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Abstract: For most electrified railways, pantographs play a vital role in transmitting energy from overhead
line to vehicles, and therefore a stable and continuous contact behavior is required. This paper proposes a
disturbance observer-based sliding mode controller (DO-SMC) for the problem of pantograph—catenary
contact force regulation. The simulation results show that the DO-SMC with a chattering alleviation
approach can effectively reduce contact force fluctuation through a reasonable control input.

Copyright © 2023 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

Since the pantograph was invented as a type of current
collector for the electric locomotive, its advantage in
maintaining a stable dynamic contact is preferred for the
modern rail transit that is characterized by high speed,
reliability, and efficiency. Currently, more than one-third of
British railway lines are electrified (Goddard, 2018), and two-
thirds of the electrified routes are equipped with overhead lines
(also called railway catenary) (Butcher, 2017).

The pantograph—catenary system is presented in Fig. 1, and the
pantograph—catenary contact is supposed to be continuous and
stable to ensure a healthy energy transmission. However, the
natural structure of the catenary system results in an
approximately periodical variation in the stiffness of the
contact wire, and thus the contact between pantograph and
overhead lines forms a coupled oscillation system. With an
increase in train operation speed, this system becomes more
vulnerable to external interference (Ambrosio et al., 2012).
The undesired mechanical interaction and even the loss of
contact considerably threaten the train’s daily operation
(Bucca et al., 2011).

Fig. 1. Pantograph—catenary system

As the pantograph plays such a critical role in the railway, the
dynamics of the pantograph—catenary system has been widely

studied. Papers have used mathematical models and associated
computer programs to analyze the impact of structural designs
and operational conditions on the pantograph dynamics.
Although it can be seen from simulations that the conventional
pantograph has been fitted acceptably in the current
operational context (Bruni et al., 2015), its passive mechanism
is inherently a potential hazard to the railway due to the lack
of robustness and adaptability (Bruni et al., 2018). With the
development of the railway industry, researchers started
raising concerns about the capability of the current
pantograph—catenary system when the running speed increases.
Besides that, adapting to the demand for reducing mechanical
wear and ensuring high reliability are also required.

As academia and the railway industry paid more attention to
pantograph—catenary dynamics, researchers started exploring
the possibility of applying active control methods on the
pantograph. The most common application of an active
controller on the pantograph is regulating the contact force, as
the contact force between pantograph and catenary is regarded
as a direct indicator related to the quality of the current
collection. To realize output feedback, the contact force should
be measurable, which can be realized by placing load cells
between the collector and its suspension or by fitting fiber
optic sensors under the carbon strip (Bruni et al., 2018).

Research on active pantographs can be classified through
either the actuator position on the pantograph or the control
law. The control force can be applied on the articulated frame,
head suspension, or the collectors directly (Bruni et al., 2018).
Generally speaking, the control force acting on the lower
frame, in a similar way as the pantograph is subjected to the
pneumatic force, is the most feasible approach.

Many control methods have been used to make the contact
force fluctuation smaller. According to the nominal system,
the principle is to reduce the influence of the undesired system
variation on the system output. The control laws of the linear
quadratic regulator (Ko et al., 2016; Lin et al., 2007; O’Connor
et al., 1997; Wu & Brennan, 1997), linear matrix inequality
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(Rachid, 2011), and H-infinity (Lu et al., 2017) have been
proposed for active pantographs, which demonstrate decent
ability in improving the pantograph—catenary dynamics.

As sliding mode control (SMC) has a powerful ability to
maintain nominal system dynamics by rejecting disturbances
and uncertainties (Edwards & Spurgeon, 1998), an active
pantograph based on the SMC was proposed by Pisano and
Usai (2008). It was shown that the sliding mode control
method can effectively cope with the impact of variations of
the catenary model parameters. In recent years, the SMC
control scheme is sometimes studied with the disturbance
observer (DO) which is an approach to estimating the system
disturbance (Sariyildiz et al., 2019). Basically, the DO
provides the disturbance information that will be used in the
design of the sliding variable and control input. Sliding mode
control using a disturbance observer (DO-SMC) has shown a
great benefit in attenuating the effect of mismatched
disturbances (i.e., the disturbance affects the system via a
channel different from the control input) (Ginoya et al., 2013;
Yang et al., 2012). Therefore, this paper aims to explore the
application of DO-SMC and propose a DO-SMC control law
that suits the problem of pantograph—catenary force regulation.

