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DESIGN OF THE ROBUST PID CONTROL FOR UNCERTAIN
NONLINEAR MODEL OF THE UAV USING ARTIFICIAL GAIN
AND TIME-DELAY MODEL

Estimations of the flight vehicles aerodynamic coefficients through the theoretical, numerical, wind tunnel and
flight-test methods have always errors and uncertainties. Nonlinear dynamics of the unmanned aerial vehicle
due to speed variations, as well as variability and uncertainty of the aerodynamic coefficients can be
considered as an uncertain model. A robust proportional-integral-derivative controller is designed based on
the nonlinear optimization in the time domain for the uncertain nonlinear dynamical model of the unmanned
aerial vehicle. Artificial gain and time-delay models are added to achieve required stability margins as system
robustness during the robust proportional-integral-derivative control design. The aerodynamic coefficients are
divided into two groups on the basis of the output vector's sensitivity to the aerodynamic coefficients.
Nonlinear optimization of the criterion is performed in two steps for the robust proportional-integral-
derivative controller design. In the first step of the design, nominal values are used for coefficients with low-
sensitivity, and upper and lower limits are used only for high sensitive aerodynamic coefficients. In the second
step, the upper and lower limits are applied all of the aerodynamic coefficients to evaluate and re-adjust the
robust proportional-integral-derivative controller parameters. The robust controller is designed for the
uncertain nonlinear roll and lateral dynamic model of the Skywalker X8 flying wing to show the effectiveness
of the proposed method to guarantee the stability margins. In the given example during the design of the robust
controller, with adding of the artificial gain and time-delay model in the control loop the controller parameters
are changed. This regulator increases the phase stability margin by about 10 degrees and the gain stability
margin by about two for the family of the equivalent uncertain linear models.

Keywords: robust proportional-integral-derivative control, unmanned aerial vehicle, uncertain aerodynamic
coefficient, linear and nonlinear uncertain dynamic model, optimization, Simulated Annealing algorithm,

flying wing.
Introduction

Proportional-Integral-Derivative (PID) controllers
are used in a variety of areas such as industrial,
automotive, aerospace, electrical motors, and so on.
More than 90% of the control loops have PID control.

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 control
system. Additionally, in real-world applications, there is
a tendency to use simple controllers such as PIDs and
known structures to facilitate implementation,
validation, and re-tuning,.

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 dynamics, etc. for

implementing. This controller simplification 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 Nichols 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].

In practice, for the design of the UAV control
system, the successful control loop closure is usually
used [5]. However, nonlinear dynamics of the
unmanned aerial vehicle due to speed variations, as well
as variability and uncertainty of the aerodynamic
coefficients, can be considered as an uncertain model [1,
2, 6, 7]. Adaptive, robust mu-synthesis and robust gain
scheduling control methods were applied to the UAVs
[1-3, 8].
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The command “systune” in the MATLAB software
is developed to design the robust controllers with simple
structures such as lead, lag and PID controllers. It can
be used for the uncertain linear dynamic systems [3, 9].

In this research, robust PID controllers are used and
designed 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
optimization 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 considered and
coefficients of the controller are evaluated and re-
adjusted. Simulating Annealing Optimization Algorithm
as a powerful algorithm is used for nonlinear
optimization.

In order to achieve the good robustness of the
single-input single-output systems, the gain and phase
margins are used. Robustness of the multi-input multi-
output systems can be applied through the infinity norm
of the sensitivity and complementary transfer functions
of the closed-loop system [4]. Here artificial gain and
time-delay models (GTDM) are added in the control
loops to achieve suitable stability margins for the
nonlinear UAV dynamic model with robust PID
controllers.

Problem is given in the second section. Robust PID
controller for the uncertain nonlinear dynamic of the
UAV with using artificial GTDMs to guarantee the
robustness is discussed in the third section. Fourth
section presents robust PID controllers and simulation
results for the roll and lateral channels of the Skywalker
X8 flying wing. Conclusion and suggested future works
are given in final section.

Problem statement

The nonlinear dynamical model with the
parametric uncertainty for the UAV can be written
as follows:

X =f(X,P,U,t), "
Y =h(X,P,U,t),

where f and h are non-linear functions, X is the state
vector with ny dimension, Y is the output vector with

ny dimension, U is input vector with ny; dimension, P

is the vector of uncertainty parameters and t is time.

