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Abstract. Methods of balance control for a legged robot, the model of which is presented as a two-section 
inverted pendulum, are considered. The following balance methods for humanoid robots are analysed: the 
parallel algorithm of the network operator method; the method of natural synergies; the method of fuzzy 
control, the spherical inverted pendulum mode, a dual length linear inverted pendulum method. The best of 
these methods will be used in the development of the Russian anthropomorphic robot Antares. 

1 Introduction 
The development of walking robots is a process 
consisting of many tasks, among which one of the most 
important is to ensure the stability of the position and 
movement of walking robots. This task is especially 
important in the development of anthropomorphic robots 
that have only two points of support when moving in 
space. 

The balance problem is actual for legged robot. A lot 
of different methods of solving this problem exist for 
robots with different number of legs. There are some of 
them: 

In the paper [1] general Segway model under control 
based on Riccati equation for solving stabilization 
problems of four-legged robot RQuad during of walking, 
running, jumping is used. 

In the paper [2] the transitional process of two-legged 
robot, which begins when the style of move is changed 
from walking to running and conversely is considered. 
Proposed approach based on anthropomorphic 
kinematics provides smooth move speed increase and 
robust movement when transition from walking to 
running appears. 

In the paper [3] the walking control method for 
hexapod robot is considered. This method provides 
robust movements to different sides. 

In the paper [4] modeling of movement for four-
legged robot and visualization of its walking parameters, 
which provide to define main balance problems for 
legged robots, are executed in MatLab, SimMechanics. 

In the paper [5] the planning of humanoid robot 
walking based on solving of contact planning problem is 
described. The results of testing this method on 
humanoid robot HRP-2 is a multi-contact motion by 
relaxing the contacts to occur with any robot and 
environment. 

In the paper [6] an approach for online stabilization 
of anthropomorphic robot walking on uneven surface is 
presented. Robust control design for balance based on 
Zero Moment Point (ZMP), reference map, robust 
trajectories of center of mass are proposed. The result of 
method simulation is stability of walking and decreasing 
of trajectories errors. 

In the paper [7] walking trajectory generation 
method, which includes free leg trajectory and ZMP 
methods, is considered. The method was tested on 
humanoid robot HRP-2. The test results show that 
balance was improved due to changing of ZMP at the 
expense of changing the foot position. 

The purpose of this paper is to analyze methods for 
ensuring the sustainable position and movement of 
humanoid robots in space. On the basis of the analysis, 
the most suitable method will be proposed for the 
subsequent use in the Russian anthropomorphic robot 
Antares (Fig. 1).  

 
Fig. 1. The kinematic model of robot Antares. 
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The robot Antares is unique in that it has two-motor 
knees, which provides larger angles of rotation to the 
engines, flexibility and plasticity of the leg assembly in 
comparison with analogues [8]. The two-motor knee 
greatly complicates the kinematic scheme, so it is 
necessary to carefully select the solutions ensuring the 
stability of the position of this robot [9]. 

2 Analysis of methods to ensure the 
stability of the walking robot  
The result of contemporary balance control methods 
analysis for legged robots is five more perspective 
methods, which are considered in this section. This 
methods formalization, solved problems and necessary 
computing power are analyzed further. 

2.1 The parallel algorithm of the network 
operator method 

In the work [10] for solving the problem of stabilization 
of a bipedal walking robot on the basis of its inertial 
properties, a two-link inverse pendulum model was used 
to represent the robot. The idea of controlling such a 
pendulum lies in the redistribution of the angular 
momentum of the translational motion into rotational 
motion and vice versa. This approach allows reducing 
the moment on the side of the support and to control the 
sign and magnitude of the moment of gravity. The 
authors of the article regard a two-link inverse pendulum 
(shown in Fig. 2) as the control object, the hinge axes of 
which are parallel and allow the pendulum to move in 
the vertical plane. 

 
Fig. 2. Model of a two-link reverse pendulum. 

In Figure 1, l1, l2 is the length of the rods; m1, m2 
are the masses of rods 1 and 2, respectively. The mass of 
each rod is distributed evenly along the entire length. 
The control action is the angle of rotation of the rod 1 
with respect to the vertical β. 

The authors of the article proposed a formula for the 
mathematical model of the research object: 

 =  ( , ) − ( , ) + ст + sin ( ) ++ sin ( ) + + − ( − )   (1) 

where Ms is the moment from the side of the support 
surface; K is the angular momentum; Α, β - angles of 
rotation; Kстα is a constant coefficient of stabilization 
with respect to the angle α. 

