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Abstract 
 

Hardware-in-the-loop testing serves as a means of analysing the dynamic interaction 

between the pantograph and catenary in controlled laboratory settings. The process 

starts measuring the force from the pantograph and determines the next pantograph's 

virtual position using a real-time catenary model. The position is sent to an actuator, 

generating the desired pantograph movement to complete the loop. This work 

proposes a new catenary model and a Model Predictive Controller to address 

instability issues arising from communication delays and interaction stiffness. The 

method is validated experimentally through tests with a DSA-380 pantograph. The 

results demonstrate an acceptable accuracy of the test results in the frequency range 

of 0-20 Hz. 
 

Keywords: pantograph, catenary, hardware-in-the-loop test, model predictive 

controller, real-time, test rig 
 

1  Introduction 
 

Hardware-in-the-Loop (HiL) is a technique employed to evaluate the performance of 

pantograph in the laboratory. This is important to guarantee the safety and reliability 

of the railway system. In this work, we propose a HiL method for testing the 

pantograph-catenary interaction, using a simplified real-time catenary model allowing 

the application of a Model Predictive Controller (MPC) to stabilise the control loop. 

The literature explores diverse approaches for HiL testing, using different catenary 

models, actuation methods, and control technologies. Polimi test rig [1] includes an 
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electrohydraulic actuator and an electric motor to simulate vertical and lateral catenary 

movement, respectively. The catenary model consists of tensioned wires connected 

by non-linear droppers, with a shift-forward strategy for emulating longer catenaries. 

TUW's approach, presented by Schirrer et al. [2], introduces a more complex catenary 

model with MPC, with correction of the position and force to stabilise the system. 

Kobayashi et al. [3] at RTRI use a lumped-mass catenary model and a 

servohydraulic actuator. A substructure control algorithm is introduced to address 

delays, ensuring stability and more realistic testing.  

UPV [4] defines a periodic finite element catenary model with non-linear droppers 

and a new delay compensation technique, leading to accurate results in the 0-25 Hz 

frequency range. 

In general terms, the previous works use a periodic catenary model in HiL tests, 

and testing results are compared in the 0-20 Hz frequency range. In the present work, 

a complete catenary section is defined, including general geometry with different 

number of droppers per span, contact height variability, etc. 

The next section briefly explains the catenary model proposed, the test rig 

components, and the controller used to stabilise the system. Section 3 presents the 

validation of the proposed methodology and some HiL test results of a DSA-380 

pantograph. Conclusions and contributions are summarised in Section 4. 
 

 

2  Methods 

2.1 HiL Tests 

Figure 1 shows the HiL test workflow, and Figure 2 shows the test rig components. A 

more detailed description of the test rig components can be found in [5]. A linear 

motor (2) is located in the central part of the main structure built with aluminium 

profiles. The motor reproduces the vertical displacement of the contact point of the 

catenary, and a second horizontal guide and motor (3) reproduces the lateral 

movement due to the wind and contact wire staggering. Two load cells (4) located at 

the ends of the linear motor slider, interact with the pantograph contact strips. The 

measured contact force is sent to the Speedgoat calculation PC (5) containing the 

virtual catenary model. The dynamic response of a time step of the virtual catenary is 

simulated in real time, resulting in the height of the contact wire at the next contact 

point. This height is the control signal sent to the linear motor, through the control 

system, which will modify its position and, therefore, the interaction force with the 

pantograph. This procedure is repeated at each time step, closing the loop. 

Tests are managed by a real-time NI-cRIO that ensures a constant time step and 

synchronization of the system. The control real-time NI-cRIO has an integrated 

acquisition system that is responsible for obtaining both the force measured by the 

load cells and the position control of the linear motor (6). The pantograph (1) is a 

DSA-380 model actioned by a pneumatic circuit (7). 

