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1 Introduction
Real-Time Hybrid Testing (RTHT) or Real-Time Substructuring is a method to analyze the dynamics of mechanical
systems. Similar to pseudodynamic testing, the basic idea of the method is to split the system into two parts: The
virtual component, which is the part that is analyzed in a numerical simulation and the experimental component,
which is analyzed on the test bench. In order to get the dynamics of the overall system, both—the virtual and
experimental component—need to be coupled in real-time via a transfer system. In contrast to pseudodynamic
testing approaches, the inertia and damping forces in the test specimen are not computed but measured directly
in the test. Current research questions in RTHT include the field of delay compensation, as the actuator that
moves the experimental component on the test rig cannot provide the desired displacement within the available
time, namely the sample time of the RTHT experiment. The method is e.g. applied for rendezvous and docking
scenarios of satellites [1] and testing of prosthetic feet. These applications have in common, that the experimental
component changes its state (repeatedly) from non-contact to contact. In this kind of applications, the sample
time of the RTHT and the performance of the robotic system moving the experimental part is crucial for a stable
simulation. Similar findings have also been reported by [2], who perform PSdeudo-Dynamic Tests of Air-to-Air
Refuelling. In this study, we discuss the stability of the system in presence of transfer system dynamics and
impacts due to contact.

2 Problem Description
Fig. 1a shows the one-dimensional mass-spring-mass system used in this study. The upper mass mV (blue) is the
virtual component and follows a prescribed sinusoidal trajectory over time (zd , żd ). The experimental component
includes the spring kE and mass mE (green), which is intermittently in contact with the ground. The real-time
coupling is performed using a Hexapod system—which is a 6 DOFs robotic system—and a force-torque sensor.
The displacement of the virtual component that is calculated during one time step is sent as a position demand to
the Hexapod system. The force is being measured on the test rig and fed back to the numerical simulation for the
next time step. A PD-control law (parameters Kp and Kd ) is used to keep the upper mass on the desired trajectory.
Using the control law, the external force on the mass mV in z−direction can be written as:

F = (mV +mE) · g + Kp · (zd − z(V )) + Kd · (żd − ż(V )).

Besides the force F there is the gravitational force mV · g (both are combined to the external force Fex t ) and the
measured interface force Fint acting on mass mV in the numerical simulation. Due to using the PD-control law,
the system that we analyze can be represented as displayed in Fig. 1b.
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(b) Real system due to prescribed trajectory zd , żd

Figure 1: 1a shows the reference system with its virtual (blue, mV ) and its experimental components (green, kE and mE ). 1b
shows the mechanical representation of the system when using the PD-controller. The upper wall moves with zd , żd .



3 Results
Experiments were performed with different values of Kp and respectively Kd as well as with a polynomial extrap-
olation scheme of degree n = 2 for delay compensation, see [3]. Fig. 2a shows the numerical simulation of the
whole reference system (blue, dashed) and the results from the RTHT simulation with parameters Kp = 104 kg

s2

and Kv = 50 kg
s , respectively. We performed different RTHT simulations, which were mostly stable and could emu-

late the overall system dynamics perfectly (higher values of Kd ). Nevertheless, we show an unstable simulation in
Fig. 2a. The instability occurs as soon as mass mE comes into contact (for values of zV < 7.5 cm). The oscillation
increases during the period of contact, while the oscillation stops, or correctly speaking dampens out (due to Kv),
when zV > 7.5 cm (i.e. when there is no contact). This can be explained using control engineering concepts.
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(a) Results of the RTHT experiment.
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(b) Representation of the RTHT control loop.
Figure 2: In Fig. 2a the results of the RTHT experiment are shown. The reference simulation (blue, dashed) and the RTHT
result for low values of the PD-controller (red, solid) are displayed for a sinusoidal excitation of 0.25 Hz. Fig. 2b shows the
control loop in case of perfect reference tracking (ideal transfer system).

In the case of perfect tracking of the transfer system—with an ideal actuator and force/torque sensor—the RTHT
coupling can be represented as shown in Fig. 2b. The numerical simulation (denoted with VIR) is excited by the
external forces Fex t and the interface forces Fint and outputs the displacement z. z acts on the experimental com-
ponent (EXP) which in turn produces interface forces Fint that are fed back to the virtual component. In terms of
control theory, the virtual component is represented by the transfer function GV and the experimental component
by G−1

E . The open loop transfer function can be written as Fo =
GV
GE
= kE

mV s2+Kvs+Kp
, when the considered system is

in contact. The phase margin for the values used in the experiment indicates a maximum admissible time delay of
τmax = 0.005 s for the transfer system. In previous experiments, we found out that the time delay of the Hexapod
is ≈ 0.01− 0.02 s for a sinusoidal excitation. We observed that the instability in the RTHT begins for values of
Kv < 150 kg

s independently of having a prescribed trajectory that brings mass mE into contact or not. Hence, the
oscillations are caused by the instability due to the system dynamics rather than in the impact due to contact.

4 Conclusions
This one-dimensional experiment shows that the bottleneck for stable RTHT simulations remains the bandwidth
and delay of the actuator system. As the vast source for instability emerges from the delay rather than the impact
due to contact, we need to use more advanced delay compensation schemes and identify the dynamics of the
actuator system. Iterative Learning Control (ILC) could be a useful control algorithm for that purpose.
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