The authors of the work assume that the kinematic 
control of the reverse pendulum is carried out by setting 
the desired angle (βd). βd differs from the real angle (βr). 
The dynamics of the actuator drawing the angle β is 
described by the following formula: 

                        = − − +   (2) 

The authors of the paper constructed a pendulum 
model in the state space and carried out a control search 
in the form of u=g(x), which satisfies the constraints u- 
≤u≤u+ and ensures a minimum of functionals. 

            = ∑ х + ∑ х → ,  (3) 

                                 = → ,  (4) 

                – control time = ,  ‖х( )‖ ≤,  , 
where ε is the small positive value, t+ is the maximum 
time of the control process. 

To construct a network operator, the authors 
introduce four finite ordered sets of: the variables 
Х=(х1,…,хp), the parameters Q=(q1,…,qR), the unary 
operations O1=(p1(z),…,pw(z)) and the binary operations 
O2=(х0(z’,z”),х(z’,z”),…,хv-1(z’,z”)). 

A network operator is an oriented graph that 
describes mathematical expressions. The elements from 
sets of parameters Q or variables X correspond to any 
node. A binary operation from the set O2 corresponds to 
any node not being a source. An unary operation from 
the set O1 corresponds to any curve of the graph. 

In this paper, a network operator matrix was used. It 
was constructed using the adjacency matrix of the 
network operator graph to represent the network operator 
in the computer's memory. In the network operator 
matrix, off-diagonal non-zero elements indicate the 
numbers of unary operations, and the diagonal elements 
indicate the numbers of binary operations [11]. To 
calculate the result of a mathematical expression from 
the matrix of the network operator, the vectors of the 
node numbers of the input variables were introduced. 
The search for the network operator matrix was made 
using a genetic algorithm. 

A numerical experiment was performed, as a result of 
which a parameter vector and a network operator matrix 
were obtained. The matrix corresponds to the following 
control law: 

                      y = -x1q1 – x2q2 + x3q3 +x4q4  (5) 
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As a result of using a parallel algorithm for 
synthesizing the stabilization system of a biped walking 
robot by the network operator method, a nonlinear 
control law was obtained with respect to the state 
coordinates, which satisfies the given quality. 

2.2 The spherical inverted pendulum 
mode 

In the paper [12], the spherical inverted pendulum model 
for the biped robot balance control is considered. It 
describes the system using the two rotational degrees of 
freedom at the ankle. 

The authors described an energy-based control 
architecture for push recovery on humanoid robots. The 
idea of this method consists in transforming the SIP 
model into a critically damped system with the use of a 
single tuning parameter. 

A stable walking gate was generated and controlled 
by the SIP model. The authors used the principles of 
passive dynamic walking. The SIP model was described 
as a hybrid dynamic system. Two stages of this dynamic 
system are continuous dynamic model for the single 
support phase and during the exchange of support 
instance and impact of the swing leg. To restore any lost 
energy an internal impulse was used. 

The result of robot walking simulation is the vertical 
motion with the same periodicity as that of the human 
walk. This approach is different in that the motion of the 
CoM is not constrained to a constant height of the plane 
during a single-step motion resulting in a more natural 
overall motion for the entire humanoid body. 

2.3 The method of natural synergies 

The paper [13] considers the possibility of controlling 
the movement of a two-link anthropomorphic robot on 
the basis of coordination of natural synergies. The 
authors explore an approach demonstrating the 
advantages of motor control, which is based on the 
management of their own movements, which is a natural 
synergy. Motions occur along the eigenvectors of the 
dynamic equation of the mechanical system. These are 
combinations of joint angles and moments, which is an 
advantage, since it greatly simplifies the development. 

To analyze the robot's dynamics, its model is 
considered in the form of a two-link reverse pendulum, 
where the upper link represents the body, head and 
hands, and the lower link - legs [9, 14]. In numerical 
calculations, the following parameters of the 
anthropomorphic robot were used: weight - 70 kg, height 
- 170 cm. 

The authors consider the control of the robot motion 
in terms of natural synergies. With the help of the linear 
approximation, it is possible to decompose the motion 
into components directed along two eigenvectors, which 
allows us to derive two scalar equations describing the 
motion of a single-element inverse pendulum controlled 
by its PD controller. 

