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Abstract - This article continues research on the pantograph-
catenary system started in the previous papers [1], [2].

The main purpose of the study is to use a computer of high-
speed train to optimize the pantograph-catenary system by
reducing power consumption when basic parameters of
pantograph and catenary (contact network) change over time
randomly.

A linear model of pantograph-catenary system is considered
where the upper and lower blocks of pantograph and catenary
are modelled using lumped masses, springs and shock absorbers.

The input and output system signals are measured when the
train moves. These signals are processed by parametric
identification algorithms to determine current values of system
matrices. State matrices are used in Riccati equation to calculate
controller coefficients. Adaptive controller provides dynamic
stability of the system when its parameters change over time, and
the system is subject to random external perturbations.

Keywords - Pantograph-catenary system, mechanical
multibody system, parametric identification, controller, adaptive
pantograph

|. INTRODUCTION

Since October 1964, when the first high-speed railway line
allowed for a speed of 210 km/h was commissioned in Japan,
nearly 50 years have passed. Many of high-speed rail
problems have been resolved successfully during this time
period. In the coming years, experts from leading
industrialized countries (Japan, France and others) plan to
increase train speed to 500 km/h. At the same time scientists
have identified those problems that need to be addressed to
further enhance progress in this area [6]. In the following
block diagram (Figl.), the solution to these problems will be
investigated by computer modelling. As can be seen from the
structure, one of the main problems is the study of models
with time-varying parameters of the main components of this
high-speed rail system.

This paper considers some results of dynamic
characteristics of the aforementioned block-scheme
components with time-changing parameters, pantograph and
catenary.

In contrast to the previously published results on
pantograph-catenary system [5], [7] — [12], we present results
on the system with optimal control methods based on
parameter identification and adaptive control algorithms.
These methods of dynamic systems were investigated by the
authors for various purposes [1] — [4].
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Fig. 1. Computer simulation of service reliability for high-speed trains

In the study, parameters of pantograph-catenary model vary
randomly over time, and the system is periodically subjected
to external perturbations.

The recorded input and output signals of the system, during
its functioning in real time, provide information about system
states. These signals are processed using parametric
identification algorithms, which include the following main
tasks:

- measurement of input and output signals of the system in a
given time interval,

- calculation of state vector of pantograph model;

- calculation of parameter current values of the system
mathematical model;

- calculation of active pantograph controller parameters for
every time interval where the state vector of pantograph and
the mathematical model parameters are calculated;

- correction of pantograph controller coefficients when the
model parameters and the state vector change in a given time
interval.

Solutions to parametric identification problem for the
system by means of pantograph state vector allow one to
calculate coefficients of adaptive controller based on Riccati
equation [2]. An adaptive controller created on these
principles guarantees optimal dynamic characteristics of
pantograph-catenary system both in case of parameter random
changes over time and in case of external disturbances (drums)
on the system.

Based on the Matlab/Simulink simulation, results of the
developed control algorithms for pantograph-catenary system
with time-varying parameters confirm effectiveness of the
system compared to other methods of solving the problem
using, for example, a second-order sliding mode control
scheme [5].
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Il. MATHEMATICAL MODEL OF THE SYSTEM WITH VARYING
PARAMETERS

A. Catenary Mathematical Model with Time-varying

Parameters

Catenary mathematical model is usually represented by the
2nd order differential equation with time-varying parameters

[2], [4]:

M0z O +COzO+KOzO=Q® , Q.1

where
Z, (t) — amplitude of the i-th modal component,

M (t) — mass of the i-th modal component,
C, (t) - damping coefficient of the i-th modal component,
K, (t) - stiffness coefficient of the i-th modal component,

Q, (t) - forcing function of the i-th modal component.

Taking the frequency of oscillations for the i-th component of
Ki(t)

the model by @, (t) (e (t) = v ) and the damping

factor with respect to other model parameters by ¢&(t),
Equation (1.1) takes the form [1]:

M, (7,0 +2M, (02, 1)+ M, 0o 02,0 =Q 1), (.2)

For a given shape and vibration frequency of catenary
signals, time response for every component is defined by
(1.2), and the output signal of the entire catenary model is

equal to the sum of all M, (t) components.

