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ABSTRACT :

In control of real-time substructure tests, time delay or phase lag of actuators is a very important issue. Research
on phase lag of actuators shows that phase lag induces negative damping in such tests (Horiuchi et al. 1999).
This can cause error and may lead to instability. Thus, phase lag of actuators should be reduced to improve
accuracy and performance of real-time substructure tests.

Some compensation methods can be used to compensate phase lag in real-time substructure tests. The time
delay compensations proposed by Horiuchi et al. (1996, 1999, 2001) use extrapolation techniques to predict
displacements for the future. In these methods, there is no feedback mechanism to minimize the error of the
prediction. The adaptive polynomial method (Wallace et al. 2005) and the compensation with feed-forward and
feed-back control (Spencer et al. 2007) are more advanced since they have mechanisms to minimize error.

This paper introduces a new phase lag compensation, which is based on online system identification in the time
domain. Since error of movement due to phase lag of actuator is very well related to the dynamic response of
the system, this error can be estimated and then compensated. An advantage is that the compensator has a
feedback mechanism to minimize the error of estimation and there is a possibility to develop the compensator to
cope with time-varying or nonlinear systems. Numerical and experimental results on hydraulic systems with
earthquake loads show the applicability of this compensation method for substructure tests in civil engineering.

KEYWORDS: time delay compensation, phase lag compensation, real-time substructure test,
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1. INTRODUCTION

The problem of phase lag / time lag or time delay of actuators in real-time substructure tests has been discussed
in many publications (Horiuchi et al. 1996, 1999, 2001; Darby et al. 2001, Wallace et al. 2005; Spencer et al.
2007). Phase lag causes error and negative damping in the substructure solution which can lead to instability in
the control of the test, if the negative damping is larger than the inherent damping in the structure (Horiuchi et
al. 1996). In civil engineering applications, hydraulic systems for substructure tests usually have time lag of 8
ms to 40 ms (Horiuchi et al. 1999, Stoten et al. 2001, Spencer et al. 2007) or even larger (Wu et al. 2007). Phase
lag compensation is a critical issue in real-time substructure tests in civil engineering. Once phase lag is well
compensated, accuracy and stability of substructure test are improved.

Different phase lag compensations have been suggested for substructure tests. Based on predictive assumptions,
the common principle of predictive methods is that the displacement is predicted one time lag ahead from the
calculated displacement (and/or velocity and acceleration) at current time. Horiuchi et al. (1996, 1999, 2001)
use a forward extrapolation technique. Their method assumes that time lag does not change much in a test and a
deterministic number of steps can be chosen to be equivalent to time lag. But time lag varies with frequency
(Spencer et al. 2007) and the assumption is not suitable for tests with a wide range of frequencies. Another
method is based on adaptive polynomials (Wallace et al. 2005). It uses a least square fitting technique to predict
the displacements one time lag ahead. This method has adaptive capability for compensation of both amplitude
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error and varying time lag. The adaptive polynomal method has experimental parameters (α,β,γ) which are
obtained by using trial tests. The time lag compensation method with feed-forward and feed-back control based
on a model of the testing system (Spencer et al. 2007) can be used effectively to compensate time lag of
hydraulic actuators where the system is known or can be identified through an extra test.

The following phase lag compensation based on online system identification in the time domain has some
advanced features such as adaptive capability for time-varying systems, both linear and nonlinear. The method is
developed in the context of sub-step control in substructure tests.

2. PHASE LAG COMPENSATION BASED ON ON-LINE SYSTEM IDENTIFICATION

Instead of predicting displacements in the future, this method tries to establish an ideal control signal from
historic data of computed displacements and the error between the target and response of the actuator.

The ideal control signal is the signal which leads to zero phase lag between response and target displacement. It
is clear that, for a well controlled hydraulic system with phase lag, the ideal control signal exists. The phase (at
each frequency) of the ideal control signal is ahead of the computed displacement. Because there is no
information on the future, the ideal control signal cannot be obtained simply by shifting the phase on the
computed displacement. Instead, it is estimated by a mechanism of identification and estimation. The ideal
control signal uctl(t) can be expressed as:

)()()( tututu cctrl ∆+= (1)
where uc(t) is the target displacement or the computed displacement and ∆u(t) is called compensating
displacement at time t. The key to compensation is to estimate the compensating displacement ∆u(t) in order to
minimize the error between response and target displacements.