The upper and lower limits of the elements for vector P
are as follows:

pi <p;i <p;{,i=12,..,np, (2)

where np is the number of the uncertain parameters,

p; and p; are the upper and lower limits of the p; .

Robust PID control parameters are tuned for the
nonlinear system with the parameters uncertainty to
ensure robust stability and stability to follow reference
inputs and to reduce the effect of the disturbance and
noise in the presence of control signal constraints, that's
mean:

|U| < UMaX ’ (3)
|U] < Upax.-

Design requirements for the uncertain nonlinear
dynamic model of the UAV include:

1. Good reference tracking: error between reference
signals and their responses must be minimized.

2. Disturbance rejection: effect of the internal and
external disturbances and model uncertainty on the
desired outputs must be eliminated.

3. Minimum energy consumption: angle and rate
limits of the actuator must be considered during the
robust control system design.

Ensuring robustness with the artificial gain
and time-delay model

In order to design the robust PID control, nonlinear
optimization is used as the dual of the system
identification using the output error method. The
Integrated Time-Weighted Square Error (ITWSE)
criterion is applied to tune the robust control parameters
for achieving steady state error for reference signal
tracking and disturbance rejection:

J= 2 Z_S:t(i)x(Ji ).
1, = (Yeu - Y,0) QYo ()-Y,(0) + (4)

+(U0) Ry (U,0)+(0,0) Ry (0,0),

where Ng is the number of the simulation samples, Q
is the diagonal weighting matrix with the ny xny
dimension, Ry; andRy are the diagonal weighting
matrices of the nyxny dimension, Ygp; is the

outputs of the reference model and 2P is the total



Cucmemu ynpagninna ¢ asiayii ma 3ade3nevdeHHi Heumme3oamHocmi

59

number of cases obtained by combining the upper and
lower limits of the uncertain parameters. The reference
model is determined based on the design requirements.

Similar to the system identification problem,
optimal inputs for reference and turbulence signals are
used to obtain rich data for successful nonlinear
optimization and robust control design [10]. Filters with
suitable bandwidth are used to attenuate the effect of
noise. Bandwidth values of the noise filters can be
found with the robust control ones.

Kharitonov’s theorem is applicable for the linear
interval systems but cannot be used for nonlinear
system. If the number of the uncertain parameters is
increased, then the number of their possible
combinations is increased and then the problems of
nonlinear optimization and robust control design
become more difficult and time-consuming for
nonlinear systems. The output vector sensitivity to the
uncertain parameters is used to solve the problem of the
dimension-increasing. Uncertain parameters are divided
into two categories with high and low sensitivity and the
design of the PID control system is carried out in two
steps. In the first stage, only the uncertainty (upper and
lower limits) of the high-sensitivity parameters are used,
and for low sensitivity parameters, only the nominal
values are used. In the second stage of the design of the
control system, the uncertainty of all the parameters is
considered and the design of the first stage is evaluated
and re-adjusted.

Artificial gain and time-delay models are added in
the control loops to achieve appropriate stability margin.
Block diagram of the artificial GTDM during robust

control system design for the uncertain nonlinear model
of the UAV to guarantee required stability margins is
shown in Fig. 1.

Robust PID control
of the Skywalker X8 roll,
and lateral channels

The robust PID control is designed for the
nonlinear dynamics model of the Skywalker X8 lateral
and roll channels Using the proposed method. The
dynamic model of the roll and lateral channels is a non-
minimal phase model. With the presence and absence of
the GTDM in the control loop, the robust controller
parameters are found. A 25 ms time-delay model is used
in the design method with the presence of artificial
GTDM. The roll and lateral model and parameters of
the Skywalker X8 given in [1] are used here. The closed
loop system with GTDM is shown in Fig. 2. The
objective is to track the reference course angle, x and
reject external disturbances effects on the course and
roll (¢ ) angles with suitable stability margins.

The parameters of the robust PID control system for
two design methods are shown in Table 1. The K,
and Kj; values are decreased and K, value is
increased in design with the delay model. In other words,
with this change in the values of the parameters, the
stability margins of the real system (without the GTDM)
with the robust PID controller designed in the
presence of the GTDM are increased.
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Fig. 1. Using of the artificial GTDM during robust control system design for the uncertain nonlinear model
of the UAV to guarantee required stability margins
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Fig. 2. Robust control for the roll and lateral nonlinear model of the Skywalker X8
with parametric uncertainty with artificial gain and time-delay

The values of the stability margins of the real linearized
uncertain system (without GTDM) with the robust
controller designed in the presence and absence of
GTDM are shown in Fig. 3 and Fig. 4. The gain and
phase margins, Ay and ¢py; formulas for the family

of the uncertain linear systems are as follows:

arg| C(jo,)Gi (jop) | = -1 —
1

Agy =———,

M e o,)Gi oy )|

C(jog)Gi(jo)| =1 (5)

opm = £C(jog)Gj(jog )+,
i=1,2,...Np;

where G;(s) and C(s) are uncertain system sample and

b and ®, are the

and gain crossover

control system transfer functions, ®

phase crossover frequency
frequency, respectively.

