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3 Università degli Studi dell’Aquila, Civil Environmental and Architectural Engineering Department,
via Giovanni Gronchi n.18, L’Aquila 67100, Italy

e-mail: angelo.aloisio1@univaq.it

4 National Technical University Athens, Institute of Structural Analysis & Seismic Research,
Zografou Campus, Athens 157 80, Greece

e-mail: nlagaros@central.ntua.gr

Keywords: Variable orifice d ampers, s tructural d ynamics, s emi-active c ontrol, proportional 
integral derivative controllers, model predictive control.

Abstract. The existing strategies for improving the dynamic response of structures during
seismic events can be categorized into passive, active, and semi-active control. Passive strate-
gies provide a redesign of the structural dynamic parameters without employing any real-time
control. Active control strategies are more effective than the previous one, but also more ex-
pensive. Furthermore, a relevant amount of energy supply is required during seismic events,
which is a quite unrealistic scenario. Semi-active control strategies represent a compromise
between the two previously mentioned strategies. These latters provide real-time control, less
induced costs, and require less power supply. In this study, the behaviour and effectiveness of
a semi-active damper have been analyzed. A single degree of freedom (DOF) system has been
implemented in the Matlab Simulink environment equipped with a semi-active fluid viscous
damper model. Two main control algorithms of the semi-active device have been considered:
a proportional-integral-derivative (PID) and a model predictive control (MPC) controller. The
control algorithms were designed by linearizing the device constitutive model and implement-
ing their non-linearity through the characteristic equation of the device. Different levels of
approximation of the model were considered, in conjunction with different sampling time rates
to examine the delay effect of a possible practical implementation of the proposed system.
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1 INTRODUCTION

Structural control devices aim to mitigate the response of structural systems due to dy-
namic natural hazards, e.g. wind, earthquakes, etc. [6, 14]. During the last four decades,
three main typologies of devices have been formalized, viz. active, passive, and semi-active
devices [6, 21, 13]. In active damping energy devices, electrohydraulic or electromechanical
actuators’ control forces modify the dynamics of the structural response [22], with theoretical
advantages of high performances, lower sensitivity to ground behavior, selectivity of the con-
trol strategy, and adaptability to various operating conditions [5]. The main drawback is the
requirement for a consistent amount of external energy supply, which is a critical challenge
during earthquake events. This latter limit is completely avoided with passive strategies which
rely on localized devices that leverage a combination of deformability, strength, and energy
absorption due to their localized inelastic damage [11, 2]. Passive protection is based on con-
verting the system’s input energy into both kinetic and strain potential energy which must be
either absorbed, e.g. hysteretic elements [4, 7, 1, 3, 17, 18], or dissipated through heat, such
as in viscous dampers [4, 15, 16, 10]. Semi-active devices represent a compromise between
active and passive techniques [6, 23]. Similarly to active ones, the available semi-active control
strategies are differentiated from what the sensors are demanded to monitor. Therefore, they
are referred to as feedback, feed-forward, or feedback-feed-forward if the sensors monitor the
response of the system, the excitation of the input, or both, respectively. In detail, a semi-active
device is similar to a passive one with the added capability of varying its mechanical dynamical
properties, i.e. damping coefficient and/or stiffness [24, 25]. This requires a low energy supply,
e.g. battery pack, surpassing the active devices’ main limitation. Throughout a control loop, the
required varying action may be computed almost in real-time, i.e. with a minimum time lag.
In the current study, the authors focused on semi-active control strategies for a single degree of
freedom (SDOF) system employing a variable orifice damper (VOD). The current document is
organized as follows. In section 2, a brief theoretical background on variable orifice dampers
on a SDOF system is argued. In 3 the authors analyzed a SDOF VOD controlled case study
under ideal conditions, whereas a VOD realistic model is finally discussed in sections 4 and 5.

