SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Skyhook-PID Controller for Active Rai lway
Pantograph

Ibrahim, Munaliza
Faculty of Mechanical Technology and Engineering, Universiti Teknikal Malaysia Melaka

Mohd Azman Abdul lah

Faculty of Mechanical Technology and Engineering, Universiti Teknikal Malaysia Melaka

Mohd Hanif Harun

Faculty of Mechanical Technology and Engineering, Universiti Teknikal Malaysia Melaka

Fathiah Mohamed Jamil

Faculty of Mechanical Technology and Engineering, Universiti Teknikal Malaysia Melaka

ftt

https://doi.org/10.5109/7236859

HhRIE$R : Evergreen. 11 (3), pp.2154-2163, 2024-09. AMKZETY—>F o/ QY —iARH#ET LV
,y_

N—o30:

YEFIBI{% : Creative Commons Attribution 4.0 International



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 03, pp2154-2163, September, 2024

Skyhook-PID Controller for Active Railway Pantograph

Munaliza Ibrahim!, Mohd Azman Abdullah'*", Mohd Hanif Harun'?,

Fathiah Mohamed Jamil!, Fauzi Ahmad'*
'Faculty of Mechanical Technology and Engineering, Universiti Teknikal Malaysia Melaka,

Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia

’Centre for Advanced Research on Energy, Universiti Teknikal Malaysia Melaka,

Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia

*Author to whom correspondence should be addressed:

E-mail: mohdazman@utem.edu.my

(Received December 4, 2023: Revised February 26, 2024: Accepted June 21, 2024).

Abstract: This article describes a technique for an active pantograph in rail transportation using
two different active control technologies to control the vertical displacement between the railway
pantograph and the overhead contact line. The performance of proportional-integral-derivative (PID)
controllers and skyhook PID controllers based on disturbances such as step, sinusoidal, and random
inputs was investigated. Active traction pantograph systems with Skyhook PID controllers show
better performance than passive pantograph systems by Root Mean Square (RMS) analysis. In
summary, this simple skyhook PID controller can be proposed for future experimental approach of

active railway pantograph.
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1. Introduction

Nowadays, rail vehicle systems are -electrically
powered. The current is transmitted from an overhead line
system to the rail vehicle via a mechanical arm, the so-
called current collector, as shown in Fig.l. The
effectiveness of a current collection system and the
stability of the interaction between the overhead contact
line and pantograph are two factors that influence the
performance of a high-speed train". This electrical
collection system detects variations in contact force when
a train is moving at high speed. The pantograph must
remain in contact with the contact wire. If contact is
interrupted, the repeated changes in the level of contact
force caused by disconnecting and reconnecting the
pantograph to the wire will generate sparks, which will
affect the efficiency of the electrical collection system?.
This is mainly due to the fact that reliable current
collection ensures both the safety and stability of high-
speed train operation and is a prerequisite for train
acceleration®. To maintain consistency, this tactile force
variation must be under control.

One of the crucial phases in the design of an active
railway pantograph is the pre-design. Most often,
numerical and analytical methods are used to develop the
initial design. Comparing modeling and simulation to an
experimental process, there are many advantages?.
However, creating a computational model that analyses

and predicts the short-term, dynamic behavior over time
of a complex system is usually a big undertaking and a
time-consuming process. It is crucial to have knowledge
of how to set up a network connection and how to
integrate all physical properties into the modelling.
Modeling involves creating a representation that reflects
the key characteristics of an actual system®. Constructing
such a simulation enables analysts to foresee how
modifications may impact the system's operations and
outcomes. According to recent technological
developments, a modeling and simulation environment
can be used to represent a vehicle's behavior'V. For
scientists and engineers, simulation is a crucial tool in the
development process. Researchers studying the dynamic
behavior of vehicles are increasingly interested in the
disciplines of modeling and simulation. Compared to
other methods, they are fast and unambiguous methods for
assessing how the vehicle's handling and maneuverability
characteristics respond in real-time operating conditions.

