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Chapter IV Development of the Newmark Implicit Integral Form Method 

The central difference method and the Newmark Implicit - integral Form methods 

should, in principle, when employing a small enough time step, produce near identical 

responses to the initial displacement. This is because the periodicity error present in 

both cases reduces as smaller time steps are employed and soon becomes negligible 

for step sizes of a small, but practical size. Furthen-nore, any linearisation effects in 

the restoring force will reduce to an insignificant magnitude with equally small steps. 

In numerical simulations employing time steps of 0.005s, or approximately 70 steps 

per cycle, this was also found to be the case. The response obtained from this could 

thus be considered as a reference solution. As any superiority of the integral form can 

only be expected for sizeable time steps, results using step sizes of O. Ols, 0.05s and 

0.075s, providing 33,6.6 and 4.4 steps per oscillation, are included. The step sizes 

correspond to w0t values of 0.19,0.95 and 1.43, respectively, so the theoretical 

stability limit for an equivalent linear system of the explicit central difference method 

is being approached. The response obtained using step sizes of O. Ols, 0.05s and 

0.075s can be seen in figures 4.22,4.23 and 4.24, respectively. 
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Fig. 4.22 Response obtained with 0.0 Is time steps 
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Chapter IV Development of the Newmark Implicit Integral Fomi Method 

Fig. 4.23 Response obtained with 0.05s time steps 
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Fig. 4.24 Response obtained with 0.075s time steps 

4.7.2.2 Evaluation 

When inspecting figure 4.22, a slight advantage can be found with the Newmark 

Implicit - Integral Form method, but both this and the central difference methods 

produce satisfactory results. This is because the steps are still reasonably small, and 

the linearisation effects remain minor. When the step size is increased to 0.05s 

however, the differences become more apparent. In figure 4.23, it can be seen how the 

central difference method creates a highly exaggerated response, while the integral 

form method still remains close to the near exact solution obtained with the small time 

step. The integral form method displays less period and amplitude error, and clearly 

represents an improvement to the central difference method. With time step sizes 
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Chapter IV Development of the Newmark Implicit - Integral Form Method 

increasing further to 0.075s in figure 4.25, this remains the case, and the response 

obtained with the integral form method is inarguably superior. 

The improvement found using the integral of the restoring force is found to be greater 

than using the integral of the excitation force, because the effect of approximating the 

restoring force produces cumulative errors. One could argue that if using an explicit 

method, one would be using a smaller time step, and this would render the advantage 
ineffective. This would however only be the case for SDOF systems. With MDOF 

systems, keeping a low co,, At number with the higher frequencies would require a time 

step size too small for practical purposes. In this case, the integral form method 

remains superior in dealing with intra-step variations in stiffness. 

4.7.3 Conclusions 

From the investigation into the ability of capturing rapidly varying excitation forces, it 

can_ be concluded that the integral form method does not provide an immediate 

improvement to the traditional single point time integration schemes. It does however 

show that the Newmark Implicit - Integral Form method produces response superior 

to that of the central difference method for large time steps. When evaluating the 

ability of capturing rapid variations in the restoring force, the advantages were clearer. 

With large time steps in the non-linear system, the integral form method performed 

consistently better than the central difference method. This improvement is 

substantiated through the avoidance of cumulative errors in the restoring force 

component. 

4.8 CONCLUSIONS 

By including an additional term in the estimate for the restoring force in the Newmark 

Explicit - Integral Form time-integration algorithm, a new displacement predictor has 

been proposed, which is consistent with the constant average velocity the algorithm 

assumes. This addition eliminates numerical damping which is otherwise present. 
Furthermore, the modification renders the algorithm unconditionally stable. It now 
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Chapter IV Development of the Newmark Implicit - Integral Form Method 

successfully combines potential advantages of the integral form in handling rapidly 

varying loads and stiffness degradation with the unlimited time step sizes associated 

with implicit methods. This should provide enhanced capacity when modelling both 

real and sub-structured MDOF structures as well as being excellent for SDOF 

structures. Both the advantages have been displayed through numerical simulations 

and proven analytically through assessment of the amplification matrices representing 
the recurrent relationships between the state vectors. A method for effective 
implementation has been suggested in the form of a semi-continuous combined 

control-time integration algorithm. Following an analysis into the sensitivity 'of the 

magnitude adopted for the initial stiffness term, it has been found that the implicit 

method exhibits no amplitude error and less periodicity error than the explicit method, 

which also produces significant dissipation at large time steps. 
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Chapter V Development of the controller 

This chapter deals with the theoretical and practical development of the controller for 

the pseudodynamic testing system described in this thesis. It provides a short 
discussion on the objectives of the controller and an introduction to some of the main 
theory behind the control in general. It then describes in more detail how this 

particular control system has been built up, elaborating furthermore on the signal 

generation and implementation of the control modes. Finally, a short, basic evaluation 

of the controller is included. 

