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Abstract—This research is to solve a problem of 
sustainability of a balancing robot controlled by an artificial 
neural network. The mentioned network acts as a regulator 
and calculates at its output layer a control action for the plant. 
Online training of such a network is necessary to improve the 
quality of the robot control since it changes its parameters or a 
mode of functioning in the course of operation. Implementing 
such training, the question of the learning rate limitation arises 
sharply. It is directly related to the assessment of sustainability 
of the control system under consideration. That is why a 
method based on the second Lyapunov approach is proposed to 
calculate the upper allowable limit of the online learning rate 
for the neural network controller under various conditions at 
each moment of its functioning. This method does not require 
the plant mathematical model. The efficiency of the approach 
is proved by experiments with a real balancing robot based on 
the EV3 platform. 
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I. INTRODUCTION 
Among all the challenges of modern control theory, the 

problems of control and stabilization of mobile robotic 
systems under the conditions of changes of their parameters 
and an environment state are becoming more and more 
actual [1, 2]. This parameters non-stationarity is caused 
either by uncontrolled external disturbances or change of the 
mobile robot electrical and electromechanical components 
parameters during its long-term operation. All such robotic 
complexes can be divided into several groups according to 
the method of movement: wheeled, crawler, walking. As far 
as kinematics is concerned, the most maneuverable and 
simple to implement are wheeled robots with a small number 
of wheels N (in this study N =2). But at the same time, the 
task of their stabilization and position control is very 
complex since there is the need to control several state 
coordinates with the help of only one or two actuating 
mechanisms. 

A great number of control schemes and methods for such 
unstable objects have been developed [3, 4, 5]. In the studies 
[6, 7] a comparative description of the majority of existing 
control algorithms for the considered class of objects is 
given. In most cases, linear quadratic (LQ) and PID 
controllers are used to solve the considered problem. The 
values of their parameters are calculated by optimal control 
methods using the obtained mathematical model of the robot, 
which parameters are constants calculated on the basis of the 

geometric dimensions and weight of the robot itself and the 
nameplate data about the values of the electric motors used 
to rotate the robot wheels. 

As it is mentioned above, the parameters of the robot 
may change their values over time. In particular, considering 
a two-wheeled robotic loader, the weight of the transported 
load may change, as well as, the center of inertia might be 
shifted. All these can lead to a deterioration in the control 
quality or even the instability of the robot. 

Therefore, it is advisable to use adaptive control systems, 
which is able to adjust the parameters of the controller in the 
course of functioning. In general, all such systems can be 
divided into two large groups: classical and intellectual [8]. 

Considering application of the classical adaptive systems, 
it is necessary either to have a reference model or 
permanently repeat the identification procedure for the plant 
using test signals. Both ways are difficult to be implemented 
for an unstable two-wheeled robot. 

The disadvantages of the intelligent control methods, 
which are mostly based on the fuzzy logic and the neural 
networks [7], are as follows. As for systems using offline 
training, there is the difficulty of obtaining a training set 
(either an object model is needed, or samples are formed 
using an existing controller, but that does not allow to 
improve accuracy of the regulator). Considering the fuzzy 
logic, there is the complexity to provide the online 
adjustment of the normalization parameters used for the 
fuzzy controller input and output signals. As for systems 
using the online training, there are no restrictions on the 
learning rate value. Moreover, such systems do not usually 
take into account a priori knowledge of the particular control 
object [7]. Due to these reasons the considered methods can 
be applied to control models of an inverted pendulum, but 
not a real one. However, the neural networks are supposed to 
be the most promising approach because of their ability to 
both approximate and be trained online. 

Having made such an analysis of the shortcomings of the 
existing control methods for the two-wheeled balancing 
robots, we have proposed our own direct neural network 
control algorithm [9, 10]. The network is not trained offline, 
but online at times that are strictly determined by a system of 
rules and restrictions, which takes into account the features 
of the balancing robot operation. A method to adapt the 
controller to the current robot operation mode is also 
proposed. 
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Abstract - The aim of this research is to develop an
adaptive control system of a two-wheeled balancing robot
based on a reference model and the second Lyapunov
approach. Solving this problem, the following questions are
considered: I) a mathematical model of the robot reference
dynamics is developed, 2) using the optimal control theory, a
calculation of LQ controller parameters is made, 3) applying
the second Lyapunov method, an algorithm to adjust the
parameters of such controller is proposed. The step size is
calculated in accordance with the proposed formula and
depends on the current and previous setpoint values of one of
the robot state coordinates. A real balancing robot and its
model are used to conduct experiments, over the course of
which the mass of the robot is increased by several times. The
obtained results show that, despite the robot non-stationarity,
the developed adaptive control system is able to follow the
reference model output keeping the transient quality close to
the desired one.

