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Abstract 
The paper presents development of innovative, self-adaptive, fluid-based absorbers and investigation of 

their application for mitigation of impacts and forced vibrations. The considered absorbers are composed 
of two chambers filled with fluid and separated by a piston equipped with a controllable valve. The valve 

enables control of the fluid flow between the chambers and adjustment of the actual value of force 

generated by the absorber. The aim of the research is to develop the strategy of valve control providing 

self-adaptive operation of the absorber ensuring dissipation of submitted energy by using minimal value of 
generated force. The paper includes description of self-adaptive impact absorber, presentation of the 

control system and numerical simulation of its effectiveness in the case of impact excitation and harmonic 

loading. It is concluded that self-adaptive system provides optimal mitigation of impact excitation, but its 
response in the case of harmonic loading is not always optimal and requires further improvement.  

1. Introduction 

Mitigation of impact loads and damping of vibrations remain challenging engineering problems. In case of 
impact excitation the main challenge is short period of the process (several to tens of milliseconds). In 

turn, in the case of harmonic excitation the main challenge is continuous supply of the external energy to 

the system and the requirement of its repetitive operation. Nowadays, the recent fast progress in 

technologies of sensors and actuators enables replacing classical passive systems by more efficient semi-
active or active devices. It can be observed that the research efforts are dedicated separately to mitigation 

of impact excitation and damping of vibrations. The most important lines of research in these disciplines 

are briefly discussed below.   

The important research area in the field of semi-active impact mitigation is the so-called Adaptive Impact 

Absorption (AIA) [1, 2]. The concept assumes that optimal shock absorbing system is composed of 

embedded system of sensors, the hardware controller and adaptive elements (so called structural fuses), 
which control the process of energy dissipation in semi-active way. The system constructed according to 

the principle of AIA utilizes data measured by sensors to identify the actual impact loading and performs 

adaptation providing optimal mitigation of impact. Typically, the objective of adaptation is to dissipate the 
entire impact energy with the lowest value of deceleration of the impacting object or the lowest overload 

of the impacted structure. The most popular AIA problems concern design of adaptive fluid based 

absorbers. The research in this field was focused on hydraulic [3, 4, 5, 6] or pneumatic [7, 8, 9] dampers 

equipped with fast controllable valves, as well as dampers based on magneto-rheological [10, 11, 12, 13] 
or electro-rheological fluids [14]. Nevertheless, other innovative types of absorbers e.g. based on inertial 

effects were also analyzed [15]. The motivation for development of these systems was a number of 

practical applications such as mitigation of frontal collisions of cars, high performance landing gears or 
seismic isolation of structures. 

The research concerning semi-active vibration damping is nowadays very extensive and relates to various 

types of problems and applications. In general, the problems of vibration damping can be divided into two 
separate groups: damping of free vibrations and mitigation of forced vibrations. In the former case the 
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objective is to dissipate the energy introduced to the structure and to decrease of its oscillatory motion 

possibly fast. In turn, in the latter case the objective is to dissipate submitted energy and to obtain desired 

response of the structure. In both groups of problems various types of dissipaters and control techniques 
are applied. Among the most innovative solutions we can distinguish application of tuned mass damper 

with inerter of changeable inertance [16], controllable structural nodes with an on/off ability to transmit 

moments [17] and pneumatically controlled granular structure [18], to mention just a few. The practical 

applications of the vibration techniques encompass damping of flexible space structures [19, 20], vehicle-
track/span systems [21, 22], design of suspension and seismic isolation systems [23, 24], damping of 

torsional vibrations in electro-mechanical systems [25, 26].  

The review of the above mentioned systems for semi-active impact mitigation and vibration damping 
reveals that most of these systems require the knowledge about applied excitation and they do not operate 

optimally when variations of system parameters or harsh disturbances occur. Moreover, there are no 

universal control strategies which can be applied both the problem of impact mitigation and vibration 
damping. This paper attempts to fill this gap in the subject literature by proposing application of self-

adaptive system to both mitigation of impact and damping of vibrations. The concept of such system was 

introduced by authors in [27] and developed in [28]. Herein its application will be extended to the problem 
of mitigation of forced vibrations, which was not analyzed before.   

2. Basic concept of self-adaptive absorber 

The proposed absorber serving for impact mitigation and vibration damping is composed of rigid 

compartment and two fluid chambers, Fig. 1. The chambers are separated by the piston equipped with 
valve, which enables control the actual mass flow rate of the fluid in order to adjust the actual value of 

reaction force generated by the absorber. In general, the chambers can be filled with either hydraulic or 

pneumatic fluid, however further discussion will be illustrated on the example of pneumatic absorber. The 
mathematical model of the absorber is described in previous paper of the authors [28]. The absorber will 

be subjected to two types of dynamic excitation: 

• impact loading modeled by mass of the impacting object and its initial velocity (Fig. 1a), 

• harmonic excitation modeled by time-dependent harmonic force (Fig. 1b). 