5.1 OBJECTIVE 

The primary objective of the controller is to generate signals that manipulate the 

controllable variable, in this case the signal to the servo valves, such that the 

controlled variable, in this case displacement, achieves its target. This is done by 

continuously reading the controlled variable and adjusting the signal accordingly. 

Essentially, the controller, in pseudodynamic testing, is the device that ensures that 

the displacement target provided by the time stepping algorithm is imposed on the 

experimental structure by the hydraulic actuator. 

The target should be reached directly, and preferably in a swift and smooth manner 

with minimal overshoot. In the context of pseudodynamics, this ensures that the 

representation of the elastic restoring force is created as accurately as possible. Any 

overshoot could cause erroneous plastic deformation of the specimen resulting in loss 

of strength and/or inaccurate restoring force measurements. It is also generally 
desirable to keep loading rates smooth and as high as possible to reduce the deviation 

from the rate of loading existing during, for example, strong ground motion. 

A secondary objective of the controller is, in the case of the implementation with 

integral form algorithms (recall Chapter IV, section 4.5), to numerically obtain a 

measure of the time integral of the restoring force over each time step. 
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Chapter V Development of the controller 

5.2 THEORETICAL CONTROL MODES 

In control theory, three distinct modes of control exist, the proportional, integral and 

derivative modes. They all display individual properties and can be combined to form 

an optimised control system. Prior to elaborating on the specific control system 

developed for the pseudodynamic tests and the hydraulic system described in this 

thesis, a brief discussion on the control theory has been included. This will clarify 

some of the main theoretical aspects of control engineering, which will be relevant for 

the later discussion about the development of the pseudodynamic test set-up. The 

introduction to the basic control modes is based on Bateson (1996). 

5.2.1 The proportional control mode 

One of the elementary modes of control is the proportional mode. In this mode, the 

signal generated is proportional to the error. In the context of pseudodynamics, this 

implies that the signal sent to the servo valve is proportional to the difference between 

the measured and the targeted displacements. This requires that a reference signal, a 

zero signal, exists, onto which the proportional signal can be added. 

The mode should ensure a velocity profile that starts off high while the displacement 

discrepancy is high and then slows down as the remaining discrepancy reduces. 

Furthermore, it inherently takes sign reversals into account so that overshoot should 

be stopped immediately. The mode does however display the weakness that the target 

positions are not necessarily always met. If an error remains and the signal generated 

based on this is not sufficient to initialise further movement, the system simply gets 

"stuck" and cannot proceed. 

The proportional control mode can be employed independently, and many control 

systems employ only this mode. During the initial stages of the development of the 

controller described in this thesis, it was believed that the proportional control mode 

would function satisfactorily on its own for the pseudodynamic system concerned. 
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5.2.2 The integral control mode 

The integral control mode generates signals proportional to the integral of the error. 
In the pseudodynamic setting, this means that the integral control signal for the servo 

valve will be generated proportionally to the integral of the displacement error with 

respect to time. In practise, this means that if, for any reason, an error remains in the 

displacement, the valve control signal will continue growing until further motion is 

initiated. 

The integral control mode ensures that the target displacement is always finally met 

regardless of the resistance in the system, but does on the other hand not provide the 

ability of controlling well the rate at which the target is approached. The mode does 

take error reversals into account, but does not provide an immediate, strong correction 
to the signal. Although the mode can be employed independently, it is more often 

combined with the proportional mode. This should theoretically enable a fast, 

responsive controller which always ensures the target position is met. 

5.2.3 The derivative control mode 

The last, and possibly the least important of the three control modes is the derivative 

mode. As the name suggests, this mode generates signals proportional to the 

derivative of the error, or in other words the rate of change of the error. In the 

pseudodynamic framework, this will mean that the valve signal is generated 

proportionally to the time derivative of the displacement error, or more specifically, 

the velocity of the actuator. 