                         ( ) = ( ), = ,   (6) 

( ) = ( − ) + ( ) − ( − ) −− ( − ) − ( − )  (7) 

In the case of a single-faced inverted pendulum – 
λ = J/mgh, η = T/mgh, 

Si
eig = S/mgh, Vi

eig = V/mgh, where J is the moment of 
inertia of the pendulum relative to the axis of rotation; m 
is its mass; h is the height of the position of the center of 
mass above the axis of rotation; g is the acceleration of 
gravity; T is the total moment of forces (except 
gravitational) relative to the axis of rotation; S and V are 
parameters of the PD controller. 

In the work, stiffness and viscosity matrices were 
obtained in terms of joint angles. The resulting matrices 
are symmetric, but not diagonal. Thus, the authors 
conclude that the management of articular angles 
depends not only on the current values of a given angle, 
but also on the angles in all other joints, which 
determines the implementation of the PD controller, in 
which correction for each degree of freedom is 
determined by the values of the coordinates and their 
derivatives for all degrees of freedom. 

The authors of this article carried out an analysis of 
the stability of control and an experiment on stability of 
the robot PostuRob II, the parameters of which are close 
to human. PostuRob II consists of a body and two legs. 
Connection between the elements of the robot is carried 
out by means of the hip and ankle joints [15]. During the 
experiment, signals from mechatronic sensors of joint 
angles came to the computer in real time. 

The independence of the PD controller of each of the 
natural synergies allowed us to analyze the stability of 
the entire model through a separate analysis of the 
stability of the movement of each of these synergies. 

The parameters of the PD controller have been 
calculated and tested at work. The selected parameters 
provide stability of movements for both the robot and the 
model. Thus, the movements of the lower segment, as 
required, compensated for the displacement of the center 
of gravity associated with the movements of the upper 
segment. 

The study confirmed sustainable management on a 
real robot by the principle of independent control of each 
of the natural synergies with feedback loop parameters 
during a real experiment. 

2.4 A dual length linear inverted 
pendulum method 

In the paper [16] the method for obtaining walking 
parameters for biped robot moving along a slope is 
considered. The authors investigate a strategy to realize 
biped robot walking along a slope, when robot’s centre 
of mass (CoM) is moved up or down during movement. 
This is because the height of the pendulum is kept at the 
same length on the left and right legs. Thus, one of this 
method purposes is to bring the CoM up to higher 
ground. In this method a dual length linear inverted 
pendulum method (DLLIPM) is used. DLLIPM is when 
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a different height of pendulum is applied on the left and 
right legs of a robot. 

As a result of using the method of walking along a 
slope based on DLLIPM and Newton Raphson 
algorithm, symmetrical motions and smooth walking 
trajectories were achieved and the maximum force 
fluctuation was reduced. In the future, the authors will 
expand the concept of DLLIPM for diagonal walking, 
turning on a slope and stairs. 

2.5 The method of fuzzy control 
The method of overcoming the "distance" between the 
theory of adaptive and robust control with the practice of 
its application, based on the transition to multi-
alternative systems, is considered in [17]. 

The ideas of multi-alternativeness have biological 
analogies, defined in W. Ashby’s Law of Requisite 
Variety [18], and also correspond to fuzzy control 
procedures of L. Zadeh [19]. 

The authors regard the inverted pendulum model as a 
typical member of structurally unstable objects. The 
model is fixed on the platform moving in a horizontal 
plane with some friction under the action of the external 
force (Fig. 3). 

 
Fig. 3. Model of a moving platform with pendulum. 

The movement of an unstable object is given as: ( + )x −  (αcosα −  α sinα) = − =  + ( ∙ −  xsinα − α )sign(x)−xcosα + α −  gsinα = 0 , (8) 

where m1, m2 are the masses of platform and inverted 
pendulum, kg; L is the length of pendulum, m; х is the 
coordinate of platform’s horizontal location, α is the lack 
of perpendicularity angle, rad; g is the acceleration of 
gravity, m/s2; ω is the angular rate, rad/sec; µ is a dry 
friction coefficient of the platform; Ffr is the dry friction 
force, N; F is the imposed force to the platform, N. 

For stabilization of the inverted pendulum the authors 
used the structure of the system with a regulator, on 
which the data about object condition is received at the 
input, and at the output - a signal generated into the 
control action on the object. 