 

 

 

 

 

 

 

 

Figure 1: The considered problems: a) adaptive pneumatic absorber subjected to impact excitation, b) the 

same absorber (shown schematically) under harmonic loading 

In the first case the objective of the adaptive absorber is to dissipate initial kinetic energy of the impacting 

object and decrease its velocity to zero with minimal level of deceleration. In the second case the 

considered object does not have initial kinetic energy, however the energy is continuously submitted to the 
system by the action of the external harmonic force. As a result, at the beginning of the process the 

considered object is accelerated by external force and its velocity increases. Therefore, the objective of the 

adaptive absorber is to counteract the external force and to stop the object with minimal level of generated 
reaction force and minimal level of corresponding deceleration. In addition, the proposed self-adaptive 

absorber has to fulfill three following requirements:  
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• automatic, online adjustment to actual dynamic loading with neither prior knowledge of the 

external load nor application of load identification system, 

• robust operation in case of disturbances such as occurrence of additional damping or friction 

forces generated by the absorber, 

• robust operation in case of unexpected change of system parameters such as sudden  leakage of 

the fluid from one of the chambers. 

In order to fulfill the above stated strict requirements three innovative elements of the control strategy are 

introduced. At first, the Automatic Path Finding (APF) algorithm is applied to determine optimal system 
path during the initial stage of operation by using complete information about actual system kinematics 

and the condition of kinematic optimality for the remaining part of the process. Secondly, the dedicated 

Hybrid Path Tracking (HPT) algorithm, which utilizes both continuous and bang-bang control, is used for 
robust tracking of determined system path. The former control law is based on mathematical model of the 

absorber and it is applied during typical operational conditions, whereas the latter one is used during short 

periods of system disturbance. Thirdly, the Automatic Path Update (APU) algorithm based on full 

kinematic feedback is triggered after the occurrence of harsh disturbances or changes of system 
parameters in order to properly modify previously determined system path. Each of these processes is 

performed in fully automatic way during operation of the self-adaptive system.  

In order to make operation of the system easily understandable we will precisely describe each algorithm 
included in the proposed control strategy together with corresponding fundamental mathematical 

formulae. 

Automatic Path Finding (APF) – the algorithm performed during first stage of impact absorption (pure 

energy accumulation – valve closed) until actual value of piston deceleration allows to decrease velocity 

of the impacting object to zero within remaining stroke of the absorber. The APF is terminated at the 

moment  ��  when the following kinematic condition is satisfied: 

 |�����| ≥ ��	
�� (1) 

The optimal piston deceleration ��	
�� ensures dissipation of entire impact energy within absorber stoke d 

and can be described by the formula: 

 ��	
�� = ��������������� (2) 

The finite frequency of state measurements and data processing causes that deceleration of the piston at 

time instant  ��  usually differs from the value ��	
��. In such situation we cannot obtain exact realization 

of the optimal system path and thus we introduce the tolerance interval defining acceptable range of 

deceleration of the impacting object. 

Hybrid Path Tracking (HPT) – the algorithm performed after termination of APF, aimed at possibly 
best following of the optimal system path ensuring dissipation of entire impact energy within available 

absorber stroke. The control law applied by HPT is determined for time period ��� �, ����⟩ and takes the 

form: 

 �� ��� = � ���     !"   |�����| < ��	
��             ��$�    !"   |���� �| > ��	
�� �         �	
� ���     !"     ��	
�� ≤ |�����| ≤ ��	
�� � � (3) 

The bang-bang control is performed when absorber operates outside the tolerance interval and it is aimed 
at the fastest possible return of the system to the optimal path. The upper limit of deceleration tolerance 

interval is designated by ��	
�� � and it corresponds to assumed maximum shortening of the admissible 

stroke of the absorber ∆(�	) : 
 ��	
�� � = ���������∆�*+,������� (4a) 
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Alternatively, the value ��	
�� � can be defined with the use of surplus of acceleration ∆��	) or the surplus 

of velocity ∆-�	): 
 ��	
�� � = . ��������������� + ∆��	)0,   ��	
�� � = .������∆*+,������������ 0 (4b,c) 

The continuous change of the valve opening providing generation of constant reaction force can be 

calculated by using the model of thermodynamic and flow processes taking place in the absorber, see [27]: 

