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Po3pobneno onmumanvhuii Konmposaep 20-
MIKOCMON06ozo cyznoba Ha 6asi modei,
WO onucye cucmemy GepmuxaivbHOZ0 Oanan-
cy n00unu y 6ionoeidv Ha mani 30ypenns.
3anpononosano memoo onmumizauii eubopy
Mampuyb Ynpasaints wo npuzeooums 0o cma-
Oinizauii 3 epaxyeannam 6umoz Kom@popmmozo
noeepHenHs JHOOUHU 8 NOJIOICEHHS PieHOBAzU,
MIHIMI3AUTT 3YCUNL CUMYNAMOPA UEHMPATLHOT
nepeoesoi cucmemu (I[HC).

3 Memo1o Po3yMinHa Cnocodie Pynxyiony-
eéannn I[HC npoananizoeano pobomy ii 6i0-
dinie, saxi eionosidaromv 3a cmabinizauiro
nocmasu. Ile pooumv moxcausum 3acmocysan-
HA YUX 3HAHL 00 3a0a4i danancy eepmuKanbLHoi
nosu. JJocaiodcenns 00MeNncyemocs 6UBHEHHAM
Qynryionyeanna 20MiaKocmonosozo cyzioba 3
mouxu 30py 1020 6NaUSY HA cMabdinizayilo nou.
Ocnosna uinnicmo po6omu — pospodxa memo-
donoziunoi naam@opmu 011 no0anbLUL020 MoOde-
Jnoeannsa (Pynxyionyeanns cyano6ie 2ominxu,
KOJIiHa ma cmezna 6 CYKYnHocmi ma 6U3HaA4eH-
HA onmuManbHo20 eubopy cmpamesii Kepyean-
ua ITHC.

Hocnidscenns niomeepocyromo zinomesy,
Wo Npu ManuUx 30YpeHHax 6 cazimaavHiii nao-
WUHL KJI10106a POJlb 6 CMAbLNI3auii HaleHcuns
eominkocmonnomy cyenody. IIpedcmasneno
3aKO0H YNpaeniHHA KOHMpoJaepa ma nposedeHo
tiozo modenviy peanizauiro. [ns uvozo euxo-
pucmani aKmyanvHi 3HAYEHHS ONePauiiHux
mouok, axi oyau ompumani na 6asi npoepam-
Hoi naamopmu sidcmexncenns pyxy Opti Track
Flex 13, wo modemoe npouec pyxy muodunu 6
peanvHoMy waci.

Pezynvmamu € eaxcaueumu npu 00caiomicen-
Hi nocmaeu sodunu. Modemosanns Pynxyio-
HYBAHHS PIZHUX M'A306UX 2pYn 6 CYKYNHOC-
mi maromo 6eauxe 3uauenns 0as peabdinimauii
xeopux 3 npoonemamu I[HC npu snusiceniii m'sa-
3061l axmuenocmi. Pesyavmamu xopucui 0as
npoexmyeanus QYHKUIOHANLHOZ0 eJleKmpud -
nozo xonmponepa cmumynsuii ITHC, pospo6ru
mexniunux 3acodie peabinimauii 0aa ocio, wo
3HAX00AMbCS NL0 PUSUKOM NAVTHHS

Knrouosi cnosa: onmumanvnuii Konmposep,
sepmuxanvhuil 6ananc a0ounu, Qyuxuiony-
BAHHSA 20MIIKOCMONHO020 CYenoly, imimamop
cyenody

u] =,

1. Introduction

Some of the most complex and relevant scientific prob-
lems of today are the problems of designing, modeling, anal-
ysis and control of biomechanical systems and mechatronics
systems, because the needs of the people with the problems
of the central nervous system and the muscular-skeletal
system have been increasing recently. Various mathemat-
ical modeling of human biomechanics simulation is used
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at present. Thus, in papers [1-5], the dynamic models of
varying complexity were used in the study of coordination
of movements in mammals. Based on the aforementioned sci-
entific research, it is necessary to note one interesting fact:
upright anthropoid subjects and objects react in a certain
way to disturbance by shifting back of the movable support
surface. Specifically, they move in the sagittal plane and use
one strategy or a combination of two strategies provided the
feet are not movable. For small displacements [6], as a rule,




knees, hips are neck keep a rather upright position, mostly
ankle joints (“ankle joint strategy”— AS) move in this case.
Instead, another motion is used, as a rule, to coordinate
displacements that hold the weight center of a human within
the foot support perimeter. Specifically, bending or expan-
sion of hip muscles with a smaller simultaneous extension
or bending of ankle joints (“hip strategy” — HS) at keeping
the other joints relatively immobile. We use the model in
the space of states for the simulation of such position dis-
placements in the sagittal plane. It makes sense, because the
dynamics of the general senso-motor system can be linear-
ized in operating points, selected in a certain way, without a
significant impact on the model accuracy. Thus, the studied
problem of the adaptation of the methods of control systems
analysis for the improvement of the existing models of bio-
mechanics and mechatronics is relevant. Its solution can be
applicable for an explanation of the selection of AS or HS
strategies in application for the description of functioning of
separate CNS departments.