Keywords - adaptive control system; second Lyapunov
method; two-wheeled balancing robot; LQ regulator

I. [NTROD UCTION

A problem of a two-wh eeled balancing robot control is
considered in this research. Such plants are unstable,
multidimensional, non-stationary and characterized by
several types of nonlinearities [1-3]. These facts are to be
taken into account in order to develop an effective regulator
for such a plant. The existing method s of balancing robots
control, in most cases, are based on an assumption that the
control object linearized model is known, so the regulator
parameters can be calculated using optimal control methods
[4, 5]. Such parameters are not adjusted in the process of the
robot functionin g [6]. These method s guarantee the required
transients quality only in a small neighborhood of a point, at
which the model linearization has been made (in many cases,
this is the point of an unstable equilibrium) [7]. Moreover,
such regulators cannot fully compensate the plant non­
stationarity (the robot mass variation, center-of-gravity shift,
etc.). At the same time, in order to make the balancin g robots
more widespread in people' s everyday life, it is necessary to
guarantee their effective control from the points of view of
transients quality and energy consumption for a wide range
of the robot parameters variation [8, 9].

A possible solution of the problem involved is the
application of adaptive control methods [8]. Having excluded
from consideration approaches supposing that the balancing
robot model and possibl e variations of its parameters are
known , since the identification of such plant in real time is

Financial support for this research is provided by the Russian Foundation
for Basic Research (N~ 18-47-3 10003-r_a).

rather a complex task, methods based on the referenc e model
[10] are analyzed. The balancing robot is initially an unstable
control object , so the main task is to make it stable. In this
regard, the appl ication of the adaptive control method based
on the second Lyapunov approach is supposed to be
promising [II]. Published books and papers having been
analyzed , some works in which the Lyapunov method is
applied to stabilize an aircraft and solve the Wing Rock
problem were found [12, 13].

In this research , the method involved is proposed to be
applied to control the balancing robot. This require s its
adaptation and improvement. In particular, the regulator
obtained in this study is able to control unstable plants . It
adjust s its own parameters in both modes of functioning
(stabilization and setpoint tracking) , while the version from
[12, 13] is able to do that only for the first of them.

The development of such an adaptive controller includes
the following steps: I) calculation of a mathematical model
of the robot according to its known physical characteristics
(model of the robot initial (nominal) state), 2) calculation of
the nominal values of the parameters of the LQ controller for
such model , 3) development of a controller online
adjustment system with an adaptive step size, which depends
on the value of the setpoint. Such system is based on the
Lyapunov method and does not require subsequent re­
identification of the robot. It is described in details in the
following sections.

II. B ALANCING ROBOT D ESCRIPTION

The kinematics of the balancing robot is shown in Fig.l .
Its mathematical model is obtained with the help of the
second Eulerian-Lagrangian method [14]. It is linearized in
the point of the unstable equilibrium and shown as (I).
zl yA
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Fig. I. Balancing robot kinematics.

Full-scale experiments are conducted on the basis of the
LEGO EV3 balancin g robot.
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Abstract—The scope of this research is to compare 
performance of two main methods of feedback linearization of 
plants with internal dynamics for the problem of a two-wheeled 
balancing robot control. The considered methods of linearization 
include: 1) approximate feedback linearization; 2) partial 
feedback linearization with stability assessment of the plant 
internal dynamics using Lyapunov approach. In this case, 
considering both algorithms, pseudo-control signal value is 
calculated by an optimal state controller (linear quadratic – LQ – 
regulator). Experiments with the synthesized nonlinear 
controllers are conducted using the plant mathematical model in 
Simulink and the real LEGO EV3 balancing robot. Experiments 
demonstrate the performance efficacy and the effectiveness of 
both methods of feedback linearization of the plant under 
consideration. Taking into consideration that the aim of the 
future research is to develop an adaptive controller for the robot, 
the approximate linearization method is chosen as the basis of 
such regulator, since the partial linearization approach 
potentially increases its dimension. 

Keywords—nonlinear control; feedback linearization; 
approximate linearization; partial linearization; balancing robot. 

I. INTRODUCTION 

A problem of nonlinear optimal control of a two-wheeled 
balancing robot is considered. Such plants are characterized by 
several types of nonlinearities, which can be found in their 
mathematical description. For an instance, the rising of state 
coordinates to a power, their multiplication and application of 
trigonometric functions to them [1, 2]. However, existing 
methods of control of the balancing robots are mostly based on 
the plant model linearization near a certain point by means of 
Taylor series expansion. This allows to synthesize linear 
controllers like PID and state (linear quadratic – LQ) regulators 
[3, 4], which are able to guarantee the required control quality 
only in some small neighborhood of the linearization point (as 
a rule, it is the point of unstable equilibrium) [5]. At the same 
time, it is known that the application of nonlinear control laws, 
in some cases, allows to achieve both a significant 
improvement of the control performance and the expansion of 
the above mentioned neighborhood around the linearization 
point in comparison with linear regulators [6, 7]. In particular, 
considering the balancing robots, the nonlinear controller can 

stabilize the plant for the high values of a pitch angle, when the 
influence of nonlinearities is great. The aim of this research is 
to develop such a nonlinear regulator. 

