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ABSTRACT: Experimental error is an unavoidable feature of all experimental 
investigations. The effects of this on the accuracy of pseudo-dynamic (PSD) testing have 
been the subject of many studies but it remains not well understood and it has been rarely 
validated experimentally. An important consideration when investigating experimental 
errors in PSD tests is the performance of the actuator. In general, the actuator motion will 
lag the displacement command. It is important to acknowledge this delay in the PSD 
algorithm to ensure correct restoring forces are measured. Incorrect restoring force arising 
from systematic measurement errors can propagate through the PSD solution process and 
invalidate the results. This paper reports on a series of experiments assessing the optimum 
wait time for a default tuned actuator to established a stabilised feedback value for PSD 
tests. Force feedbacks were intentionally measured prematurely to quantify the error 
propagation in the algorithm. It was experimentally shown that errors of this kind did not 
significantly alter the time history response for a harmonically excited SDOF system with 
damping. The results showed that a constant hold time is not practical as actuator lag time 
can vary dramatically. It is recommended that actuator displacement is checked 
iteratively within each load step to ensure the command displacement is achieved before 
feedback values are measured. This would reduce systematic error and in turns minimise 
numerical damping in the PSD algorithm.  

1 INTRODUCTION 

Pseudo-dynamic (PSD) testing was first performed in Japan in the 1970s and today, the testing 
technique and its derivatives are regularly conducted in structural engineering research around the 
world (Magonette 2001, Williams and Blakeborough 2001). However, New Zealand researchers have 
not yet widely embraced this new development. Major impediments in adopting the PSD test in New 
Zealand have been the lack of the required hardware, a reluctance to heavily invest in a testing method 
still under development, and the complexity of implementation. This situation is unfortunate as the 
PSD testing method enables earthquake engineering experiments that were previously impossible or 
out of reach economically using the traditional dynamic testing techniques. The ability for PSD tests to 
be linked using the internet is also beneficial for both domestic and international collaborations as 
geographic distribution can be incorporated. 

This paper outlines the University of Auckland's first steps in establishing easy-to-use PSD testing 
facilities. This development is to support a vision to integrate PSD tests as a routine testing method for 
structural and earthquake engineering research projects in Auckland. This paper presents 1) a detailed 
account of the verification and benchmarking process using the recently acquired hardware, and 2) 
lessons on the optimum data acquisition period and the effect of actuator tuning on the quality of 
simulation results. It is envisaged that these results will not be only applicable to the setup in 
Auckland, but can be useful for other institutions considering setting up their own PSD testing facility 
and in improving the PSD testing regime in general. 

1.1 The Pseudo-Dynamic Testing Algorithm 

The PSD test is an extension of the time history analysis method, commonly used in many computer-
based finite element (FE) simulation packages. In a computer-based time history analysis, the dynamic 
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equations of motion are solved at discrete time steps. The solution advances through numerical time 
stepping techniques in which both the damping and stiffness matrices are numerically formulated 
according to FE rules. The stiffness and damping matrices may remain constant, constituting a linear 
analysis or conversely, they may vary according to a nonlinear material model leading to a nonlinear 
analysis. Typically, FE analyses use material models that are developed from previous quasi-static 
tests, or more often simply chosen from a set of simple nonlinear material models. This approach may 
well provide a reasonable estimation of the behaviour, however simple material models often lack the 
sophistication to account for all the factors and parameters that affects the prediction of the material 
behaviour in reality. Examples of the parameters that are insufficiently simulated include triaxial stress 
interactions, statistical variability of material properties and any distinct local construction traits. 

PSD testing surmounts these issues by combining the outputs of a numerical model and a physical test 
on the system simultaneously. Calculated displacements from the idealised numerical model are 
physically applied to the experimental specimen at discrete locations. The resulting actual restoring 
forces at the actuator locations are measured and then fed back to the numerical model to calculate the 
displacements in the next time step. In the most elementary PSD tests, displacements are applied to the 
structure at reduced velocity in a “ramp and hold” manner. This minimises the development of any 
inertial and damping forces during the physical testing, as these forces are simulated in the numerical 
model. This load and pause arrangement is beneficial for detailed examination of damage progression, 
but is of concern for investigation of post-peak response of materials exhibiting load relaxation 
(Thewalt and Mahin 1987). 

PSD testing can improve the realism of the structural modelling, but it is much more complex to 
implement and introduces experimental errors. Such errors must be carefully mitigated to ensure 
stability in the numerical integration scheme and accurate simulation results. 

1.2 Errors in Pseudo-Dynamic Testing 

As PSD testing relies on experimental testing and numerical time integration, errors can arise from 
both processes. The use of feedback forces from the experimental specimen directly in parallel 
numerical calculation means that different integration schemes have different error propagation 
properties (Shing & Mahin 1983). Experimental errors can be either random or systematic.  Random 
errors have negligible impact on structural response, but systematic errors can significantly alter 
system response and compromise numerical stability (Shing & Mahin 1990). 