In substructure tests with dynamic loads, the compensating displacement ∆u is dynamically related to the
computed displacement uc. By using an appropriate data model to establish the dynamic relationship between
the compensating displacement u (as output from the data model) and historical data of displacement and/or its
time derivatives (as input to the data model), the estimator produces the compensating value u.

In Fig. 1, velocity cu
.

is used as the input to the data model. The compensating value u can be approximated as
the difference between displacements at one time lag ahead and current time. If the time lag is short compared to
the periods of the system, this difference depends strongly on the current velocity.

Because the estimation is usually not perfect, there is an error between the response of the actuator and the target
displacement (Eq. 2). The term e is called residual of time lag compensation which includes the error of the estimator
and noise. The residual e must be accounted for in the estimator to minimize the control error.

)()()( tutute mc −= (2)
A compensation based on estimation must satisfy three critical requirements:

1. The model for estimation must represent the dynamic input-output relationship of a system well.
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Figure 1: Substructure testing with time lag compensation based on system identification
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2. The estimator must handle error of estimation and noise to minimize the error of the output.
3. To estimate the parameters for this model, the system identification mechanism must work in “real-time”.

For a mechanism to represent an input-output relationship, modeling concepts in the time- and frequency domain can
be used. Time domain concepts are more suitable for dealing with historical data and on-line identification. Some
recursive methods are available for data models working in the time domain and using on-line estimations. In
real-time substructure tests, the historical data is updated at each sub-step or step. Therefore, parameters of models
can be updated from their current states including information of historical data by using recursive identification.

Concerning the data model, a black-box model is used in the phase lag compensation because of its universal
applicability. A linear black-box model is used for linear systems while a proper nonlinear one should be developed
for a certain non-linear application.

Black-box models such as ARX (AutoRegressive with eXogenous inputs), ARMAX (AutoRegressive Moving
Average with eXogenous input), OE (Output Error) or B-J model (Box - Jenkin) can be used. The ARMAX model is
used in this research, because it is very accurate, can handle noise effectively and the computational cost is moderate.

A number of identification methods for parameter estimation and error minimization are available such as Prediction
Error method (PE), Instrumental Variable methods (IV), Least Square Methods (LS), Maximum Likelihood method
(ML) or Pseudo Linear Regression (PLR) (Söderström et al. 1989, L. Ljung 1999). A recursive method should be
used in real time substructure tests. Important features of recursive identification methods are adaptive ability (with
time-varying or nonlinear systems), small computational cost and easy tracking of time-varying parameters. In this
work, the recursive PR method with forgetting factor is used.

There are two different time intervals for identification and estimation. The compensating value u should be
estimated at each sub-step while the parameters for the data model should be updated at a lager time interval. Because
the output of a system does not react to the input within the time lag, the parameters of the data model should not be
identified within a time interval that is shorter than the time lag. The critical time interval Dt for parameter updating
is given in Eq. (3).

tdtkDt lag δ≥= . (3)
where klag is number of sub-steps for identification, dt is sub-step time interval and δt is maximum value of time lag
in the considered range of frequencies.

The scheme for estimating the model parameters and compensating displacements is shown in Fig. 2. The data for
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Figure 2: Scheme of identification and estimation of time lag compensation,
illustration with number of sub steps for identification klag=5 and order nu = 3
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Figure 3: Hardware components of control and measurement systems for substructure tests

updating the parameters are shown as points with mark “ ” while the data to estimate u are shown with mark “ ”.
Using the current parameters, the value of ∆u is calculated at each sub-step. At sub-step jj (jj ≤ klag), the data to
estimate ∆ujj are the past values before (i.klag) sub-steps (with i = 1, 2, .. nu and nu is the order of the data model). At
each sub-step jj, the parameters of the data model are calculated using a linear transition between the two last values
of a parameter (Eq. 4).
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With the methodology described above, the data model to estimate the compensating displacement is described
in Eq. (5) ~ (7).
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where ii is the index for parameter updating, jj is the sub-step index after updating, ϕ is the vector of regression
variables, θ is the vector of model parameters. The parameter θ is estimated by the recursive PLR method (L.
Ljung, 1999) with forgetting factor λ ranging between 0.96 and 0.99.