A well-known and developed approach to solve the above 
considered problem is to use a transformation known as the 
plant feedback linearization [6, 8]. It implies transition from a 
nonlinear system to an equivalent linear system, written in the 
Brunovsky canonical form [9]. In this case, the original control 
action is replaced by a new pseudo-control, and the state (in 
particular cases – the output) feedback is applied to the plant. 
Under such conditions, a regulator forming pseudo-control 
signal is usually a LQ controller, which parameters are 
calculated for a linearized plant. The resulting control action is 
linear for the system in the canonical form, but nonlinear for 
the initial system. In this paper, the LQ regulator parameters 
are obtained as a result of analytical optimization by solving 
the Riccati equation. 

In some cases, the development of the nonlinear controller 
in accordance with the linearization approaches is complicated 
due to the plant internal dynamics [10, 11]. As a result, the 
feedback linearization splits the differential equations of the 
system into the equations of the external (linearized by 
feedback) and internal (non-linearized by feedback) dynamics. 
In this case, the validity of the obtained linear pseudo-control 
law depends on the stability of the internal dynamics [6, 12] 

Two-wheeled balancing robots belong to a class of objects 
with the internal dynamics [10-12]. There are two main 
methods of such plants feedback linearization. The first is an 
approximate linearization proposed by Kokotovich in [13-15]. 
The main idea of this method is to find some output function 
that depends on state coordinates of the plant and maximizes its 
relative order. Having differentiated the obtained output 
function with Lie derivative, the transformation of the state 
coordinates into the canonical form and the linearization 
control law can be found. The second approach is a partial 
linearization [16], in which the linear controller is calculated 
for the state coordinates describing the linearized dynamics of 
the plant. Asymptotic stability of the control object internal 
dynamics is guaranteed by means of an additional regulator 
developed according to the second Lyapunov method. 

This research was financially supported by the Russian Foundation for 
Basic Research (grant no 18-47-310003-r_a). 
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Аннотация: В работе решается задача управления балансирующим роботом на основе 
применения нейронной сети. Они выступает в роли регулятора и формирует на своем 
выходном слое управляющее воздействие для объекта (напряжения для левого и правого 
двигателей). Оперативное обучение такой нейронной сети необходимо для улучшения 
качества управления роботом в условиях изменения его параметров или смены режима 
работы. При реализации такого обучения актуальным является вопрос о выборе момен-
тов времени, когда оно необходимо, и величины его шага. Именно поэтому в работе бы-
ла рассмотрена проблема выбора предельной скорости оперативного обучения, непо-
средственно связанная с оценкой устойчивости изучаемой системы управления, по-
скольку излишне высокие скорости обучения могут привести к переходу объекта в неус-
тойчивое состояние. В работе предложен подход, основанный на втором методе Ляпу-
нова и позволяющий, не имея модели объекта управления, определять верхний допус-
тимый предел для скорости обучения нейронной сети в текущий момент времени в раз-
личных ситуациях. 

 
 

1. Введение 
 

Ранее, на основе анализа недостатков существующих методов управления двухко-
лесным балансирующим роботом, коллективом авторов данной работы был предложен 
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Введение 

В работе решается задача управления двухколесными балансиру-
ющими роботами. Рассматриваемый класс объектов характеризуется 
неустойчивостью и наличием в математическом описании нескольких 
видов нелинейностей: возведение фазовых координат в степень и при-
менение к ним тригонометрических функций [1]. Кроме того, при при-
кладном использовании подобных объектов возникает изменение зна-
чений его параметров (массы, положения центра масс и коэффициента 
трения колес о дорожную поверхность), что, в целом, и определяет 
необходимость применения адаптивных алгоритмов управления. 

Применяемые на сегодняшний день системы управления баланси-
рующими роботами, а в большинстве случаев это оптимальные LQ-
алгоритмы и ПИД-регуляторы, не способны обеспечить компенсацию 
существенных параметрических возмущений, хотя и обладают опреде-
ленной робастностью по отношению к ним [2]. 

Для решения данной проблемы в работе предлагается система 
адаптивного управления, основанная на втором методе Ляпунова [3] и 
использовании эталонной модели [4]. Для построения такого регулятора 
в исследовании: 1) получено математическое описание эталонной дина-
мики робота (при номинальных значениях его параметров), 2) выполнен 
расчет LQ-регулятора, 3) на основе второго метода Ляпунова разрабо-
тан алгоритм адаптации параметров регулятора, не требующий знания 
значений элементов матрицы коэффициентов усиления объекта. 

Описание системы адаптивного управления 

Полученная в исследовании система автоматического управления 
представлена на рис.1.  

 

 
 

Рис. 1. Структурная схема контура управления 

                                                 
* Исследование проведено при финансовой поддержке РФФИ (грант № 18-47-310003 р_а). 


