N
N

N

HAL

open science

On Generalized Homogenization of Linear Quadrotor
Controller

Siyuan Wang, Andrey Polyakov, Gang Zheng

» To cite this version:

Siyuan Wang, Andrey Polyakov, Gang Zheng. On Generalized Homogenization of Linear Quadrotor
Controller. IEEE International Conference on Robotics and Automation (ICRA)., May 2020, Paris,

France. hal-02877399

HAL Id: hal-02877399
https://inria.hal.science/hal-02877399

Submitted on 22 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-02877399
https://hal.archives-ouvertes.fr

On Generalized Homogenization of Linear Quadrotor Controller

Siyuan Wang, Andrey Polyakov, Gang Zheng

Abstract— A novel scheme for an ‘“upgrade” of a linear
control algorithm to a non-linear one is developed based on
the concepts of a generalized homogeneity and an implicit ho-
mogeneous feedback design. Some tuning rules for a guaranteed
improvement of a regulation quality are proposed. Theoretical
results are confirmed by real experiments with the quadrotor
QDrone of Quanser’ ™,

I. INTRODUCTION

Homogeneity is a kind of symmetry when an object (a
function, a set, etc.) remains invariant with respect to a class
of transformations, called dilations. For example, a symmetry
of a function f with respect to the uniform dilation of its
argument x — e®x, where s € R is the scaling parameter, is
known as standard homogeneity. Any standard homogeneous
function f is characterized as follows f(e’z) = e f(x),
where a constant ¥ € R is called homogeneity degree. If
we change the dilation rule then another (a generalized)
homogeneity can also be defined [1], [2]. In this paper we
deal mainly with the linear dilation [3] given by 2 — e%a%z,
where x € R”, s € R and Gq € R™*" is an anti-Hurwitz
matrix.

All linear and a lot of essentially nonlinear models of
mathematical physics and mechanics are homogeneous (sym-
metric) in a generalized sense [4], [S]. Homogeneous models
are utilized as local approximations of control systems [1],
[6] if, for example, linearization is too conservative, non-
informative or simply impossible. Many methods of both
linear and nonlinear control theory can be applied for analy-
sis and design of homogeneous control systems (see [1], [7],
[2], [8]1, [9], [3], [10] and references therein). Homogeneity
allows faster convergences [8], [11] and improves robustness
properties of the system [6], [9].

Quality of any control system is estimated by many
quantitative indexes (see e.g. [12], [13], [14]), which reflects
control precision, robustness of the closed-loop system with
respect to disturbances, energetic effectiveness, etc. A well-
tuned linear controller, such as PID (Proportional-Integral-
Differential) algorithm, guarantees a good enough control
quality in many practical cases [12]. However, the theory
of linear control systems reaches its peak and the further
improvement of control performance using the same linear
strategy looks impossible. Being a certain relaxation of
linearity, the homogeneity could provide additional tools for

The authors acknowledge the support of CSC Grant, CPER DATA and
ANR DIGISLID, ANR-18-CE40-0008. The second author also acknowl-
edges the support of the Government of Russian Federation (Grant 08-08).

S. Wang, A. Polyakov and G. Zheng are with Inria Lille-Nord Eu-
rope, 40 av. Halley, Villeneuve d’Ascq, 59650, France {Siyuan.Wang
(Andrey.Polyakov,Gang.Zheng) @inria. fr} A. Polyakov
is also with ITMO University, Saint-Petersburg, Russia.

improvement of control quality. The main goal of the paper is
to develop a scheme for an “upgrade” of a linear controller to
a generalized homogeneous nonlinear one with a guaranteed
improvement of regulation precision and to demonstrate its
efficiency on real experiments.

Notation: R is the set of real numbers, R, = {z e R:z >
0}; || - || is a norm in R™; diag{A;}?_, is the diagonal matrix
with elements \;; P > 0(< 0,>= 0,=< 0) for P € R"*"
means that the matrix P is symmetric and positive (negative)
definite (semi definite); A\p,in (P) and Ayyq. (P) represent the
minimal and maximal eigenvalue of a matrix P = PT; for
P > 0 the square root of P is a matrix M = P2 such that
M? = P; a continuous function ¢ : R, — R, belongs to
the class K if it is monotone increasing and o(0) = 0.