Verification is a step in any simulation study that
compares two or more results to ensure their accuracy. In
this study, the model implementation and the associated
data are compared to the commercial software called
Algodoo. Algodoo, a 2-dimensional physics-based
simulation software is used as a verification technique due
to its user-friendly interface and its unique position among
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Fig. 1: The railway pantograph and catenary wire system.

serious computer modeling and computer games®. With
an easy-to-use and aesthetically pleasing motion and
animation interface, Algodoo is an open-source program
originally developed for math classes. Phun, the first
iteration of Algodoo, was made available in 2008 as an
educational tool, a multifunctional software platform for
game design, animated media creation, and technical
engineering applications with flexible capabilities”.

Active pantographs are a typical strategy to enable
current collection quality or to reduce wear on the catenary.
Recent research proceeding active pantographs has
focused mainly on the controller method used on the first
high-speed trains®). Various PID controller schemes for the
pantograph and other applications have also been
introduced by many researchers® ). A deep reinforcement
learning (DRL) to overcome the complex time-varying
characteristic of Pantograph Catenary System by using
finite-frequency H-infinity and multi-objective robust
control (MORC) strategy'?. A LQR controller and a
methodical optimization procedure were used for
pantographs of light railway vehicles'). A fuzzy-PID
controller using an LMI (Linear Matrix Inequalities)
control approach has also been demonstrated by a few
researchers!. A self-adjusting, fuzzy logic-based control
system of type 2, employing the Moradi-Zirhohi-Lin type-
reduction technique, was effectively developed and
deployed'>. While the rate function was introduced into
neural adaptive control for robust adaptive output
feedback control'®. There was a genetic algorithm PID
controller introduced by a researcher for pantograph
catenary system with model order reduction'”. The
controller designed for a pantograph catenary system
should have three key characteristics, including ease of
implementation and tuning, flexibility in the face of
uncertainties and disturbances, and optimal performance
assurance.

In this article, a simple three-degree-of-freedom
(3DOF) pantograph model is verified using two-
dimension (2D) physics-based simulation software. The
outcomes of simulations evaluating active control
approaches are provided and the implementation of

adaptive control techniques for a train pantograph is
analyzed. The aim is to enhance contact stability in the
dynamic interaction between the pantograph mechanism
and catenary line. This study examines the performance of
Proportional-Integral-Derivative (PID) and Skyhook-PID
controllers for the vertical displacement of a railroad
pantograph model. Pantograph performances are
compared between PID, Skyhook-PID and passive
controls with input disturbances of 0.01 meter, sinusoidal
wave with an amplitude of 0.01 meter and an angular
frequency of 2x radians per second and a random height
disturbance of 0.01 meter. Based on the disturbances, the
passive and active vertical displacement behavior of the
pantograph model was examined. A simple tuning
procedure is used to attain the optimum value of the PID
controller '®. A relative study by Root Mean Square
(RMS) analysis was performed between active systems
with PID and Skyhook-PID controllers for vertical
displacement and passive systems. The research paper
introduces the concept of active displacement control,
which aims to reduce the vertical displacement of 3DOF
railway pantograph systems. Excessive displacement can
lead to problems such as reduced contact quality,
increased component wear, and lower energy efficiency.

2. Railway pantograph model verification

The railway pantograph is assessed in this section
through the use of some statistical tests to measure the
mean relative absolute error and treating the model with a
visual technique by comparing the tendency of the
simulation results with those of other commercial
software such as Algodoo and using the same input signals.

2.1 Railway pantograph modeling in Algodoo

As shown in Fig. 2, the pantograph model has been
simplified to a 3DOF system consisting of three
concentrated masses - the mass of the contact strip, the
mass of the pan head, and the mass of the other pantograph
components except for the contact strip and pan head. In
general, the linearization of the nonlinear equation of
motion of the frame at a certain height can be used to
determine the lumped mass of the frame. Taking this into
account, a simplified linear representation of the
pantograph model is developed, consisting of the damper
and the spring as mass. This model can accurately define
the vertical motion of the pantograph is analyzed by taking
into account only the gravitational forces acting on the
masses.

The component of the catenary wire is depicted by a
simple spring and damper for analysis. Initially, only the
weights of the masses affect the motions. Due to the
software constraint to produce such inputs, the bottom
support of the pantograph is modified to a rotational part
(Fig. 2a). The inputs are assumed directly from the track
to the body to the pantograph support. The input moves
and hits the support at a certain force. Figure. 2b show the
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Fig. 2: (a) Pantograph simulation in Algodoo. (b) Response at z1. (c) Response at z:.