A critical source of systematic error arises from actuator control error. Incorrect application of 
calculated displacements produces inaccurate restoring forces which affect the calculation of results in 
the next time step. Over-responsive actuator tuning can introduce overshoot of target displacements, 
and under-responsive tuning can introduce undershoot. As the actuator imposes the dynamic response 
of the structure, errors stemming from the interaction of the test specimen and the hydraulic actuator 
control will oscillate at the frequency of the structural response. On a system level, if systematic 
overshoot displacements are not corrected before feedback values are measured, erroneous values 
would be used for the calculation in the next time step. This has the overall effect of adding damping 
to manifest unrealistically over-damped response. Conversely systematic undershoots add spurious 
energy to the system resulting in unbounded increase in response (Shing & Mahin 1990). Thus electro-
hydraulic actuator control is crucial in ensuring accurate results. 

1.3 Purpose of Investigation 

The purpose of this paper is to investigate the influence of actuator performance on the PSD 
algorithm. Immediate and exact reproduction of command signal is difficult to achieve. Hydraulic 
actuators used in structural testing generally lag behind the command signal. It is important to 
acknowledge and understand this behaviour when developing the PSD algorithm, to ensure command 
displacements are achieved and correct values are fed back into the ensuing calculations to avoid 
energy-adding errors. 

The Shore Western servo-hydraulic actuators (Shore Western Manufacturing, Inc 2011) at the 
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University of Auckland are controlled using a proportional integrator derivative (PID) controller with 
a single adjustable setting. By default, the PID controller settings are tuned to give optimal response in 
the unloaded state. Ideally, an actuator should be specifically tuned for every experimental specimen, 
however even if this is done, it is impossible to establish a single tune setting that will satisfy the 
response of a test specimen that may degrade or stiffen. 

This paper assesses the performance of the default-tuned actuator on an elastic physical specimen. 
Comparing the response of an actuator attached to a specimen to that of a free actuator, the test 
specimen increases the resistance to actuator movement and results in reduced responsiveness when 
loading and increased responsiveness when unloading. As a result, provided load steps are conducted 
slowly, actuators that are not specifically corrected tend to possess undershoot characteristics as 
illustrated in Figure 1a and require more time to reach the target displacement. It is then important to 
assess the actual performance to ensure an appropriate time, a "hold period", is passed before 
measuring feedback values to ensure both displacements and restoring forces are stable. 

The purpose of this paper and ongoing developments at the University of Auckland is to assess 
potential experimental errors within the testing system, minimise them and to ensure the best quality 
experimental feedback is used in future calculation. It is pertinent to fully verify the simplest ramp and 
hold PSD algorithm before implementing more complicated hybrid, distributed, continuous and real-
time applications. 

2 PSD TESTING HARDWARE AT THE UNIVERSITY OF AUCKLAND 

The University of Auckland has two Shore Western servo-hydraulic dynamic actuators for PSD 
experiments. The actuators have a stroke of ± 150 mm and are load rated up to ± 300 kN. Hydraulic 
power is supplied by a MTS 506.41 pump with flow capacity of 130 L/min (0.00216 m3/s) at pressure 
up to 20.6 MPa (3000 psi). The corresponding maximum actuator velocity is 0.0977 m/s (97.7 mm/s), 
limiting the performance of the actuator at excitation frequencies above 0.1 Hz. 
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Figure 1 – a) typical actuator response to ramp command, and b) default tuned actuator response. 

The Shore Western actuators are supplied with a proprietary SC6000 digitally monitored analogue 
controller for controlling the actuators and the hydraulic manifold. The bundled software uses PID 
control to tune the servo-hydraulic actuators’ response to command signal. As a default tune, the 
actuators are manually tuned to accurately replicate a 10 mm square wave at 1 Hz as per Figure 1b. In 
the tuning process, the PID parameters are altered to visually determine best reproduction of the 
command signal. 

A National Instruments (NI) data acquisition system is integrated in the SC6000. Access to unfiltered 
or filtered feedbacks of the five inbuilt transducers and two moveable monitor points is available via 
BNC connection on the rear of the computer chassis. Two external excitation channels are available 
for accepting externally generated command signals. 

The University of Auckland has two systems for externally controlling PSD tests – a NI compact data 
acquisition system  and a dSpace DS1103 board. The current tests utilise the NI system for simplicity. 
Data acquisition and test coordination are  performed in MATLAB (The Mathworks Inc 2010). Real-
time data plotting and control of the test are conducted using a Graphical User Interface (GUI) based 
application developed by the authors. A sample screenshot of this is as shown in Figure 2. 
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Figure 2 – Screenshot of the custom designed MATLAB GUI for test coordination. 