Due to communication, there are two one-step delays: the contact force received 

by the PC and the computed position reference sent to the motor driver. Because of 

these delays and the high stiffness of the contact pads, the system can become 

unstable. The stability and delay compensation were analysed in [8]. Here, we adopt 

an approach more aligned with [7], including an MPC controller. 
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Figure 1: Scheme of the Hardware-in-the-Loop components and workflow. 

 

 
1. DSA-380 pantograph 

2. Vertical linear motor 

3. Motor and guides for lateral displacement 

4. Load cells  

5. Real-time Speedgoat PC 

6. Accelerometers 

7. Pneumatic circuit 

8. High-speed camera 

Figure 2: Hardware-in-the-Loop test rig. 
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2.2 Catenary model 

Figure 1 depicts a section of a catenary finite element model. Dots in the contact wire 

schematically represent three potential interaction points with the pantograph at given 

time steps, t=1,…,Nt. The vehicle speed V is constant so it is the distance between 

points. Vector fc contains the external applied force in the contact wire in all time 

steps, so that component t of this vector fc_t, is the force applied on point t and time 

step t. Assuming a linear behaviour of the catenary, the dynamic response can be 

obtained using convolution from the applied contact force. The height of point t of the 

contact wire at time step t is stored in the t-th component of vector zc (zc_t). This vector 

can be obtained from the force using the impulse response matrix Icc and the initial 

position of the contact wire z0 as: 

c 0 cc c= + z z I f             (1) 

 

The impulse response matrix has been obtained using the catenary model presented 

in [6], for a unit impulse force, for the time step of Dt = 2ms, and assuming that 

droppers behave linearly. 
 

 

Figure 3: Stitch-wire catenary section with 20 spans. Pantograph force is gradually 

introduced from span 3. 
 

2.3 Model Predictive Control Design 

In addition to the catenary, the motor, the pantograph and their interaction have to be 

modelled for the Model Predictive Controller design. The linear motor driver receives 

the reference position of the catenary each time step. Assuming a linear model, the 

position of the motor slider each time step zm_t depends on the catenary position. Using 

convolution and the impulse response matrix of the motor Imc, the position vector of 

the motor can be obtained as: 

m mc c= z I z            (2) 

The motor interacts with a real pantograph through contact pads with stiffness kh. 

Using a linear lumped mass model of the pantograph the position of the upper mass 

of the model with respect to the initial equilibrium position in all time steps zu depends 

on the motor position, and can be obtained with the impulse response of the 

pantograph Ium as: 
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u um m= z I z           (3) 

The contact force is computed from the contact stiffness as: 

( ) ( )c m u um m pm mh hk k= − = − = f z z I I z I z
          (4) 

To find the MPC controller, the full system is expressed in state space form. The 

controller action umpc is sent to the motor, modifying Eq (2). Superscript t on vectors 

fc, zc and zm denotes that the components of the vector from first to t-th remain the 

same in subsequent iterations. The state space equations are written for components 

k=1,…,Nt as: 

t t-1 t-1

c_k c_k cc_k,t-1 c_t-1

t t-1 t-1

m_k m_k mc_k,t-1 c_t-1 mc_k,t mpc,t

t t-1 t

c_k c_k pm_k,t-1 m_t

= + 

= +  + 

= + 

z z I f

z z I z I u

f f I z
           (5) 

Eq. (5) can be rearranged in matrix form as: 

t

c

t t-1 t-1 t-1 t t

mpc,t m

t

c

where

 
 

=  +  =  
 
 

z

x A x b u x z

f
       (6) 

Eq. (6) is used to predict the system response the next N steps, from the state xt-1, 

and the controller action is computed to optimize the following quadratic cost 

function: 

t+i T t+i t+i T t+i

mpc mpc

1 1

N N

i i

J
= =

=   +   x Q x u R u

       (7) 

The weighting matrix Q penalizes the difference between the catenary position 

reference and the real motor position, zc-zm each time step. Matrix R penalizes the 

control action. Both the position error and the action can be filtered by properly 

defining these matrices.  