2 VARIABLE ORIFICE DAMPERS ON A SDOF SYSTEM

Fluid viscous dampers consist of a piston demanded to convert seismic input energy into heat,
typically filled with a compound of silicone oil with kinematic viscosity equal to 100 mm2/s and
specific weight equal to 9.78 kN/m3. The fluid is non-toxic, inert, non-flammable, modellable
as an uncompressible fluid, remaining stable for very long periods [24]. Specifically, a VOD
device is a semi-active control technology that provides an adaptable damping force fd(t) by
varying the size of the orifice of a viscous damper system according to the response recorded
by the structure [9, 24]. Therefore, the motion equation of a lumped mass m SDOF structure
base-excited with ground motion acceleration z̈g and equipped with a VOD is [9, 26]:

mz̈1 + cż1 + kz1 = −mz̈g + fd(t) (1)

in which k is the stiffness, c is the damping coefficient, z1 is the horizontal displacement of the
SDOF mass. The semi-active dashpot damping force fd (t) depends on the system’s relative
velocity, i.e. the velocity of the piston rod:

fd (t) = cd (t) |ż1 (t)|α sgn(ż1(t)) (2)

in which cd(t) is the regulated damping coefficient, which varies within a bounded range
[cd,min; cd,max] = [1000; 10000]Ns/m corresponding respectively to the fully open and completely
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Figure 1: Broken out section view of a VOD and SDOF mechanical idealization model equipped
with a semi-active fluid viscous VOD.

close valve conditions. α is a coefficient depending on the geometric size and design of the ori-
fice and the piston, whose physically realizable values range from 0.1 to 2.0, experimentally
determined with laboratory tests. In seismic applications it is desirable that α assume the small-
est values, thus normally it spans between 0.1 to 1.0 [9]. In the present study, α was set to 0.1, a
realistic common value. As shown in Fig.1, the presence of an accumulator and a control valve
prevents any unwanted restoring force due to fluid compressibility. Typically, piston movements
are characterized by a frequency lower than 4 Hz, without affecting the stiffness of the system.
The dampers are often referred to as “inertial dampers” because of the dependence of the force
output of the device on the speed of the fluid through the orifices. In Fig.1 the modifications
needed to create a semi-active device are visible, in particular the addition of an external by
pass loop with a control valve. In this form, the device is referred to as a “two-stage damper”,
because typically the control valve can only be in the “fully open” or in the “fully closed” po-
sition. The control valve is a direct current (DC) solenoid valve in which the solenoid coil can
either be fully energized or de-energized [24]. A fundamental parameter of a semi-active fluid
damper is the response time, which is the time needed for a complete variation of the damping
coefficient, from minimum to maximum or vice versa. Therefore, there is a delay from the
ideal behavior because the variation is not instantaneous. The response time is evaluated dur-
ing the saturation condition of the command signal, and it can be separated into two different
contributions. The first is a static response time t1 related to the electronic response delay of
the integrated electronic control unit (ECU) jointly with the presence of static friction, whereas
the second one t2 accounts for the time needed from the initial motion of the spool to the final
position of the control valve, so the actual time in which the damping coefficient varies [24].
Depending on the structure of the valve in the application, the response time may or may not
be identical for the opening procedure and the closing one, both for reasons related to the flow
of oil inside the cylinder and for the presence of a reset spring. In general, this kind of delay
is quite reduced and allows proper control of the device during the whole period. The specific
value depends on the particular dimension of the valve and the damper used in the application,
but in general the sum of t1 and t2 is safely in the range 20÷ 35 ms.

3 UNCONTROLLED MODEL AND IDEAL CONTROL STRATEGIES

In the current study, the authors considered a numerical SDOF case study characterized by
m = 10000kg, k = 2000000N/m, and c = 2815Ns/m, with a fundamental period of T1 =
0.4443s (f1 = 14.1421Hz). The Eq.1 may be rewritten using state-space formulation by setting
the state vector x = [z1, ż1]

T , the vector of measured observations y = [z1, ż1, z̈1]
T , and the
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Figure 2: Spectral analysis of the uncontrolled SDOF system.

input vector u = [z̈g, fd(t)]
T :