The mode is effectively able to control the speed of the actuator, but has no way of 

ensuring that the target is met. It does take sign reversals into account, but can only 

reverse the signal based on this; the rate remains the same. The mode is therefore not 

employed independently, but can successfully be combined with the proportional or 

proportional-integral modes. This may improve the control of the rate of change of 
displacement, or in pseudodynamics, the velocity profile. 
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Chapter V Development of the controller 

5.3 THE CONTROL LOOP 

Regardless of whether the controller is created as a piece of software or hardware, it is 

clear that it functions as a loop structure. For every cycle of the loop, the input signals 

are read and a series of calculations are carried out before the output is computed and 

finally'written as a signal. This process runs continuously both when moving the 

actuator and when keeping it in position. The frequency of controllers varies 

considerably, and can be as high as in the mega-Hz rage. For pseudodynamic tests, it 

is typically required to have a rate of at least IOOHz, or 100 iterations per second, 

although substantially higher rates are beneficial. 

In order to implement the control modes discussed in the previous section, the signal 

contribution from each mode is computed in each iteration based on the positional 

error, the integral of the positional error or the derivative of the positional error. The 

error calculations are based on the input read in the same cycle, while the adjusted 

output signal is compiled from the contributory modes. 

The following sections contain a discussion on the processes that take place within the 

control. loop. It elaborates on the input and output, ramp generation, dead-zone 

compensation and signal generation as well as explaining how the processes are tied 

together within the pseudodynamic set-up. 

5.3.1 Input and output 

Implementation of a SDOF pseudodynamic test requires a minimum of three 

communication channels: displacement and force measurements and the servo valve 

signal. For control purposes on the other hand, the force signal is not required, leaving 

the displacement and the valve signal as the input and output channels, respectively. 

Reading the input is one of the first tasks to be carried out by the controller. This 

enables the "effor" to be calculated, which forms the basis of most of the other 

processes within the controller. The error in this set-up and in general in a 

pseudodynamic framework, is the discrepancy between the target displacement 
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computed by the time integration algorithm and the current displacement as measured 
by the displacement transducer and as read at the start of the control loop. 

The valve signal is generated through a series of processes within the controller, 

which will be discussed in the next sections. Generally speaking, this signal will 

consist of a smoothly changing voltage, except when keeping the actuator stationary, 

in which case it will be rapidly oscillating over the dead-zone as discussed in section 

5.3.3. 

Both the input and output signals are analogue and thus simply consist of voltage 
levels within a certain range. The controller must relate this level to a displacement 

value in millimetres. A discussion on how this is carried out is included in section 
5.3.6. The output signal on the other hand has got no other meaning than that 

interpreted by the servo valve and cannot be related to any physical quantity. The 

voltage range applicable to the valve is very small, as it in reality operates on current 

rather than voltage. Care must therefore be taken to ensure that excessive signals, 

which could damage the valve, are not created. This has been done by including a 

series of filters in the controller that limit the maximum signal sent to the valve. 

5.3.2 Ramp generation 

As the pseudodynamic test method progresses in a step-by-step method, the time 

stepping algorithm supplies the controller with discrete displacement positions but 

says nothing about the displacement history in between. It is therefore the task of the 

controller to create a displacement-time curve for each displacement step. 

Some pseudodynamic implementation systems employ a linear displacement profile, 

e. g. Combescure & Pegon (1998). This can be achieved with a high specification 

controller employing a ramp generator, and ensures that the velocity profile 

corresponds to that assumed in time stepping algorithms (e. g. constant). The ramp 

generator computes the desired displacement path based on the starting position, the 

target position and desired implementation time, as indicated in figure 5.1, where d, 

and d,,, are the target displacements at the start and end of the step, respectively. 
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Fig. 5.1 Displacement ramp 

The control system developed by the author does not employ a ramp generator as 

such. This is mainly because such an implementation system is fairly resource 

consuming and requires the controller to run at a high frequency. In order to ensure 

that not only the final target position is reached accurately, but also that the whole 

displacement path closely follows the predefined one, more intermediate signal 

adjustments are required than when simply attempting to reach the target. 