  �	
���� = "�(� , -� , �� , 1�� , 1�� , �� (5) 

Automatic Path Update (APU) – the algorithm ensuring successful operation of the impact absorbing 

system in case of harsh disturbances, changes of system parameters or need of system re-adaption (e.g. 

series of unknown impact excitations). The APU algorithm sequentially updates the optimal value of 

system deceleration ��	
�� determined with the use of APF algorithm. It operates after each control period 

and calculates the actual optimal value of deceleration at time instant �� by using the formula: 

 ��	
�� = ��2���������2�� (6) 

Let us note that proper operation of the self-adaptive system requires also sequential update of the upper 

limit of deceleration tolerance interval ��	
�� �. 
Let us note that in the proposed control method the tolerance interval for deceleration of the impacting 

object 〈�	
� , �	
�� 〉 is asymmetric, which directly results from the assumption that admissible displacement 

of the piston is in the range 〈5 − ∆(�	) , 5〉. Such assumption ensures successful operation of the absorber 

– the piston will never hit absorber’s bottom if the tolerance value is appropriately selected for the 
available frequency of measurements and data processing. In order to reduce effort and possible mistakes 

appearing during system tuning we can apply the automatic adaptation of the tolerance levels at time 

instant ��  which terminates operation of the APF algorithm; it will be discussed in further section. 

As mentioned above, the definition of upper limit of deceleration tolerance interval ��	
�� � can be based on 

maximum shortening of the absorber stroke ∆(�	)  (displacement tolerance), velocity surplus ∆v89:  or 

acceleration surplus ∆��	). Selection of different definitions leads to differences in system behavior. In 

particular, assumption of acceptable level of absorber stroke shortening (Eq. 4a) results in increasing in 
time upper limit of deceleration tolerance interval. In such case, when no disturbances are present, the 

control system will not change the level of generated reaction force. In contrast, application of definition 

based on acceleration surplus (Eq. 4a) and velocity surplus (Eq. 4b) may result in often automatic 
corrections of the preliminary determined level of generated force. Such behavior is beneficial when 

extremely fast measurement and data processing system can be implemented. Nevertheless, in case of 

relatively low frequency of system operation, it is better to define the deceleration tolerance interval based 
on maximum shortening of the absorber’s stroke. As a result, temporary system destabilization will be 

avoided and system efficiency maintained. 

3. Control system architecture 

According to introduced definitions of algorithms discussed in previous section they can be considered as 
processes appearing during system operation. Graphical representation of the processes conducted during 

unknown impact mitigation is shown in Fig. 2. The APF is performed until deceleration of the piston and 

impacting object is insufficient and maintaining its constant value would result in hitting the absorber 
bottom (the case of impact energy not entirely absorbed). When kinematic condition (Eq. 2) is met, 

“Scenario 2” is valid and the APF process terminates. In further operation the HPT has to be performed to 

ensure successful operation of the system. Realization of the actually optimal control path with acceptable 

tolerance indicates that absorber still operates according to “Scenario 2” so that continuous control of 
valve opening is applied. If unexpected disturbances occur and cause the reaction force jumps out the 

tolerance interval, the control system has to react immediately. Otherwise, too low value of reaction force 

(“Scenario 1”) will result in the piston hitting the absorber bottom or too high value of reaction force 
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(“Scenario 3”) will cause that deceleration will not be optimally minimized and small rebound before the 

end of the absorber stroke will occur. In order to reduce influence of disturbances and to maintain high 

efficiency of the absorber the HPT will close the valve for “Scenario 1” or fully open it for “Scenario 3”. 
The fact that system deceleration remains outside the optimal path for certain period of time causes the 

automatic path recalculation is required and it is performed by the APU algorithm.  

Similarly, if next impact excitation occurs before the end of the first impact absorption process, the system 
will determine new actually optimal path by applying APU and will track this path with the use of HPT. It 

should be highlighted that determination of actually optimal path of the system is based on the kinematic 

condition describing optimality of the remaining part of the impact absorption process. This indicates that 

if there are no changes of impact conditions, the system will follow (with acceptable tolerance) the 
globally optimal solution. In turn, when the process includes unpredicted disturbances or several unknown 

impact excitations, the system will operate in robust, suboptimal way. 

