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Setting the PID Controller for Controlling
Quadrotor Flight: a Gradient Approach
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Abstract— The paper deals with the design of an autopilot
for a quadrotor based on a PID controller. A mathematical
description of the control object in form of the system of
second-order differential equations is also presented. Setting
the parameters of the PID controller is an iterative procedure,
The paper investigates three optimal tuning algorithms based
on minimizing the quality integral: coordinate descent,
gradient descent, and steepest descent. During the research, a
number of advantages of the gradient search algorithm are
established. Gradient search is used as the main design
method; on its basis, the autopilot model is synthesizing. Some
simulation results are presented, which are confirmed by the
Simulink autopilot model.

Keywords—PID controller, unmanned aerial

vehicle,
controller setting, Quadrotor, optimization, gradient

. INTRODUCTION

Currently, there has been an extraordinary activity in
research into the governing of unmanned aerial vehicles
(UAVs) with a multi-rotor design. Interest in the study of
these means is explained by the increased capabilities of
microelectronics and their exceptional characteristics of
maneuverability. UAVs of this type have the properties of a
helicopter design, namely, vertical takeoff and landing, as
well as hovering in the air for the required time. In addition,
unlike helicopters, they are able to dramatically change
course without additional time spent on turning the aircraft.

These capabilities proved to be useful in military matters
for solving reconnaissance and guidance problems, are
widely used for carrying out high-quality photography and
filming under the necessary angle, and are also useful for the
delivery of small loads, monitoring of road traffic, a state of
supply electricity lines, etc.

II. RELATED WORKS

To control an unmanned flying object with four rotors
with a vertical take-off and landing (VTOL) with four rotors,
known as a quadrotor, the most commonly used proportional-
integral-derivative (PID) regulator [1]-[8]. The development
of a PID regulator for stabilizing motion is described by Salih
et al [1]. The authors propose quadrotor stabilization with the
help of four PID controllers, on¢ pair is independent
regulators used to stabilize the flight and roll heights, another
pair of regulators combined (on one chassis) to stabilize the
yaw and pitch of the aircraft. The simulation was carried out
using the Simulink tools of the Matlab package.

The design of a reliable PID controller for high-order
systems, using the example of an unmanned aerial vehicle, ts
presented by Kada et al [2]. The developed methodology
combines an insensitivity reaction, reliable control, and

90

methods for reducing models to increase the perforn
and reliability of the PID controller under conditior
parametric uncertainty. The approach is based on the u
the settings to a single cascade gain, which allows
authors to obtain a practical method for tuning the
controller. :

The SISO method for controlling, stabilizing
suppressing the interference of the quadrotor ratio subsy
was developed by Bolandi et al [3]. The PID controll
synthesized analytically for the desired response of
closed loop. The performance of the constructed co
structure is estimated by factors in the time domain, su
overshoot, settling time and an integrated error index
reliability. A comparison is made between the devel
controller and the controller used in the basic quad
model.

A comparison of the different types of controllers
can be used to control the quadrotor is presented by Arge
et al [4]. In this paper, the PID [TAE, LQR regulator,
PID are compared with the LQR loop, tuned to the
performance of the dynamic platform. The results prese
by the authors concern only the control in the vertical pla

A simulation study of a PID controller and a li
quadrature regulator (LQR) under noise conditions to s
the stability of a hexacopter relative to the terrestrial fi
using the LabVIEW software package is presented
Ibrahim et al in [5]. The authors have established
advantages of optimization techniques for constructir
controller based on solving a linear quadratic problen
similar conclusion was obtained in [6] for the synthesi
the effective ship's autopilot when comparing the
controller and the time-optimal regulator.

The construction of an aircraft with 11-optimal digital
type autopilot is presented Zhiteckii et al in [7]. The autoj
consists of two regulators P and PI-type, which are cowt
by feedback on position and speed. The parameters of
regulators are found in the condition of ensuring the stab
of the autopilot. The approach allows providing rol
control under conditions of the uncertainty of parametric
nonparametric type.