In pseudodynamic tests, it is not imperative that the velocity during the displacement 

step remains constant, as long as it is ensured that the final displacement target is 

reached directly, without any overshoot. In fact, it may be beneficial to employ a 

highly non-linear displacement profile if high-speed implementation is desired. This 

can enable a high initial velocity to attempt to impose the increment as fast as 

possible, and then slowing down the actuator when approaching the target to ensure 

high accuracy implementation. Here, the developed controller tends to generate such a 

velocity profile, but this depends on the relative influence of the proportional and 

integral control modes as discussed in section 5.3.4. 

5.3.3 Dead-zone compensation 

When controlling any forrn of system, it is often the case that a so-called dead-zone is 

present. A dead-zone in control engineering is defined as the situation when a change 

in the input does not. result in a change in the output (Bateson 1996). During the initial 

stages of the development of the controller, the existence of a significant dead-zone 

compromised the control considerably, and required remedial action. The dead-zone 

99 



Chapter V Development ofthe controller 

in the system concerned was probably a combined consequence of the servo valve 

itself and the frictional characteristics of the hydraulic actuator. 

The effects of an uncompensated dead-zone were such that close control was 
impossible even for an unloaded system. This was essentially due to the fact that the 

signals required to initiate and ten-ninate the actuator motion were not the same. As an 

example, consider the situation where the actuator is moving towards a target position 

under proportional and/or integral control. Once the actuator reaches its target, tile 

algorithm will create a negative signal change, but this does not suffice to arrest the 

actuator. This is due to the existence of a dead-zone, which requires that a much 

stronger signal has to be reached before the actuator will finally stop or reverse. By 

this time, of course, the actuator will have overshot or even reached the end of its 

stroke. This situation is clarified in figure 5.2 below. In the figure, the displacement 

measurements and the signal levels are superimposed. The blue line displays the 

displacement and corresponds to the vertical axis on the left hand side while the violet 
line represents the valve signal corresponding to the right hand vertical axis. '['he 

horizontal, black lines indicate the limits of the dead-zone in terms of the signal, and 

take on values of just over +0. IV and almost -0.9V. 
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Fig. 5.2 Effect of an uncompensated dead-zonc. 

When the displacement reaches the commanded position, in this case Otrim, the signal 

turns (Point A) but the actuator continues moving past the target until saturation. It Is 

not until the signal reaches Point B the velocity is finally reversed. Following another 
interception with the target position, it again continues to move past it, until the signal 

reaches point C. The dead zone can thus be defined as the range existing between the 

two horizontal lines passing through points B and C. 
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The dead-zone creates further complications, as its position is not constant. The 

voltage range shown in figure 5.2 above only applies to unloaded conditions. If high 

pressures are developed within the system, as will of course be the case during real 

tests, the position of the zone will shift. A trace of the effective dead-zone as a 

function of the pressure was obtained experimentally, and can be seen in figure 5.3. It 

should be noted that the dead-zone is not a simple function of the pressure and that for 

example zero pressure does not correspond to the centre of the dead-zone being at 

zero volts. Any compensatory system clearly needs to also take the position of the 

dead-zone into account. 
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Fig. 5.3 Variation of dead-zone limits as a function of pressure. 

Successful compensation of the dead-zone was finally enabled through integration 

with the integral control mode. Essentially, when stopping or direction reversal Is 

required, the signal will use the opposite end of the dead-zone as the base for the 

signal, while the entire position of the dead-zonc will be moved under the influence of 

the integral control mode. This is explained further in the following section. 

5.3.4 Implementation of the control modes 

Two of the theoretical control modes described in section 5.2 were incorporated into 

the controller to provide a fast, responsive and rigorous control system. The 

proportional mode is possibly the most direct and easily understood mode, and also 

provides a favourable velocity profile. However, to ensure that all displacement 

101 



Chapter V Development of the controller 

targets are actually met, a form of integral control was also included. The derivative 

mode has not been used, partly because it was not needed and partly because it would 
be difficult to apply with a low frequency controller. 

The proportional control mode uses the limits of the dead-zone as a reference signal. 
Depending on the direction of the displacement step, one of the limits of the zone will 
be chosen to represent the zero signal. The proportional component will be added on 

top of this, and is based on the displacement error currently existing in the cycle 

concerned. The error is then multiplied by the proportional g1lin to form the actual 

signal component. This gain thus forins the relationship between the error and the 

proportional signal component. A high gain will, for a certain error, create a stronger 

signal than a lower gain. This will in turn affect the valve opening and the speed at 

which the actuator moves. The magnitude of the gain is arbitrary and depends among 

other factors on the displacement units and the sensitivity of the valve. 