2. Literature review and problem statement

Papers [7, 8] report results of the simulation of muscu-
lar-skeletal biomechanics based on AS and HS strategies.
It was shown that such systems can be described using the
ground reaction forces and electromyograms, but have a
limited applicability.

Papers [9-11] also dealt with the research into the
problems of CNS control based on the above simulation
approaches, and single- and double-link models of an in-
verted pendulum were developed in order to stabilize the
equilibrium position, the feedback control was calculated
and the identification method was proposed. In paper [12], a
complex model of the skeletal-neuro-muscular system based
on the optimal linear-quadratic control (LQR-control) was
developed. This feedback model is used to the control analy-
sis based on the database of the position, muscle length and
muscle rigidity. Papers [13, 14] proposed the model that in-
cludes the minimum sets of states of the dynamic system for
body stabilization, which is in the best way consistent with
the experimental results [15-18]. Paper [15] focuses on the
validation of the generalized model of translational dynamics
and a human and the control in the sagittal plane. In article
[16], the simulation strategies, associated with somatic-sen-
sory and vestibular losses, are presented, and in article [19],
the interaction between the single- and multi-joint muscular
systems is explored. In paper [20], the biomechanical model
of the muscular-skeletal system of a human with inertial ef-
fects is studied. The above studies demonstrate that the AS
is effective at small disturbances, while greater dependence
on HS is observed when disturbances become larger in size.
The HS strategy turns out to be more effective to stabilize
the body weight center than the AS strategy even in the
absence of the constraints, which influences the selection of
the control model.

However, the problem regarding the application of these
models to the issues of simulation of functioning of the ner-
vous system departments responsible for the stabilization
of the vertical balance of a human remains unresolved. For
example, these models do not explain the selection of the
strategies of ankle and hip joints control, described in [7].
This could be caused by objective difficulties, associated
with the adequate description of all possible muscle groups

based of the electromyogram, by the impossibility of mea-
suring the respective physical magnitudes, significant costs
of preparation of experimental setups and equipment, which
makes the corresponding studies inappropriate.

The option of overcoming these difficulties in using
the available models is a fundamentally different approach,
based on the so-called FAS method [1]. Within this ap-
proach, the dynamics system is constructed based on deter-
mining only kinematic magnitudes. To describe the entire
set of possible angular accelerations achieved by joints, the
realistic accelerations sets, taken from the experiments, are
used. In contrast to the above studies, the FAS method will
make it possible to analyze the AS and HS strategies based
only on the kinematic magnitudes, which will enable us to
obtain specific results that vary, depending on the distur-
bance size [7].

All this gives grounds to argue that having the speci-
fied effective tool (FAS method), constructed based on the
dynamic model and a number of hypotheses concerning
functioning of CNS of a human, it is advisable to conduct a
study of the simulation of the operation of the joints, which
are responsible for the human posture stabilization. This
will make a significant contribution to the solution of the
relevant problems of biomechanics and mechatronics. That
is why the search for the optimal control strategies for spe-
cific applications requires a reasonable selection of the most
expedient and convenient-to-use methods. In this context,
the dynamic control model in the states space and the FAS
method are the key tools that can be applicable to solving the
above problems. To design the optimal ankle joint controller,
the model built on the basis of the aforementioned FAS ap-
proach is used. This research is extension of [1, 13, 17, 18] in
the direction of study into muscular coordination.

3. The aim and objectives of the study

The aim of this work is to develop the optimal controller
for the ankle joint simulator based on the dynamic model,
which describes the system of the steady vertical balance of
a human in response to small disturbances.

To achieve the set goal, the following tasks have been set:

— to develop control strategy for the ankle joint in order
to stabilize the posture of a human in response to small dis-
turbances in the sagittal plane based on the dynamic model
of the muscular-skeletal system of a lower limb of a human;

— to develop a method to optimize the selection of con-
trol matrices coefficients, which leads to the stabilization,
taking into consideration the requirements of a comfortable
return of a human to the equilibrium position, minimiza-
tion of nervous efforts of a simulator of the central nervous
system (CNS);

—to carry out model implementation of the developed
controller in operating points, which are obtained based on
the software platform of tracking movements in real time.

4. Description of the mathematical model of control
object in the space of states

The considered model was proposed and described in
detail in [1], the model has three coordinates of the phase
vector of states: joint angular displacements, velocity and ac-
celeration (vectors x, x, ¥, respectively), as shown in Fig. 1.



