
 

Abstract— One of the problems in high-speed-train 
transportation systems is related to the current collection 
quality, that can dramatically decrease because of oscillations 
of the pantograph-catenary system. In the recent literature this 
problem has been addressed by means of active pantographs. 
In order to reduce the costs, a common requirement of the 
train companies is that the control system could be applied to 
the actually used pantographs. In this paper we present the 
preliminary results about the possible implementation of VSC 
techniques on a servo-actuated symmetric pantograph that can 
be obtained by modifying a passive high-speed pantograph 
Ansaldo ATR90, currently used by Italian Railways. We 
consider the equivalent mechanical characteristics of the 
catenary as uncertainties to compensate for, and the use of a 
robust, nonlinear, control scheme is proposed. Recent results 
about the influence of fast actuators in second-order sliding 
mode control schemes are exploited to avoid the destroying 
effect of a resonant actuator and the system performance are 
verified by simulation,  under the hypothesis of knowing the 
actual contact force. The contact force results to be very close 
to the desired value in various operating conditions. 

INTRODUCTION
NE of the main problem in high-speed train 
transportation systems is related to the interaction 

between the train pantograph and the overhead equipment, 
the catenary.  

During the train run, the pantograph deforms the catenary 
and oscillatory motions are induced. As the train speed 
increases, these oscillations can become larger and larger 
and the loss of contact between the pantograph head and the 
collector wire can occur.  

Because of its economic relevance, the complex behavior 
of the catenary/pantograph system gained the attention of 
many researchers and engineers since several decades [1]-
[5]. These studies pointed out that satisfactory performances, 
at high speed, can be achieved by means of active 
pantographs, that require relatively small investments. 

In particular, it has been shown that better performance 
can be achieved if approximate models of the 
catenary/pantograph system are considered to design or tune 
the controllers [2],[6],[7]. Most authors represented the 
pantograph as a linear system [6],[8],[9]; furthermore, some 
authors assumed that the complex dynamics of the catenary 
could be well approximated by a linear mechanical system 
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with space-varying lumped parameters and used such an 
approximation in the controller design [7].  

Actually, there is a large uncertainty in almost all the 
proposed models; therefore, the use of robust control 
techniques was proposed [9]-[11]. We consider the 
equivalent model of the catenary as an uncertainty to 
compensate for by means of Variable Structure Control 
(VSC) systems with Sliding Modes (SM) [11], which are 
recognized as an effective and simple control approach to 
uncertain control systems [12].  

We showed that the robust output-feedback approach in 
[11], which implies the design of a high-order 
observer/controller, presents hard practical implementation 
problems for the considered pantograph, obtained by 
modifying a passive high-speed pantograph Ansaldo 
ATR90. In fact the actuator can be modeled as a second 
order system with a small damping, so that the 
implementation of the output-feedback control scheme in 
[11] requires the estimation of the second derivative of the 
available output, with very large values both of itself and of 
its Lipshitz constant, and very large values of the control 
gain. Therefore, to achieve acceptable real sliding behaviors 
a very small sampling time is required. 

In order to avoid the need of any differentiator, recent 
results about the influence of fast actuators in second-order 
sliding mode control (2-SMC) schemes [13]-[16] are 
exploited in the design of the controller. In particular, a 
generalized formulation of the “sub-optimal” VSC (2-VSC) 
[17], [18] and a proper filter are used to attenuate the 
undesired peaking of the contact force and to shape the 
residual oscillations that appear during the approximate 
sliding regime  that is established. 

Simulations showed the effectiveness of the proposed 
output-feedback control scheme in different operating 
conditions. 

I. A MODEL OF THE PANTOGRAPH-CATENARY SYSTEM

An exact model of the overhead suspension system is 
very difficult to define because it is a distributed system, and 
its parameters are very hard to evaluate exactly. For this 
reason, simplified models with lumped time-varying 
parameters have been introduced [7]-[9]. They are based on 
a the local, in space, characterization of the equivalent 
mechanical parameters (i.e., mass, stiffness, and dumping 
coefficient) of the contact wire. 

