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3anponoHo6ano mexHiuHi NPuiiomu, 3a 00NOM02010 SAKUX
edanocs eupimumu Heniniune pienanus aneeopu Pixxami ons
Junamivnux cucmem 3 cmynenamu ceo6oou. Beedeno oome-
JHCEHHA HA CMPYKMYPY NPOoeKmoBanoz0 3ani3HUUHO020 eKinda-
acy. Ax ananoz 63amo cumempuunuil exinaic, 8 cucmemi niogi-
WYBAHHA K020 6CMAHOBJICHI NPYNCHO-OUCUNAMUBHI 38 A3KU
3 miniiinumu xapaxmepucmuxamu. Ile dozeonuno pospoéumu
MemoouKy npoeKmyeanHs cucmemu nioGiuYy6aHHs 3ANIZHUY-
nozo exinaxcy. Kpumepiem npu eubopi eazosux xoedivieumie
aKocmi 0Yno npuiHAmMO 6UMO2Y 3a0e3neueHHs KOMPopmHux
YMo8 nacaxcupam i aoxomomuenoi opuzadi. Tomy 6 cucmemi
noGUHEH CNOCMEPi2amucs KoaUBAIbHUY NPOUeEC 3 MATUMU AMN-
aimyoamu i wacmoma 6JACHUX KOJAUBAHb KY3084 HE NOBUH-
Ha nepesuwysamu 2 T'y. Buxonano oexomnosuuio memooy
dunamiunozo npozpamyeans 0nsa GesnepepeHUx cmoxacmur-
HUX cucmem, w0 00360JUN0 PO3POOUMU MemO000102i10 noe-
mannozo npoexmysanus cucmemu niosiwmyeanus. Memoouxa
npudamna 0nsL 6UKOPUCMAHHA NPU NPOEKMYEAHHI NIOGICKU
exinaicie 36unaiin0zo i eucoxoweudxicnozo pyxy. Ha nepwo-
MYy emani npoeKmMyemvCsi NACUBHA CUCmeMda NiI0GIUYBAHHSL.
Jpyeuii eman nepedbauac nepesipxy 00uinbHOCMi PO3POOKU
npuUCmMpoie YnpaeiiHHs napamempamu npYHcHo-0UCUNAMUG-
HUX 36'A3K16 cucmemu nioGiuly8anHs mpaHcCnopmHUX exinaxicie
3a donomozoro onmumanvhux Qinrempie Kaamana-Bwroci.
HInsxom moodemosanns 006edeHo, w0 YnpasaiHHs napame-
mpamu npyHcHo-0UCUNAMUBHUX 36 A3KIE8 NOKPAUYE OUHAMIKY
mpancnopmuux exinaxcie. Tinoku ynpaeninns demngyean-
HAM Oinowt HIXHC 6 08a paszu MONCe 3MEHUWUMU NPUCKOPEHHS
UeHmpy Mmac Ky3oea i, omice, IMEHWUUMU OUHAMIMHI HABAH-
mascenns 8 cucmemi. Aneopumm Kanmana-Bvroci dozeonse
ompumyeamu OnNMUMANbLHI NAPAMEmMPU NPYHCHO-0UCUNAMUG -
HUX 3893Ki6 cucmemu ni0GIMYBAHHS CKAAOHUX OUHAMIMHUX
cucmem. MemoOuxy MmoicHa BUKOPUCMOBYEAMU CAMOCMIil-
HO i 68 CKa0i MemoOUKY NOemantoz0 NPOEeKmMy8anHs CUCeMU
nideimyeanus. Lnocmpauis Memoouxu 6uKOHAHA HA MECMOBUX
npuxaadax. Memoouka peanizoeana 6 cucmemi Mo0e0BAHHSL.
Ynpaeninna napamempamu npyncHo-oucunamueHux 36 's13Kie
cucmemu nio8iwY6anHs MPAHCROPMHUX eKINA#Cie 00360UMb,
no-nepute, cmeopumu xompopmii ymosu podomu 10K0MOMUG-
Hoi Opueadu i nacaycupam, no-opyze, niosuwumu naoiiinicmo
pobomu i Geanexy pyxy pyxomozo ckaady 3a paxynox Imenuien-
HSl OUHAMIMHUX HABAHMANHCEHD

Kmouogi cnosa: ¢inemp Kanmana-bvioci, mpancnopmuuii
exinasc, YnpasiiHHa napamempamu NPYHcHo-0OUCUNAMUBHUX

36'a3Ki8, cKAA0HI Ounamiuni cucmemu
o o
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To obtain an accurate estimation of railway carriage
run at the entire range of operating speeds, it is required to
control suspension system parameters in terms of a possible
change in the process of movement. Control over suspension
system is understood as the preparation of the entire system
to pass above the existing track irregularities.

