a robust PID controller for the
entire UAV, the procedure described in Fig. 3 is
proposed. It is worth noting that based on the actuator
limitation and generalized Kharitonov's theorem for
families of interval linear systems, it is possible to
obtain an acceptable approximation of the stabilizer
coefficients range and then, by optimizing find the
optimum parameters of the robust PID controllers for
the uncertain nonlinear system.

For the lateral and roll channel based on the
sensitivity of the output vector to the aerodynamic
coefficients, the two groups of high-sensitivity and
low sensitivity coefficients are classified as follows:

High sensitive parameters :
C,p , Cnp , C,Ba , Cnﬁ , Cyﬁ.
Low sensitive parameters :
C,[3 , C"aa ,C, s Cyﬁa , G,

(10)

Two aerodynamic coefficients C, and C, are
) g

usually neglected due to very small quantities, [19].
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of Attack Ranges

UAV Nonlinear
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Separated Nonlinear
Uncertain Model
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¥
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aerodynamic coefficients
L]

Verification and Readjustment of the all Designed PID Robust Control Based on the Full
Nonlinear Uncertain Model with fixed low sensitive uncertain aerodynamic coefficients

]

Verification of the all Designed PID Robust Controllers with the Full Nonlinear Uncertain
Model with all uncertain aerodynamic coefficients based on Monte Carlo Simulation

Fig. 3. Proposed procedure for design robust PID controllers for the uncertain nonlinear dynamic model of the UAV in the
time domain

Then, based on the optimization algorithm for
time responses to minimize disturbance effects on the
outputs of the roll and course angles, tracking of the
reference input as well as minimizing the control
signal in the presence of system uncertainties, the
optimal values of the parameters of the PID control-
lers are obtained. In the solution of the problem, the

r

7= 3 (t()-1,)[f D]

i=l =1

fh<t(j)<q 4 <f(])<’z

parameters of the PID controllers of the inner and
outer loops are obtained based on optimization and
using the nonlinear model of the roll and lateral
channel. To perform optimization, the Integrated
Time-Weighted Square Error function is used to
apply the integrator of the PID controllers for re-
moving the steady state error:

Z Z (1) =1)[ )] Z Z () -6,)[ ()]

f <f(])<fz

. (11
+2. 2 (W) -6)[f D],
- lsj;(]j)
and
7G) =¢i(¢,-(j))2 2 (e D=1 (D) + ()Y +;”—4(u,-(j>)2, (12)

where u,(j) is elevon control signal, u,(j) is the
derivative of the control signal, ¢,(/) is roll angle,
Y. () 1s reference course angle, (/) is course
angle, n is the total number of signal values in the

discrete form, » =2" is the total number of upper and
lower limits for uncertain aerodynamic coefficients,

and u ., O, > Lm are the maximum values of the

corresponding signals. The parameters w, to w, are
weighting values used to weigh the presence of dif-
ferent signals in the criterion function. In Figure 4 is
shown the block diagram used to design optimal
robust PID controllers. Parameters of PID parameters
are C\(s, K,», Kin, Kp») and Cy(s, K2, Kin, K1) obtained
in the optimization process. SAOA is used for non-
linear constrained optimization. In SAOA, the ten-
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dency to get trapped in a local minimum is avoided
by adding randomness to the acceptance of a better
direction in optimization procedure and initial ac-
ceptance of direction with worse value for cost func-
tion. The optimization procedure can be restarted

from obtained minimum with a high probability of
worse values acceptance of cost function.

Optimal persistent and practical reference and
disturbance inputs similar to those applied in the
system identification are used in the procedure of the
optimal robust PID controllers, Fig. 5, [23], [24].

—u
= .
— E(') U
Noise
Actuator o
- ¥ - 7 z
*| Roll and Lateral »| Measurements ;
Uncertain Model P
Wind Disturbance
Filter
—— Filter |-
Filter —

| I

Fig. 4. Block diagram used to design optimal robust PID Controllers for roll and lateral channels of the UAV
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Fig. 5. Optimal course angle reference and disturbance inputs used for designing optimal robust PID controllers

For the roll angle output signal in the optimization
algorithm, two different strategies can be used:

1) Minimize the angle of the roll only to eliminate
the disturbance effect. In other words, in order to
achieve the appropriate course angle, the roll angle
can take required values. There are two disadvantages
in this strategy:

— it is unacceptable for some UAV applications
such as filming and photography to take large roll
angles;

— large roll angle reduces aerodynamic normal
force to hold the height.

2) The minimization of the roll angle is applied
not only to attenuate disturbance but also to have the
small roll angle during the course angle tracking. In
this case, the weight, w, is considered non-zero for

the whole time of the simulation.

IV. ROBUST PID CONTROLLER USING THE
“SYSTUNE” COMMAND

The command “systune” in the Matlab software is
also used to design robust PID controllers for the
uncertain linear dynamic model of the UAV roll and
lateral channels. Parameters of the robust PID con-
trollers and simulation results for nonlinear uncertain
roll and lateral dynamics of the UAV using two me-
thods are presented for comparison.

In order to use the command ““systune” for robust
PID controller design for the roll and lateral channels
of the UAV, soft and hard design requirements and
linear uncertain model are determined. In Fig. 6 block
diagram of the problem is displayed. The family of
linear uncertain models is displayed with G,(s)

where i=1,...,N;. The vector of inputs and outputs
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are [wl,...,wNI] and [zl,...,zNO] respectively and

N, and N, are the dimensions of the input and
output vectors. The input control input and mea-
surement output vectors are u and ) respectively.
The fixed structure of the robust control is C(s,K)
that its parameters vector, K must be found using
optimization. The controller parameters are found
based on optimization to satisfy the following condi-
tions, [5], [6], [13], [25] —[30]:
|7 (cts. )| <1,

i=1,.,N,, j=1,..,N,.