These parameters present a periodic behavior varying 
along each span, with smaller variations due to the droppers. 
This allows one to represent the equivalent parameters by a 
combination of harmonic functions [8] 
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where L is the span length and x the distance from a tower. 
The contact between the supply wire and the contact shoe 

is modeled with a lumped high stiffness and a low damping, 
and a nonlinear saturation constraint can be introduced to 
simulate the loss of contact. The symmetric pantograph can 
be well modeled by means of a linear lumped-parameters 
system affected by the input forces (i.e., the constant force 
applied to the lower frame by the pneumatic positioning 
system of the pantograph, and the control forces acting on 
the lower or on the upper frame) and by the constraint forces 
(i.e., the contact force) [8], [9]. 
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Fig. 1.  A lumped-parameters model of the pantograph-catenary system. 

The dynamics of the system in Fig. 1 can be represented 
by a set of linear dynamic systems possibly coupled by 
means of the contact force constraint , which assumes only 
positive values when x1=xc (i.e., the pantograph shoe is in 
contact with the supply wire) 
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During operation (i.e., when the contact force is positive), 

the dynamics of the pantograph-catenary system can be 
represented as a linear time-varying system derived by 
combining equations (2)-(4), with the actual position of the 
train along the span evaluated by integration of the  train 
speed v(t), i.e., ( ) ( )∫=
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where [ ]Tx,x,x,x,x,x 332211    =z ,
cc xxxx   ≡≡ 11 , , is the state 

vector, f=[fc,F]T is the control vector, A is a time-varying 

matrix, B and C are constant matrix and vectors with proper 
dimensions, and y is the contact force, i.e., 
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A standard pneumatic actuator has been used to apply the 
needed pre-load force, F, on the pantograph frame. This 
actuator is designed to apply a constant force that 
compensates for the gravitation forces and impose the 
desired constant contact force in the worst case condition. It 
can be then assumed that F = const.

The contact force is regulated by means of a wire actuator 
acting on the sliding bows. The actuator dynamics can be 
represented by a linear second order system with a small 
damping and a large resonance peak at about 500 rad/s; 
therefore 

uKfff ancncnc
222 ωωζω =++   (6) 

where u is the actuator command. 
Taking into account previous considerations about the 

forces acting on the pantograph frame, system (5)-(6) can be 
reduced into the following normal form [12] 
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y represents the phase output vector, whose elements are 
the contact force  (i.e., the system output y) and its first and 
second time derivatives, and w∈R5 is the internal state 
vector.  

The state variables of the overall system (5)-
(6),[ ]Tcc

T f,f,  z , are related with those of the normal form 

representation (7), [ ]TT y,y,y,    w , by the following affine 
relationship, which is invertible if b1≠0: 
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The last two rows of (8) point out that the relative degree 
of system (5) depends on the actual values of the damping 
effects, characterized by the values of parameters b1 and b2.
In fact it results CB1=b1/m2, CB2=0, CAB2=b1b2/(m3m2), 
CAB1=k1/m2 − b1 (b1/mc+(b1+b2)/ m2)/ m2. It is clear that a 
small damping effect corresponds to a small control gain, 
and therefore strong control efforts are usually needed. 
Disregarding the damping effects would cause the relative 
degree of the system to increase, so leading to a different 
control structure whose effectiveness on the real system 
should be carefully analyzed.  

Taking into account that the input-output relationship in 
(7) is derived by substitution of (8) into the following 
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and from the explicit form of Ψ, it results that the vector 
field Ψ and the function ϕ  in (7) are time-varying since they 
are affected by the catenary equivalent parameters, mc, bc
and kc, in eq. (1). These time-varying parameters never 
vanish, and they can be assumed to be sufficiently smooth 
function on time. 

By eq. (7) it results that the internal dynamics of the 
approximate linear model of the catenary/pantograph system 
is BIBO stable. Therefore, on the basis of the previous 
considerations about the time-varying terms, it can be 
claimed that all the functions and variables in eq. (7) are 
bounded, i.e., the following inequalities are fulfilled 
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where Φ is a known, positive definite, convex function, P
and Q are positive known constants and t0 is the initial time 
instant. 