When discusing control over a suspension system of
transport carriages, it must be taken into consideration that
as recently as in the mid-1980s many transport scientists

did not believe in the possibility of constructing controlled
suspension systems. Therefore, the main task of analytical
reviews of that period was to demonstrate the advantages
of controlled vibration protection systems compared with
traditional systems and to direct a scientific thought towards
the development of various types of active suspension sys-
tems capable of providing the dynamic properties required
for the carriage at a substantial increase in speed motion.
It was believed that the optimal economic indicators are
achieved at a maximum speed of 200-300 km/h. Stages at
the development of the considered subject were outlined in




papers [1—8]. Paper [1] addressed the task on determining
a transfer function of the locomotive dynamical suspension
system as a reaction to the vertical component of force vec-
tor in the area of contact between a wheel and a rail. The
stochastic excitation at the input to a dynamic system was
the spectral density of vertical displacements, velocities, or
accelerations of a wheel rim wheel or a wheelset axle-box.
The optimality criterion a standard deviation in the signal
spectral density at the output from spectral density of the
permissible output signal. The authors considered a closed
dynamic system. They proposed to damp the undesired fre-
quency oscillations by introducing into a suspension system
anti-vibrators or specialized regulators in the form of an air
cylinder with a piston, without changing, in this case, pa-
rameters of elastic-dissipative links of the locomotive itself.
It is impossible to determine, based on the transfer function
of a complex dynamic system, the parameters of elastic-dis-
sipative links of a suspension system, which would make it
easier to solve the task on providing the required dynamic
properties to the carriage over an operating range of motion
speed. Paper [2] proposes a new approach to the design of
a car suspension. The author believes that the suspension
system can be regarded as a control function that regulates
the motion of sprung mass in line with the preset manner.
Uni-mass systems with one or two degrees of freedom are
considered as an example. Quality criterion is the quadratic
functional whose physical essence is energy consumption in
order to suppress harmful oscillations. The problem is solved
using a matrix method of dynamic programming. The meth-
od makes it possible to determine the optimal parameters for
a suspension system using models without external pertur-
bation, which greatly facilitates the procedure of synthesis.
The synthesizing function for a model with deterministic
perturbation always contains the component, which dampens
the external perturbation. Weights coefficients for a quality
quadratic functional are assigned arbitrarily, that is, there is
no guarantee for the physical feasibility of a designed passive
suspension system. In paper [3], in order to determine the
optimum parameters of elastic-dissipative links in a wheel-
set, the authors applied the Kalman-Bucy algorithm. Only a
simple model shows the possibility of control over parameters
of elastic-dissipative relations. Author of work [4] published
an overview of active suspension systems in rolling stock at
railroads in England, the United States, Japan, Germany. He
notes that the research and engineering development depart-
ment of the British railways undertook a theoretical research,
tested engineering designs, performed laboratory and limited
field testing of active suspension systems, which ensure ver-
tical and transverse “running” stability. It is reported that
they estimated under laboratory conditions performance of
various controlling elements in active suspension systems:

— a transverse hydraulic drive;

— a pneumatic spring that can be adjusted in a vertical
plane;

— vertical and transverse electromagnetic drives.

The Japanese national railroads and the company Hita-
chi developed a system to enhance the stability of railroad
cars in vertical and transverse directions by using adjustable
pneumatic cylinders. Two pneumatic cylinders are mounted
vertically, and one cylinder — transverse to the car; they are
controlled based on the body acceleration. In addition, the
suspension system utilizes standard air springs. Theoretical
study and tests using a physical car model demonstrated that
amplitudes of all types of oscillations reduce by 50 %.

In the United States, a study into feasibility of using ac-
tive suspension systems was conducted by the firm Westing-
house, which developed a theoretical framework and created
a prototype of the electro-hydraulic suspension system to be
used by a high-speed railroad car-laboratory at the Ministry
of Transport of the United States. General Electric (GE)
examined the application of active suspension for high-speed
rolling stock of urban lines analytically and under laboratory
conditions using a physical model. The company GE consid-
ered hydraulic and pneumatic controlling elements managed
by electronic devices or by means of jet automation.

The German company MAN investigated the effective-
ness of using active suspension system in order to increase
motion speed at the expense of the kinematic stabilization of
rolling stock motion.

The theoretical studies carried out in these countries
have shown that active suspension systems, which employ as
a feedback signal acceleration or an absolute speed, make it
possible to significantly improve running performance and
motion stability of railroad carriages.

Theoretical studies were performed using dynamical
systems with one degree of freedom. A result of the study is
the constructed amplitude-frequency characteristics, which
are used to fine-tune a control system over a change in am-
plification coefficients. The coefficients are chosen by a sim-
ple brute-force method. Authors consider the optimal value
for the degree of damping a system to be its critical value
of 0.707. The papers analyzed fail to justify the choice of
amplification coefficients and the optimal value for a degree
of damping. At a damping degree of 0.707 the system will
experience an aperiodic law of motion of the center of mass
of the body, which is undesirable.

Paper [5] reviews works by authors from England, the
United States, Japan, Germany. The theoretical part of the
review indicates that most research is conducted using sim-
ple models; the problem on choosing the weight coefficients
of quality criteria remains unsolved.

Article [6] explores a dual-mass mechanical system with
two degrees of freedom and active damping. The resistance
force of the damper is proportional to the speed of the vehicle
body displacements. Under active control, a degree of damp-
ing equal to 0.707 is implemented.

Author of work [7] built a system for suspending a railroad
car with active elements that operate based on the electro-
magnetic principle. The level of vertical accelerations of a car
body with a single-stage suspension system decreased by 2
times. Paper [8] reported a law of active control over a du-
al-mass mechanical system with two degrees of freedom using
a method of dynamic programming for continuous stochastic
systems. The authors could not resolve the issue on the choice
of weights for the functional of quality though the reported
results of mathematical modeling of the operation of an active
suspension system shows its effectiveness; the amplitudes of
displacements and body accelerations were reduced by two
times. Theoretical investigations and simulation results cited
in papers [1-8] show that active suspension systems can sig-
nificantly improve running performance and motion stability
of railway carriages. The remaining unresolved issues include:

— substantiated choice of weight coefficients for quality
criteria;

— dissemination of the applied methods to complex dy-
namic systems.