ẋ = Ax+Bu (3)
y = Cx+Du (4)

being Eq.(3) named state equation and Eq.(4) named observation equation, with A the state ma-
trix, B the input influence matrix, C the output influence matrix and D the direct transmission
matrix [19]. These matrices are defined as follows:

A =

[
0 1

− k
m

− c
m

]
;B =

[
0 0
−1 1

m

]
;C =

 1 0
0 1

− k
m

− c
m

 ;D =

 0 0
0 0
−1 1

m

 (5)

Eqs.(3)-(4)-(5) describe a state space model with two inputs, i.e. the earthquake loading mz̈g, in
this study referred to 1940 El Centro earthquake, and the nonlinear damping force fd (t). There-
fore, six transfer functions are related respectively to displacement, velocity, and acceleration
given by the first seismic input, whereas the latter three are related to the VOD damping force.
Foremost, the authors implemented in Matlab Simulink [8] an initial uncontrolled model for a
reference behavior before adding the VOD system, obtaining displacement, velocity, and accel-
eration of the SDOF system only. Spectral analysis of the three output signals was performed to
provide further deeper insights, as illustrated in Fig.2. The authors performed a trial-and-error
approach based on the power spectral density (PSD) of the signals in order to determine the
optimal sampling time. A noteworthy aspect evidenced from the PSD graphs for the specific
SDOF structure equipped with a VOD ideally controlled is the resonance frequency peak lo-
cated around 3Hz. Thereafter, the authors implemented a model including the VOD system
acting as a passive damper, i.e. without any control. As illustrated in Fig.3, a feedback loop
monitors the velocity value to evaluate the damping force according to Eq.(2), in which cd is
constant in time. Using an initial sinusoidal input calibrated at the resonance frequency of the
SDOF, the authors validated the effectiveness of the implementation and the hysteresis loops,
thus simulating an ideal laboratory test of the device.

Afterward, the authors implemented two ideal control algorithms with saturation (since adap-
tive damping varies within a bounded range), neglecting, for the moment, the time delay in the
VOD adaptive response, i.e. the proportional-integrative-derivative (PID) control algorithm,
and the model predictive control (MPC) algorithm [12]. The PID controller regulates the gain
parameters of the proportional, derivative, and integrative blocks relying on the error between
the actual value and a reference value of a control variable [25], i.e. in this case the system’s ve-
locity as depicted in 4 (a). It has been tuned with the built-in PID tuner app inside the Simulink
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Figure 3: Matlab Simulink model of the SDOF structure under study equipped with a viscous
VOD device without any control system, thus acting as a passive device.

(a) (b)

Figure 4: Ideal control strategies with upper and lower saturation constraints: (a) PID controller,
(b) MPC controller.

environment, through the linearization of the plant represented by the state space model of the
structure. The tuning procedure of the controller was carried out by choosing values that rep-
resented a compromise between robust behavior and quick response time. On the other hand,
the MPC controller leverages a built-in Kalman filtering action which observes the velocity
output from the state-space model aiming to stabilize the structure as quickly as possible to-
ward a nil reference velocity value [25]. In this specific MPC controller, based on the PSD
analyses of the uncontrolled system, the sampling time was set equal to 1/100 seconds and one
millisecond, and the prediction and control horizons were set to 100 units of sampling time.
The PID does not virtually require a detailed model of the dynamical system, whereas, on the
contrary, MPC is based on a linearization of the specific state-space model since it builds a
predictive model of future states based on the history of the input/output relation of the trans-
fer functions [25]. The results of simulations conducted under El Centro earthquake loading
are reported in Fig.5. The displacement, velocity, and acceleration signals with the ideal PID
and MPC algorithm present the desirable controlled behavior. The PID and MPC control algo-
rithms guaranteed a lower acceleration of the SDOF system, thus with a more stable behavior
throughout the whole simulation. These graphs show that an ideal control force is capable of
effectively reducing the values of acceleration of the SDOF structure, and consequently also
the velocity and displacement responses. In Fig.6, the authors reported some bar graphs illus-
trating the peak values of each signal among the different control strategies. It is evident that
the MPC algorithm succeeded to forecast the dynamics of the system, consequently delivering
a better-controlled behavior with lower velocity and acceleration peaks. On the other hand, the
PID controller maintains the signals within a certain threshold, however, it seems not capable to
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Figure 5: Displacement, velocity and acceleration of SDOF under 1940 El Centro earthquake
loading with passive damper (blue), ideal PID (green), and ideal MPC control (red).