II. A ROBUST OUTPUT-FEEDBACK CONTROL SYSTEM

The required task for the control system is to solve a 
regulation problem, i.e., to maintain the actual contact force 
to a desired constant value yref. Consider the output error 
e(t) =y(t)-yref , it is trivial to show that the error dynamics, in 
the normal form, is represented by the same set of 
differential equations than the controlled system, provided 
that the substitutions y(t)=e(t)+yref, y(i)(t)=e(i)(t) (i=1,2,...) are 
performed. The regulation problem of the contact force 
between the pantograph head and the contact wire is, 
therefore, reduced to an output-feedback stabilization 
problem for an uncertain, possibly nonlinear, system. 

Recently some robust output-feedback control approaches 
based on the use of variable structure controllers were 
presented in the literature [19]-[21]. The common aim is to 

steer to zero, possibly in a finite time, a proper linear 
combination of the output error and its time derivatives (the 
sliding variable). Once the sliding variable is constrained to 
zero, the error system performs as an autonomous, stable, 
linear system of reduced-order. The main differences are in 
how the error derivatives are estimated. 

Oh and Khalil [19] solved the problem of estimating the 
needed time derivatives of the error signal by a High-Gain 
Observer (HGO), and used a classical VSC [12] as the 
controller. Differently, Bartolini et al. [20] and Levant [21] 
suggested the use of Higher-Order Sliding Modes (HOSM) 
to avoid both some differentiation step and the destroying 
propagation of the measurement noise during numerical 
differentiation. 

In fact, HOSM are characterized by steering to zero the 
sliding variable and its first h-1 derivatives, h being the 
sliding order [22], [23]. This implies that the sliding variable 
σ could be defined as a proper linear combination of the 
error signal and its derivatives, up to the (r-h)th-order, r
being the relative degree [12] between the system output, 
i.e., the sliding variable σ and the discontinuous control.  

The direct application of the latter approach, with the use 
of a 2-VSC with chattering avoidance features [22]-[25], to 
the considered system would imply the definition of the 
sliding surface as follows: 

,01 ecece ++=σ   (11) 

with ck (k=0,1) coefficients of a Hurwitz polynomial.  
Equation (11) requires the estimation of the first and 

second derivative of the available signal e= y-yref. They are 
fast varying during the transient, when the contact force y is 
not yet regulated, and, therefore, the Lipschitz constant of e
is very large, as can be evaluated by (9). Furthermore, the 
second order sliding dynamics, which  derives from 
differentiation of (11) taking into account (7)-(9), can be 
described by the following relationship 

( ) ( ) uuFffzt cc    γϕσ += ,,,,4
 (12) 

that has the drift term ϕ4, whose explicit form is not reported 
for the sake of conciseness, depending, among the others, on 
terms like zA  and A4z. These fact makes the bound of ϕ4
very large. 

The above considerations imply that huge values of both 
the differentiator and controller gains should be used to 
implement an output-feedback VSC scheme as in [11].  

Even if , theoretically, the output-feedback VSC approach 
can guarantee the asymptotic regulation of the contact force,  
the practical application of the described approach in this 
case could be not effective. In fact, the theoretic 
performance comes from the assumption that the 
discontinuous control u switches at infinite frequency. This 
is not possible either because the controller is digitally 
implemented or because some hysteretic relay is used to 
implement the VSC. In these cases the invariant set of the 
closed-loop system is a boundary layer of the sliding 
surface, i.e., after a finite time transient it results 

Tt,K,K ≥∀≤≤ τστσ 1
2

0   (13) 

where τ  and T are the equivalent switching delay and the 
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reaching time respectively [22,26]. 
The huge values of the constants K0 and K1, due both to 

the resonance peak of the actuator and to the parameters of 
the pantograph/catenary system, require almost unrealistic 
values of τ  to achieve  the desired accuracy.  