Active suspension systems are used in order to provide
for the acceptable level of running stability at a substan-



tial increase in motion speed or under normal speeds and
poor condition of a railway track. Creation of devices that
would control parameters of the elastic-dissipative links in
a suspension system is expensive and is justified when de-
signing the rolling stock for high-speed motion. The rolling
stock with a design speed of up to 160 km/h will be fully
operational with a passive suspension system with optimal
parameters of elastic-dissipative relations.

Thus, it is necessary to devise a procedure for verifying
the feasibility of design of a controlled suspension system, in
order to avoid unnecessary expenditures for the development
of active control devices.

2. Literature review and problem statement

The task on designing a suspension system can be re-
duced to the optimization one and solved for two statements:
in the form of a mathematical programming problem and a
management theory problem. In the first statement a math-
ematical model is represented by a system of nonlinear dif-
ferential equations that describe the process of oscillations
for the system “carriage track” under the action of a random
perturbation. The problem is to identify system parameters
that minimize an objective function, constructed in a special
way, and the problem is then solved by numerical methods
of optimization. In this case, the parameters are considered
established if the objective function approaches its extreme
value with a predefined degree of accuracy. Even for the case
of a convex objective function, the search for its extremum
takes longer than an hour of mainframe computers. In or-
der to speed up the process, calculation is first performed
using a simple model, and the obtained parameters are then
introduced to a more complex model to continue the optimi-
zation. Search duration depends on the type of an objective
function and the applied method of optimization. The most
effective of the numerical optimization methods, a method
of the Nelder-Mead deformed polyhedron made it possible,
over a relatively short time, to solve a problem using a model
of any complexity. Authors of papers [9—16] apply various
techniques to fully describe the physical process at modeling
and use numerical methods. Using numerical methods does
not allow obtaining a law that controls parameters of elas-
tic-dissipative relations; that can be noted as shortcomings
of the papers considered below.

The application of active control over suspension has
become a universally accepted technology for railroads.
Article [9] describes this issue’s previous practice, including
the identification of basic configurations, as well as variants
of technology and respective control strategies. The author
also addresses longer-term trends in the development of
suspension. Paper [10] describes a simulation study that pro-
vides a comprehensive comparison between the fully active
and semi-active suspensions in order to improve the quality
of vertical dynamics of railroad vehicles. The study includes
the assessment of advantages of dynamics quality that could
be theoretically achieved using idealized devices; it also ex-
plores the impact of real devices based on the technology of
a hydraulic drive.

The task of active suppression of vibration using the
concept of a slow absorber resonator (DR) with acceleration
feedback was addressed in paper [11]. The authors performed
a complete dynamic analysis of DR and its relationship using

a mechanical system with one degree of freedom. Based on
a given analysis, a procedure for choosing resonator parame-
ters was proposed in order to ensure the desired characteris-
tics of suppression and provide for the safe limits of stability.

Paper [12] suggests using a combined research method
for deriving a function of amplitude pulsations of traction
forces in order to reduce mechanical vibrations. The pro-
posed method employs a finite element method (FEM) and
a statistical regression method. A combination of methods
makes it possible to solve optimization problems on deter-
mining the functions of maximization or minimization of the
considered parameters.

A new approach to tackling the issue of modernizing
an undercarriage suspension using a method of “negative”
rigidity was proposed in paper [13]. The approach includes:

— analysis of the kinematic structure of the mechanism
that generates a function of the suspension;

— detection of sources of the undesired structural redun-
dancy in the design of a suspension;

— prediction of structural causes that generate a function
of suspension in new designs.

The application of genetic optimization algorithm made
it possible to develop a new design of suspension using active
vibration damping. The study was described in paper [14].
Recent trends in the use of numerical methods when study-
ing the issue under consideration are outlined in work [15].
The study includes a description of the suspension design
based on FEM. The authors addressed the improvement of a
traction drive and reduction in its compression force under
thermal and geometrical constraints for a rubberized tubular
drive with permanent magnets (TDPM), used in the side
secondary suspension of a railroad car.

An adaptive control method over vibration was also
considered in paper [16]. Estimation of vibration was based
on a comparison to the information from the front module
of levitation. This information was accepted as reference.
Suppression of additional vibrations is executed base on it.

Results of the above studies indicate that, first, the main
modeling approaches at present stage are numerical calcu-
lation methods. It is obvious that such approaches make it
possible to find acceptable solutions only if the resulting
state of a process is known from experimental observations.
Hence it follows that violation of these conditions will not
allow obtaining optimal solutions for control systems over
suspension system parameters.

Designing effective devices for active control over dy-
namic processes is impossible without a knowledge of the
theoretical foundations — control laws. Solution to a general
problem on active control is well known from the theory of
optimal control; however, practical results were obtained
only for the simplest analytical models. Authors of paper [8]
applied, in order to model control over suspension system
of a railroad carriage, an estimation scheme — a dual-mass
mechanical system with two degrees of freedom. Optimality
criterion was the quadratic functional

J= M[q1(2k _ZT)Z +4321§ +u2]’

in which the values of weights are equal to 10. g;=¢»=10. The
authors, however, failed to solve a task on choosing weight
coefficients for the functional of quality; nevertheless, the
reported results of mathematical modeling of the operation
of an active suspension system show its effectiveness; the



amplitudes of displacements and body accelerations reduced
by two times.