Table 1. The parameter of the pantograph'®.

Parameter Value Units
ni 12 kg
m, 5 kg
m, 10.38 kg
k, 32992 N/m
k, 14544 N/m
k, 611.85 N/m
é 0.1 -
S 0.1 -

S5 0.1 -
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responses at z; and Fig. 2¢ show the responses at z, when
the weights of the masses affect the motions. The physical
parameters of the railway pantograph are listed in Table 1
with the damping ratios equal to 0.1. This study used a
combination of MATLAB/Simulink based on the zero-
dimensional model to build the railway pantograph model
according to the mathematical equations below. The
model should include the input z. from Algodoo as the
disturbance to generate the output of vertical displacement
z1. The damping ratio is expressed as,

Consequently, the equation for the damping ratio
should be expressed as,

c

(1)
2\ km

where & represents the damping ratio, ¢ is the
damping coefficient, k is the spring stiffness constant, and
m is the mass of each component.

E=

2.2 Railway pantograph modeling in
MATLAB/Simulink

The railway pantograph is a device that is usually
positioned on top of a rail vehicle. As shown in Fig. 3 as a
physical model of the pantograph, the purpose of the
pantograph is to raise the railway pantograph to the
appropriate working altitude so that it can contact the
catenary wire and transmit the electricity. In general, a
pantograph consists of contact strip, pan head, upper arm,
lower arm, forth bar, base, air cylinder and control box.

To understand the dynamic behavior of the pantograph
catenary system, the catenary model is crucial. The
catenary can be modeled using a variety of approaches for
a variety of reasons. There are mainly two types of
modeling techniques. In the first method, the catenary's
equations of motion are formulated using the structural
modes as generalized coordinates. This technique is very
useful for accurate catenary modeling in a variety of
applications. It is mainly used for simple catenary systems,
as it performs poorly when addressing complex catenary
systems. The second way reduces the complexity of the
structure and an analytical or numerical model of the
catenary can be developed. The second approach is simple
and can produce useful results. This study uses the
catenary as a simple catenary model composed of
suspension wires, contact wires, hangers, supports and
limiters.

The pantograph is depicted in a simplified spring-mass
model, consisting of three lumped masses representing the
contact strip (m;), pan head (m;), and the remaining
pantograph components such as the upper arm, lower arm,
and base frame represented by ms. Spring-damper
elements connect m; and m;, m, and m3, as well as m; and
the base. The equation of motion for the contact strip is
given by Equation 2, the pan head by Equation 3, and the
mass m3 by Equation 4. Therefore, the governing dynamic

equilibrium equations for the railway pantograph system
can be written as,

myZ; = ki(z, — z1) + ¢1(2, — 71) ()
MaZ; = —ky(2; — 21) — ¢1(2; — 24)
+hy (23 — 25) + €2(23 — 2,) A3)
MaZs = —ky(23 — 23) — ¢2(23 — 2,)
+k3(z, — z3) + c3(2, — Z3) (4)

2.3 Damping parametric analysis

Some damping coefficients exhibit nonlinearity in their
data. Since the model is inherently linear, a procedure was
required to linearize this data, which was applied
iteratively to correct the values for each input. To assess
the sensitivity of the predicted responses to parameter
errors, a parametric analysis of damping was performed.
Statistical errors, such as the mean absolute relative error
and its percentage, were used in the analysis to assess the
accuracy or error of the model.

The mean relative absolute error (£) can be calculated
using Eq. 5 and Eq. 6 while as Table 2 shows the range of
damping ratio used to find the optimal damping ratio at
the lowest error in the pantograph model.

& = |xA,i - xM,il (%)

YiealXai—xmil
n

&= (6)

where ¢; refers to error values between Algodoo
model and Matlab/Simulink model while as € is the
mean relative absolute error and 7 is the total set of data
used in the simulation. As can be seen from Fig.4 to 6, the
damping parameter analysis is obtained for each damping
ratio.