B. Pantograph Mathematical Model with Variable
Parameters

A mathematical model of passive pantograph is defined by
2nd order differential equation with time-varying parameters

[1]:

m®)y, () =-F.O -w®) (y, -y ) -u® (y, O -y, ®),
M@®)Y (1) = F ) +w(t) (y, () -y, ) +u®) (y,®) -y, 1) -

vy -y O)-t, (v, -y, 1),
where

Y, (t) —displacement of the head,
Y (t) —displacement of the frame,

Y, (t) — displacement of the vehicle roof,

F. (t) — contact force acting on the pantograph head,

L.3)
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F, (t) — permanent lifting of static force.

Assuming equation (1.3) with constant coefficients m, M,
w, and u, Laplace Transform can be applied with zero initial

conditions for Y, Y, and F_. Asaresult, we receive
(ms? +us+W)Y, +F, = (us+ W)Y, ,
(Ms? + (U+V)s+(W+t,))Y, =(Us+w)Y, (L4)
According to (1.4), transfer function of the pantograph can be
found. Evaluating Y, / X, and Y, / X we obtain

Yo(S)  Ms?+(u+Vv)s+w+t

= ™K, @.5)
X, (S) A
Yi(s) us+w (L6)
Xo(s) A " |
where

A =Mms* +(Mu+m(u+V))s® +
(M(W+K,)+m(w+t,_)+u(u+v)—u®)s®+
(u+vV)(W+K,)+u(w+t,)—2uw)s +
(Wt ) (w+ K, )—w?).

This model (1.5) and (1.6) of two-mass system is a system
of two degrees of freedom [1]. Although the actual pantograph
is much more complicated, this model is sufficient to represent
dynamic characteristics of the pantograph system with two
degrees of freedom.

To analyse pantograph dynamic characteristics, specific
(nominal) parameters of passive pantograph should be used. A
block diagram of passive pantograph is shown in [1]; the
parameters for this version are as follows:

K, =178.58kg/m, w=178.59kg/m, u=3.57kg-sec/m,
t =34287.3kg/m, v =21.43kg-sec/m, m=1.11kg-sec’/m,
M =1.66kg-sec®/m.

Further analysis of the system provides a pantograph with
one degree of freedom defined by the following transfer
function (1.5):

Y,(s) 161.3s? + 2428s +3.35-10°

= = 1.
X,(s) s*+18.28s° +20794s” +66231s —17341 (

7)

H,(s)

C. System “Pantograph-Catenary” Model with Variable
Parameters

System software MATLAB/Simulink allows us to simulate
dynamic systems with time-varying parameters. We illustrate
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this by an example of catenary dynamic characteristics with
time-varying parameter modeling by (1.2).

This simulation includes the following steps:

a) representation of the system model with time-
varying parameters to the model with constant parameters;

b) formation of the transfer function for the system
with given (nominal) values of the coefficients (M, C, K, Q) in
(1.3);

c) formation of the corresponding S-function in
MATLAB / Simulink based on the original transfer function,
which allows changing of the coefficients over time in the
desired range of frequencies and amplitudes;

d) adding necessary subfunctions of random
variations in amplitudes of the simulated output signal to the
S-function;

e) studying the dynamic system under external
disturbances at different time intervals of operation.

f) creating the combined pantograph-catenary system
with time-varying parameters.

The research block-scheme of the catenary dynamic model
with time-varying parameters is shown in Fig. 1a. The transfer
function (TF) of the catenary (upper photo in Fig.1a) and TF
of the pantograph (bottom photo in Fig.1a) are represented.
From the graphics in Fig.lb one can conclude that both
devices are unstable. The model of output signals with two
options of time-varying parameters is shown in Fig. 2b.
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Fig. 1a. Schemes of the pantograph and catenary models
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Fig. 1b. Transient response of the catenary (upper), transient response of the
pantograph (bottom)
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Similarly, dynamic model of passive pantograph with time-
varying parameters was developed (Fig. 2a).
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Fig. 2a. Scheme of the pantograph-catenary system

The transient response of the catenary (upper photo in the
Fig. 2b) and the transient response of the pantograph (bottom
photo in the Fig. 2b) are represented.
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Fig. 2b. Transient response of the system (midlle), of the catenary (upper), of
the pantograph (bottom)

In the middle photo the transient response of the whole
system is shown. It can be concluded that this system is
unstable, too.