The authors of work [8] conclude on the importance of
solving the tasks on filtration and optimal control in sys-
tems of higher orders. They propose to continue research
in the field of development of techniques that would lead to
a decrease in the orders of systems and would simplify the
structure of a suspension system.

When designing suspension systems for transport car-
riages, it is very effective to use a matrix method of dynamic
programming for continuous dynamical systems. One can
apply it to obtain analytical dependences for parameters of
elastic-dissipative relations. The difficulty is that the algo-
rithm of the method includes a matrix algebraic non-linear
equation of the Riccati type whose solution can be obtained
only for the simplest models of dynamic systems. Algorithms
for problems on filtration and optimal control also contain
matrix non-linear differential equations of the Riccati type.
To solve these problems for complex dynamic systems, it
is required to impose a constraint for the structure of a
designed carriage. The analogue to consider is a carriage
whose suspension system has established elastic-dissipative
links with linear characteristics. In addition, the carriage is
considered symmetrical. These techniques make it possible
to reduce the matrices of rigid and dissipative parameters
of a dynamical system to the block-diagonal form. The same
form will be acquired by the matrices of estimation errors
of a non-linear algebraic equation of the Riccati type. As a
result, we obtain analytical dependences for determining
the parameters of elastic-dissipative links for a passive sus-
pension system.

To design active suspension systems, a stochastic dynam-
ic programming method is applied, which includes a matrix
method of dynamic programming and a method of optimal
Kalman-Bucy filters. The initial dynamic system is a passive
suspension system. Decomposition of a stochastic dynamic
programming method makes it possible to carry out phased
design of a suspension system:

— the first stage implies the development of a passive
suspension system;

— the second stage implies establishing the principle of
operation (active or passive control);

— the third stage implies compiling a technical assign-
ment to design active control devices.

3. The aim and objectives of the study

The aim of present work is to devise a procedure for veri-
fying the feasibility of designing an active suspension system
for transport carriages based on the optimal Kalman-Bucy
filters.

To accomplish the aim, the following tasks have been set:

— to develop techniques that would make it possible to
solve the Riccati matrix non-linear equations for complex
dynamic systems;

— to adapt the optimal Kalman-Bucy filters to designing
the suspension systems for transport carriages;

—to consider a possibility to control parameters of
elastic-dissipative links in a suspension system of transport
carriages;

— to implement the procedure in the modeling system
MVTU 3.7 using a simple model of the transport carriage.

4. Development of techniques and a procedure for
designing complex dynamic systems

4. 1. Reducing the matrices of rigidity and dissipative pa-
rameters of a dynamical system to the block-diagonal form

When designing a passive suspension system, there is
a problem related to solving a matrix nonlinear algebraic
Riccati equation

P+AS+SA-SBG'BS=0, 1)

where S is the matrix of estimation errors; P, G are the ma-
trices of weight coefficients for the quadratic functional of
quality;

J=[(XPX+UGU)dt,
0

where U is the unknown synthesizing function. A physical
meaning of the functional is energy consumption to suppress
harmful vibrations.

For the considered class of systems, equation (1) can be
solved analytically if one imposes a constraint to the struc-
ture of the designed object.

Imagine a matrix of estimation error S in the block form

s[Ss
52 S4

and write a Riccati equation in the expanded form
o 0+S1 S, [0 E+O olfs, S,
0 v]|s, s,Jlo of E ofs, s,
S, 8,100 S, S
= I 4 o OO B R
s, S, |E s, S,

Upon performing matrix operations we obtain

[a 0}{0 51]+[o 0]_{520-15; 520-154]_
0 vl |0 8] L[S S| [sG's, SG7'S,

We then have

0-S5,G7'S,=0;

Y+25,-5,G7'S,=0;

S, -8,G7'S, =0. (2)

At the known matrices of weight coefficients for func-
tional a, y, G, we determine from system (2) elements of the
estimation error matrix Sy, Sy, S4. If the matrix of estimation
errors S has no null elements, the problem cannot be solved.

We shall impose a constraint on the structure of the
designed train carriage. An analogue is the carriage whose
suspension system has established elastic-dissipative links
with linear characteristics. In addition, we assume that the
carriage is symmetric. This means:

— the center of masses of the body is in the geometrical
center of its horizontal plane;

— bogies are symmetrical with the central location of the
pivot mount;



— supports of the body on a bogie are symmetrical to the
pivot;

— supports of the same type have the same values for the
parameters of elastic-dissipative links.

Write differential equations for the oscillatory process of
a carriage in the absence of external disturbances

MG+ Fg+Cq=0, 3)

where M is the matrix of inertial coefficients the size of
nxn; C, F are the matrices, respectively, of rigid and dissi-
pation parameters the size of nxn; q, ¢, ¢ are the vectors,
respectively, of the generalized coordinates, velocities, and
accelerations. The assumptions accepted lead to that the ma-
trices of rigid and dissipative parameters take the block-di-
agonal form (Fig. 1), where block 1, for example, describes
vertical oscillations of the carriage; block 2 — transverse
vibrations, side pitching and wagging; block 3 — oscillations
of twitching.

Fig. 1. Matrix calculation scheme

Upon determining a synthesizing function we obtain a
system of differential equations

Mi+MG™'S,G+MG™'S,q=0. 4)

Comparing matrix coefficients at the generalized coordi-
nates and velocities in systems (3) and (4) we obtain depen-
dences for determining the rigid and dissipative matrices of
the designed system

C=MG™'S,; F=MG"'S,. 5)

Matrices of estimation errors Sy, S; are also block-diag-
onal; there is a dependence between matrix elements, similar
to the dependence between elements of matrices of rigid or
dissipative parameters.