A typical signal profile created under the proportional mode can be seen in figure 5.4 

below. Again, the displacement graph is blue and corresponds to the left hand axis 

while the signal graph is violet and corresponds to the fight hand axis. The horizontal, 

black lines are the dead-zone limits, which correspond to the right hand axis. 
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Fig. 5.4 Signal characteristics with the proportional mode. 

In this example, the target position is Omm until 12s into the test when the new target 

of 10mm is set. While keeping the actuator stationary, the signal constantly jumps 
between the two dead-zone limits to adjust the exact position. When the new target is 

set, a large error is effectively created. This results in a large signal being generated 
by the proportional mode, placed on the upper limit of the dead-zone as that is the 
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direction of the displacement step. The signal will immediately initiate movement, 

and as the displacement increases and the error reduces, the signal drops off slowing 

down the actuator. When the target is reached, the signal contribution from the 

proportional mode reduces to zero and the signal returns to oscillating between the 

limits, keeping the actuator in position. 

The proportional control mode described above ensures an initially high signal, giving 

rise to high actuator speeds. This enables fast implementation of pseudodynamic tests, 

which can reduce potential rate effects. The velocity is on the other hand minimal as 

the target is reached, reducing the potential for overshoot and providing high accuracy 

in final force readings. 

While the signal profile generated above would be ideal for unloaded or very lightly 

loaded systems, it would prove unable to deal wIth large loads. This Is due to the fact 

that the position of the dead-zone effectively moves as the pressure in the system 

changes. Unless this is taken into account, the resulting signal and displacement 

profiles would be as in figure 5.5. 
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Fig. 5.5 Unsuccessfully implemented displacement step. 
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As in figure 5.4, a new displacement target of 10mm is set at 12s. The signial 
immediately grows as a result of the large error, and displacement is initiated. 
However, after only part completion of the step, the actuator stops. The structure 

offers so much resistance that the signal generated by the proportional component 
does not suffice in supplying enough pressure to the actuator to enable further 

displacements. The load is too high. 
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The integral control mode offers ideal features to deal with the problem above. This is 

because, in principle, it generates a signal component according to the integral of the 

error, and the remaining part of the displacement step in the example above will 

produce such an error when integrated with respect to time. As long as an error exists, 
the time integral of it will continue changing, altering the signal such that the error is 

eventually eliminated. In the example above, the integral 'mode would continue 
increasing the signal beyond point A indicated in figure 5.5. 

The precise method of implementing the integral mode can vary. The signal change 

may be applied according to the exact integral based on the real-time or on a more 

approximate integral based on the iteration rate of the controller. Furthermore, the 

actual displacement error, or simply the direction of this, may be used when 

computing the integral and generating the signal. In the controller described in this 

chapter, a system of applying a certain voltage change for each control iteration has 

been adopted. In other words, this does not take the duration of the control iteration 

into account. As this duration remains fairly constant, no advantage of using the more 

complex real-time system could be envisaged. The voltage change for each iteration is 

set manually by the operator and is -not a function of the magnitude of the 
displacement error. This effectively sets the integral control mode gain. The constant 

signal change system was found to be the preferred method as large errors could 

otherwise result in the signal growing overly quickly and creating overshoot. 

As seen in figure 5.5, the signal has to be increased further to facilitate completion of 

the displacement step. This could be done by simply adding an integral component to 

the proportional signal. However, once the position has been reached, the signal 

should not drop back to the other end of the dead-zone. If this were to be the case, the 

actuator would start moving back as soon as the target was reached. In order to 

maintain stable and accurate control, it is not sufficient simply to add an integral 

signal component. Instead, a highly effective system was created by shifting the base 

signal under the integral mode. This allowed a gradual increase in the overall signal as 

errors remained and formed a new base for further steps. To avoid displacements 

dropping off after reaching the target, also the other end of the dead zone was shifted, 

effectively following the curves in figure 5.3. The displacement and signal profiles for 
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the example in figure 5.5 would with this implementation of the integral mode look 

like the one in figure 5.6 below. 
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While the previous sections all discuss the implementation of a single displacement 

step, this section elaborates on what happens between the steps and the displacement 

and signal profile created over the step change. During the development of the 

controller, it was found that the results could be particularly sensitive to details within 

this part on the implementation. 