These coordinates of the phase vector of state describe the
basic dynamics and the most important characteristics of
the system — angular displacements of the hip (hip), knee
(knee), and ankle (ankle) joints, velocity and acceleration.
Joint torque moments produced by muscles and external
forces are caused by disturbances that influence the body,
due to which a movement is described by the components of
this state vector.

Kinematical characteristics of x, x, ¥ and the moments
are the variables that are subject to measurement or assess-
ment. This model of the control system is supposed to obtain
the vector of target values from the higher levels of the CNS,
compares it with the measured state and generates the con-
trol command u.

The first requirement for the model is that it should
adequately reflect the behavior of the input/output systems
of the human CNS, consisting of sensors, a controller and
effectors. Although it consists of many nonlinear elements,
the CNS is supposed to act linearly in the neighborhood of
the point corresponding to the vertical static standing.

)

Xhip

Xiknee

Xankle

Fig. 1. Coordinates of the phase vector of states of the
system: angular accelerations of hip, knee, and ankle joints

The model of the control system takes the form:
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where u,,, and u,, are the controlling signals of the CNS,
specifically, the ankle strategy (AS) and the hip strategy, re-
spectively. Determining control as a totality of the ankle and
hip strategies, the main basis b is used for the identification
of joint angular accelerations.

Let us describe this model (1) in detail. To identify
the control systems in the space of states, we used a set of
acceptable acceleration set (FAS) [1]. This is a set of three
main acceleration vectors, which was determined in differ-
ent possible combinations that can produce all the possible
postural movements. That is, the totality of all joint angular
accelerations, collected in vector X, that can be obtained
by any combination of possible activations of muscles (that
is, with normalized activation coefficients in the range of
0<aqa, <1 for i=12,..,m of muscles). FAS can be found using
the data obtained from the equations of motion, geometry of
locomotor system and muscular properties, assuming that
muscles contract slowly [1-18]. Thus, the FAS is used as the
measure of acceleration that can be achieved in any direction
in the place of force application on a hip, ankle, in knees for
the assigned nervous force level. Thus, nervous forces are

equivalent to the amount of muscular strength, normalized
to the maximum possible applied force.

Let us consider the case of small displacements in the
sagittal plane. In this case, the AS strategy is the key
strategy in the process of body returning a body to the
equilibrium position. Let us determine the constraints
that occur in this case and which may affect the selection
of control options and are imposed on the system of the
human body mechanics. These constraints, firstly, include
holding the knees straight. This fact is experimentally
revealed in the reactions of a human to the inverse distur-
bances of the support surface that push the body forward;
secondly, keeping feet on the supporting surface; thirdly,
there are constraints to maximum muscular forces (for
details, see [13, 17]). The restriction is also the horizontal
shaking the body weight center, which should not go be-
yond the basic parts of the surface of the support to ensure
sustainability.

The equation of described constraints takes the form:

Xlknee = Oy (2)
T
CmtO < Ccmx < Cch’ (3)
. .
Cheel x< ChzelO ) Cme x< CmeO’ (4)

where x is the vector of joints angles.

Thus, the linear control system of decreased order that
takes into consideration the above limitations (3), (4) takes
the following form [1]

J.CZAX-FBU, )

where is the vector of state and control takes the form, re-
spectively:
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Matrices of systems A, B taking into consideration both
the mechanics of the body and the dynamics of the relevant
sensors depending on the desired complexity of a model take
the form

0010 00
Az 0001 B 00

0000 1 =77

0000 0 245

The model under consideration includes minimum sets
of states. In order to detect the difference between distur-
bances, which can be resisted by the AS strategy, and those
that use the HS strategy, CNS must have the information
from the lower and upper sensors of the body to assess the
movement of the weight center. It is assumed that there is a
feedback from the sensors in the upper body to the muscles
of legs [16]. That is why we take into consideration the con-
dition that all mechanical conditions of the CNS in arbitrary



implementation are available or evaluated for using in the
formation of controlling signals.

Model (5) with limitations (3) and (4) is a dynamic
model in the space of states of the muscular-skeletal system
of a lower limb of a human. This model simulates the oper-
ation of the ankle joint and is suitable for the development
of the balance control of the vertical position of the human,
is especially well-suited for simulation and is a convenient
experimental platform. This serves as an ideal starting point
for applying modern mathematical control methods to the
problem of CNS control of various types.

5. Design of the optimal controller and statement of the
control problem

To obtain the trajectories that minimize the objective
function that assesses the deviation of the state of the
phase vector from the target one, linear-quadratic controller
(LQR-control) is used. This regulator generates feedback
that provides smoothness and stability of a trajectory. The
control selection censor uses actual data about the current
state of the system for selecting control signals necessary
for combating disturbance. Because the body dynamics is
considered close to linear in the studied neighborhood, the
controller can also be linear for limited disturbance. Accord-
ing to this, the controlling center selects a suitable matrix of
the controller’s coefficients.