The paper is structured as follows. In section II, the
pantograph—catenary model used for controller design and
validation will be presented. In section III, the DO-SMC
control law for regulating pantograph—catenary contact force
will be proposed. In section IV, the control method will be
validated with a pantograph—catenary model in simulations.
The paper will be concluded in the last section with a
discussion.

2. PANTOGRAPH-CATENARY MODELS

Although the pantograph—catenary modelling and simulation
benchmark study indicated that the combination of a finite
element (FE) catenary and lumped-mass pantograph is a
mature method of reproducing the system dynamics (Bruni et
al., 2015), the complexity of the FE catenary prevents the
application of model-based design methods. Therefore, a
linear lumped-mass catenary model is widely used for active
controller designs. Integrating the linear catenary with a
lumped-mass pantograph, the model is depicted in Fig. 2, and
its state-space representation is given as follows, where k4, k,,
k3, ¢y, C3, C3, My, m,, and my are the spring, damper, and
mass coefficients of the pantograph; k, is the penalty
interaction coefficient; m., k., and c, are the nominal mass,
damper, and stiffness of the catenary; the system states x;, X3,
x5 and x, denote the mass displacements and x,, x,, x¢ and
xg denote the mass velocities; control input u applies on the
pantograph lower frame; and the output y is the pantograph—
catenary contact force.
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Fig. 2. Linear pantograph—catenary model

x =Ax + Bu y=Cx+Du ¢))
where
x=1[x1 x5 X3 X4 X Xg X7 Xxg]T
1 2 3 4 5 6 7 8
A
0 1 0 0 0 0 0 0
ky +k + k.
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my my my my
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0 0 ﬁ S _ (ks + ky) _ G ﬁ 0
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0 0 0 0 0 0 0 1
k. ky+k
0 0 0 0 - k) _c
mC mC mC

1 T
B=0—000000]

C=[0 0 0 0 ky 0 —k, 0]

D=0

The parameters of the linear model are summarized in Table 1,
where the parameters of the pantograph are obtained from EN
50318:2018 (BSI, 2018) and the parameters of the linear
catenary model are estimated through a method proposed in
(Duan et al., 2022). The principle of catenary linearization is
to make the dynamic behavior of the linear model match the
result exhibited in the FE catenary model. As the catenary
dynamic behavior varies with train operational conditions,
therefore, the linear catenary model is a function of the train
speed. In this paper, the train speed of 250 km/h is focused and
the parameters of linear catenary model for this speed are
obtained as summarised in Table 1.
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Table 1. Parameters of the linear model

Parameter Spring Damping
Mass (kg) c (N/m) | _coefficient (Ns/m)
Pantograph m, 6 ki 160 ci 100
mp 9 ks 15500 C2 0.1
m; 7.5 ks 7000 3 45
Interaction k4 =50000
Catenary m, | 31.72 ‘ k. | 2985 ‘ Ce ‘ 0.695

The controller can be designed based on the linear pantograph—
catenary model described above.

To validate active pantograph closed-loop systems, a popular
way is using a space (time)-varying stiffness to replace the
nominal stiffness k. of the catenary model to reflect changes
in the contact wire property along the train journey. The
stiffness look-up table can be obtained from static simulations
with an FE catenary model according to Eqn. (2), where F is
the static force imposed on the contact wire; and yg; is the
static vertical displacement of the measured point. Here, the
imposed static force is 115 N, which is in line with the static
contact force set for the pantograph in the simulation. The
obtained space-varying catenary stiffness is shown in Fig. 3.
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Fig. 3. Space-varying catenary stiffness

3. DISTURBANCE OBSERVER-BASED SLIDING MODE
CONTROL

3.1 Problem description

To attenuate the impact of the stiffness variation on the contact
force, the control law of the DO-SMC is proposed in this
section. The DO assumes that the model is subject to an
external disturbance signal, so that the sum of system
nonlinearity, parameter perturbation, and external disturbance
will be lumped. As shown in Eqn. (3), the system dynamic
model is augmented with a disturbance state d, where the
matrix E is determined by how the defined disturbance
impacts the system. In the pantograph—catenary system, the
stiffness variation of the catenary system is defined as the
disturbance, which is applied in the form of force (acceleration
change) on the mass of the linear catenary model (i.e., E =
[00000001]7).
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x=Ax+Bu+ Ed
y=Cx+Du 3)

3.2 Sliding variable and control law

The SMC belongs to the class of variable structure control. The
SMC requires the design of a sliding variable s. Once the states
of the system have been found outside the sliding surface s =
0, the control input can pull the states back onto the sliding
surface in finite time and the nominal system behavior can be
maintained (Edwards & Spurgeon, 1998).