A. An approximate sliding mode controller 
The control scheme we are going to present is based on 

the hypothesis that the presence of fast actuators, or sensors, 
would result in a singular perturbation of the ideal sliding 
mode [13]-[16]. Therefore, we can design the controller 
disregarding the presence of the actuator, and implementing 
a chattering avoidance scheme. 

In fact, such a scheme can be applied to relative degree 
one systems, as in our case, and it needs a 2-SMCs with a 
cascade first order filter (often a simple integrator), so that 
the relative degree between the sliding variable and the 
discontinuous control is two. Then the normal form for the 
system without the actuator would be the following 

( ) ( )( ) ( )
( ) ( ) ( )( ),t,t,tyt

,tft,t,ty)t(y c

ww
w

ψ=
+=

 
 11 γϕ  (14) 

where the relationship between vector z and [wT,y]T comes 
from (8) not considering the last two rows, and the input-
output first order dynamics derives from the following 

Ffy c 21 CBCBCAz ++=  (15) 
with CB1=b1/m2 and CB2=0. 

In [15] it was shown that the use of the “Generalized Sub-
Optimal” 2-SMC [17], [18] with unmodeled linear fast 
actuators of any order guarantees the reaching of a boundary 
layer like that in (13), τ being the fast actuator’s time 
constant. Furthermore, the parameters of such a controller 
can be also tuned to counteract the peaking phenomenon 
[18], and to shape the frequency and magnitude of the 
system oscillations within the boundary layer (13) [16]. 

The above results, and the considerations in Section II 
about the bounds of the system dynamics, suggest the use of 
the “Generalized Sub-Optimal” 2-VSC with constant 
parameters guaranteeing the monotonic behavior of the 
sliding variable as the controller, i.e., [17] 
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where eM is the most recent extremal point of the error 
variable e(t)=y(t)-yref , whose vanishing defines the sliding 
surface, and Φ  is an upper bound of the uncertain drift term 
of the second order dynamics of e(t) in the set �, which can 
be estimated by the last row of (8). 

Tuning the 2-VSC parameters by means of the worst case 
design, as stated by conditions on V in (16) is usually less 
effective than deriving them by means of preliminary 
simulations. In fact, the latter usually gives better results 
since the estimated bounds for the uncertainty are very 
conservative, and imply a very large control authority. This 
will result in a larger cost and larger values of constants K0
and K1 in (13). 

In order to consider the actuator as a singular perturbation 

of the ideal system, the resonant dynamics of the wire 
actuator should be compensated by means of a pre-filter. In 
the considered case the wire actuator has been identified by 
the harmonic response [9] drawn in Fig.2. 

It is evident the large resonant peak, at a high frequency, 
that could amplify some of the harmonic components 
generated by the finite frequency switching of the VSC such 
that the real sliding could be destroyed.  

The pre-filter  should be designed in such a way that the 
actuator is a low-pass filter whose bandwidth is large enough
to allow the control to compensate the harmonic  
disturbances due to the variation of the catenary parameters. 
Taking into account the standard span length (L = 60 m) and 
the usual maximal velocity of high-speed train on Italian 
railway systems (v = 350 km/h), the spectrum of the 
disturbances to compensate for with the control is within the 
range 0÷10 rad/s. 

Therefore, in the specific case a simple first-order low-
pass filter with time constant τf = 0.1 s as the pre-filter 
suffices (Fig.3). 

Wire-actuator harmonic response diagram
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Fig. 2.  The wire actuator harmonic response 
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Figure 3 shows that the pre-filter drastically reduces the 
influence of the resonant wire actuator (i.e., the compensated 
frequency response is always under the straight line 
representing the simple integrator introduced for chattering 
avoidance purposes) while leaving the harmonic response 
values almost unchanged within the working frequency 
range 0÷10 rad/s (i.e., only a very small gain variation and 
an acceptable phase shift are present in the considered 
frequency range). 