Different sets of parameters {ai ,  bi}  (i=1,  …  ,  nu ) lead to different relationships between amplitudes of the
compensating displacement ∆u and the computed velocity. Therefore, the parameter θ can also provide
appropriate amplitudes for ∆u to compensate the amplitude error in the transfer function of the hydraulic
system.

3. IMPLEMENTATION AND EXPERIMENTATION

A suitable hardware concept is given in Fig. 3. The substructure control software with phase lag compensation is
implemented in a real-time control system ADwin (Jäger Computegeteuerte Messtechnik 2006). Other hardware
components are: U/I converter (voltage to current converter), servo valve, hydraulic cylinder, displacement
transducer and amplifier 1. The servo valve is controlled directly through the software in ADwin.
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In displacement control, a combination of PID and MCS control (Stoten 1994, 2001) is used. PID control is
used in the inner loop to stabilize the movement of the actuator while MCS control is used in the outer loop to
improve the response in a wide range of frequencies. The time lag of the hydraulic system used in this research
is about 12 ms to 16 ms.

To demonstrate the proposed phase lag compensation, a virtual substructure test was performed. In this test, the
algorithm, control and measurement system, hydraulic system and numerical substructure are the same as in a
real test. Only the experimental substructure is “virtual” meaning that it is numerically simulated using
appropriate time integration methods such as the Duhamel integral which is exact for linear systems. The
displacements and coupling forces between numerical and experimental substructure are compared to those of
the complete structural model. This reference solution is obtained using Duhamel integral and mode
superposition. The structural models are shown in Fig. 4.

The response of the hydraulic actuator is shown in Fig. 5. A close fit with the target displacement can be
observed. The result is excellent for both large and small displacements as well as different velocities.

Figure 5: Response of the hydraulic cylinder with phase lag compensation
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Figure 4:  The structural model used to demonstrate the proposed phase lag compensation
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The cases with and without phase lag compensation are compared in Fig. 6. The hysteresis loop of the system
with compensation (blue graph) has no visible area in contrast to the one without (red graph). It therefore
reduces the negative damping due to phase lag almost to zero.

As a result, the difference between substructure solution and reference solution in case of phase lag
compensation is significantly reduced (Fig. 7). This can be seen for displacements and coupling forces in both
time and frequency domain.

Figure 6: Comparison on phase plan between uncompensated and compensated systems.
Compensation with nu=6 and λ=0.98.
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Figure 7: Comparison of substructure and reference solutions with and without phase lag compensation
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4. SUMMARY AND CONCLUSIONS

A new method for compensating phase lag in real-time substructure tests with hydraulic systems is proposed.
The method is based on online system identification using a black-box data model with recursive parameter
identification.

The method was tested in a virtual substructure test consisting of the full test setup including hydraulics and
measurement and control systems, but using a “virtual” specimen represented by a numerical model. The
compensation effect is demonstrated on an example using a structural model under a realistic earthquake. The
test results show that the method can well compensate phase lag of the hydraulic system and improve accuracy
of substructure tests.

In this method, there is no need to separately estimate the parameters of the data model because the recursive
mechanism will adjust them to the appropriate values. Their initial values can therefore be zero.

The compensation method can compensate not only phase lag but also amplitude errors of the hydraulic system.
Noise uncorrelated to system displacements can be removed effectively.

The compensation has adaptive capacity for time-varying systems and non-linear phenomena that may occur during a
test. The current working state of the hydraulic system enters into the parameters of the data model and the control
signal is adjusted to adapt to any variations.

The accuracy of phase lag compensation depends on the accuracy of the data model and the convergence of the
system identification method. To obtain high accuracy, the order of the data model must be chosen properly. Higher
order can improve accuracy but increases the numerical effort. In any case, the order of data model must be smaller
than the order of the testing system.

Since the updating time interval Dt cannot be smaller than the maximum time lag, phase lag compensation may not
be suitable for rapid time-varying systems or substructure tests with high frequencies. To evaluate these limitations,
further investigations on the dynamic behavior of this method are needed. Furthermore, stability limits also needed to
be investigated.
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