II. PRELIMINARIES
A. Generalized Homogeneity

As explained in Section I, the homogeneity is a symmetry
of an object (e.g. a function) with respect to a group of
transformations, called dilations. In the general case, instead
of the uniform dilation of an argument x — e’x,x € R", s €
R we can consider a non-uniform one

r—d(s), zeR",seR

where d(s) € R"*™ and s € R is a parameter of the dilation.
To be a dilation, the family of operators d(s) must satisfy
some restrictions [15] like: 1) d(0)x = z; 2) ||d(s)z| — 0
as s —» —oo; 3) ||d(s)z|| = +o0 as s — +oo, for z # 0.

In [16], [7], [2], the dilation d is suggested to be generated
as a flow of a C! vector field v : R™ — R". Such a dilation
d(s) is known as geometric dilation [7], [2]. In this paper we
deal only with the so-called linear geometric dilations, which
require the vector field v to be linear, i.e. %d(s) = Gad(s),
where Gq € R™*™ is an anti-Hurwitz matrix. The matrix G g
is called a generator of the dilation. The dilation d in this
case is given by the matrix exponential

d(s) = eCo* = 32, ()

=e - i=0" 41

The dilation d is said to be monotone if d(s) is a strong
contraction for any s < 0; or strictly monotone if 35 > 0 :

(o)l = sup 18(el < o5+,
z#0

Vs < 0. 2)
Monotonicity of dilation plays an important role for the
investigations of homogeneous geometrical structures in R™
as well as for the analysis of homogeneous control systems.
In a finite dimensional space, any dilation is monotone
and strictly monotone if a norm in R™ is properly selected.



Theorem 2.1: [3] Let d be a dilation in the Euclidean
space R™ with the inner product (u,v) = u' Pv, where
w,v € R, and 0 < P = PT € R" " is a positive definite
symmetric matrix. The dilation d is strictly monotone in R"
equipped with the norm ||z|| = +/(z,z) if and only if the
following linear matrix inequality holds

PGq+GiP =0, P>=0 3)

where Gq € R"™ is the generator of the dilation d.

A dilation allows a new norm-topology to be introduced
using the so-called canonical homogeneous norm [17]. The
function | - ||a : R™ — [0, +00) defined as ||0]lq = 0 and

|z]la = e*, where s, € R : ||d(—s,)z| =1, )

is called the canonical homogeneous norm.

Obviously, ||d(s)z||a = €®||x||a and ||z||la = || — z||a for
any x € R™ and any s € R. The homogeneous norm defined
by (4) was called canonical since it is induced by a canonical
norm | - || in R™ and ||z|la = 1 < ||z|| = 1. Notice that for
d(s) = e® the canonical homogeneous norm || - || coincides
with the norm || - || on the whole R™.

The monotonicity of the dilation group guarantees that
the function | - ||q is single-valued and continuous at the
origin [3]. Moreover, if the norm in R" is defined as
|z]| = VaT Pz with P € R™*" satisfying (3) then || - ||q is
continuously differentiable outside the origin

= ||z 2"d" (= In|z]la)Pd(—In [z]a)
dzTdT (= In[z]la)PGad(— In [z][a)z’

Allzlla z#0. (5)

It is well known (see e.g. [18]) that the norm |lz| =
VT Pz is a Lyapunov function for any stable linear system
&z = Az, A € R™ ™ Tt is expectable that the canonical
homogeneous norm would define a Lyapunov function for
a class of stable homogeneous systems.

B. Homogeneous Systems

Homogeneity (dilation symmetry) of the vector fields is
given by the following definition, which, originally, has been
proposed by L. Euler in 18th century for the uniform dilation.
The generalized homogeneity is studied in [1], [2], [6], [10].