Dynamic model of the pantograph-catenary system with
time-varying parameters with a controller (active pantograph)
is shown in Fig. 3a. The transient response of this system with
a controller (Transfer Funl) without changing its parameters is
shown in Fig. 3b. As can be seen from Fig. 3b, this system is
also unstable.
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Fig. 3a. Scheme of the system with controller (active pantograph)
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Fig. 3b. Transient response of the system with controller with constant
parameters

Plots of the transient responses of the system with the three
types of changing rate of the parameters as a function of time
are shown in Fig. 4ab,c. At a low rate of change of
parameters, the system loses its steady state already at 15
seconds (Fig.4a). At the increased rate of change of the
parameters, the loss of stability occurs more rapidly (Fig. 4b,
at 7 sec.). At even higher rates of parameter change, buckling
occurs at 3 seconds (Fig.4c). At certain ratios of time-varying
system parameters, the resonant vibration processes are
discovered.

111, “PANTOGRAPH- CATENARY” SYSTEM BASED ON
PARAMETRIC IDENTIFICATION AND ADAPTIVE CONTROL
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Simulation results of pantograph-catenary system with
time-varying parameters which contains a controller with
constant parameters in the control loop confirm that this
system does not have the required stability.

To provide required dynamic characteristics of the system
in its real driving conditions in electric systems, adaptive
controller algorithms have been developed based on
parametric identification methods to estimate current values of
the system parameters. Based on the model estimated
parameters and current values of state vector, controller
coefficients are calculated, which guarantee the required
dynamic characteristics of the system in each input and/or
output time interval.

A block diagram of the pantograph-catenary model with
time-varying parameters containing an adaptive controller is
shown in Fig. 5.

Blocks that calculate adaptive controller coefficients are
depicted in the lower part of the scheme:

1) memoryl, memory2 — to check system input and
output signals;

2) Matrix Concatenate — to calculate system matrices
in state space and matrices of Riccati equation;

3) Logical Operatorl — to calculate matrices in state
space based on pantograph state vector;

4) Kiqr — to calculate vector of current values of the
system adaptive controller;

5) Environment Controller — to prepare adaptive
controller algorithm.
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Fig. 4a,b,c. Transient responses of the system (bottom) for 3-d velocities of
parameters over time(upper)
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Fig. 5. Scheme of the pantograph-catenary model with adaptive controller

To evaluate dynamic characteristics of the pantograph-
catenary system, whose block diagram is shown in Fig. 5, a N ® hAM, 25

special program "ADAPPANCAT" in MATLAB was
developed, which implemented all the above-mentioned
algorithms for the system with time-varying parameters where
various external (shock) perturbations impact the system :
simultaneously. (Footnotes explain the use of functions and ; - H\ ‘
parameters). ‘ \
The following conclusions can be made based on the study
of different examples of pantograph-catenary model with

time-varying parameters:
1) Simulation results show effectiveness of the
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controller adaptive settings (Kiy) along with random e

variations of the pantograph-catenary model parameters, as

well as random external (shock) perturbations acting in the Fig. 6. Plot(t,u,r',t, Td1,'r); Isim(cl_lar,u,t)

system. S —
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catenary adaptive system. | F el '
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changing random parameters (Fig. 7). ‘
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variations of system parameters and external perturbations : ‘
should also be mentioned. Table 1 shows controller ' I
coefficients for 10 consecutive cycles of random system !
parameters and random shock perturbations. (External , Hi il N
pressure is specified in Newtons at a nominal value of Tdl = '
3.1IN).
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TABLE |
CONTROLLER COEFFICIENTS FOR 10 DIFFERENT VALUES OF SYSTEM PARAMETERS AND EXTERNAL FORCE TD1