With the robust controller designed in the presence
of the artificial GTDM, the stability margins of the real
system are increased. The worst case gain and phase
stability margins of the actual system (without the
presence of the GTDM) or robust control designed
(without artificial GTDM) are 6 and 38 degrees,
respectively. While the worst case gain and phase
stability margins of the actual system (without the
presence of the GTDM) for robust control designed
(with artificial GTDM) are 8 and 48 degrees,
respectively.

The simulation results of the uncertain nonlinear
model in the presence of the actuator angle and rate
limits with the robust controller (designed without and

with artificial GTDM) are shown in Fig. 5 and Fig. 6. It
is observed that the uncertain nonlinear system with
time-delay model is unstable for some combinations of
the uncertainty parameters with the robust controller
designed with artificial GTDM.

Table 1

Parameters of robust PID controllers with
and without artificial GTDM in the design

Design without Design with

Method time-delay time-delay
Ko 1.2464 0.9245
K; 1.7469 1.3369
K 0.0078 0.0214
Ky 1.3017 1.4428
K;, 0.0062 0.0001
Ko 0.0229 0.0846

Conclusion

The procedure for designing a robust PID control
of the uncertain non-linear model of the UAV was
presented based on the optimization of the nonlinear
criterion in the time domain. The use of the virtual
GTDM was proposed in the robust control design
process to guarantee the robustness (stability margins)
of the control system.
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Fig. 3. Stability margins for the real linear uncertain
systems (without delay model) for roll and lateral
channels with robust PID controller (designed
without the presence of artificial GTDMs)
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Fig. 4. Stability margins for the real linear uncertain
systems (without delay model) for roll and lateral
channels with robust PID controller (designed
with the presence of artificial GTDMs)

From the sensitivity of the output vector to the uncertain
parameters, a two-stage method for robust PID control

design was

proposed to simplify the nonlinear

optimization problem. The robust PID control system
was designed and simulated for the nonlinear model of
the roll and lateral channels of the Skywalker X8 with
using the proposed method to show the increase in the
stability margins.
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CHUHTE3 POBACTHOI'O NIA-PETI'YJISITOPA JUIA HEBI/I3HAHEHOT
HEJIIHIMHOI MOJEJII BIUIA 3 BAKOPUCTAHHSAM HITYYHOI MOAEJIT
MNOCHUJIEHHA I TUMYACOBOI 3ATPUMKHA