Definition 2.1: A vector field f : R™ — R" is said to be
d-homogeneous of degree v € R if

f(d(s)x) =e"*d(s)f(x) for seR, xzeR". (6)
A lot of examples of d-homogeneous nonlinear vector fields
can be found in the literature (see Introduction). Obviously,
any linear vector field v — Az, A € R"*" is homogeneous
of the zero degree with respect to the uniform dilation x —
e®x. However, in some cases the linear vector field may be
d-homogeneous of positive or negative degree dependently
of a concrete dilation d. The vector field + — Az with
A € R and z € R™ is d-homogeneous of degree v € R
if and only if [3]

AGq = (vI + Ga)A, (7

where G4 € R"*" is a generator of d.
Homogeneity of a function (a vector field) is inherited by
other mathematical object induced by this function such a

derivatives or solutions of differential equations. If the right
hand side of the following differential equation

€= (6,

is d-homogeneous of degree v then

t>0,f:R" > R" (8)

Td(s)z (t) = d(s)xs,(e”%t), 1 >0

where x,(t),t > 0 denotes a solution of (8) with the initial
condition x(0) = x¢ (see e.g. [3]). The obtained symmetry of
solution implies the fast (finite-time/fixed-time) convergence
properties of the homogeneous systems dependently of the
homogeneity degrees. The next proposition was originally
proven for the weighted homogeneous systems in [11].

Proposition 2.1: [19] If the system (8) is d-homogeneous
of degree v € R and its origin is locally uniformly asymp-
totically stable then 1) for v < 0 it is globally uniformly
finite-time stable, i.e. there exists a d-homogeneous settling-
time function T : R™ — [0, +00) of degree 1, which is locally
bounded and continuous at 0, such that x,,(t) =0, Vt>
T(x0); 2) for v = 0 it is globally uniformly asymptotically
stable; 3) for v > 0 it is globally uniformly nearly fixed-time
stable, i.e. ¥r >0, 3T =T(r) > 0: ||xg, (®)|| <7, ¥Vt > T,
Vry € R™

III. HOMOGENIZATION OF LINEAR CONTROLLER
A. Homogeneous Stabilization of Linear MIMO Systems

Let us consider the linear control system

& = Az + Bu(x), t>0, 9)

where x(t) € R™ is the system state, u : R" — R™ is the
feedback control, A€R™*™, B€R™ " are system matrices.

Definition 3.1: A system (9) is said to be d-
homogeneously stabilizable with degree n € R if there
exists a (locally or a globally bounded) feedback law
u : R™ — R™ such that the closed-loop system is globally
asymptotically stable and d-homogeneous of degree |,
where d is a dilation in R"™.

In [20], it is shown that the system (9) can be ho-
mogeneously stabilized with a degree u #* 0 if and
only if the pair {A, B} is controllable (or, equivalently,
rank(B, AB, ..., A""1B) = n. We refer the reader to [21]
for more details about controllability of linear plants. The
following theorem is the corollary of a more general theorem
proven in [17] for evolution system in Hilbert spaces (see
also [20] for more details about the finite dimensional case).

Theorem 3.1: If the pair {A, B} is controllable and 1 €
[—1,k7Y], where k<n :rank(B, AB, ..., A*"1B)=n, then
a homogeneously stabilizing control for (9) can always be
selected in the form

u(z) = Koz + ||lz| ;7Y X~ 1d(— In ||z|la)z (10)

with any Ko € R™™™ such that Ao = A+ BK is nilpotent,
any dilation d generated by Ggq € R™*" satisfying

AoGd = (Gd + ,U,I)Ao, GgB =8B (11D



and any X € R™*"™ Y € R™*" solving the following
algebraic system

XAJ+AX+Y "BT+BY +XG]+GaX =0, (12)
XG]+GaX =0, X =0,
where the canonical homogeneous norm || - ||a is induced

by the norm ||z|| = VaTX~'z. Moreover, the canonical
homogeneous norm is a Lyapunov function of the closed-
loop system (9), (10) and % ||x(t)[la = —[|= ()| g™
Notice that dependently of the parameter p the proposed
controller guarantees finite-time (1 < 0) or nearly fixed-time
(n < 0) stabilization of the system (see Proposition (2.1)).