Each obtained totality of synthesized parameters must
be physically feasible. That is achieved by a reasonable se-
lection of weight coefficients for the quadratic functional of
quality. When solving this problem, we considered the main
purpose of the designed system. A suspension system for the
carriage is to be created, one of the purposes of which is to
provide comfortable conditions for passengers and a locomo-
tive crew in operation. To this end, the system is to experi-
ence an oscillatory process with small amplitudes while the
presence of an aperiodic law of body motion is undesired. To
eliminate resonance phenomena in the human body when
traveling, the oscillation frequency of a car body shall not
exceed 2 Hz. Ensuring the required dynamic properties of

the carriage is achieved by checking the obtained totalities
of synthesized parameters under conditions of the system
operation. To this end, additional functional constraints on
the dynamic indicators of a railroad carriage are imposed.

4. 2. Adaptation of the Kalman-Bucy algorithm to det
signing a suspension system for transport carriages

A theory of the optimal Kalman-Bucy filters can be
practically implemented using only simple models due to the
impossibility to determine, in a general case, a correlation
error matrix of optimal estimates for a nonlinear matrix dif-
ferential Riccati equation.

We shall impose constraints considered earlier on the
structure of a dynamical system. The initial system is a
system with optimal parameters for a suspension system,
obtained using a matrix method of dynamic programming.

The state of the investigated dynamic system is de-
scribed by equations

dX(t)
dt
Y()=H@®OX@)+V (@),

=F()X(@)+L()N(), X(t ):}? (6)

where F is the matrix of system parameters the size of nxn;
X(2) is the system state vector; N(¢) is 7-dimensional vector of
external disturbances; L is the identity matrix at vector N(¢)
the size of nxr; Y(¢) is the vector of the observed components
of the system state vector; V(¢) is [-dimensional vector whose
elements are the measurement errors of components of the
system state vector; H is the identity matrix that describes
the relationship between the observed vector and the system
state vector. Elements of the input perturbation vector are
associated linearly with random white noise type functions
and have null mathematical expectations and correlation
functions derived from equality:

MIN (ON,(O)]=q,-8(~1), (jl=12,..,7),

where 3(t—1) is the Dirac delta-function. We introduce ma-
trix Q =[q,(¢)], whose elements are the variance of correla-
tion functions of the system input disturbance.

The system state vector is measured by devices, this is
taken into consideration in the calculation by introducing
the second equation of system (6). Measurement errors are
assumed to be random white noise type processes with null
mathematical expectations. The correlation functions of the
measurement error vector components are determined from
formula:

MV, 6V, (O))=7,,-8(t 1), (ym=1,2..,0).

Matrix R(¢)=[7jn(t)], whose elements are the measurement
error variances, is symmetric positively defined by the size of
IxI. Components of the external perturbation vector are not
correlated to the components of a measurement error vector.

The initial state of the system is not dependent on exter-
nal influence and measurement errors. The vector of initial
state is a normal vector magnitude for which we assign math-
ematical expectation M[X(ty)]=X, and a correlation matrix
K(ty)=Ky. Elements of the correlation matrix are the desired
variances of the state vector components.

If elements of the matrices are constant, the system (6)
is stationary. In the event a disturbance is equal to zero, the
system is called free.



The task of optimal filtration is finding the best estimate
for the vector of state of a dynamic system, characterized by
the first equation (6), according to measurements of the ob-
served signal over time interval [¢y, T]. Dynamic system that
determines the estimate of the system state vector is called a
filter. Estimate of the system state vector is an actual output
signal of the filter. The required (desired) output signal is the
vector of the system state. A difference between the required
output signal and the actual output signal is called an error
of estimation or a filter error.

Optimality criterion is the minimum of an error vari-
ance, provided that the estimate of the system state vector
is an unbiased estimation of the system state vector. To this
end, the following condition must be met:

MIX()]=M[X ()], t2t,
hence
MIE(t)]= M[X(t)- X()]=0.

Features of the criterion:

—a system that meets a given criterion maintains the
deviation within the specified limits over the maximum
possible period,;

—if it is required that the variable should be less than a
certain specified value, the dynamic system that satisfies the
criterion for a variance minimum has the lowest probability
of violating this constraint.

It was proven by Kalman that the solution to the problem
of optimal filtration is an estimate of the system state vector,
which is described by differential equation

A

B OO+ OO~ HOX W]
X(t,)=X,. (7

Expression (7) is called a differential equation of the
filter, which is “disturbed” by the observed signal and yields
at the output the best linear estimation of the vector of state
of a dynamical system. Matrix coefficient for the gain in
optimal filter is derived from expression

C()=KOH (OR™(0),

where R! is the inverse matrix relative to the matrix of mea-
surement error variances; K(7) is the correlation matrix of an
optimal estimate error. To determine a correlation matrix of
the optimal estimate error, R. Kalman derived a nonlinear
differential equation

dK VE (£)—
— = FOK@O+KOF () K(t), (8)

—K@)H ()R (O)H)K )+ LEQ)L(1),

where Q is the matrix of external perturbation variances.