Round  Function Coefficient's values in ith round of calculations Td
1 K_Iqr1 [44 FeA4 36817 47127 97904 256275 1004836 137 3334] -12.3566
7 K_Iqr2 [44 f24 0 367497 19140 90472 253894 483065 144 4489] -6 4054
3 K_Iqr3 [44.?214 26587 21935 100973 295113 792822 106271 5] -36.0669
4 K_Iqr4 [447214 37032 10056 99774 273275 1209058 146.8093] -39 2065
H K_lql5 [44.?214 37114 19486 100315 305245 845308 140, 249] 56 4442
§ K_lqlﬁ [447214 18100 13642 52435 166799 107 1087 75.7135] 227472
[ K_Iqr? [44.?214 SEE0 22341 104712 293525 ?8.91031?8.30[5] -6 4757
g K_|ql8 [44.?214 S7240 24195 10,4142 301082 1214422 1?2.8915] 2496197
9 }‘(_|Ei|l‘§| [44.?214 28097 25170 106546 341508 951926 103.3616] 439041
10 K_Iqr10 [44.?214 20404 1bdob 54825 225220 G9p0z8 ?0.12[13] -69.3966

IV. CONCLUSIONS

Mathematical models of pantograph-catenary adaptive
system whose parameters vary randomly over time and the
system affected by external shock disturbance led to the
following conclusions:

a) the model adequately reflects dynamic characteristics of
real pantograph-catenary autonomous systems used in modern
electric trains moving at high speeds (200 km/h and more);

b) evaluation of time-varying system parameters should be
done in real time based on measurement data of system input
and output and further implementation in parameter
identification algorithms (using the pantograph computing
device);

c) based on estimates of current values of system
parameters (obtained by solving the parametric identification
problem), optimal values of controller coefficients are
calculated using Riccati equation;

d) system adaptive controller provides the necessary
dynamic and accuracy characteristics of the system with
random changes in system parameters and external shock
impacts during the operation;

e) elaborated programs, which implement basic algorithms
of measurement data, parametric identification and adaptive
corrector, do not impose special requirements on the
pantograph computer in a train.
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Aleksandrs Matvejevs, Andrejs Matvejevs. Sistémas ,,pantografs - stravas uztvéréjs” optimala vadiba ar parametriskas identifikacijas metodem

Saja darba tiek apkopoti sistémas ,,pantografs - strivas uztvergjs” pétisanas rezultati, kas ir iepriekgja raksta turpinajums. ST pétijuma galvenais mérkis bija
atrvilciena datora cie$a izmantoSana sistémas ,,pantografs - stravas uztveérgjs” funkciju optimizacijai, lai samazinatu energijas patérinu pantografa un stravas
uztveréja pamatparametru izmainas laika.

Tiek aplikots sistémas ,,pantografs - stravas uztvergjs” linearais modelis, kura pantografa un kontaktu tikla augsgjais un apaksgjais bloki tiek veidoti, nemot véra
sadalitas masas, atsperes un amortizatorus, kuras parametri mainas nejausi. Sis sistémas Ipa§a nozime saistita ar to, ka atrvilciena kustibas gadijuma notiek ieejas
un izejas signalu mérijumi un, pamatojoties uz So signalu parstradi ar specialo parametru identifikacijas algoritmu, tiek veidots pantografa kontrollera algoritms.
Pamatojoties uz pasreiz€jo vertibu sistémas parametru novertgjumiem, aprékina kontrollera koeficientu optimalas veértibas, izmantojot Rikati vienadojumu.
Sistemas adaptivais kontrollers nodro$ina nepiecieSamas dinamiskas ipasibas sistémas parametru nejausas izmainas brizu un argjo traucgjumu gadijumos.
Izstradatas programmas, kuras Tsteno mérijjumu informacijas algoritmu, ka ari parametriskas identifikacijas un adaptiva kontrollera algoritmu, neizvirza jaunas
prasibas elektrovilcienu pantografa skaitloSanas kompleksam.