The linear control theory uses an integral term in order
to improve robustness properties of a proportional laws.
This scheme works also for nonlinear controllers [22]. An
integrator can be added to a homogeneous feedback [23].

Theorem 3.2: Let Ko € R™*"™ be such that A+ BK,
is nilpotent and an anti-Hurwitz matrix Gq € R™"*" satisfy
(11). Let X € R™™ ™ and Y € R™*"™ satisfy (12) then for
any positive definite matrix Q) € R™*™ the control law

t

u(z) = Kox + up(z) + ({u;(m(s))ds,

13)

with = ||z Y *Y X'z up = 79202 o =d(~lnz]a)z
stabilizes the origin of the system & = Ax+ B(u(z)+p), in
a finite-time time for any constant vector p € R™, where, as
before, the canonical homogeneous norm || - ||a is induced
by the norm ||z|| = VT X1z

Notice that 0.5)\min(P1/2GdP’1/2 + P71/2GEP1/2) <
2T PGaz < 0.5\ max(PY2GqP~Y/2 + P=Y/2G] PY/?) for
z = d(—1In||z|/q)z and, for practical reasons, the integral
part of the above controller can be selected as u; =
—~QB'Pd(—1In||z|lq)z provided that the closed-loop sys-
tem remains stable.

B. From a linear feedback to a homogeneous control law

The PID (Proportional-Integral-Derivative) controller is
the most common linear feedback law for real physical
control systems. In the previous sections we have shown that
homogeneous systems may have faster convergence rates. In
this section we study the question: Is it possible to upgrade
an existing linear controller in order to make a closed-loop
system locally or globally d-homogeneous and to improve
convergence properties of the system? A scheme of the
upgrade must prevent a possible degradation of the control
quality allowing only its improvement.

Let us consider again the linear system (9) and assume
that some linear control law

Ulzn(x) = Klinxv Klin S Rnlxna HARS R"”
is already designed.

Corollary 3.1: Let the pair {A, B} be controllable and
Ky € R™*™ be such that the matrix Ag = A+ BKy is
nilpotent and Ky, € R™*™ be such that the matrix A +

BKjiy, is Hurwitz. Let Gqg € R™ ™ be a generator of the

dilation d such that (11) holds for p = —1. If a matrix P =
PT € R™ " satisfies the system of linear matrix inequalities

(A+ BKj,)"P+ P(A+ BKyy,) <0
GiP+PGq =0, P=0

then the control u given by (10) with p = —1 and K =
Kiin — Ko d-homogeneously stabilizes the origin of the
system (9) in a finite-time, where || - ||a is the canonical
homogeneous norm induced by the norm ||z|| = vz Px.
Moreover, uin(z) = u(x) for e S={x € R : ||z|| =1}

The latter corollary shows that if a linear controllable plant
is exponentially stabilized by means of a linear feedback
then it can also be homogeneously stabilized by means
of the control (10) using the gains of the original linear
controller. These two controllers are coincide on the unit
sphere T Pz = 1. Notice that the corresponding sphere can
always be adjusted (if needed) by means of a variation of P
satisfying (14).

Let the saturation function sat, ; : Ry — R be given by

(14)

b if p>b,
satg p(p) = p if a<p<b, pER,. (15)
a if p<a,
Let us consider the control law
Ugp() = Kox + Kd(—Insat, p(||z|la))z, (16)

where d, ||z|la, Ko and K = Kj;,, — Ko are defined in
Corollary 3.1. From (15) we conclude that

u1,1(x) = Kjinz and ug 4o0(z) = Koz + Kd(—In ||z]|q)z.

In other words, the pair a € (0,1] and b € [1,+00)
parameterize a family of nonlinear controllers which has the
linear and homogeneous feedbacks as the limit cases.

Notice that for b = 1 the controller (16) coincides with
the linear controller outside the unit ball 2" Pz > 1 and
the gains of the linear controller are scaled by means of a
dilation d only close to the origin, i.e. for 2T Pz < 1.