The HS strategy can be defined as the movement along
constraints (3), whereas the AS strategy is based on gener-
ating angular accelerations along the ankle axis. These two
strategies, described by phase vectors in the space of joint ac-
celeration of a leg and a hip, can serve as the main basis for all
possible movements of joints. Thus, any movement (in which
knees are kept evenly) can be expressed as a combination of
the AS and HS strategies.

The aim of the control design is the following. It is neces-
sary to direct the states of phase vector x(¢) to correspond-
ingly established target values x(¢), determined from the
experimental data. These data are obtained from the biome-
chanical experimental measurements [2, 21], carried out using
software for tracking the movement OptiTrackFlex13 with the
appropriate software. The static map values of target control
values are formed during the simulation of the human ankle
joint operation in the process of inverse body stabilization [2].
They include the initial deviations of the torso, the coordinates
of the equilibrium position and the return velocity.

In this case, the prerequisite is obtaining the information
about the feedback state with the help of the evaluation or
through appropriate sensors. Suppose that the CNS acts
as the LQR controller. If the CNS has similar targets and
similar criteria of effectiveness, the LQR control system will
produce a smooth stable trajectory of realization of states,
similar to the one observed in people in response to small
disturbances.

Thus, we consider the problem of determining the opti-
mal feedback control u(x) for the linear system (5) at the
above constraints (2) to (4). The proposed controller adjusts
the state of the system (5) to assigned target values, deter-
mined by using experimental data.

In order to direct the system (5) to target values x(¢) = x,
we will make replacement x(¢)=x, u=u+0o, where y is a
new independent variable and % is selected from condition
Ax+Bu=0.

We will obtain

ii=-B"A%,
and system

y=Ay+ Bo,

will have the zero-equilibrium position.
Thus, it is necessary to find unknown matrix K in order
to obtain feedback.

u=u-K(x-x), (6)

so that the system (5) of feedback should have the following
properties:

— u(x) reaches asymptotic stability of equilibrium;

— u(x) minimizes the quality functional

J=[[(x-%) Q-5+ @-0) Ru-) | dt, )

where Q and R are the weight matrices of deviations of states
x and controls # from nominative values x¥ and u, respectively.
The optimal trajectory of state

x(t)=x,,(t),

under the influence of the controller minimizes functional
(7). The law of control u(x) directs the system asymptoti-
cally to the target value of phase vector x(¢). Matrices Q and
R are arbitrarily selected in order to meet the condition of
positive certainty.

Now we will consider the quadratic form

V=(x-%)"P(x-%),

where P is the constant symmetric positively determined
matrix. The surfaces of the level of the Lyapunov matrix V
are the ellipsoids in the space of states x(¢). If V <0 along all
trajectories (with the exception of x=Xx, where V =0), then
all the trajectories are asymptomatically approximated to x
under the influence of control (6), since Vis the function that
has a single global minimum in point x. These Lyapunov
functions can be optimized as it is shown in [22] in terms of
minimization of the nervous efforts of the CNS and energy
consumption. The trajectories of the phase vector over time
approach x. Based on the known theoretical base, we solve
the algebraic Riccati equation

PA+A"P-PBR'B'P=-Q (8)

and obtain the matrix of coefficients K=R™"'B"P.

We use numerical MatLab methods, which are described
below, to solve these equations. The designed controller pro-
vides a globally asymptotically stable equilibrium position;
its reliability follows from the equation of Hamilton-Jaco-
bi-Bellman [23]. An important feature of such statement of
the control problem is that the variations of possible control
strategies HS and AS can be included in the objective func-
tion according to a specific set goal. In this case, the effec-
tiveness of the objective function is determined by the ability
to meet different control targets, the model is compatible
with the results of other researchers [13, 14].



6. Development of the control strategy for the ankle joint

6. 1. Analysis of experimental data and selection of
operating points

The necessary biomechanical experimental tests were
carried out on the test setup with the help of the movement
tracking program Opti Flex Track 13 with the appropri-
ate software in the scientific research lab, located at Lodz
University. When simulating disturbances in equilibrium
position of a human in the sagittal plane and the process of
returning to the upright position, the target values of veloc-
ities and coordinates were obtained. The type of deviations
“forward” and reverse return due to the ankle joint were
considered (Fig. 2). To perform analysis, experimental stud-
ies for a healthy male (body weight of 70 kg and height of
183 cm) were carried out and a series of disturbances of var-
ious types was implemented.

Combining OptiTrack with the own algorithms of pro-
cessing in real time, the camera can track movements within
the admissible values less than 0.5 mm and is ideal for the
detailed and comprehensive movements tracking. OptiTrack
platform was used for obtaining high-precision biomechani-
cally relevant data using the appropriate sets of biomechani-
cal markers that are included in the system assembly.