The sliding variable is designed as follows with the aim that
the output error can approach zero, where g is the gain to be
designed and y and y,; are the actual and desired output,
respectively. For the following contact force regulation task,
Y4 1s a constant equal to 115.

s=ge+eé

e=y—yq (6)
Here, a DO-SMC control law for the pantograph—catenary
contact force regulation problem is developed. The sliding
variable becomes Eqn. (7) by combining (3) and (6),
considering the system dynamics depicted in Eqn. (1) that
CB=0,CE=0,D=0.

s =(9C + CA)x — gya (7
The control input is designed below.

u=—(CAB) Y [(gCA + CA*)x + (Dispqy + 0)sgn(s)] (8)
where

Dis = |CAEd|
DiS 4y 1s the upper bound of the disturbance CAEd. To ensure

the control input can always help the states back to the sliding
surface, the reachability condition is proved as follows.

From Eqn. (7),

$ = (gCA+ CA*)x + CABu + CAEd 9
Let control input

u=—(CAB) [(gCA + CA*)x + v] (10)
Combining Eqns. (9) and (10),
$=-v+ CAEd (11)
Let
v = (DiSyay + 0)sgn(s) (12)
Then
s$ = —sv + sCAEd
$$ = —DiSpaxls| — als| + sCAEd
s$<—oals| <0 (13)

The reachability is proved. The design of control input
Eqn. (8) requires the knowledge of d as Dis,,,, needs to be
estimated. The disturbance d can be estimated offline from a
disturbance observer. One of the conditions of applying this
control law is Eqn. (14). If the control force acts on ms
(pantograph head), the condition can be met.

CAB # 0 (14)

However, if the control input acts on m, (the pantograph lower
frame, which is the most feasible solution), the condition
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Eqn. (14) cannot be met. To apply the SMC in this case, the
sliding variable is modified as follows.
s=gie+ g6+ gs;é+¢€
= (g:C + g,CA + g;CA* + CA®)x

+(g3CAE + CA*E)d + CAEd — g,y4 (15)
The control input is designed as follows.
u=—(CA®B) [(g,CA + g,CA* + g;CA3 + CA")x
+(Dispax + 0)sgn(s)] (16)

where

Dis = |(g,CA + g;CA* + CA®)Ed|

+|(gsCA + CA®)Ed| + |CAE|
The reachability proof is omitted as it is similar to the previous
case. Dis now consists of the disturbance and its first- and
second-order derivatives that need to be estimated. Also, the
sliding variable is now a function of d and d, which requires a
DO to estimate the disturbance in real time to synthesize the
control input.

The gain g;(i = 1,2,3+:-) in the sliding variable s can be
selected through the method proposed by Lin and Hsiao
(2020), so that the eigenvalues of the sliding surface s = 0 can
be located in the left plane that makes the error e approach to
Zero.
d n
S_(ﬂ+g>e

For example, if n = 3 (i.e., the third-order derivative of the
error exists), the sliding variable can be rewritten as Eqn. (18),
by doing so, only one variable needs to be tuned.

(17)

s=g3e+3g%¢+3gé+é (18)

3.3 First-order disturbance observer

To estimate the disturbance d and its derivative d, the first-
order DO will be used. For a first-order DO, the system
dynamics is augmented with a disturbance state (d) and its
derivative, as shown in Eqn. (19) which assumes that d = 0.
The disturbance states can be then observed through a state
observer. The observer gain is supposed to be designed based
on the requirement of the bandwidth.

x A E 0]px B
[d=001[d]+0u
d 0 0 O 0

d

X
y=[c 0 0] ¢]+Du (19)

d

3.4 Chattering alleviation

Alleviation of the chattering problem is often to be considered
when applying an SMC. An alleviation method (Ginoya et al.,
2013) is applied in this paper, which introduces a linear term
in the control input that can make it possible to use a smaller
switching gain kg (i.e., DiS;q + 0).