Figure 7 shows the reactions of the contact strip
displacement z; during mass movement. It can be seen that
due to the influence of tension and gravity due to the mass
motion, the minimum time to reach initial equilibrium
should be greater than 10 s. A comparison of the
simulation results from the Simulink and Algodoo models
shows their responses are almost equal, with the mean
relative absolute error between the models being 0.0017
and the percentage displacement error is 0.17%

Table 2. Range of damping ratio.

Optimal
Damping P m.la - Damping
Parameter . damping & .
ratio . coefficient
ratio
cl 0.1-0.2 0.19 0.0017 | 2642.6779
c2 0.1-2.0 0.1 0.0017 | 539.3329
c3 0.1-3.0 2.1 0.0018 | 30.2834
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Fig. 3: Physical model of the railway pantograph.
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Fig. 4: Damping parametric analysis for c;.
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Fig. 5: Damping parametric analysis for c2.
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Fig. 6: Damping parametric analysis for c3.
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Fig. 7: Output responses of contact strip vertical displacement.

3. Controller design methods

Requirements design assignment is important before
starting any design approaches. Current collection
systems must react quickly and without overshoot.

3.1 Active pantograph control model

As previously stated, the objective of implementing
active pantograph control is to enhance the dynamic
performance of the pantograph-catenary engagement.
Specifically, it aims to minimize variations in contact
force that result when a pantograph passes over the
catenary at high velocities. Figure.8. below is the physical
model of the active pantograph with attachment of fa as a
force of an actuator. The system was given a step input of
0.01 meter at sample time 0.01 second, a sinusoidal input

of 0.01 sinusoidal amplitude at a frequency of 2z rad/s,
and a random input ranging from -0.01 meter to 0.01 meter.
Next, the pantograph dynamic equilibrium equations for
the active system should be written as Eq. 7 below.

MaZy = —ky(23 — 2) — ¢c3(23 — Z3)
+k3(Zr - 23) + CS(Zr - 23) + fa @)

3.2 PID controller

The control methods used in the railway pantograph
system are usually simple control mechanisms such as
PID controllers?®?). A simple method PID controller
tuning technique was utilized. The controller parameters
were automatically adjusted to counteract disturbances.
The optimal P, I, and D values determined for the system
are provided in Table 3.
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my Z
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7713 Z3
k3 C3 a Zy

Y/

Fig. 8: Physical model of the Active pantograph.

3.3 Skyhook- PID controller

The skyhook control method has been extensively and
successfully implemented across a variety of mechanical
applications?>?>. It is derived from an imaginary damper
attached in the sky?*2%. The skyhook equation is
expressed in Eq. &,

Fsky = Csky [a(zr - 23) -(1- 0()23] 3

where, cgu, is the damping coefficient of the virtual
skyhook, Z, — Z; is velocity of the sprung mass while as,
a is the magnitude of the control gain. The best
combination of the Skyhook P, I, and D values depicts in
Table 4 below.

3.4 Performance analysis method

In statistics, the root mean square (RMS) is defined as
the square root of the mean of the squares of a dataset. It
is a specific case of the generalized mean with an
exponent of 2, also referred to as the quadratic mean. To
assess the simulation results, RMS metrics are utilized.
The RMS is calculated using the following formula for a
group of N values xi, x2, X3, .... xn can be calculated using
Eq. 9. The percentage of improvement between both
system passive and active was determined using Eq. 10.

(2 4xZ4xk. 4x
XRMs = |7 N ©)

of fsetpassive—0f fSelactive

offsetpassive

% improve = x 100 (10)

4. Results and discussion

Fig. 9-11 compare results between active railway
pantograph with PID controller, Skyhook-PID controller,
and passive system. The solid red line shows the passive
system response. The blue dashed line represents the
active system with PID control. The active Skyhook-PID
control is the green dashed line. The optimal controller
discussed above with the values of Kp, K, and Kp as
mentioned in Table 3 and Table 4 then shows the
performance of the active controller.

Table 3. The best combination of P, I, D values.

Constant Step Sine Random
Kp 0 1 1

K1 350.5404 350.5404 350.5404
Kp 0 1000 1000
Filter 100 100 100
coefficient (V)

Table 4. The optimal Skyhook- PID controller parameter values
of P,1and D

Constant Skyhook- PID
Kr 37.7906

Ki 1194.2535

Kb -0.3384

Filter coefficient (N) | 88.6537

4.1 Step input

Figure 9 shows the vertical displacement at z; for each
system when disturbed by the step input. The numerical
simulations demonstrate that implementing this control
system decreases the vertical motion of the contact point.