Paxman Moxammaoi @apxaoi, B. I. Kopmynoe

O1iHIOBaHHS aepOAMHAMIYHUAX KOE(II[€HTIB JITATBHUX amnapaTiB 3a JOIMOMOIOI0 TEOPETUYHHX, YHCETBHUX
METOJiB, a TaKO)K B aepoAMHAMIYHiIi TpyOl 1 Ha OCHOBI JILOTHMX BHUIPOOYBaHb 3a3BHYail Ma€ TOMUIKH Ta
HeBH3HaueHoCTi. HemiHiliHa AMHaMika OE3MIIOTHOTO JITAJIBHOIO amnapary 4yepe3 3MiHY MOBITPSIHOI MIBUAKOCTI i
TaKOX HEBH3HAYEHICTh a€pOAMHAMIYHHUX KOE(IIi€HTIB MOXKYTh PO3TJISIATHCS SK HEBU3HaYeHa Mojeib. Ha ocHOBI
HEJHIHHOT onTUMi3alii B THMYacoBiii o0yacti [l HEeBH3HAYEHOI HENiHIMHOI AWHaMiYyHOI Mojeni Oe3MiJIOTHOro
JITaIBHOTO arnapary 0yio po3p06neHo pobacTHMI PONOPLIHHO-1HTErPAILHO-TTOX1THUH PEryJsTop. IHquHl 3MiHH
y MOJEN 3a JIOIIOMOTOI0 TIOCHJICHHS i THMYacOBOI 3aTPUMKHU 3aCTOCOBYIOTBHCS [UIsl JIOCSTHEHHS CTIHKOCTI 1 SIKOCTI
pobactHOi cuctemu. Ha OCHOBI YyTJIMBOCTI BHXIJHOTO BEKTOPY J0 aepOAWHAMIYHUX KOE(IIi€HTIB BOHU IIIATHCS
Ha 1Bl rpynu. HenmiHiliHa onTMi3alisi KpUTepiiB s CHHTE3Y POOACTHOI'O PEeryssiTopa BUKOHYETHCS B JIBA €TAIlH.
Ha mnepmiomy erami mHpoeKTyBaHHS HOMiHAJbHI 3HAYCHHS BUKOPHCTOBYIOTHCS JJIS KOCQIIIEHTIB 3 HU3BKOIO
YYTIMBICTIO, @ BEPXHI 1 HWXHI Mexi BHKOPHCTOBYIOThCS TIIBKHA ISt BHCOKOUYTIHBHX aepoAMHAMIYHHX
Koe(bluleHTlB Ha npyromy erami BepxHi 1 HH)KHI MEXKI1 3aCTOCOBYIOTBCS JI0 BCIX aepOANHAMIYHUX KOE(illiEHTIB ISt
OLIHKK 1 TIOBTOPHOTO HAJAIITYBaHHS r[apaMeTplB poGaCTHoro peryiaTopa. [Ilo6 mokazat e(peKTUBHICTH
3alpOIIOHOBAHOTO METOJNy POOACTHHUH NPONOPIIHHO-IHTErpaJbHO-TIOXITHUN PEryJasTop CHPOEKTOBAHO JUIS
HEBU3HAYCHOI HEJIHINHOT TUHAMIYHOT MOJeTi O1YHOrO KaHajy 1 KaHaly KpeHy jitatouoro kpwia Skywalker X8. 3
BBEICHHSIM Y MOJIENb IITYYHOTO IIOCHJIEHHS 1 TAMYAacOBOi 3aTPUMKHU B KOHTYpP1 YHPaBIiHHS ITiJ 4aC MPOEKTYBaHHS
PpO0aCTHOrO MPOMOPIIHHO-IHTErPATLHO-MIOXITHOTO PEryJsITOpa B BUPIIIYBAHOMY HPHUKIIAAI TAPaMETPH PEryisaTopa
OyJI0 3MIHEHO TaKMM YHHOM, I00 PEryasaTop UIS CiMEHCTBa CKBIBAJICHTHHMX HEBU3HAYCHHX JIIHIHHUX MOJIEIICH
30iblIyBaB 3anac cTiikocti no ¢asi oimsbeko 10 rpamycis i 3amac cTidkocTi o aMIuIiTyl Oim3bko 2 1b.

Karou4ogi ciioBa: pobactHe nponopuiiHO-i1HTErpaibHO-TIOXIHE YIPaBIiHHS, OS3MUIOTHUI JIITaIbHUI amapar,
HEBU3HAYCHHI aepoAMHAMIYHUN Koe(illieHT, JIHiiHA 1 HEeiHIHA HEeBU3HAUCHA NTUHAMIYHA MOJEINb, ONTHMI3allisd,
aJITOPUTM IMITaL] BiiIany, JliTaroue KPHUJIo.

CHUHTE3 POBACTHOI'O IUJA-PEI'YJISITOPA JUIA HEOHPE}IEJIEHHQI?'I
HEJMHEWHOU MOJEJIA BILIA C UCITOJIb3OBAHUEM UCKYCCTBEHHOU MOJIEJIN
YCUWIEHUA U BPEMEHHOMU 3AIEPKKHN