(a) (b) (c)

(d) (e) (f)

Figure 6: Peak and RMSe values of displacement (top left), velocity (top right), and acceleration
(bottom) in constant case (blue) ideal PID case (orange) and ideal MPC case (yellow).

reduce the acceleration and velocity of the same magnitude of MPC. The graphs also illustrate
the signals’ root mean square error (RMSe) among the various control strategies. Once again,
MPC provides noticeable performances with respect to the other control algorithms.

The authors considered these ideally controlled results as a reference condition for the next
more realistic simulations. In the next section, the authors modelled the VOD according to its
real mathematical model, i.e. even considering a certain time delay in the VOD response.
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(a) (b)

Figure 7: Simulink realistic models with a sampling time of 0.01s: (a) PID controller; (b) MPC
controller.

4 REALISTIC OPTIMALLY CONTROLLED MODEL

In this section, the authors first analyzed a realistic controlled SDOF system without any
time delay based on the reference results provided by the ideal PID and MPC algorithms in
the previous section. According to the PSD analysis of the uncontrolled system, the authors
determined the minimum sampling time of the velocity signal with a trial-and-error procedure.
Indeed, this is a critical parameter that is fed to the controller block for computing the required
control damping force. Specifically, in Fig.2 the diagrams were graphically limited up to 20Hz,
however, the analyses were computed up to 500 Hz. The PSD assumes a value of -100 dB at
50 Hz, therefore an ideal cut-off over 50Hz can be set due to their low power. Therefore, ac-
cording to the Shannon-Nyquist theorem, the minimum sampling frequency was chosen equal
to 100Hz in the simulations. Furthermore, a sampling frequency of 1000Hz was even employed
to check the effects of a different sampling time on the control algorithm performances. The
authors have chosen these two different sampling frequencies to preliminary evaluate the pos-
sibility of implementing the analyzed control algorithms in a real-world application, based on
the nowadays microcontrollers available in the market with sufficient computing power.

The authors adopted a specific strategy in order to build a model based on an optimal control
algorithm and also consider the real behavior of the VOD device. The ideal controller of the
previous section was used as a reference for the maximum possible value of the control force to
the system f (ref)

d . Therefore, a new function computed the value of the damping coefficient of
the device needed to obtain the control force input by the controller using the inverse formula
of Eq.2:

cd (t) =
f (ref)
d (t)

|ż1 (t)|α sgn(ż1)
(6)

It is worth reminding that when the value of the variable damping coefficient cd (t) from Eq6
falls outside the admissible range of the device [cd,min; cd,max] the damping coefficient saturates
at the maximum or minimum limit of the range.

Fig.7 (a) shows the model built with the PID controller with a velocity sampling frequency
of 100 Hz. The implemented Matlab function of Eq.6 is fed with two inputs, i.e. the ideal
maximum control force from the PID controller f (ref)

d and the velocity value retrieved from
the state space equation. This creates a feedback loop modeling of the semi-active fluid VOD
system. For the sake of comparisons of the effectiveness of the results, the same model was
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(a) (b) (c)

(d) (e) (f)

Figure 8: Peak and RMSe values of displacement (top left), velocity (top right), and acceleration
(bottom) in constant case (blue), realistic MPC with sampling time 1e-2 (orange), realistic MPC
with sampling time 1e-3 (yellow), realistic saturated PID with sampling time 1e-2 (purple),
saturated PID with sampling time 1e-3 (green), BangBang with sampling time 1e-2 (light blue),
and BangBang with sampling time 1e-3 (dark red).