The testing data are stored and transmitted for further
analysis in MatLab environment. Fig. 2 shows the deviation
from the equilibrium position for experiment 2. The max-
imum possible deviation forward of a healthy human, in
which the weight center is still in the foot plane, was record-
ed. The controlling element in the area of ankles will return
the object to the position of equilibrium.

| Posirion 2 kg

Fig. 2. Simulation of body deviation from the equilibrium
position in sagittal plane: Position 1— equilibrium position,
Position 2 — displacement state

A series of experiments was conducted to build the
corresponding mapping table to assess functioning of the
controller. The controller takes the initial and target values
from the database, which are partially shown in Table 1 and
are accessible to the controller in real time.

Using the available instruments of MatLab, the operat-
ing values of angular velocities of the return trajectory were
calculated. The range of data [350—500] corresponds to the
time interval ¢(s)=[4; 7.2] (Fig. 3). Data downloading and
the visualization (plotting) were performed using the cor-
responding toolbar Curve Fitting. Fig. 3, 4 show the return

trajectory for one of the experiments: temporal dependence
of the sine of the ankle joint deviation angle. The values of
angular velocities and initial data for the three experiments
were included in Table 1.

Disturbance modeling (Experiment 2)
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Fig. 3. Angular deviation of the right ankle joint sin(a)=Z/Y:
A, (ordinate p. A) — maximum angular displacement, A,
(abscissa p. A) — point of controller activation. Experiment 2
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Fig. 4. Return trajectory sin(a)=Z/Y. Experiment 1
Table 1

Operating points

Coordinates of
the vector of

Experiment 1

Experiment 2

Experiment 3

X,y (sin(ar))

state
Yr (grad) 0 0 0
¥, (grad/sec) 2.29 0.57 0.74
0.2 0.05 0.18

6. 2. Selection of matrix coefficients of the controller
and optimization

Instead of the “trial and error” method for selecting each
element of the respective matrices [1], it is proposed to use
the optimization method for the most effective selection of
control matrices, so that physical magnitudes that are relat-
ed to the stabilization the equilibrium position of a human
could be regulated. This optimization reduces the solution
search space and takes into consideration the limitations
imposed by the biomechanics of the system.

The control center assesses the state of the system after
disturbances, and then sets the parameters of the control
matrix. The designed control law ensures robustness, that is,
the states of the system are finally stabilized and reach the
above determined target values and the error system is re-
duced to zero. Using Control System Toolbox of the MatLab



software environment, we will calculate a unique solution X
of the matrix equation of Riccati. To calculate the respective
matrices that determine the system control law, we will use
command care that yields the solution to the matrix equation
by Riccati. To obtain the solution and control functions,
which direct the states of the system to their target values,
and assuming the absence of movements of knee joints, we
make the selection of weight matrices R and Q. These matri-
ces are selected from the condition of the minimum of qual-
ity functional, that is, at minimum consumption of nervous
efforts and energy so as to prevent unwanted deviations of
the states of the system from a stable upright position.

Optimization algorithm.

1) Initialization.

Input of initial data — elements q11; q12; g21; g22 of ma-
trix Q.

2) Calculation of coefficients of the Lyapunov function.

Verification of the condition: matrix Q must be deter-
mined positively.

Calculation of the Lyapunov function

V =Ax"QAx,

where Ax is the deviation of states.

Solution of Riccati equation, obtaining the control
matrix.

3) Calculation of quality criterion J.

4) Optimization of the Lyapunov function and quality
criterion. Application of the iteration procedure.

Step 1.

We group parameters ¢,,,q,,,45,45, in vector

C ={C]117%2r61213q22}'

Step 2.
For the fixed initial values of vector

C :{qﬂ yCI?qug ’q(z)z }’

we calculate the functional according to the stage (3)

Step 3.

We increase the first element of the vector by small magni-
tude g}, — g}, + Aq, leaving other coordinates without chang-
es. We will calculate the Lyapunov function and functional J,,
according to stage (3). After this, we will decrease the first
element of the vector by small magnitude g7, — ¢!, — Ag, leav-
ing other coordinates without changes. Verification of con-
dition Q — is positively determined, solution of Riccati equa-
tion, obtaining the control matrix. We will calculate the
Lyapunov function and functional J,. We will select the
maximum and value among these three calculated values of
functional and fix value gy, that is correspondent to it.

Step 4. Transition to the second coordinate

%12 - Q?z tAq

and performance of similar actions. After this, the value, at
which value of J is maximum, is accepted.

Step 5.

Performance of similar calculations regarding other
coordinates of vector C. The first calculation cycle is com-
pleted.

Step 6. The second cycle of iterations. After the repeti-
tion of the procedure as for all coordinates with deviation

Ag, a new, smaller deviation Ag, <Agq, is selected and the
procedure is repeated with a new deviation.

Step 7.

The third cycle of iterations. After completion of the sec-
ond cycle of iteration, the deviation decreases again, that is
Ag, < Aqg,, and the procedure lasts till the required accuracy
degree.