Thus, a solution to the problem on optimal filtration is
derived from the system of equations (6)—(8), which form
the Kalman algorithm. An optimal filter parameters matrix
is formed from equation (7)

F,=F@)-C(t)H(t)=F-KH R'H. )

When implementing a Kalman filter, it is important to
ensure its stability. R. Kalman and R. Bucy demonstrated
that the optimal filter is a uniformly asymptotically stable
dynamic system. In this case, a solution to the correlation
equation represents a steady computational process, insen-
sitive to minor errors.

As an example, let us determine a matrix of parameters
for the optimal filter of a carriage whose estimation scheme
is shown in Fig. 2.

m,

=N
47
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1
Eﬁcz

b, c
b2
N(t)
Fig. 2. A carriage estimation scheme
Denotations: my, my is the sprung mass of the body and
the bogie, respectively; ¢y, ¢y is the rigidity of the upper and
bottom degrees of suspension; by, by are the resistance coef-
ficients of the oscillation dampers, mounted in a suspension
system; N(¢) is an accidental disturbance from the track.

Mathematical model of an oscillatory process takes the
form:

mz +b(2, - 2,)+c (2, 2,)=0;
myZ, + by, + 6,2, = b (2, - 2,) = ¢,(2,— 2,) = N (¢).
To represent the system of differential equations in the

form of Cauchy, we shall introduce the following denotations
(Table 1):

Table 1
Denotation of variables for recording in the form of Cauchy
21 22 Z1 Zy Z Z
X1 X2 xl xQ
X3 Xy X3 X,
X =2
Xy =%,
. 1
X3 = _E(h (xa —x4)+cl (x1 _xz))?

. 1
X, = —;(b1(x4 —X3)+byx, + ¢, (2, — X))+ 6,20, = N(0))
2

or

X=AX+LV,,



0 E »
A= » L. Vi=MTN;
|I-M"C -M'F
x1~ Z
N:—O ;_O’X:xl:zz’
| N (%) E X, z
X, z,

m, 0 b, -b ] ¢ —c
M= ; F= ; C= .
0 m, -b, b +b, | -, ¢ +c¢,

A matrix of parameters for the optimum filter will be
derived from the Kalman-Bucy algorithm. For the model of
carriage under consideration

X=AX+LV,;
Y=HX+V,,

where H=E;

1%
Vi =|:Vq:|’
q

Vo, Vi are the white noises (an object noise and a mea-
surement noise), with a null mathematical expectation and
variance of external disturbances and measurement errors.
The initial state of the system is a Gaussian random variable
with the system state vector mathematical expectation and
a correlation matrix of the estimation error.

A matrix differential equation for the optimal filter, dis-
turbed by the observed signal, takes the form

X=(A-KHR'H)X+KHR'Y, X(t,)=X,,

where X is the system state vector estimation; K is the cor-
relation matrix of estimation error, derived from a solution to
the variance equation of Riccati type

K=AK+KA -KHR'HK+LQL. K(t,)=K,.

We obtain for the considered case

R 0 0 0
Q:O 0 ; R= ' ;R1=r1 ; Ry = s ;
0 D 0 R, 0 0 7

D, 000

0D, 00

“loo D, o0
3

000 D,

K,

)

where D is the variance of accelerations of a wheel center;
Dy; are the required variances of the system state vector
components; 7; are the variances of errors in the measure-
ments of displacements and accelerations.

The matrix of parameters for an optimum filter
F,=A-KHR'H=

_[0-R'K, E-R;'K,
-M7'C-R'K, —-M"'F-R,'K, |

where
K — [Kii K12 j| K — [Kﬂ‘} K14 ] K — [Kﬂ KM]
1 KZ 1 K22 ’ K23 K24 ! K43 K44
For a qualitative analysis, it will suffice to check dynam-
ic indicators of the source systems and their corresponding
optimal filters for the effect of a harmonic disturbance.

Table 2 gives results of simulation of locomotives with a two-
stage suspension system.

Table 2
Simulation results
Degree of
Type of loco- | Zinawr | Zinar | Zomacr | Zomac: damping
motive m m/52 m m/SZ b1 / b”zp bz / b%p
VL80OK 0.013 | 2.591 | 0.017 | 1.334 | 0.15 0.15
VL8OK filter | 0.008 | 1.896 | 0.007 | 1.03 | 0.41 0.07
2TE121 0.031 | 3.076 | 0.016 | 1.55 0.145 0.04
2TE121 filter | 0.004 | 0.635 | 0.006 | 1.049 | 0.546 | 0.149
TEM7 0.019 | 1.345 | 0.016 | 1.098 | 0.444 | 0.038
TEMT filter | 0.011 | 0.546 | 0.011 | 0.505 | 0.623 | 0.085
GE125 0.028 | 2.7 | 0.011 | 1.09 | 0.122 | 0.082
GE125 filter | 0.008 | 0.935 | 0.008 | 1.02 | 0.401 | 0.13

Comparison of degrees of damping of locomotives with
the original suspension system and optimum filters clearly
shows that oscillation dampers are needed also at the bottom
stage of suspension. In this case, a passive suspension system
will be sufficient as the design speed of locomotives does not
exceed 160 km/h.

When designing high-speed transport, it is possible to
achieve excellent estimation of the carriage run if the passive
system is complemented by devices for active control over
parameters of elastic-dissipative links.

4. 3. A possibility to control parameters of elastic-dis-
sipative links in a suspension system for transport car-
riages

A differential equation of the oscillatory process of a
carriage model with a single-stage suspension system, rep-
resented in the form of a dynamic system with one degree of
freedom, is recorded in the form

mZ+bz+cz=N(t)
or

Z+az+a,z=n(t), 10)
where ay=b/m; as=c/m; n(t)=N(t)/m; N(t) is the external
random disturbance from the track. To proceed to the Kal-
man-Bucy algorithm, we reduce equation (10) to the normal
Cauchy form, taking x1=z, xo=2



an

{x1 =x,,
X, =—a,x, —a,.x,+n(t).