20 X

Passive
PID

Skyhook-PID

LI
(ILLANEA N
l'\"l\l\.
PUNY B

Displacement z

\ - -
e e

L L L
0 5 10 15 20

Time, s

Fig. 9: Output responses of contact strip vertical
displacement for step input.

4.2 Sine input

Figure 10 below shows the vertical shift in z; for each
system when perturbed by the sine input. It can be seen
that controller action substantially dampens shift value
oscillations, evidenced by increased minimums and
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decreased maximums. For minimizing displacement
fluctuations, the Skyhook-PID controller demonstrates
superior control performance compared to the standard
PID controller.

Passive

PID

T T
ﬂ Skyhook-PID

UN73
-0.01 L

-0.02

m
s
=4

1
-
-
¥
P —
2

Displacement z

Time, s

Fig. 10: Output responses of contact strip vertical
displacement for sine input.

4.3 Random input

Figure 11 shows the vertical shift at z; for each system
when perturbed by the random input. This study shows
that the proposed Skyhook PID controller can well control
the pantograph's dynamic response by minimizing the
variance of the contact force. As a result, they prevent
wear on the contact wire and pantograph contact strips and
ultimately improve the current collection.

3 Passive

6 X . . PID

Skyhook-PID

L L
0 5 10 15 20

Displacement z
T

Time, s

Fig. 11: Output responses of contact strip vertical
displacement for random input.

4.4 Controller performance analysis

Table 5 summarizes the numerical results in terms of
RMS values and percentage of improvement for step, sine,
and random input for each system. Note that the lower
RMS values indicate a better fit for the proposed controller.
Although the displacement improvement is small, the
contact quality has noticeably improved relative to the
uncontrolled system. Regarding the comparison between
both controllers, the Skyhook-PID controller performs
well for both sinusoidal and random inputs. The

performance of improvement between them is 24% for
sine input and 3% for the random input. However, the
performance of the PID controller has been demonstrated
to be the best controller when the system is subjected to a
step input disturbance.

Table 5. Analysis metric for each system at varies input.

Input System RMS Percentage of
Improvement
Step Passive 1.00x 102 | -
PID 6.98x10° | 99.93%
Skyhook-PID | 1.66 x 10* | 98.34%
Sine Passive 3.86x 103 | -
PID 9.58x 10* | 75.18%
Skyhook-PID | 4.35x 107 98.87%
Random Passive 1.43x103 | -
PID 1.16 x 10* | 91.89%
Skyhook-PID | 7.27x 10° | 94.92%

5. Conclusion

A commercial software called Algodoo serves as a no-
cost 2D physics simulation tool for verifying the railway
pantograph model in vertical directions. The chosen
3DOF model with lumped mass proves to be an effective
means of capturing the physical attributes of the actual
pantograph. The outcomes provide a comprehensive and
clear explanation of the real pantograph's vertical contact
strip displacement, as indicated by the mean absolute
relative error in both the Algodoo simulation and the
MATLAB/Simulink model. The simulation results show
that the contact strip responses agree between
MATLAB/Simulink and Algodoo models. Since the
differences are very small, which are less than 1.0%, it can
be concluded that the models are verified. Next, the model
was also extended to implement active pantograph control
by using two types of controllers PID and Skyhook-PID
with a simple method used to tune the PID controller in
this system. The active controller effectively separates the
effects of disturbances resulting from the wheel profile
and ensures that the vertical displacement is kept constant
at a level close to zero. This is demonstrated by achieving
the lowest RMS wvalue and the highest percentage
improvement value. The Skyhook PID controller shows
commendable performance with both sinusoidal and
random disturbances with the performance improvement
between both controllers being 24% for sine input and 3%
for the random input. However, the performance of the
PID controller has been demonstrated to be the best
controller when the system is subjected to a step input
disturbance with a performance improvement of as much
as 2%. As a future work, the method developed can be also
extended to study the other controller tuning method,
higher degree-of-freedom model, and the off-line HIL
testing method for the model validation process.
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