3 METHODOLOGY 

Two sets of tests are formulated to assess two parameters, 1) actuator lag time which is defined as the 
time delay between when the command is issued and when the actuator arrives at the commanded 
displacement, and 2) error in the overall simulation induced by incorrectly measured displacement and 
force. 

A first set of tests measure feedback at different times after the command is issued to inspect the 
magnitude and nature of undershoot errors, and the effects of incorporating them into the integration 
scheme. A second set of tests measure the actuator lag in seconds between when the command signal 
is issued and when the actuator achieves the commanded displacement. The results of these tests are 
used to make recommendations on required delay before measuring feedback and on implementing a 
“smart” wait time algorithm. 

In PSD tests, careful consideration of all numerical and experimental aspects of the experiment is 
required to both minimise errors and to produce the desired response. 

3.1 Specimen Design 

This investigation made use of a simple, adjustable, reusable, inexpensive and minimally nonlinear 
test specimen. It was essential that a specimen with well understood behaviour was used in this 
exercise, so the results can be compared to known theoretical solutions. 

The tests loaded a number of steel rectangular hollow section (RHS) beams in their elastic range in 
torsion. A 150 x 100 x 6 mm RHS was clamped at supports 0.8 or 1.6 m apart, the supports provided 
approximately full torsional fixity. The actuator applied loads via a 1.65 m long 200 x 200 x 5 mm 
square hollow section (SHS) cantilever spanning perpendicularly to the clamped RHS. Figure 2 shows 
the full test setup, note the hinge connected to the free end of the SHS was not fastened to the floor, it 
was merely a remnant of a previous testing arrangement. 

Torsional loading was chosen as the loading mode as it permitted the RHS specimen to be loaded 
about its centre of rotation and eliminated any slip in the system which would lead to nonlinear 
response. Low amplitude cyclic tests on the 0.8 m and 1.6 m specimen conducted prior to the PSD 
tests revealed a system stiffness of  240 and 180 kN/m respectively. The tests were confined to an 
actuator load of ±12 kN and maximum displacement of ±60 mm to ensure linear response. 
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Figure 2 – Photos of test specimen with clamped connections. 

3.2 Numerical Aspects 

The 0.8 m and 1.6 m long physical specimens represented two single degree of freedom (SDOF) 
structures with a structural mass of 6.079 or 4.560 tonnes respectively. It is noteworthy that the 
structural masses were arbitrarily chosen to give both setups an approximate natural period of 1.0 s 
(natural frequency, ω=2π rad/s), which was to allow comparison between the two systems. Damping 
was set to 5 % of critical damping. 

A sinusoidal ground excitation of the form presented in Equation 1 was chosen as the loading. This 
conveniently allows comparison to the closed form solution.  

uddg = u0g sin(βωt)   (1) 

where uddg is the ground excitation time history in m/s2, u0g is the peak ground acceleration in m/s2, β 
is the driven frequency ratio defined as the frequency of excitation divided by the natural frequency of 
the system (ω, rad/s), and t is time in seconds. 

β was set as 4/3 to induce a distinctive transient response.  The peak ground acceleration (u0g) was set 
to 0.09 g, to give a theoretical maximum steady state displacement response of 28.3 mm. 

The PSD tests employed the conditionally stable explicit form of the Newmark-Beta method (β=1/4, 
γ=1/2) as the integration scheme. This was particularly useful as the stability limits are not threatened 
by a low frequency SDOF structure (Mahin & Shing 1985). A small integration time step, Δt, of 0.02 s 
was selected to ensure response was equivalent to the exact closed form solution for an assumed linear 
specimen. For the Newmark explicit scheme to remain stable the product of the natural frequency and 
the time step size must be less than 2 (Shing & Mahin 1990). The parameters for the present 
experiment gave a the ωΔt value of 0.13. Prior to running the PSD tests, the time history response was 
evaluated 1) using a closed form solution of a linear system, 2) via a Newmark-Beta numerical 
integration assuming a linear specimen, and 3) via Newmark-Beta numerical integration assuming a 
bilinear material model using results from the previous low level cyclic test.  The response predicted 
by method 3 is presented in Figure 3. 
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Figure 3 – Numerically predicted response a) displacement, b) restoring force, and c) hysteresis. 

3.3 Experimental Aspects 

In the first set of tests, the timing of the feedback measurement was varied to assess the impact of 
incorporating unsettled force values into the integration algorithm. The feedback values were 
measured as the average over a 0.5 s interval. The feedback values were taken from immediately after 
the displacement command was issued and then increased to 0.25, 0.5, 1.0 and 1.5 s after. This led to 
five possible feedback values, taken during timings A through E as shown in a schematic in Figure 4a. 
These five tests were performed on the 0.8 m long specimen.  