The so-called "classic" pseudodynamic implementation assigns a specific "hold 

period" at the completion of each displacement step. During this period, force 

measurements are taken and communication with the hardware carried out to enable 

computation of the next displacement step. Only once the time integrator has 

computed the next step, and communicated this to the ramp generator and controller, 

will the actuator again be set in motion after a stationary period of the order of Is. 

Although the implementation system developed by the author, as described in Chapter 

V1, differs substantially from the classic one (e. g. Negro 1997), a similar 
discontinuous implementation system was first adopted. 

The earliest versions of the control system allowed a certain number of iterations per 

displacement step. This was one of the criteria considered for the completion of a 
displacement step, with the other two tested procedures corresponding to the 

completion with displacement within tolerance of target and the completion with 
displacement equalling or passing the target. 
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Allowing a certain number of iterations per step effectively provided a hold period 

within which the actuator did not move appreciably. The hold period was effectively 

present because a slightly inflated number of iterations had to be specified to ensure 

completion of all displacement steps. This method is theoretically sound and also 
indicated good results during low level tests. However, with high loads and pressures 

present, some problems became apparent. Under these circumstances, it proved 
difficult to specify the dead-zone such that the actuator always stopped on time 

without initiating unloading. 

For the tests on the reinforced concrete structure, as described in section 3.3.3.1, the 

force measurements had to be taken using an internal pressure transducer, as 

explained in section 3.4.1.1. This system displays the unfortunate effect that minor 

unloading during negligible displacement changes results in substantial changes in the 

force readings. As the implementation system described above could not avoid slight 

unloading, the force measurements could not be obtained with sufficient accuracy. 

This, in turn, resulted in an unrealistic response and required improvement. 

The other two methods of completing a displacement step both limit the duration of 

the hold period substantially. These complete the step either: (a) once the 

displacement is within a certain tolerance of the target or (b) when the target is 

actually reached or passed. The number of iterations thus varies from step to step, and 

the actuator is not kept stationary for longer than necessary. As soon as the tolerance 

or target is reached, the force measurement is taken and passed to the time integration 

algorithm. 

Method (a), using the displacement tolerance, was quickly abandoned simply because 

the displacements corresponding to the final force measurements were consistently 

somewhat smaller than the target. Method (b), requiring the displacement to actually 
be met or passed, turned out, to provide superior final displacement accuracy. 
However, this did not solve the problem with unloading and inaccuracy in force 

measurements. When the target was met, the signal would still jump to the opposite 
limit of the dead-zone to avoid overshoot. 

106 



Chapter V Development of the controller 

In order to improve the force measurements, using the force reading in the iteration 

prior to reaching the target was considered. Although theoretically sound, a better 

solution was found following a substantial redesign of the controller. It was now set 

up such that the controller looked into the details of the next displacement step before 

applying finn, signals. This could only be done through the close integration with the 

time integrator as will be detailed later in Chapter VI. On completion of the 

displacement step, the controller now took the force readings but no action to stop the 

actuator. The force measurement was sent to the time integration algorithm, which 

immediately carried out the computation of the next target displacement. The new 

target was then sent to the controller without delay. The controller would now 

consider the next target in relation to the present position of the actuator. If the target 

were farther ahead, the signal would be altered only such that the actuator moves 

faster. In practice, this enables continuous actuator motion, with no stopping or 

unloading; the actuator only slows down when passing through the target. If, on the 

other hand, the next target turned out to be in the opposite direction, the controller 

would immediately initiate a signal jump to the opposite side of the dead-zone. This 

would stop the actuator and commence movement in the opposite direction. 

However, such a semi-continuous method of implementation displays disadvantages 

as well as the advantages mentioned above. When the next displacement step is in the 

opposite direction of the one the actuator is currently moving in, the controller has to 

wait for the new displacement target before the actuator can be stopped. This may 

potentially lead to a displacement overshoot. The force measurement has already been 

taken, so it will not suffer from the overshoot. However, the continued motion may 

lead to some further damage taking place in the specimen. It is believed though, that 

the delay involved in allowing an extra iteration to take place will be so minor that 

this will not adversely affect the accuracy of the test. The integration between the 

controller and the time stepping algorithm is discussed in detail in the following 

chapter. 