Let us measure displacements and velocities of the center
of body masses when a carriage is in motion, that is, all com-
ponents of the system state vector are “monitored”. In this
case, a dynamic system will be represented by differential
equations

ax@) _ .
= EXO+ LN (o,

(12)
Y(t)= HX(¢)+V(t),
where

w2l

is a vector-column of the system state;

|: :|
=
t2 ‘1

is a matrix of system parameters;

N:[ 0
()

is the vector-column of external disturbances;

1 0]
L:
o

is the identity matrix at vector N(2);

St

is the identity matrix that describes the relationship between
the observed vector and the state vector;

is a vector-column of measurement errors.

To derive a correlation matrix of the estimation error
and a matrix gain coefficient of the optimal filter, we shall
employ a Riccati equation

%’; = FK(t)+K(O)F —K(©)H R"HK(t)+LQL,  (13)

where

K

kel o
; Q= ;
K, K, 0 ¢

i Ol e [Vn 0
0 7 0 1
Substituting the matrices in equation (13) and perform-

ing matrix operations, we shall obtain a system of Riccati
equations

R

K, =2K,-K} /n-K}, /1;

K, =Ky —-a,K,,—~aK,~K K, /1,-K,Ky /1
K, =-2a,K,+aK,)-K}, /1,—K}, /1, +q.
Expression for the filter misalignment factor

K11/”1 K12/”21|
Ky /[n Ky/n

Then the matrix of parameters for an optimum filter
takes the form

C@t)=K@)HR™ :[ 14)

F =F—C(t)H=[ (15)

opt

—K“/ﬁ 1—K12/1’2 :|
—a, —K12/r1 —a _K22/72

By analyzing the matrix of parameters for an optimal
filter, we conclude that the rigidity and coefficient of resis-
tance of oscillation dampers should change in this case. If the
values of elements in the correlation matrix of an estimation
error approach zero or are equal to zero, the initial system
will be close to optimal.

Write the matrix of parameters for an optimal filter in
the following form

44
Fon = |:A Al
3 4
Characteristic equation of an optimal filter
LA A
A AN

or
A —(A+A)h+AA, - AA, =0.

Therefore, the rigidity and resistance coefficient of oscil-
lation absorbers can be determined from formulae

c=m(AA, -AA);

b=—m(A +A,). (16)

To obtain numerical values for parameters, it is required
to solve a system of Riccati equations and substitute in (15)
values for the elements of the correlation matrix of an esti-
mation error corresponding to the established process.

The procedure is universal and is suitable for use when
designing or modernizing any transport vehicles. As an
example, we obtain the matrix of parameters for an op-
timal filter for the diesel locomotive 2TE10L (Ukraine,
PO “Luganskteplovoz”) taking into consideration that in
the process of motion we monitor the speed of displace-
ment of the center of the body masses.

Data for calculation are the sprung mass of the locomotive
body m=129 t; resistance coefficient of hydraulic oscillation
dampers, mounted in the suspension system b=446.34 kNs/m;
rigidity of the suspension system ¢=17,157 kN/m.

Differential equation of the oscillatory process of a car-
riage model

mz+bz+cz=N(t) or Z+az+a,z=n(t),



where

a1=b/m=3.46; ay=c/m=133; n(t)=N(t)/m.
Taking x1=z, x5=2, we proceed to recording in the nor-
mal Cauchy form
X =X,
&, =—133x, - 3,46, + n(t).
Represent a model according to the Kalman-Bucy

d);it) = FX(6)+ LN(t); Y(¢)= HX(t)+V(1),

where

x, -133 -3,46 n(t)
[1 O] [1 0] [0]
L= ; H= ; V= .
01 01 0,

The correlation matrix of an estimation error is deter-
mined from the matrix Riccati equation

‘% = FK(t)+ K(t)F - K(t)H R HK (¢)+ LQL,

where

K=|:K“ K12:|, Q:[O 0],
K, K, ’ 0 6],

w0 O] [0 0
N S N VI Vo

We accept for the calculation 7,=0.002 m?/s% g=0.5 m?/s%

K(t |00
(0)_0 0,005 |

The process of solving the Riccati equations is a rapidly
convergent one. Under the established state at =1 s we ob-
tained: K11=0.000191; K{5=0; K9,=0.02545.

Matrix of parameters for an optimal filter

P 0 1
» 1133 -16,185]

Note. When modeling dynamics of the diesel locomotive
TE127 (Ukraine, PO “Luganskteplovoz”) under the action
of a random perturbation (spectrum from the All-Union
Scientific Research Institute of Railroad Transport), a
variance of the wheel’s center accelerations was obtained of
g=20.2 m?/s* at speed 35 m/s. [19].

In this case,

. 00
75=0.02 m?/s%; K(t0)=|:0 0’05:|.

Under a steady mode at t=1 s we obtain: K;1=0.0013;
K12=0; K22=0.1938.

Matrix of parameters for an optimal filter

0 1
F, = .
7 1-133 -13,15

Comparing the matrices of the original system param-
eters and the optimal filter we note that the value for a
parameter related to the work of an oscillation damper sig-
nificantly changed.