In the second set of tests, the test time scale was varied to inspect its impact on actuator lag. The test 
time scale refers to the actual time taken in seconds to apply the displacement increment over the 
0.02 s integration time step. For instance, tests time scales of 25, 50 and 100 were investigated on both 
specimens, corresponding to ramp times of 0.5, 1.0 and 2.0 s respectively. Feedback values for the 
next time step were measured 1.0 s after the ramp corresponding to timing D in Figure 4a. 

4 RESULTS & ANALYSIS 

4.1 Feedback Acquisition Timing 

Each load step in simulation E of the first test series consisted of a constant ramp lasting 1.0 s and was 
subsequently held still for 2.0 s. The feedback values were taken as the average of the final 0.5 s of the 
hold periods. Following the physical test, the recorded data for each step was averaged for the four 
other timings to measure the magnitude of errors relative to the timing E value. 
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Figure 4 – a) Feedback timing variation for first test series, b) lag assessment example. 

The displacement and force errors relative to the value obtained after 1.5 s wait (acquisition timing E) 
are plotted in Figure 5. It is apparent that systematic undershoot errors proportional to the 
displacement increment are fed into the algorithm if feedback values are measured too early. In this 
test, displacement errors up to +0.05/-0.06 mm and the restoring force error up to +0.015/-0.020 kN 
are recorded when no hold period is implemented. This displacement error is equivalent to 
approximately ±1% of the displacement increment. It is of interest to note the errors are less when the 
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actuator is pushing rather than pulling, perhaps a function of the construction of the single-ended 
hydraulic actuator and the effects of loading versus unloading. 
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Figure 5 – First 3 s of error time histories induced by feedback timing a) displacement, and b) force. 

It is noteworthy that while these errors may be overcome easily by extending the hold period in a 
ramp-hold style PSD test for specimen not susceptible to creep and load relaxation, it is unknown how 
this would affect a continuous PSD test. Figure 6a plots the displacement time history response of the 
entire set of tests where incorrect premature feedback values are used in the PSD simulations. The 
figure shows that although premature measurement produced appreciable error in feedback, the 
displacement time history response was not significantly affected. This is explained by the level of 
equivalent viscous damping specified in the simulation. The 5% of critical damping removes more 
energy from the system than the undershoot errors add. As a result the steady state response amplitude 
is only increased slightly by the errors. 
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Figure 6 – Time history response where premature feedback is used in PSD simulation calculations.  

4.2 Actuator Delay 

Recognising that actuator delay is inevitable when using a default tune PID control, the second set of 
tests establish minimum time required to ensure command displacement is achieved. The actuator lag 
time for these analysis has been defined as the time it takes for the actuator to cross the target 
displacement three times and then for the subsequent 0.25 s of data to average within 0.001 mm of the 
target. Without the crossover criteria, the result would consistently underestimate the lag time as the 
actuator approaches the target displacement asymptotically. An example of a selected data point from 
feedback is plotted in Figure 4b. Actuator lag time is plotting in Figure 7a and at a glance, it appears 
that the loading rate does not affect the time it takes for the actuator to settle. The lag time does appear 
to increase with magnitude of displacement increment, however the variability is so high that 
recommending a set lag time would be inefficient. Instead this result shows the importance of 
assessing data before measuring feedback values to ensure they are correct. 

Next, the 0.001 mm tolerance is varied via trial and error. Figure 7b plots the displacement command 
error compared to the maximum wait time response for a tolerance of 0.001 mm (top) and 0.005 mm 
(bottom). It is shown in the plots that a smaller tolerance will reduce both the magnitude and 
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systematic trends in the error.  Future tests will incorporate this displacement assessment technique to 
reduce error propagation in the PSD tests.  It is important to note that the assessment system is 
primarily intended minimise systematic error rather than reduce the hold period. 
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Figure 7 – a) Actuator lag versus displacement increment, and b) displacement error utilising 
assessment criteria: top = 0.001 mm, bottom = 0.005 mm. 

5 CONCLUSIONS 

Results show that actuator response has an influence on the performance of PSD test algorithm. This 
study experimentally demonstrated that displacement control errors due to incorrect PID tuning results 
in systematic errors in the force feedback. This study also experimentally validated its effect in 
generating numerical damping into the integration algorithm. In the viscously damped SDOF test 
specimen undershoot errors from actuator lag did not appreciably change time history response as the 
energy added by errors was less than that removed by numerically modelled viscous damping. The 
large variation in actuator delay means that a constant hold period cannot be recommended. Instead, in 
future experiments data will be monitored and assessed using criteria proposed in this study before 
measuring feedback values to ensure target displacements have been achieved. . Ongoing research at 
the University of Auckland will focus on improving or revising actuator PID control and data 
acquisition practices to complete a robust conventional PSD algorithm and facilitate the progression to 
the time dependent algorithms required for continuous and real-time pseudodynamic testing. 
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