For the sliding variable containing the third-order derivative of
the error, the control input is modified as follows, where k; is

Huayu Duan et al. / [FAC PapersOnLine 56-2 (2023) 6069-6074

the SMC linear gain and k; is the SMC switching gain, which
are to be designed.

u=—(CA*B) '[(g,CA + g,CA* + g;CA® + CAM)x
+k;s + kosgn(s)]

4. VALIDATION OF ACTIVE PANTOGRAPHS

(20)

Based on the nominal linear model and its parameters, the
sliding variable and the control input can be designed
according to Eqns. (15)—(17), and g = 50 is selected to
balance the control input and control performance.

If the chattering alleviation method is not applied, kg is
identical to Dis,,,, + o, where Dis,,,, is a function of the
system disturbance and its first- and second-order derivatives,
which can be estimated from a second-order DO offline. The
estimated system disturbance Dis is presented in Fig. 4 and
DiSpax + 0 is 5.62x10%. The magnitude of such a large
number implies that this control method is sensitive to the
estimated disturbance (which will include noise in practice).

The control input can then be designed, which is a function of
the observed system and disturbance states.

%10%
T

T T T

(4 (22}

IS
T

System disturbance Dis
N w

=
T

o

7 75 8 85 9 o5
Time (s)

Fig. 4. Disturbance Dis = |(g,CA + g;CA? + CA®)Ed| +

|(gsCA + CA®)Ed| + |CAEd)|

The simulation results of the DO-SMC are given below, where
Fig. 5 shows the control input and Fig. 6 presents the output
(i.e., contact force). It can be seen that the DO-SMC-based
active pantograph can effectively reduce the contact force
fluctuation, but besides the chattering phenomenon, the
magnitude of control input is also unacceptable. This is mainly
because the controller needs much extra efforts to dynamically
cancel out the mismatched disturbance through the control
input channel.

Control input (N)

7 7.5 8 8.5 9 9:5
Time (s)

Fig. 5. Control input (no chattering alleviation)
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Fig. 6. System output contact force

When the chattering alleviation method is adopted, the linear
gain k; is chosen as 100 and the switching gain k; is reduced
to 1x10* The contact force result is shown and compared with
the open-loop and no-chattering-alleviation cases in Fig. 6.
Although the disturbance rejection performance decreases
slightly compared to the no-chattering-alleviation method, its
effectiveness remains evident. However, as shown in Fig. 7,
there is a significant reduction in control input. The minimum
control input is above zero, which means the actuators only
need to produce control input in one direction.

Time (s)

Fig. 7. Control input (with chattering alleviation)

The numerical results of the control performance are
summarised in Table 2. The minimum (mir), maximum (max)
and standard deviation (std) values of the control input and
output are compared. It is shown that the proposed DO-SMC
control law is able to significantly reduce the variation of the
contact force. With the chattering alleviation method, the
unrealistic control input can be mitigated to a reasonable level.

Table 2. Numerical results of the DO-SMC pantograph

. Control output
Indicator Control input (contact force)
min | max std min max std
Passive Not Applicable 46.52 | 204.10 | 4636
pantograph
DO-SMC
, -2.86 2.86 1.11
(wtt.ho.ut “107 <107 107 107.07 | 119.34 2.19
alleviation)
DO-SMC
(with 1543 | 258.04 | 33.14 104.10 | 132.14 7.27
alleviation)

5. DISCUSSION AND CONCLUSIONS

This paper proposes a DO-SMC for the contact force
regulation problem of the pantograph—catenary system. The
source of the pantograph—catenary contact force fluctuation is
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lumped as an external disturbance. To attenuate the influence
of such mismatched disturbance, an SMC is proposed, aiming
to eliminate the output error. As the controller needs
information of the states of the disturbance and its derivative,
a first-order DO is integrated with the SMC. The simulations
show that the DO-SMC has significant effectiveness in
attenuating the influence of disturbance. However, the
standard DO-SMC law results in an unacceptable control input
regarding the magnitude and chattering phenomenon. When
chattering alleviation is adopted, the control input becomes
reasonable and the control performance in reducing contact
force fluctuation remains good.

As the control law contains the derivative of the disturbance,
this closed-loop system is sensitive to high-frequency change
(disturbance) over the nominal model. This feature is critical
and requires further study because, when the time-varying
stiffness is used as the source of the system perturbation (as in
this paper), only the low-frequency components in the
disturbance can be represented (Duan et al., 2022). Therefore,
more refined catenary models need to be used to validate the
proposed DO-SMC control scheme. From a practical point of
view, the dynamics of the input actuator and the noise of the
measurement also need to be considered in the closed loop.
Furthermore, it is worthwhile to compare the proposed control
method with other control laws regarding the control
efficiency.
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