The following scheme for an “upgrade” of linear control
to nonlinear (locally homogeneous) one can be suggested:

e Select any Ky € R™*" such that A+ BKj, is nilpotent.

o Find a symmetric matrix P = P satisfying the in-

equalities (14), which is required to define the canonical
homogeneous norm || - ||q.

e Select a = b =1 (i.e. we start with a linear controller).

e Increase b > 1 and decrease o < 1 while this improves

a quality of the control system.

Theoretically, an improvement of control quality (e.g.
faster transition) follows from Proposition 2.1. However, the
proof is model-based, but any model of a system is just
an approximation of the reality. In practice, a difference
between a model of dynamics and a real motion of the
system may not allow to realize all theoretical properties
of the closed-loop system or, even more, it may imply a
serious degradation of some performance indexes, which
characterize the control quality. The tuning of parameters
a and b suggested above is required to guarantee that the
nonlinear control always has a quality which is never worse
than the original linear one. It would allow a control engineer



to prevent any possible degradation of the control quality
during the nonlinear “upgrade” of a linear control system.
In Section IV we will illustrate the presented scheme on a
real experiment with a quadrotor.

Notice that if the gains of the linear controller are already
optimally adjusted, then improvements provided by homo-
geneous controller could not be huge and the parameters a
and b could, possibly, be close 1 in this case.

C. On digital realization of implicit homogeneous feedback

It is important to know whether the proposed nonlinear
homogeneous algorithms remain stable in the case of their
implementation in a digital controller.

Theorem 3.3: If all conditions of Theorem 3.1 are fulfilled,
then for any fixed v > 0 the closed d-homogeneous ball
|z|la < 7 is a strictly positively invariant compact set' of
the closed-loop system (9) with the linear control

u(z) = Ko +r' ™ Kd(—Inr)z. (17)

We skip the proofs of all claims due to space limitations.
Now we assume that the value ||z(¢)||a can be changed
only in some sampled instances of time and let us show the
corresponding linear switched feedback robustly stabilize the

perturbed linear system.

Corollary 3.2: If 1) all conditions of Theorem 3.1 are ful-
filled; 2) {t; j:g is an arbitrary sequence of time instances
such that 0 =tg < t; <to < .. and lim;, o t; = 400;
3) w is a linear switched control of the from

u(e(t))=lz(t:)lg"™ Kd(=In |lz(t:) |a)e(t), L€ [t tirr) (18)

then the closed-loop system (9) is globally uniformly asymp-
totically stable.

The linear switched control (18) is obtained from the
nonlinear homogeneous one. It can be utilized, for example,
in the case when the control system is already equipped with
a linear (e.g. analog) controller allowing a dynamic change
of feedback gains with some sampling period.

According to the above corollary, the proposed sampled-
time realization of the implicit homogeneous controller guar-
antees asymptotic stabilization of the closed-loop system
independently of the dwell time (a time between two sam-
plings). However, without any assumption on the dwell-time
we cannot estimate the convergence rate of this system.
Obviously, if the dwell time tends to zero, the convergence
rate tends to the rate of the original homogeneous system.
For more details about approximation of the canonical ho-
mogeneous norm we refer the reader to [19].

IV. EXAMPLE: AN “UPGRADE” OF A LINEAR
CONTROLLER FOR Q-DRONE QUANSERTM

A. Model Description

The dynamic model of quadrotor has been well estab-
lished in the previous research [24]. The dynamic model of
quadrotor might be expressed in three different frames: the
inertial, horizon and body frame, denoted by I, H and B

TA set € is said to be a strictly positively invariant for a dynamical system
if z(to) € Q= z(t) € [Q,t > to, where z denotes a solution z of this
system.

respectively. Frame I and B are depicted in Fig. 1 (left). The
frame H is illustrated in Fig. 1 (right). Precisely, the body
frame is attached to the mass center of quadrotor. Based on
the horizon frame, a rotation about the y axis by roll angle
¢, followed by a rotation about the new interim x axis by
pitch angle 6 establish the body frame.

Fig. 1.