A complete mathematical model of the quadroto;
presented in [8]. The quadrotor model is described b
system of second-order differential equations in Carte:
and Eulerian coordinates. The model is approved
longitudinal and lateral movement.

In this paper discusses the problem of synthesizing |
coutroller to govern the UAV to supply the desired respo
of object control on position and velocity in the parame
and nonparametric gust.

978-1-5356-5569-7 18,/$31.00 © 2018 IE



STATEMENT

JAV in the Earth's inertial coordinate
| ewmsidered. We also introduce a
W-frame) associated with a flying
ed to the center of gravity of
ooardinate system is given by the
Y, 2)', Fig. 1.

mertial and angular coordinate systems associated with UAVs.

e angular position of the aircraft in relation to the
I coordinate system is determined through the angular
£ = (o, 0, )", where the angles ¢, 8, y denote roll,
yaw, respectively, the angles ¢, O are in the interval
w2{, and yel-n; =[.

: also introduce the vector of linear velocities of the
Lobject ¥ =(V,.%,,7,)" =(&,5,2)", and the angular

y vector Q = (Q¢,QB,QV )T =(¢,9,y)". Then, using
sults of [8], the generalized system of differential

ms describing the linear and rotational dynamics of
ttrol object can be represented in the form

ml Of|V
' 0 JHQ‘*

equation (1), m is the mass, JeR™ is the inertia
.JeR*? is the inertia of the rotor, F is the total force,
is the total moment acting on the center of mass of
ng object.

Qx IQ O

QxmV|_|F
=yl

tlecting the small values of the components of the
- forces operating at the aircraft, we write the total
then moving in the vertical plane in the form

0
0.

—g

F= @)

us also write down the forces of the total forces u,
~hich ensure the movement of the aircraft, providing
1al movements

M +M,~M,-M, =k|le +kJQ§ —k4Qi—sz§,(3)
=M, - M, =kqni"kzgi? 4

uy = M, - M, =k Q — Q. 5

In equanens (3) — (5) & is some proportionality
coefficient thar relates the moment to the angular velocity
;. In more detail, the equations of dynamics describing the
translational motion of a UAV are of the form

asm=Q—;’—’)é(r)wo—if—éa)ﬁﬁuz(z), ©)

'é(z)=—Q“T{Qx;:(tm(r)+§’—¢(r)ﬂ+§u3(r), ™
. 1

TORL0) ®)

- FL(costy)sin@)cos(e) rsinty)sine)) o

m
P (cos(y)sin(8) coszp) ~cos(y)sin(e)) (10)
; TLeos@coste) -

m

In equations (9)—(11) #, is sum of M. Then the dynamics

of the controiled object model described by equations (6)—
(11) can be represented by such a scheme, Fig. 2.

I

a,

;--—D. Ratation »0.y Translation ¥ (0
> ) dynamic dynamic

“, subsystemn _Q subsystem :>
—

Fig. 2. Scheme of quadrotor dynamics.

As an autopilot, consider, typically used to control
moving objects, a PID controller whose output signal is
written as

- 1 de(?)
u(t)—kpe(t)+7;Ie(r)dt+2; -

(12)

where k,, T;, T, are the adjustable parameters of the PID
controller;, denote the transmission coefficient of the
proportional link, and the time constants of the integral and
differentiating link. In the interest of further synthesis, we
introduce the notation for the parameters of the PID controller
g1 =ky, o = UT,, g3 =T then (12) can be rewritten as

de(t)
dt

u(t)=qe(t)+q, Ie(t)dt+q3 (13)

The diagram of the quadrotor dynamics taking into
account the PID controller has the form shown in Fig. 3.

The quality of the control system will be estimated by an
integral index of productivity in the form

I= [ +p,& +p,8 ), (14)
0
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where e, ¢, is the vector of the deviation of the controlled

quantity and its time derivatives, parameters y,, y, are the
weight coefficients specified by the system designer. The
minimum value of the quality index (14) provides the
minimum values of the components of the integrand on the
control interval, which ensures smoothness and time of the
transient process.

whatat Rotatien iy zpz

elf) "o Trumbstion
b dymenic dvvem—"
@?:) rotlers N - P @ - T

Fig. 3. Swucturc of the control system with autopilot based on the PID
controller

The problem of optimal adjustment of parameters of PID
controllers satisfying the minimum value (14) for the control
object, whose dynamics is described by equations (6)—(11),
is set and solved in the paper.