To improve the control law, matrix Q can be parame-
trized by magnitudes that correspond to the size disturbance
and the corresponding contribution of the used strategies
HS and AS, related to the constraints that make it possible
to keep feet straight on the ground. Matrix R models the
efforts related to the movement of the system’s poles. The
contribution to implementation of the AS and HS strategies
is taken into consideration in matrix R. In turn, matrix Q
is selected positively determined, it is restricted to the as-
sessment of only angular deviations of joints, excluding the
assessment of joints’ velocities. Parameters of Q matrix make
it possible to control the magnitudes of joints’ velocity and
thus the relative attenuation of the system. The optimized
LQR controller provides well attenuating control system
which adequately approximates both desired and actual
behavior.

7. Results of calculations and modeling the controller
operation

1) Target values of deviations of joint angles are equal
to zero

For target values of joint angles and final velocities that
are equal to zero (in accordance with equilibrium position)
and weight matrices

09 0 0 O

0 21 0 O 13 0
Q: s R:

0 0 220 0 1

0 0 0 3

we obtain matrix

1.96
020
11.05

0.32

0.20
2.63
0.38
0.17

1.05
0.38
2.33
0.71

0.32
0.17
0.71
0.29

and matrix of coefficients of the stabilizing controller

[ 0.80 0.29
K=

1.79 055
-0.21 1.40 '

-0.34 1.71

The new stabilized matrix of the system takes the form:

0 0 1 0
A - 0 0 0 1
" 1-249 1056 -4.42 12.68

5.37 -34.54 836 —42.13

The set of eigenvalues of the new matrix is the following:

e, ={-43.93;,-0.76,-0.92,-0.92},



which proves the stability of the obtained matrix of the sys-
tem. We will model the stabilized system in MatLab based
on the use of the solver for solving the system of differential
equations ode45. Fig. 5 shows the results of modeling and
the stabilized trajectories of the system. Temporal depen-
dences of joint angles and velocities demonstrate sustainable
behavior

@ 0.6
£ —x0
: 0.5 —xz(t) b
% 04 —xt) 1
0.3 —x{ 1
0.2 1
0.1 1
0
-0.1 ‘ ‘
0 5 10 t 15

Fig. 5. Stabilized trajectories of the vector of state: xy(#),
X,(1) are the angular displacements of ankle and hip joints,
respectively, x3(8), x4(#) are their velocities

2) Return velocity is equal to target value

Target values of deviations of joint angles are equal to
zero.

Numerical data of the controller validation in the select-
ed operating points are shown in Table 2.

Modeling the trajectories of the stabilized system, the
vectors of the state of which follow target values under the
influence of the obtained control laws (numerical data are
presented in Table 2), is shown in Fig. 5. Fig. 6 shows the
stabilized velocities of ankle joints that follow their target
values.

equilibrium position of a human, which includes the vector
of outputs and the vector of states.
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Fig. 6. Stabilized angular velocities of ankle joints Lant, for
the target values, shown in Table 1
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Fig. 7. Stabilized states of the system: x,, (state 2), x4,
(state 4) — angular displacements of ankle and hip joints,
respectively, X, (state 1), Xu, (state 3) — their velocities

Table 2 7. Discussion of results
Results of controller modeling of solving a problem
Target ioh . Matrix of stabilizing control coeffi- Control OI} Yert‘lcal balance
N value Weight matrices cients value stabilization of a human
0.

x Q R u The optimal controller
100 0 that simulates the operation
¢ 02200y |0 100 1 0][[09573 02891 16821 05167]| (39487 | ofa J"mtf(’f a human in the
e 0010 0 1] [[-0.2891 09573 -0.2021 09964 ]| |~0.7512) | Process of reverse return to
00 0 1 - - the equilibrium position in
response to small disturbanc-
1.0 0 0 es was obtained. The con-
0 01 0 0| [t 0][[09909 01037 17407 0.5312]| ( 1.0231 ducted analysis and exper-
2 | (0;0;0.57;0) imental research prove the
0 0 12 0 01 —0.3438 0.2988 -0.3895 1.3444 —0.1946 h . . .
- ypothesis that in a certain
L0 0 0 2 approximation, the CNS be-
09 0 0 0 haves like a linear-quadrat-
i troller L t least

0 21 0 o||[13 0]|[08095 02041 17949 05534]| (13282 | ¢ controller LOR, at leas
3 | (0;0;0.74;0) 5o ) 9105 ) 95 in the case of the vertical
0 0 220 0 -02195 1.4098 -0.3414 1.7197 -0.2527 balance stabilization. This is
L0 0 0 3 also proved by the following