For the synthesis of the fuzzy regulator structure the 
authors of this article crate the catalogue (list) of 
linguistic and fuzzy input and output variables of the 
regulator; form the functions of these variables 
attachment; create solving rules of the fuzzy logic output 
determining the object control. 

Multicriteriality is the main feature of creating the 
control algorithm. It is the control of two object 
coordinates, pendulum angular deviation α and the 
position of the platform x by one actuation. Thus, the 
idea of the movement control separation is used: when 
the angle and speed reach small values z1

2 and z2
2, 

platform condition control is being realized. In this case 
the angle and speed control becomes a priority, if α and 
α ̇ go beyond the small range. As a result of applying this 
method, ten fuzzy solving rules were obtained. These 
rules form evident signs and modules for control values, 
which lead pendulum coordinates to desired condition, 
realize forced pendulum angular deviation to desired 
platform movement, lead platform to desired location x0, 
form result control actuation which corresponds to the 
present object state. 

As a result of the solved rules the authors received a 
fuzzy set: 

                             ∗ ( ) =  ∑ ∗ ( )  (9) 

Balance and robust properties of the synthesized 
system were tested on the inverted pendulum model, 
described earlier, with the parameters: m1 = 100 kg, 
m2 = 20...200 kg, L = 5 m, g = 9,81 m/sec2, µ = 0,05, 
where mass m2 changed from 20 to 200 kg. Initial 
pendulum angular position is α(0)=0.2 rad, platform 
position - x(0)=0. 

Stabilization is realized by corresponding platform 
movements. The time of the platform returning to initial 
position after ending of angular stabilization is 35 sec in 
both cases. 

The received results confirm efficiency of fuzzy 
control by using multialternative systems in object 
control problems in critical modes. 

3 Discussion 

As a result, five different methods of balance control for 
legged robots were considered in the research. Also 
during the survey the main parameters, which should be 
taken during kinematic modelling was discovered 
(Table 1). Most of them are generally used for solving 
balance problem of legged robot.  

We reviewed the parallel algorithm of the network 
operator method, the method of natural synergies, the 
method of fuzzy control, the spherical inverted 
pendulum mode and a dual length linear inverted 
pendulum method (DLLIPM).  
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Table 1. General parameters. 

Physical 
parameter 

Symbol Unit 

Body mass m kg 
Body length l m 
Body inertia J Kg*m2

Gravity g m/s2

Friction Ffr N 
Angle β rad 

Turning angle βr rad 
Angular velocity ω rad/sec 

Coordinates x, y m 
 

The robot model was presented as an inverted 
pendulum, which corresponds to an unstable position in 
the space. All the methods were tested on the robot 
model and proved to be efficient. Conclusions and 
summary about analyzed methods are presented in 
Table 2. 

Table 2. The analyzed methods of balance control. 

№ Method Solving 
problem 

Algorithm and 
solving 

complication 
(resources 

consumption) 

Time of 
inverted 

pendulum 
balancing

1 the 
parallel 

algorithm 
of the 

network 
operator 
method 

Balance 
control of 
humanoid 

robot 
walking 

normal 1.6 sec 

2 the 
spherical 
inverted 

pendulum 
mode 

Balance 
control of 
humanoid 

robot 
walking 

normal 2.1 sec 

3 the 
method of 

natural 
synergies 

Balance 
and 

motion 
control of 
humanoid 

robot 
standing 

high 1.2 sec 

4 the 
method of 

fuzzy 
control 

Balance 
control of 
humanoid 

robot 
standing 

high 1.7 sec 

5 DLLIPM Balance 
control of 
humanoid 

robot 
walking 
along 
slope 

normal 1.8 sec 

 
The method presented in [13] was tested on the real 

robot and showed the best balance control of a humanoid 
robot. However, this method is very resource-intensive 
one. It requires a lot of computational capability, so it 

cannot be used in embedded systems such as the 
anthropomorphic robot Antares. Given that, the method 
presented in [10] will be used in the development of 
Antares. This method showed the second result in 
balance control tests. The advantages of the method 
include operation speed; the ability to control the 
moment value of gravity force and to decrease the 
support moment. 

The balance problem for walking legged robots is 
considered. The perspective methods for kinematic 
control are selected. The main parameters influencing for 
stable motion of legged robot are discovered. The future 
work will be related to the integration of the 
programming solutions of balance control method to the 
robotic core of the robot Antares [20-22]. 
 
The presented work was supported by the Russian Science 
Foundation (grant No. 16-19-00044). 
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