Let us consider a possibility to control the damping. A
system of Riccati equations for this case is

K, =2K,-K}, /1y
K, =K, —a,K,,—a,K,~K,K,, /15;
K, =-2a,K,+aK,)-K;, /1,+q. (17)
Under a steady mode, elements of the correlation matrix
of an estimation error are constant, which is why derivatives
from them are equal to zero. Then
2K,, —Kfz /1,=0;
K, -a,K,-aK,-K,K,, /1,=0;
-2(a,K,, +a,Ky,)— K2, /1,+q=0.

K,,=0; K22=7‘2(—aliva12+q/7’2);
Fr:|: _K11/71 1_K12/72 ]

” az_K12/7’1 _a1_K22/72

(18)

K=Ky /a, (19)

(20)

Therefore, the resistance coefficient of oscillation damp-
ers is

b=m\Jal +q /1,

where 74 is the variance of errors in the displacement speed
measurements, which does not depend on the speed of lo-
comotive motion and is determined by the quality of the
device. Therefore, the resistance coefficient of oscillation
dampers depends only on the variance of disturbance ac-
celeration of the wheel’s center. By establishing the actual
dependence of variance of disturbance acceleration of the
wheel’s center on motion speed, it is possible to achieve an
excellent estimation of the locomotive run throughout the
entire range of operating speeds. In practice, it is possible to
improve dynamics of the examined locomotives through a
transition to controlled pneumatic suspension.

2y

5. Results of studying carriage oscillation in the
simulation system MVTU 3.7

We shall perform a qualitative analysis of dynamic
indicators of the diesel locomotive 2TE10L with the
existing parameters of the suspension system and param-
eters for the optimal filter under the action of a harmonic
disturbance.

A differential equation for the vertical oscillations of a
simple model is

mz+bz+cz=chsinwt,



where m is the sprung mass of the locomotive body, b is a re-
sistance coefficient of hydraulic oscillation dampers, mount-
ed in the suspension system, ¢ is the rigidity of a suspension
system, /4 is the maximum amplitude of track irregularities,
o is the frequency of repeated track irregularities, z, 2, Z
are the displacement, speed, and acceleration of the center
of body masses.

We shall study a model in the simulation system MVTU
3.7 for the following data: m=129 t; b=446.34 kNs/m; c¢=
=17,157 kN/m; h=0.02 m; ©=10 s°!; z9=0; 2(=0. For the opti-
mal filter, 5=2,087.865 kNs/m.

In order to construct a structural scheme of the model
we shall solve a differential equation relative to the senior
derivative

Z=(=1/m)(bz+cz—chsinwt).

One can see that the acceleration is equal to the sum of
three components; in order to obtain the displacements, it is
required to perform a double integration. Fig. 3 shows a mod-
eling scheme. The process of constructing modeling schemes,
as well as the technology of work in a simulation system, are
described in paper [19].

Fig. 4-7 show results of the simulation.

Comparison of simulation results shown in Fig. 4, 6, and
Fig. 5, 7, shows that the application of analytical approaches
using the Kalman-Bucy algorithm makes it possible to ob-
tain optimal parameters for a suspension system of dynamic
systems.

An analysis of dynamic indicators of the examined
systems could be conveniently conducted in the modeling
system MVTU 3.7. The library of the modeling system
MVTU 3.7 includes a link of the general form that enables
the construction of enlarged schemes and examination of
transient processes of complex dynamic systems.
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Fig. 5. Chart of accelerations of the center of body masses
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6. Discussion of results of theoretical
study and simulation of a railroad carriage
oscillations

Fig. 3. Modeling scheme
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Fig. 4. Chart of displacements of the center of body masses

The research results obtained demon-
strate a procedure for testing the feasibility
of designing an active suspension system for
transport carriages.

The proposed procedure employs analytical method
of calculation. To this end, we have developed techniques
that make it possible to apply the Kalman-Bucy algo-
rithm to complex dynamic systems. The techniques are
as follows:

— we impose a constraint on the structure of the designed
system, which implies the application of linear and symmet-
ric estimation schemes;

—we have chosen weight coefficients for the square
functional of quality in accordance with the requirements to
sanitary-and-hygienic norms that ensure health and working
capacity for a locomotive crew and passengers.



The viability of the procedure was checked using test
models of a transport carriage. The obtained results on
the simulation of control over parameters of elastic-dissi-
pative links (Table 2, Fig. 4-7) testify to the improvement
of dynamic indicators of rolling stock.

The procedure might prove useful when designing
new carriages or modernizing the existing ones, thereby
avoiding unnecessary expenditures for creating devices
of active control over elastic-dissipative links. The proce-
dure is aimed at building transport carriages for regular
and high-speed motion.

This study is continuation of the earlier studies [20].
Still unresolved is the task on solving the systems of
nonlinear differential Riccati equations in the program-
ming environment MVTU 3.7 for complex dynamic
systems.

7. Conclusions

1. At present, there exist the prerequisites for the de-
velopment of various types of active suspension systems,
capable of providing the required dynamic properties for
a carriage given a substantial increase in motion speed.

2. We have devised techniques that allow the adapta-
tion of the Kalman-Bucy method for designing complex
dynamic systems.

3. When designing suspension systems for transport
carriages, it is required to apply a procedure of phased
design, which implies at the first stage designing a passive
suspension system, at the second — verifying the principle
of operation of a suspension system using the optimal
Kalman-Bucy filters, that is, testing the feasibility of de-
signing devices to control elastic-dissipative links.
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