The solution of the optimization problem of Equation (7) subject to Equation (6), 

determines the optimal controller action umpc. Only the first component is sent to the 

motor and the optimisation problem is solved again after updating the state vector of 

the system. As the system model is linear, the optimal controller is a linear function 

of the state: 

t t

mpc,t mpc=u K x
               (8) 

Matrix Kmpc can be precomputed in an offline stage and used in the real time 

controller during test. 
 

3  Results 
 

The catenary model used to test the proposed methods is shown in Figure 3. The 

complete catenary section has 20 spans of L = 65m span length. The first and last two 
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spans are transition spans, while every internal span has 7 droppers and a stitch wire. 

The pantograph interaction is gradually introduced from span number 3, with a 50 m 

ramp in which the pantograph force is linearly increased. A constant speed of the 

vehicle V=300 km/h is considered in the tests. 

DSA-380 pantograph model is tested with the virtual catenary for T=10 s, i.e. 

5000 time steps using the proposed methodology with the MPC controller. The 

contact force and the position of the contact point are recorded. 

 
 

 
Figure 4: Iterative HiL test. 

 

 

A reference solution of the interaction between the real pantograph and the 

catenary is used to validate the proposed method. To obtain this reference solution, 

we follow the iterative procedure explained in [5] and schematically shown in Figure 

4. The contact force Fc
1 is applied to the catenary model as an external force to 

compute offline the contact position, zc
1. This position is sent to the linear motor and 

a new contact force is obtained Fc
2. The iterative process is performed until 

convergence, i.e. the contact position does not change in two consecutive iterations. 

The contact force from the HiL test, and the reference solutions are compared in 

Figure 5, both in time and frequency domains. The position of the contact point is 

compared in Figure 6. The maximum difference in the position is about 1 mm. 

The response of the catenary given an external action Fc depends on the impulse 

response Icc and the static configuration of the contact wire z0, as shown in Equation 

(1). This real-time model neglects the dropper slackening. The contact wire height 

profile used in the previous test is the nominal configuration of the catenary, with the 

exact height in the dropper connections. During the catenary installation, technicians 

can make small mistakes that lead to a different static configuration from the original 

design. In reference [8] the influence of uncertainties introduced during catenary 

installation was analysed and a method to obtain z0 was proposed. Using this method, 

several contact wire profiles have been generated, and used for HiL testing with the 

real pantograph. The contact force results from 10 HiL tests are compared with that 

of the nominal configuration in Figure 8. The standard deviation of the filtered contact 

force in the 5 central spans ranges from 27.0 N to 29.0 N. The value for the nominal 

configuration is 26.8 N. Figure 8 shows similar frequency content for all tests, with 

the dropper passing frequency being the most relevant.  
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Figure 5: Comparison of the contact force in the HiL test in time and frequency. 

 

 
Figure 6: Comparison of the contact point position in the HiL test. 

 

 
Figure 7: Contact force in the HiL test for different contact wire profiles. The black 

line shows the nominal configuration results. 
 

4  Conclusions and Contributions 
 

In this work, a new method is proposed to perform HiL tests of pantographs. The 

catenary model is linear based on the impulse response to external forces. In the 

experimental setup, delays occur due to communication between the motor drive, 

acquisition system, and simulation PC. An MPC controller is proposed to compensate 

for delays and stabilise the system. For the catenary model used, the controller is a 
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linear function of the state that can be precomputed in an offline stage. Laboratory 

tests show that the proposed controller stabilises the system. 

The contact force obtained in the HiL test has been compared with a reference 

solution showing acceptable results in the 0 to 20 Hz frequency range. The difference 

achieved by the motor with respect to the contact wire reference is smaller than 1mm. 

Contact wire profiles have been generated considering possible catenary 

installation errors, and HiL tests have been carried out to compare the contact force. 

In general, the standard deviation of the contact force is up to 10% higher than that of 

the nominal catenary. 

Future work will improve the catenary model adding a correction force to consider 

non-linear dropper behavior due to slackening. 
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