5.3.6 Transducer compensation 

Displacement measurements are taken through an internal, analogue displacement 

transducer, an LVDT, as described in section 3.4.1.2 The total stroke of the LVDT is 

120mm, indicating that the required ±50mm should be within a reasonably linear 
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region. When calibrating the device however, errors of up to 2.5mm remained after 

optimal adjustments. Such errors are clearly unacceptable, as displacement accuracies 

of the order of 10-IOOILM are typically required for reliable pseudodynamic tests. 

in order to reduce the error stemming from the non-linearity of the LVDT,, software 

compensation could be employed. By tracing the difference between the displayed 

and the actual displacement every 10mm of the range, a curve of the absolute error 

was plotted. A sixth order polynomial was fitted as close as possible to all the points, 

giving the function displayed in equation (5.1). 

Y= -1.31224E-06x 
6 +9.199OOE-05x5-3.75415E-05x 4 (5.1) 

-1.45298E-03x3-6.694OOE-04x 
2 
-2.96456E-0 lx+l. 17532 

The trace of the error and compensation function can be seen in figure 5.7 below. 

When converting the electrical signal to a displacement, this compensatory function 

could simply be added to the otherwise linear relationship between voltage and 

millimetres. 

-Measurement Error 
2........ Compensation Function 

E 
E 
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Fig. 5.7 LVDT error and compensatory function 

The compensation function was incorporated into the controller itself, and adjusted 
the displacement signal as soon as it was read. This reduced the non-linearity error 
from around 2.5mm to a maximum of around I OOgm. 
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5.4 INTEGRAL FORM FORCE MEASUREMENTS 

Both the explicit and implicit formulations of the integral form of the Newmark time 

stepping scheme require a measure of the time integral of the restoring force over 

each time step. This variable forms part of the explicit displacement predictor, as 

detailed in Chapter IV. In this section however, only the method of obtaining the force 

integral will be discussed. 

In order to compute the time integral of the restoring force over each time step, two 

main methods were envisaged. A numerical integration scheme that operates at the 

iteration rate of the controller (the multipoint method) could clearly be used, as a 

continuous stream of force readings is available. Alternatively, a similar scheme using 

only the force readings at the start and end of the time step (the two point method) 

could be implemented with significantly less complexity. However, this would render 
the main features of the integral form methods redundant. 

During the initial development of the implementation system, the method of using 

only the first and last force readings in a step (the two-point method) was used. This 

system allowed the integral to be computed upon completion of the step with the 

simple trapezoidal rule expression in equations (5.2), where At is the duration of the 

time step and r,, and r,,,, are the restoring force values as the start and end of the step, 

respectively. The two-point , method is not required to be integrated with the 

controller, and may therefore be coded more efficiently elsewhere in the 
implementation system, as explained later in Chapter VI. 

f 
rdt =t 

(r- + r"', (5.2) 
At 2 

As only two force points are used, the method assumes linear variation of the 

restoring force over the duration of the time step. When employing large steps during 

tests on highly non-linear structures, this may introduce considerable error as detailed 

in Chapter IV. To avoid this approximation, the multipoint integral computation 

system may be used. 
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The multipoint method of computing the time integral of the restoring force operates 

at the iteration rate of the controller. Essentially, 'it obtains a measure of the restoring 

force during each iteration, and computes the integral based on this, again using the 

trapezoidal rule. In order to carry out the integration and provide the variable without 

delay upon completion of the displacement step, the multipoint integrator is coded 

directly into the controller. The exact details of this are documented later in section 

6.2.2.4.4.4. 

In principle, the method computes a portion of the full integral in each iteration in a 

sub-stepping routine. It uses the restoring force values from two successive iterations 

and the time between them to compute the portion of the integral; these portions are 

then summed up for all the iterations to yield the full time integral of the force over 

the step. The variable is thus computed as in equation (5.3) where r,,, and r,,,., are the 

restoring forces at two successive sub-steps and t. and t,,,. l are the corresponding 

points in time. 

f rdt 
(r- + r-t, Xt-t, - tl- (5.3) 

2 
m---O 

While the assessment of the restoring force variables is straightforward'as they are 

simply the measured quantities, the definition of the time variables is somewhat more 

complex. Real-time clock measurements cannot be used for two main reasons: firstly 

the displacements are generally not imposed in real-time as discussed in section 2.3 

and secondly the velocity profile generated is not generally linear, as discussed in 

section 5.3.4. The effect of these two facts is that the measured time bears no 

correspondence to the theoretical time position of the sub-steps. 