In the general case, the target values can be obtained
from a number of sensors (for example, proprioceptors of the
hip, vestibular organs), which can provide such data as po-
sition and velocity. In this context, the presented model can
be integrated with similar models for the state assessment
to create a complete model of the senso-motor control of the

considerations. While dyna-
mics and optimization of nervous efforts of the CNS can be
adequately described by quadratic function of states and
control elements, the LQR is a natural choice for modeling
the CNS behavior. It is possible to argue that CNS functions
as an optimal controller, because it uses all possible reserve
datasets of both effectors and sensors, depends on states



and controls, while simultaneously satisfying the conditions
described above. It is important to note that the system of
LQRisa perfect linear system in the neighborhood of the op-
erating points, which best describes the process of regulation
of the postural balance of a human, minimizing quadratic
function of quality. This study is a continuation of paper [1],
its task is to show how external disturbances, applied to a
body, affect its movement and reverse stabilization.

The law of optimum control that simulates the work of
the ankle joint of a human to ensure a steady vertical balance
was obtained. The method of the optimization of selection of
control matrix coefficients, which makes it possible to vary
its numeric values, taking into consideration the specific
requirements for the controller, was presented. Specifically,
at most comfortable return of a human to the equilibrium
position, the coefficients are chosen so that the desired
trajectory would approximate the experimentally studied
one. Provided the nervous efforts of the CNS simulator are
minimized, the Lyapunov functions are optimized according
to the presented optimization algorithm.

Modeling of the trajectories of the system under the
action of the developed controller in the operating points,
which were obtained based on the software platform of
movement tracking in real time, was implemented. To do
this, the actual values of the operating points, obtained
based of the conducted experiments, were used.

Modeling resulted in obtaining the functions of the con-
trol laws in the matrix form for a number of target values,
and the simulation of behavior of the system under the action
of these laws was performed.

The use of the proposed iterative algorithm ensures that
the states of the system are finally stabilized to some desired
positions, and the estimation error is reduced to zero. Unlike
[1], the developed optimization method is designed for the
most effective selection of each element of the respective
matrices with respect to stabilization of the equilibrium
position of a human. This optimization reduces the solution
search space and takes into consideration the limitations
imposed by the biomechanics of the system. Control signals
produced by optimal selection of each physical magnitude

may be tested for result effectiveness, optimality and pro-
viding the control aim. It gives the information about what
combinations ensure behavior that is most similar to the
experimentally studied one during the operation of the real
CNS of a human.

This research is limited to the comprehensive studying of
functioning of the ankle joint and its impact on the posture
stabilization of a human. Subsequently, it will be continued
by the development of the optimal control of the ankle, knee
and hip joints in totality and determining a set that best de-
scribes the selection of the CNS. For our specific problem, the
simulation of functioning of various muscle groups is of great
importance for the treatment and rehabilitation of patients
with CNS problems in cases of decreased muscle activity. In
addition, the results obtained in this research can be useful for
such purposes as the design of functional electrical controller
of the CNS stimulation or the development of technical means
of rehabilitation for the people who are at risk of falling. The
studied model is also ideal for exploring the issues that arise in
the experimental study of the posture of a human.

The developed methodology for designing control-
lers-simulators will subsequently enable the simulation of
functioning of the ankle, knee and hip joints. Based on the
presented procedure, it is possible to obtain the target val-
ues of angular deviations, initial deviations and velocities.
During varying and investigating the contribution of HS
and AS strategies, as well as knee joints, it is possible to de-
termine the optimal set of strategies that best describes the
selection of the control of the central nervous system for the
person who is at risk of falling.

Acknowledgement

This study was supported by the Visegrad fund in the
framework of the Visegrad scholarship program, which is
implemented over the 5-month period from September 2018
to January 2019. The work is also supported by the Na-
tional Science Centre of Poland) within the grant OPUS 9
No. 2015/17/B/ST8/01700 for the period of 2016-2019.

References

1. Kuo A. D. An optimal control model for analyzing human postural balance // IEEE Transactions on Biomedical Engineering. 1995.
Vol. 42, Issue 1. P.87-101. doi: https://doi.org/10.1109/10.362914

2. Approach for determination of functioning of lower limb muscles / Wojnicz W., Zagrodny B., Ludwicki M., Syczewska M., Mrozows-
ky J., Awrejcewicz J. // 14th International Conference. Dynamical Systems — Theory and Application. Lodz, 2017. URL: https://
www.dys-ta.com/abs_view?pkey=agxzfmR5cy10YS1ocmRyEgsSBVBhcGVyGICAgKDRmM78LDA

3. Golliday C., Hemami H. Postural stability of the two-degree-of-freedom biped by general linear feedback // IEEE Transactions on
Automatic Control. 1976. Vol. 21, Tssue 1. P. 74-79. doi: https://doi.org/10.1109/tac.1976.1101142

4. An optimal control model for maximum-height human jumping / Pandy M. G., Zajac F. E., Sim E., Levine W. S. // Journal of Bio-
mechanics. 1990. Vol. 23, Tssue 12. P. 1185-1198. doi: https://doi.org/10.1016,/0021-9290(90)90376-¢