Aunexcanap MarseeB, AHjapeii MaTBeeB. OnTuMaibHOE yNpaBjeHHe CHCTEMOI «IMAHTOrpag-TOKONPHEMHHK» € HCIOJb30BaHHEM NMapaMeTpUYecKoii
HIAeHTHPUKATUH

B cratbe u3maraloTCsi pe3yNbTaThl HCCIENOBAHUS CHCTEMbI «IMAHTOrpad-TOKONPHEMHHK» KaK MPOJOJDKEHHE mnpenpiaymeil padorsl. OCHOBHAs LEib
MPOBEJCHHOTO HCCIICAOBAHUS COCTOSJIA B TOM, YTOOBI MAaKCHMAaJbHO HKCIOJB30BaTh KOMIIBIOTEP CKOPOCTHOTO JJIEKTPONOe3na Ui ONTHMHU3ALMA
(YHKIHOHUPOBAHUS CHCTEMBI «IAHTOrpad)-TOKOMPHEMHHUK» C LEIbI0 YMEHBLICHHS PAcXOAa OJICKTPOIHEPIHH IMPH CIYYalHOM H3MEHEHHH OCHOBHBIX
rapameTpoB MaHTorpaga 1 TOKOIPUEMHHKA BO BPEMEHH.

PaccMaTpuBaeTcsi JIMHEHHAs MOJEIb CHUCTEMBI «IIaHTOrpad-TOKONPUEMHHUK», TJIe BEPXHHW W HWKHHK ONOKM maHTOrpada, a TakkKe TOKOIPUEMHHKA,
MOJICJIMUPYIOTCSL C YYETOM COCPEJOTOYEHHBIX MAacC, NPYXUH W aMOPTH3aTOPOB, HapaMeTPbl KOTOPHIX M3MEHSIOTCS BO BPEMEHHM CIy4YailHBIM 00pa3oM.
OCO0EHHOCTb MOCTPOEHUSI ATOW CHCTEMBbI 3aKJIIOYAETCS B TOM, YTO NP JBMKEHUM I0€3/1a OCYIIECTBIAETCS M3MEPEHHE BXOJHBIX M BBIXOIHBIX CHTHAJIOB
CHCTEMBl U Ha OCHOBaHHH OOpaGOTKM JTHX CHTHAJOB C HCIIOJb30BAaHHEM CIIEIHMAIBHBIX aJTOPHTMOB IapaMeTpuieckod wieHTH(UKamuu (opmupyercs
aNropuT™M KOHTpoiUiepa maHtorpada. Ha OCHOBe OIEHOK TEKYIIMX 3HAYCHHH MapaMeTpPOB CHCTEMbI BBIYUCISIIOTCS ONTHMAbHBIC 3HAYECHHST KOI(DGhHUIMEHTOB
KOHTpOJUTepa maHTorpada C HCIONB30BAHHEM YpaBHEHHs PHKKaTH. AJANTHBHBIA KOHTPOJUIED CHCTeMBI ofecrevynBaeT TpeOyeMble THHAMHYECCKHE
XapaKTEePUCTHKH CHCTEMBI IIPU CITyJaifHBIX H3MEHEHHSIX [TapaMeTPOB CUCTEMBI M BHEITHHX YIaPHBIX BO3IEHCTBILIX TIPH e¢ (YHKIMOHUpOBaHUHU. Pa3paboTaHHbEIe
MIPOrpaMMBl, PEATU3YIOIHE OCHOBHBIE aJIrTOPUTMbI 00PaOOTKH U3MEPUTENILHON MH(BOPMAIIMK, TapaMEeTPHYECKOH HACHTU(GHUKALMK U aIalITUBHOTO KOHTPOJLIEpa
HE MPEABSBISIOT HOBBIX TPEOOBAHUI K BHIYUCIUTEIBHOMY KOMILIEKCY ITaHTOrpada 3JIeKTPoroesa.
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