Quadrotor coordinates and the horizon frame

In this paper, the hub forces, moments and Coriolis Force
are considered as disturbance [24]. Therefore, the thrust force
(Fr) and the gravity (mg) are two main forces to result in the
quadrotor’s motion. The thrust force is perpendicular to the
quadrotor’s main body plane (along the body frame z axis).
The linear acceleration of quadrotor in different frames can
be projected to the horizon frame by using roll ¢, pitch 6
and yaw 1, which is 7@ = # RgBad — " R;!§7, where

o
1

9]

[ cosf® sinfsing sinfcosep costy —siny
HRp = 0 cos ¢ —sing | ;HR; = |sing cosyp 0
|—sinf cosfsing cosfcos¢ 0 0 1]
Thus
Aoy [ cos® sinfsing sinfcosg] = [0 cosy  sing 0] 7 [0]
jl| = 0 cos ¢ —sing 0| —|—siny cosyp 0O 0
Z |—sinf cosfsing cosfcose % 0 0 1
which yields the following nonlinear model [24]:
T % sin @ cos ¢
Hg = |yl = —LL ging (19)
3 Fr —
z "L cosflcosp —g
Horg
where [ i ] represents the linear accelerations in horizon

frame. The Euler equation Jw 4+ w X Jw = 7 leads to the
following three angular motion equations [24]:

$=1-m; O=1m d=1m (20)

where I, I, and I, are the principle roll, pitch and yaw
moments of inertia. 7, 7 and 73 are the corresponding
applied torques in body frame. To demonstrate the proposed
method of a homogeneous PID controller design, a linearized
model of (19) and a linear PID controller provided by the
manufacturer are required.

B. Quanser platform

The test platform of this paper is Quanser QDrone™
which is a midsize quadrotor equipped with a powerful
onboard Intel Aero Compute Board. The hardware param-
eters of quadrotor (provided by the manufacturer) are m =




1.07kg, the gravity g = 9.8m/52, the motor distance L,,;; =
0.2136m, Lyitcn, = 0.1758m, the roll inertia I, = 6.85 x
10™3kgm?, the pitch inertia I, = 6.62 x 1072kgm?, the
yaw inertia I,, = 1.29 x 1072kgm?, The thrust coefficient
k = 1.93 x 10’8ﬁ, the drag coefficient ¢ = 0.26 x
10_9%. The position and linear velocity are measured
by OptiTrack™ and computed on board respectively. The
angle rate are measured by IMU and the attitude angle are
computed from the measurement of IMU.

C. Linear and homogeneous controllers
A linearized model of (19) and (20) is given by:

Ay %sin@cosd) g0
Hg— || = —Ir ging ~ | —go (21)
Z %cos@cosqﬁ—g %—g

where Fr is assumed to be close to mg and the an-
gle 0,¢ are assumed to be close to 0. Denoting ¢ =
(z,y,2,9,0,—,0,—¢) " from (21) and (20) we derive
. 0 w
E=ack (§) ),
B
where u; = Fp —mg, ug = 7y, Uz = To, Ug = T3

38 6 iy 0
— g — (10 — Tyy
A= 00 0 E J° E _(01)’ b= OIL ’
00 0 0 low

(22)

The PID controllers provided by Quanser are of the
following form:

u :KZ(§)+/K4zdt, (1) = K¢, wa=Ky (%)

with the parameters (provided by the manufacturer)

Ky =[-059 011 K,=[-35 —14],K; =4

—-145 0 —-1.8 0 —0.16

_[—291 O 0
KC - [ 0 -353 0 -—-1.76 0 =225 O —0.20] '

The same gains are utilized for homogeneous controllers
of the form (10) and (13). Each linear subsystem in
(22) is d-homogeneous of degree —1 with respect to
the dilations: d;(s) = diag{e?*E,e**E,e**E,e*E} and
da(s)diag{e?®,e®}, s € R. Therefore, the linear terms Koz
in (10) can be omitted.

In our test, the deduced nonlinear homogeneous con-
trollers are implemented with the following parameters: a; =
0.6, ay, =0.65, and a, = 0.3 and bs = by, = b, = 1.