5. Bobbert M. E, van Ingen Schenau G. J. Coordination in vertical jumping // Journal of Biomechanics. 1988. Vol. 21, Issue 3.
P. 249-262. doi: https://doi.org/10.1016/0021-9290(88)90175-3

6. Horak F. B., Nashner L. M. Central programming of postural movements: adaptation to altered support-surface configurations //
Journal of Neurophysiology. 1986. Vol. 55, Tssue 6. P. 1369—1381. doi: https://doi.org/10.1152/jn.1986.55.6.1369

7. Nashner L. M., McCollum G. The organization of human postural movements: A formal basis and experimental synthesis // Behav-
ioral and Brain Sciences. 1985. Vol. 8, Issue 01. P. 135. doi: https://doi.org/10.1017 /s0140525x00020008

8. Allum J. H. J., Honegger F, Pfaltz C. R. Chapter 32 The role of stretch and vestibulo-spinal reflexes in the generation of human
equilibriating reactions // Progress in Brain Research. 1989. P. 399-409. doi: https://doi.org/10.1016/s0079-6123(08)62236-0



10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

Biped stability considerations with vestibular models / Hemami H., Weimer E, Robinson C., Stockwell C., Cvetkovic V. // IEEE
Transactions on Automatic Control. 1978. Vol. 23, Tssue 6. P. 1074—1079. doi: https://doi.org/10.1109/tac.1978.1101892

Hemami H., Katbab A. Constrained Inverted Pendulum Model For Evaluating Upright Postural Stability // Journal of Dynamic
Systems, Measurement, and Control. 1982. Vol. 104, Issue 4. P. 343. doi: https://doi.org/10.1115/1.3139720

Camana P. C., He Mam I H., Stockwell C. W. Determination of feedback for human posture control without physical intervention //
Journal of Cybernetics. 1977. Vol. 7, Issue 3-4. P. 199-225. doi: https://doi.org/10.1080,/01969727708927559

He J., Levine W. S., Loeb G. E. Feedback gains for correcting small perturbations to standing posture // IEEE Transactions on
Automatic Control. 1991. Vol. 36, Tssue 3. P. 322—332. doi: https://doi.org/10.1109,/9.73565

Kuo A. D., Zajac F. E. A biomechanical analysis of muscle strength as a limiting factor in standing posture // Journal of Biomechan-
ics. 1993. Vol. 26. P. 137-150. doi: https://doi.org/10.1016,/0021-9290(93)90085-s

Kuo A. D., Zajac F. E. Chapter 31 Human standing posture: multi-joint movement strategies based on biomechanical constraints //
Progress in Brain Research. 1993. P. 349-358. doi: https://doi.org/10.1016,/s0079-6123(08)62294-3

Barin K. Evaluation of a generalized model of human postural dynamics and control in the sagittal plane // Biological Cybernetics.
1989. Vol. 61, Tssue 1. doi: https://doi.org/10.1007 /bf00204758

Horak F. B., Nashner L. M., Diener H. C. Postural strategies associated with somatosensory and vestibular loss // Experimental
Brain Research. 1990. Vol. 82, Issue 1. doi: https://doi.org/10.1007 /bf00230848

Kuo A. D., Zajac F. E. What is the nature of the feedforward component in motor Control // Behav. Brain Sci. 1992. Vol. 15. P. 767.
Zajac F. E. Muscle and tendon: properties, models, scaling, and application to biomechanics and motor control // Critical Reviews
in Biomedical Engineering. 1989. Vol. 17, Issue 4. P. 359-411.

Zagrodny B., Awrejcewicz J. Cooperation of One and Multi-Joint Muscles // Nonlinear Dynamics and Systems Theory. 2015.
Vol. 15, Issue 1. P. 99-106.

Chen M. Z. Q., Shen K., Zhai C. A biomechanical model of human muscular-skeletal system with inertial effects // 2016 35th Chi-
nese Control Conference (CCC). 2016. doi: https://doi.org/10.1109/chicc.2016.7554841

Olszewski H., Wojnicz W., Wittbrodt E. Method of Skeletal System Modelling // Archive of Mechanical Engineering. 2013. Vol. 60,
Issue 3. P. 335-346. doi: https://doi.org/10.2478 /meceng-2013-0022

Effective Lyapunov level set for nonlinear optimal control. Application to turbocharged diesel engine model / Kuzmych O., Ai-
touche A., Hajjaji A. E., Telmoudi A. J. // 2017 4th International Conference on Control, Decision and Information Technologies
(CoDIT). 2017. doi: https://doi.org/10.1109 /codit.2017.8102564

Anderson B. D. O., Moore J. B. Optimal Control: Linear Quadratic Methods. Prentice-Hall International, Inc., 1989. 394 p.