(13)

In which |||| is used for H, or H,. T, is used to
express the closed-loop transfer functions from each
design input, w, to each design output, z,. Various

filters can be used and their parameters, together with
the controller ones can be found through the optimi-
zation basen on “systune” command.

w, 2
W. Z
2 el 2
G,(s),i=1..,N;
»
u Y
C(s,K)

Fig. 6. Robust PID Controllers for an interval dynamic
model (family of the dynamic models) to meet a set
of design requirements

In a complex approach, design requirements can
be classified into two categories: soft and hard re-
quirements. Hard design requirements are those that
have high priority and must be met. Hard design
requirements act as a limiting factor in the process of
optimizing soft design requirements. Soft design
requirements are those that have a lower priority than
hard design requirements, and their maximum
achievable level is required in the optimization
process. that's mean, [5], [6], [13], [25] — [30]:

min max {7, (C(s, )}
i=1..,N,,j=1..N,

Subjectto (|7, (C(s, K))[} <1
k=1..,N,l=1,..N,

14)

Hard design requirements with limit less than one
must be met and act as a limiting factor in the opti-
mization process. For linear systems, the use of the

frequency domain provides a more powerful tool.
The concepts of the performance and robustness in
the frequency domain can be generalized for mul-
ti-inputs multi-outputs systems. Design requirements
may include:

— use soft to express average gain;

— use soft for maximum gain;

— rate of decade;

— system damping;

— natural frequency of the system;

— loop shaping;

— controller Dynamic Stability;

— stability margin for single-input single-output
and multiple-inputs multi-outputs systems.

V. SIMULATION RESULTS AND COMPARISON

For the airspeed range V, =18+4.5m/s and in

the presence of the aerodynamic coefficients uncer-
tainty, optimal robust PID controllers are designed
using the proposed procedure for the UAV nonlinear
dynamics of the roll and lateral channels. In Fig. 7
and Fig. 8, the roll and course angles and the control
signal for designed optimal robust PID controllers are
shown with the “systune” command and the first and
second stages of the proposed time domain method.
In Table III, the values of the PID controllers para-
meters for the internal and external loops of the first
stage (SM#1) and second stage (SM#2) of the sug-
gested approach and “systune” command are dis-
played. It is also observed that the parameters ob-
tained in the second stage of design are not signifi-
cantly different from that of the first stage. Simula-
tion results are very similar to each other using pa-
rameters of robust PID controllers for the first and
second stages of the proposed method. This confirms
the effectiveness of the suggested approach.

TABLE III. PARAMETERS OF PID CONTROLLERS WITH
PROPOSED METHOD AND “SYSTUNE” COMMAND

Method SM#01 SM#02 “systune”
o 1.3276 1.2464 0.9498
K, 1.8707 1.7469 2.8841
K, 0.0083 0.0078 0.1318
K, 1.3868 1.3017 1.0759
K, 0.0066 0.0062 0.0012
K, 0.0181 0.0229 0.0000

In Fig. 9, the roll and course angles and the control
signal are shown for optimal robust PID controllers
designed with the “systune” method. It is worth not-
ing that the design parameters in a two-step method
of adjusting the parameters of robust PID controllers
include the weighting, the model reference time
response of the course angle and the optimal input
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signals for course angle reference signal and distur-
bance. It is possible to achieve optimal design by
using the nonlinear model in the two-stage method
for robust PID controllers design. In the first stage,
the controller is designed by fixing the aerodynamic
coefficients with low sensitivity, so the number of the
combinations for the lower and upper limits of the
uncertain aerodynamic coefficients is decreased. It is

worth noting that the aerodynamic coefficients C,

and C, are usually ignored. As a result, the optimi-

zation problem accelerates 16 times. As can be seen,
the values of the derivative parameters of the de-
signed controllers are very small and close to zero
with both methods. It is worth noting that in practice,
for the following reasons, the PI control is also used
instead of the PID:

1) Due to the damping of the system, PI control-
lers are usually sufficient in practice.
2) The derivative part of the PID controller can lead
to an increase in the control signal and the sensitivity
to noise. this can damage the actuator.
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Fig. 7. Roll and course angles and channel signal
for the nonlinear uncertain model with optimal robust PID
controllers with the parameters obtained by the first stage
of the proposed method
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Fig. 8. Roll and course angles and channel signal for
the nonlinear uncertain model with optimal robust
PID controllers with the parameters obtained by the second

stage of the proposed method
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Fig. 9. Roll and course angles and channel signal for the
nonlinear uncertain model with optimal robust PID
controllers with the parameters obtained by
the “systune” command

VI. CONCLUSIONS

A two-stage approach was proposed to design and
optimize the parameters of robust PID controllers for
the nonlinear uncertain dynamic model of the UAV
based on nonlinear optimization in the time domain.
In order to improve and accelerate nonlinear
optimization, in the first stage, nominal values of
aerodynamic coefficients with the low-sensitivity
were used. For the uncertain nonlinear roll and lateral
model of the Skywalker X8 flying wing, the robust
PID controllers were designed based on the
optimization of the criterion function to minimize the
disturbance effect on the roll and course angles, the
control signal, rate of the control signal and the
tracking error of the course angle. The optimization
of the criterion function was based on the nonlinear
simulation of the roll and lateral channels. To reduce
the effect of noise measurement, low pass filters were
used in closed-loop system modeling. The Matlab
command “systune” also was used to design robust
PID controllers. Parameters of the robust PID
controllers and closed-loop nonlinear simulation
results were presented for the designed robust PID
controllers.
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