realized with a different sampling time equal to one millisecond. Moreover, a further variation
of this model was implemented considering the case in which the damper works in a two-stage
condition (BangBang strategy). In this latter case, the damping coefficient can only assume
the limit admissible values, i.e. saturating at the higher or the lower limits, viz. when the
computed damping coefficient is above or below a certain threshold. The authors implemented
this third BangBang condition reflecting that many semi-active fluid viscous dampers in real-
world applications operate in those two-stage conditions. A third Simulink model, see Fig.7
(b), with the same architecture was implemented using the MPC control algorithm, with two
different sampling frequencies of 100 Hz and 1000 Hz for further comparisons. Once again, the
input from the controller enters a function block that computes the ideal damping coefficient
needed to obtain the control force desired from the controller f (ref)

d . Thereafter, a function
block outputs the variable damping coefficient of the device, providing the real control force
considering the physical limitations of the actual VOD system. These three analyzed models
may represent an almost physically accurate behavior of the semi-active fluid VOD although
some crucial modeling aspects are still neglected at this level, i.e. the time delay in the damping
coefficient variation or the various noise sources, e.g. in the velocity measures.

Similarly to before, the performance results were inspected through the bar graphs concern-
ing the peak values and the RMSe values of the output signals. In Fig.8 the passive constant
damper case is depicted in blue, followed by the two MPC simulations with progressively in-
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(a) (b)

Figure 9: (a) Simulink model implementing the delay of the real semi-active fluid viscous
damper; (b) generic control system and possible sources of delay.

creasing sampling frequency, and finally followed by the four PID simulations, the first two
with the variable damping coefficient within [cd,min; cd,max], and the latter two with the two-stage
BangBang strategy. At first sight, it is evident that any control strategy produced improved
behaviors compared to the passive constant damper only. The graphs demonstrated that the dif-
ferent sampling times do not affect the peak values of the various different control algorithms.
Moreover, it is noteworthy that the results of the variable damping PID simulation and the two-
stage BangBang performed very similarly to each other. This means that the BangBang strategy
works as well as the standard PID one in order to reduce the peak values, despite being much
easier to implement. The RMSe values show that the MPC algorithm still performs better than
a standard PID control algorithm, with a decrease of approximately 15% in all signals. Further-
more, the BangBang algorithm presents the same performances as the standard PID, but with
cheaper installation costs and requires less computational effort.

5 TIME DELAY ISSUE MODELING

The previous simulations demonstrated the effectiveness of the PID and MPC control al-
gorithms to improve the dynamic behavior of the SDOF system reducing the peak values and
RMSe of the signals. Nevertheless, the implemented model hitherto neglected the real delay
of the physical device to activate the required response. Specifically, as depicted in Fig.1, the
semi-active fluid viscous VOD damper implements a solenoid control valve in the outside by
pass loop. This control valve requires a certain amount of time to change its position from
completely open to closed states with an average delay of 20 ÷ 35ms [24]. Therefore, in the
current section, the authors implemented a controlled SDOF model considering a conservative
constant delay of 30ms as depicted in Fig.9.

The performances of the various control algorithm considering time delay were compared
by evaluating peak values and RMSe of displacement, velocity, and acceleration signals, as
shown in Fig.10. In all the control strategies, the peak values were still reduced with respect
to the passive damper. Moreover, the performances present still improvements with respect
to the uncontrolled system, notwithstanding that the presence of any delay usually becomes a
critical issue jeopardizing the effectiveness of the control algorithms. This may be related to
a proper tuning of the control system which does not require a strongly impulsive behavior of
the semi-active device. On the other hand, focusing on the RMSe, the control systems with
delay present a significant variation with respect to Fig.8. In general, the MPC exhibits lower
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(a) (b)

(c) (d) (e)