Paxman Moxammaou Dapxaou, B. H. Kopmynos

OueHuBaHye a’poauHaMHUECKUX KOd(MMHUIMEHTOB JETAaTENbLHBIX anmapaTtoB € IIOMOIILI0 TEOPETHUYECKHX,
YUCIEHHLIX METOAOB, a TAKXKE€ B a’dpOAMHAMHYECKOM TPyOe M HAa OCHOBE JETHBIX HCILITAHUHA OOLIYHO HMMEET
OoIMOKK U HeomnpenenéHHocTy. Henunelinasg TuHaMHKa OECIMJIOTHOIO JIETATENILHOrO ammapara HW3-3a U3MEHEHMS
BO3AYIIHOM CKOPOCTH, a TAKXKe HEONPENeAEHHOCTL adpOoAMHAMUYECKUX KOd(DODHUIIMEHTOB MOT'YT PacCMaTPUBATLCS
Kak Heompeaenénnas Moaenb. Ha ocHoBe HETMHEHHON ONTHMH3AIMY BO BDEMEHHOM 00JIaCTH [IJIs HEONPEASIEHHOM
HEJIUHEHHOH JUHAMHMUYECKOH MOJENM OeCIMIOTHOrO JIETAaTENBHOr0 ammapara Obll pa3paboTaH poOaCTHEIM
MIPONOPIIMOHAILHO-UHTErPAILHO-IIPOU3BOIHEIN peryasarop. MCcKycCcTBEHHBIE M3MEHEHHS B MOJEIM J00aBIIEHUEM
YCUJIEHHST K BPEMEHHOM 3a€PKKH IPUMEHSIOTCS ISl JOCTHKEHNS YCTOMYMBOCTH U KAYeCTBa POOACTHOM CUCTEMEL.
Ha ocHoOBe 4yBCTBUTENHHOCTH BBIXOJHOI'O BEKTOPA K a’pOAMHAMHUYECKMM KOd(GGHUIMEHTAM OHM IEIATCS Ha IBE
rpymsl. Henubelnass onTUMA3aIis KPUTEPHS BBITOIHIETCS B [BA dTalla I CHHTE3a podacTHOro peryiusropa. Ha
IIEPBOM OTale IMPOEKTHUPOBAHHMS HOMHUHAJILHLIE 3HAYEHHS HCIONB3VIOTCS IS KOd(hMUIMEHTOB C HHU3KOM
YYBCTBUTEILHOCTLIO, a4 BEPXHHE W HIDKHHE IPENEIbl MCIOIL3YIOTCS TONBKO IS BBLICOKOYYBCTBHUTEILHEBIX
aspoauHaMudeckux KodbduimenTto. Ha BTOpOM »Talle BEpXHHME M HIDKHHE IIPENEIbl IIPUMEHSIIOTCS KO BCEM
adpOAMHAMHUYECKUM KOd(DGHUIMEHTAM U1 OLIEHKH M IOBTOPHOM HACTPOMKH ITapaMeTPOB poOAaCTHOIO peryssTopa.
YrobObl 1moKazaTh dS(MGEKTMBHOCTh MPEAIaraéMoro MeToJa PpoOacTHBIM  IIPOIOPIHMOHAILHO-UHTErPAILHO-
MPOM3BOAHEIN PEryIsATOp CIIPOEKTUPOBAH IS HEONPEACAEHHON HEIMHEMHOW AUHAMHUYECKOH MOMIEId OOKOBOro
KaHaja M KaHaja KpeHa Jeraroniero kpouta Skywalker X8. C BBeneHneM B MOIEIL MCKYCCTBEHHOI'O YCHUJIECHUS U
BPEMEHHOM 3aJepKKH B KOHTYPE VIIPaBJIEHHS BO BpeMs INPOEKTUPOBAHHS pPOOACTHOrO IIPOMOPLHOHATILHO-
HMHTErPAILHO-IIPOU3BOJHOIO PETrYIATOPa B PACCMOTPEHHOM IIPUMEPE MapaMETPLl PETYIATOpa OBUIM H3MEHEHBI
TakuM o00pa3oM, YTOOLI PEryasaTop IS CEMEHCTBA DKBHMBAJIEHTHBIX HEONPEAEIEHHBIX JUHEHHBIX MoeIei
YBEITUUMBAI 3aIlac YCTOMUHUBOCTH 10 (a3e okoio 10 rpagycoB u 3amac yCTOMYHMBOCTH IO aMIUTHTY/E OKoJIo 2 nb.

KiaroueBnple ciioBa:  poOacTHOE  MPONOPIMOHATIBHO-MHTETPaIbHO-TU(PGEPEHIIMATFHOE  YIIPaBJICHUE,
OCCIIWJIOTHBIA JICTATCIBHBIA ammapaT, HEONPEACAEHHBIN a’pOTUHAMUYCCKUN KOI(D(UIIUCHT, JHMHEHHAS U
HEJTMHEHHAs HeonpeaeaEHHas JUHAMHYECKash MOJICNb, ONITHMHU3AIHS, JICTAIOIEE KPBLIO.
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