IV. OrTIMIZATION PID CONTROLLER

Setting the parameters of the PID controller is a long
iterative procedure, which does not always lead to optimal
tuning in practice. In most cases, the use of regulators of this
type is associated with a priori uncertainty about the
parameters of the controlled objects. Therefore, in practice,
methods of experimental adjustment of the PID regulator are
used.

In the problem under consideration, we will assume that
the mathematical model of the control object is given, it is a
third-order dynamic object. As in [3], the mathematical
model of the control object is represented by a transfer
function of the form

i
()= e, (15)
s*(Ts+))
assuming that the small delay t, is a presence. In equation
(15), k, T, & are the parameters of the control object
characterizing the gain, and inertia, respectively, s = d/dt is
the differentiation operator.

The search values are the parameters of the PID
controller, so the optimized function is transformed into a

®

I(q)= {€ (@) +ud (Q\+ v,

LN

AU

where q = (g1, g2, Q3)T is the vector of controller parameters.

A. Coordinate descent method

This method allows you to find the direction along
which the optimization criterion decreases most strongly.
The algorithm for changing the values of the adjustable

parameters in the selected direction can be written in
expression

cl(qfi-1])

i

q.{/}=q [1-1]- H{]sign (17)
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where gfl] s the value of the parameter being ac
e My saxp of the algorithm, 4(7) is the magnitude .
step, sigm(-) is the sign function.

The direction of the greatest decrease in the opti

anenon corresponds to the largest values of the con
of the partial derivatives. The algorithm is executed

condition
ar Y
23 (—'} <t
N\ %,
is true,
In expression (18), € is a sufficiently small quant

idea of the algorithm for determining the paramete
illustrated as path 4 in Fig, 4. Letter O is the optimun

2:

q:

Fig. 4. Search paths for optimization algorithms.

B. Gradient descent method

The algorithm for serting parameters, in this ca
defined as follows

ol fi-i-nn )

In accordance with this algorithm, the step of meast
each parameter is made proportional to the correspon
component of the gradient. The stopping criterion is
(17). For the convergence of the algorithm to a |
minimum, the step size should be chosen from condition

ar(a{)) arfali-1))
h&\%\%\—\v\\\ﬂ o oy

a1 (qf!]) ~ erf
oq

When approaching the endpoint, the
reducing, and therefore the determinatiomi
parameters is more accurate. It is the ag
approach. In Figure 4 this search path in
indicated by the letter B.

C. Method of steepest descent

The main idea of this method is w
direction of the fastest decrease of the fune
which a step is taken in the same direction
is determined, and further, a new direction ¢



The following mathematical VI. CONCLUSIONS

This paper presented the problem of PID ocomrofler
design to control the quadrotor system. The parameters of the
PID controller are set from the condition of the munmuom of
—, (21)  the quality functional, the components of which are the
deviation of the output value from the job and its derivarives.
The representation of the quality functional by a dependence
on unknown parameters made it possible to apply iterative
optimization methods.

.- hal (Q)]. 22) During the design, such optimization methods were

studied: the method of coordinate-wise descent, gradient, and
3 steepest descent. Of greatest interest are the methods of
_ serves as the Lagrange multiplier. gradient search, where the direction of the siep at the next
h-step in determining the direction makes the iteration turns out to be strictly perpendicular to the lines of

m too slow, which is its essential disadvantage. For equal values of the quality function.

porithm, the search path of the optimal parameters ¢; The resulting controller was compared to a similar model

ym by the letter C in Fig. 4. built using Simulink. The results of the comparison make it

possible to establish the possibility of applying the tuning

V. DESIGN PID CONTROLLERS algorithm developed in the problems of constructing a

) . quadrotor control system for constructing an effective flying
t the model of the dynamics of UAV in the plane of

ehicle.
ad pitch also, as in [11], be described by a transfer veniele
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