Figure 10: Peak and RMSe values of displacement (top left), velocity (top right), and accel-
eration (bottom) considering the delay of the sinusoidal valve of the semi-active fluid viscous
damper in constant case (blue), MPC with sampling time 1e-2 (orange), MPC with sampling
time 1e-3 (yellow), saturated PID with sampling time 1e-2 (purple), saturated PID with sam-
pling time 1e-3 (green), BangBang with sampling time 1e-2 (light blue), and BangBang with
sampling time 1e-3 (dark red).

values of RMSe concerning the other methods in virtually all cases, except for the acceleration
signal which delivers RMSe of the same order of magnitude as the passive device. However,
in contrast with Fig.8, in the current delay case of Fig.10, the RMSe appears in general higher
than the passive constant damper for the other control strategies. The MPC control algorithm
performance level is strictly related to its capacity of modifying the response depending on the
previous input-output monitored data. This is a prerogative feature of the MPC only and not
of the PID controller. In conclusion, considering the delay, a certain amount of performance
degradation in the control loop is visible, especially in the RMSe graphs. However, the authors
highlight that the current simulations were performed with a constant 30ms of delay, i.e. a quite
conservative condition very close to the worst-case scenario as described in [24]. Therefore, the
current results may be still considered acceptable in the context of a possible real implementa-
tion of the semi-active device. In the control theory field, the delay in a system is a well-known
problem, which can be classified as either loss problems or delay problems [20]. The acknowl-
edged loss problems appear when the total delay of the system (computing time delay, the
delayed response of the components, etc.) reaches a value greater or equal to the monitoring
signals’ sampling time. On the contrary, the delay issue manifests when the total delay of the
system assumes a value smaller than the sampling time. Focusing on the current manuscript,
the simulation of VOD delay has fallen into the category of loss problems, since the delay’s
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entity was higher than the chosen velocity sampling time. Nevertheless, a comprehensive study
of the effects of a loss problem on a system is always challenging for different reasons, one of
all the delay should be properly modeled as a random variable.

6 CONCLUSIONS

In this study, the authors analyzed a preliminary numerical application of a variable orifice
damper equipped to a single degree of freedom structure. The authors focused on the vibration
control of a SDOF system starting from an uncontrolled system modeled in Matlab Simulink
under El Centro earthquake dynamic excitation. A simplified linearized state-space model was
implemented to reduce the level of model complexity and computational weight. Thereafter,
a VOD was deployed on the SDOF system but without any controller, i.e. acting as a passive
constant damper device. Afterwards, the authors implemented a VOD with an ideal controller
based on the PID and the MPC algorithms with two different velocity sampling frequencies
(100Hz and 1kHz). The authors chosen these two different sampling frequencies to preliminary
evaluate the possibility of implementing the analyzed control algorithms in a real-world appli-
cation, based on the nowadays microcontrollers available in the market with sufficient comput-
ing power. The ideally controlled results were set as a reference for the subsequent improved
models toward a more realistic control strategy. Specifically, the PID and MPC controllers pro-
vided a variable damping coefficient through a Matlab function with upper and lower saturation
bounds. The widespread simplified PID with BangBang strategy was also considered. This
latter strategy considers only two levels of damping coefficient in the device, corresponding i.e.
to the fully open (minimum damping) and fully closed (maximum damping) valve states. The
controlled output SDOF behavior generally highlighted a better performances of the MPC with
respect to PID algorithm. However, MPC poses at each sampling instant an optimization prob-
lem, which must be solved with a fast numerical algorithm in a reliable way. The feasibility of
the optimal solution may be robust to noise which may instead compromise the stability of the
entire system. It is noteworthy that real-world implementations demands a trade-off between
performance and complexity of the system, and for this reason, frequently the PID controller
with a BangBang strategy is chosen over other solutions [25]. Eventually, the authors also
implemented SDOF control strategies considering a common issue, i.e. the time delay prob-
lem caused from the reactiveness time required for the solenoid valve within the VOD by pass
system passing from fully open to closed states and vice versa. Future research studies may
involve more accurate modeling, e.g. accounting for measurement noise, extensions to MDOF
systems and real-world applications feasibility with recent IoT devices and microprocessors,
even integrating artificial intelligence methodologies.
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