Equivalent time points must be obtained for each sub-step. These points can be 

defined by examining the proportion of the completed displacement step and, by 

assuming constant velocity, this will correspond to the proportion of the completed 

time, as demonstrated in figure 5.6. 
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Fig. 5.6 Equivalent time points using proportion of completed step 

The controller will typically create a velocity profile that is initially fairly steep to 

attempt rapid completion of the displacement step, but flattens out when approaching 

the target displacement to ensure minimisation of the overshoot. This implies that, for 

example, 80% of the displacement step is completed in just 7 of the in total 27 time 

units, or 26% of the time. When computing the equivalent time point assuming 

constant velocity, 80% of the time should have passed at 80% completion of the 

displacement, or in other words around 22 time units. Thus, for each control iteration, 

a time value is assigned corresponding to the proportion of the displacement step 

completed and the time integration step size. 

The time position of each sub-step has to be computed based on the fraction of the 

completed time step. As most time stepping schemes assume constant velocity over a 
time step, this criterion may also be applied when computing the equivalent time 

positions of the sub-steps. By using the measure of the displacement obtained 
concurrently with the restoring force, the equivalent time position can be found. 

Based on the assumption that the fraction of the total displacement imposed 

corresponds to the fraction, of time passed, the time positions of the sub-step force 

measurements, t,,,, is defined as in equation (5.4), where d,,,, d, and d,,., ] are the 
displacement in the current sub-step, the displacement at the start of the time step and 
the displacement at the end of the time step, respectively. 

tm -- At 
(dm - d,. ) 
(dn+l- d,. ) 

(5.4) 
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The multipoint method of obtaining the time integral of the restoring force is under 

some circumstances particularly sensitive to experimental errors. While functioning 

well when the displacement step is clear and of a significant magnitude, it is more 
likely to display weaknesses when the actuator is kept stationary. This is especially 

the case during the start-up procedure of each test. Inaccurate force representati oils in 

the first step can adversely affect the entire response. An example of this can be seen 
in figure 5.7 below, where the same system has been subjected to an identical ground 

excitation a number of times. 

Fig. 5.7 Differential response under same excitation 

As figure 5.7 shows, the repeatability of the tests is inadequate, due to variations in 

the computation of the integral of the restoring force in the first step. To mitigate this 

problem, the first time step could simply employ the two-point procedure instead. 
This would ignore any motion and electrical noise during the start-up and provide a 

more constant measure of the force integral. The improvement offered by using the 

two-point method in the first step can be seen in figure 5.8, showing 12 different 

responses to the same excitation. For information, both variables are logged through 

the entire tests and may be inspected during the tests or after completion. 
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Fig. 5.8 Approximately equal responses to same excitation 

5.5 EVALUATION OF CONTROLLER 

The controller running in the LabView software environment (as described in the 

following chapter) operates at a frequency of around 300-50OHz. This means that the 

signal will be adjusted 300-500 times per second and that force readings will be taken 

with the same frequency. As explained later, implementation times may vary greatly, 

but modelling 4s of a real system response accurately using 0.04s time steps will 

require experimental implementation time of the order of 20s. This thus allows 0.2s 

per step, indicating that on average 60-100 iterations are provided on average. This 

should be more than sufficient to trace any non-linearitics in the restoring force, and it 

represents a fairly modest, but sufficient number of control iterations. 

The implementation time of 20s mentioned above can be considered a fairly good 

compromise between speed and accuracy. 20s represent 1/5 of real time strain rates, 

and with this speed a minimal accuracy of 200gm can be maintained. Reducing the 

speed to half of this will provide an accuracy that approaches that of the transducer, 

around 100gm. The maximum accuracy obtainable by the controller is of the order of 

30ýtm, not taking transducer errors into account. The overall accuracy achieved 

depends not only on the implementation speed. The natural frequency of the tested 

structure, the time step size employed in the time stepping algorithrn and to an extent 

the amplitude of the oscillations may all influence the accuracy. A full discussion on 

the performance of the implementation system on the whole will be provided later in 

Chapter Vfl. 
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