D. Experiment results

In the experiment we compare Quanser’s linear PID
controller with the homogeneous PID controller obtained
from the linear one by means of a generalized homogeneous
dilation. The experiment consists in the sequential set-points
tracking. The reference positions to be tracked are defined
in initial frames as follows: [z,y,z,%] = [0,0,0,0] —
[0,0,0.4,0) — [0.2,0,0.4,0) — [0.2,0.2,0.4,0] —
[0,0,0.4,0] — [0,0,0.018,0].

Fig. 2 depicts the position tracking trajectory in x, y, z and
1) variables, respectively. It is easy to see that the nonlinear

0.251 —Ref x
0.22 )
L ——Linear PID
02 | —H PID
0.21 lomogeneous
0.15F @
£ o1
x 0.19
0.05F 28 29 30)
0 A
0.05 . . . . . . . . )
0 5 10 15 20 25 30 35 40 45
time (s)
0.251
0.205 —Refy
0.2+ ——Linear PID
—Homogeneous PID|
0.15F
B
= 0.1r
0.195
> 2
0.051
ok
0.05 . . . . . . . . )
5 10 15 20 25 30 35 40 45
time (s)
——Refz
051 —Linear PID
—Homogeneous PID
0.4r T
~0.3F
E 0.41
Noat
0.4 Mt
01F e e N\
0.39
1 29 30 31
0 | | ] | | ? |
0 5 10 15 20 25 30 35 40 45
time (s)
0.03¢ %107 —Refy
1 — Linear PID
0.021 o —Homogeneous PID|
g 0.011
=
g or
0.01F
0.02 . . . . . . . . )
0 5 10 15 20 25 30 35 40 45
time (s)
Fig. 2. Quadrotor position tracking comparison in z, y, z and @

TABLE I
MEAN VALUE OF STABILIZATION ERROR

[ L2 Error (m) [ Linear [ Homogeneous [ Improvement |

errorz|| L, 0.0234 0.0138 41%
errory|lr, 0.0081 0.0028 66%
errorz||L, 0.0313 0.0071 77%
errory|lL, | 0.0036 0.0022 38%

homogeneous controller proposed in this paper has a faster
response and a higher precision.

Table I compares the least square stabilization errors(Ls-
error) in the steady states. We define that the steady state
starts ~ 2.5 sec after the set-point assignment and ends
at the time instant when the new set-point is assigned.
The obtained improvement of the Lo-error is about 40%
and more. The price for this improvement is a bit larger
energy consumption. To estimate the energy consumed by



the controller we use the Lo norm of system inputs. The
difference between these norms for Quanser PID controller
and the homogeneous controller is about 0.5%, i.e., the
proposed homogeneous controller consumes only 0.5% more
than the Quanser PID controller, but it can improve at least
40% precision.

The robustness of the proposed homogeneous controller
with respect to the variation of the load is also compared. For
this purpose, we added manually an additional load around
0.5kg (= 50% of the quadrotor’s mass) on the body of
quadrotor during the flight. The results of the robustness
tests for linear PID controller and homogeneous one are
presented in Fig. 3 and Fig. 4 respectively. It is clear that
the homogeneous PID is more robust with respect to the
load variation than the linear PID controller provided by the
manufacturer.
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Fig. 3. The response of linear controller to the load disturbance
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Fig. 4. The response of homogeneous controller to the load disturbance

V. CONCLUSION

In this paper, a simple scheme for an “upgrade” of a linear
controller to a nonlinear homogeneous one is developed. The
nonlinear controller uses the feedback gains of the linear
controller and scale them in a generalized homogeneous way
dependently of the norm of the system state. The generalized
homogeneous systems are known to be more robust and more
fast than linear ones. Theoretical results have been supported
with real experiments for quadrotor QDrone of Quanser”? .
The linear controllers provided by the manufacturer have
been “upgraded” using the proposed method. The control
precision has been improved for more than 40% by only
increasing 0.5% energy consuming. The robustness with
respect to the external disturbance is improved as well. It
is worth noting that the methodology for the “upgrade” of

the linear controller is rather universal, and it can be utilized
for many real control systems.
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