The overall system dynamics is then represented by the 
set of differential equations (14), (6) with the following 
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which represent the nonlinear dynamic controller driving the 
wire actuator command signal u.

The convergence of the system into the boundary layer 
(13) is assured by choosing parameter V sufficiently high 
[17], while the parameter β can be tuned to shape the 
frequency and the magnitude of the residual oscillations of 
the contact force, taking into account that higher values of �
imply smaller oscillations at a higher frequency, but a slower 
transient as well [16]. 

III. SIMULATION RESULTS

The effectiveness of the proposed controller has been 
tested by extensive simulations on the linear model of an 
ATR90 pantograph for high-speed trains combined with a 
linear time varying model of the catenary. The system 
parameters in (5) have been computed, or measured, to be: 
k1=100000 Nm-1, m2=7.6 kg, m3=9.25 kg, k2=3421Nm-1,
k3=0 Nm-1, b1=5000 Nm-1s, b2=20 Nm-1s, b3=100 Nm-1s; 
while the catenary has been modeled according to (1) with 
mco=195 kg, mc1

=100 kg,bco=bc1
=240 Nm-1s, kco=7000 Nm-1,

kc1
=3360 Nm-1, bc2=kc2=mc2=0, L=60 m; and the actuator 

parameters in (6) have been identified: ωn=508.0354 rad/s, 
ζ=0.1772, Ka=1. A pre-load constant force F=140 N was 
assumed, and the wire strength fc has been forced to be 
always not positive (the wire can only be stretched) by a 
proper saturation block. 

Simulations have been carried out by means of 
MATLAB-Simulink® using the Runge-Kutta integration 
method with integration step h=10-4.

A first test has been carried out assuming that the actuator 
is a pure gain. Therefore the system dynamics reduces to 
(14) and controller (16) has been directly used with 
parameters V=3000 and β=0.9. The extremal values are 
estimated with a first difference algorithm with delay 10-4.
Without affecting the validity of the proposed control 
scheme, simulations have been performed assuming a 
constant acceleration from 0 to 350 km/h, although this is an 
unrealistic acceleration performance. The contact force is 
almost perfectly regulated to the desired value �ref=100 N (±
0.04 N) (Fig. 4).  

0 20 40 60 80 100 120 140 160 180
-100

-50

0

C
on

tr
ol

 f
or

ce
 [

N
]

0 20 40 60 80 100 120 140 160 180
99

100

101

C
on

ta
ct

 f
or

ce
 [

N
]

0 20 40 60 80 100 120 140 160 180
0

200

400

T
ra

in
 s

pe
ed

 [
km

/h
]

Time [s]

Fig. 4.  Test 1, no actuator dynamics 

Then the actuator with the pre-filter has been introduced 
and the simulation was repeated without changing the 2-
VSC parameters (Fig. 5). Also in this case the contact force 
is well regulated to the desired value yref=100 N (± 1 N),
with a small detriment of the performance. 

Finally a measurement noise with uniform distribution 
between ±2 N was introduced (Fig. 6). In all tests the train 
speed profile was the same as in the lower plot of Fig. 4. 

It is evident that the decreasing of the performance is not 
dramatic; in fact the deviation of the contact force from the 
desired value is greater than the measurement error only at 
the main resonance frequency when the train speed is about 
200 km/h. The controller tuning, based on the ideal case, is 
still effective also in perturbed cases showing the robustness 
of the 2-VSC and of the proposed control scheme. 
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Fig. 5.  Test 2, pre-compensated actuator 
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Fig. 6. : Test 3, pre-compensated actuator with noisy measurements 

IV. CONCLUSIONS 

The paper presents the application of a robust control 
scheme, based on the generalized sub-optimal second-order 
sliding mode controller, to the regulation problem of the 
contact force in high-speed railway system. The actuator is 
pre-compensated by a properly designed filter in cascade 
with the 2-VSC, so that the overall pre-filter and actuator 
can be considered as a singular perturbation of the ideal 
second order sliding mode. The proposed approach results to 
be simple and effective, and robust to the measurement noise 
as well.  
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