 

Figure 2: Scheme of self-adaptive system operation 

Following the general idea of discussed self-adaptive impact absorbing system, we will introduce a block 

diagram of the control system ensuring desired system operation (Fig. 3). The considered system is 

subjected to dynamic excitation. The system response is measured by kinematic sensors (e.g. 
accelerometers, linear encoders) and pressure sensors (internal pressure in both absorber chambers). Path 

control system based on actual piston kinematics determines which scenario of system operation is valid at 

the moment. In case of too low or too high value of piston deceleration the bang-bang control of the valve 

is applied. Otherwise, the piston deceleration is optimal with acceptable tolerance and the reaction force 
has to be maintained constant. Therefore, measured values of internal pressure in absorber chambers and 

measured kinematic quantities are used to determine the optimal continuous valve control by applying 

mathematical model of the absorber.  
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Figure 3: Block diagram of proposed self-adaptive control system 

It should be indicated that the proposed control system does not have typical tuning parameters as in e.g. 

PID or LQR controllers. Nevertheless, two system parameters have a significant influence on the system 

operation and they have to be considered when control system is designed: i) frequency of kinematics and 
internal pressure measurements and ii) time of data processing. In further discussion we will use the term 

Frequency of Control Recalculation (FCR) resulting from speed of measurements gathering and data 

processing. The finite value of FCR results in small inaccuracy of the system operation and tracking of 
actually optimal system response with certain delay. In practice, the maximum achievable value of FCR is 

imposed in advance because of technological limitations. Because of that the tolerance  imposed on 

optimal value of piston deceleration should be adjusted to the frequency of system operation and can be 

treated as tuning parameter of the control system. 

4. System operation under impact excitation 

The present section is aimed at investigation on the response of self-adaptive system under impact loading 

with a special attention to influence of the displacement tolerance determining the interval of acceptable 
piston decelerations, which can be treated as nearly optimal values. The influence of under- and 

overestimation of the upper limit of displacement tolerance is shown in Fig. 4  

According to the graph in Fig. 4a, which presents response of the system operating with high value of 
FCR, overestimated value of the tolerance can result in lack of dissipation of the entire impact energy. 

This effect results from the fact that high frequency system finds the optimal value of absorber reaction 

force with high precision. In this situation assumption of high tolerance for maximum piston displacement 
is in contradiction to achieved accuracy of finding the optimal value of pneumatic force. When assumed 

final displacement of the piston 5 − ∆(�	) is exceeded, the valve is automatically opened resulting in light 

impact of piston against absorber bottom. This indicates that for system with high values of FCR the 

displacement tolerance should be selected at appropriately small level or some adjustment of proposed 
control method should be made.  

If the tolerance is decreased to the proper value, the entire impact energy will be dissipated within 

assumed available stroke, simultaneously ensuring successful minimization of absorber reaction force. On 
the other hand, if displacement tolerance is decreased excessively, some overshoots of reaction force may 

appear (Fig. 4b), despite this the entire absorber stroke is finally utilized with better precision. In contrast, 

Fig. 4c presents behavior of the system operating with low values of FCR. It can be noticed that increase 
of displacement tolerance reduces force overshoot but also results in shortening of the utilized stroke. It 

can be concluded that value of displacement tolerance for optimal deceleration interval should be selected 

carefully. Depending on the operational requirements, the system without overshoots in the reaction force 
or system with higher stroke utilization can be a preferred option. 
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Figure 4: Influence of control recalculation frequency and optimality condition tolerance on the system 

response under single impact excitation 

 

Automatic adjustment of displacement tolerance 

Presented above analyses of the influence of displacement tolerance revealed difficulties in appropriate 

selection of tolerance for given value of FCR. In order to avoid this problem a simple automatic 

adjustment of the tolerance value can be introduced. At the beginning of impact absorption process we 

assume a certain value of the piston displacement tolerance ∆(�	), as it had been done before. When the 

reaction force reaches the value within the range corresponding to the optimal deceleration interval 〈��	
��, ��	
�� �〉 and thus HPT is activated, the displacement tolerance is recalculated to ensure that entire 

impact energy will be dissipated within absorber stroke according to the equation: 

 ∆(�	)$�$
�;� = 5 − (���� − ��2���|$��2�| (7) 

Thanks to tolerance adjustment made when the HPT is activated, the impact energy will be entirely 

dissipated for both low and high values of FCR independently on the initially assumed value of 

displacement tolerance. In Fig. 5 the response of systems operating with different values of FCR and 

initial displacement tolerance ∆(�	) = 5 == are shown. In case of low level of FCR the system may need 

to correct the path before initially assumed value of displacement tolerance and corresponding 

deceleration interval are met. Nevertheless, when the optimal deceleration interval is reached the 

displacement tolerance is recalculated to the value of actual deceleration |�����|  being in the range 〈��	
��, ��	
�� �〉. As a result, maintaining the pneumatic force on the corresponding constant level results in 

stopping the impacting object on the distance �5 − ∆(�	)$�$
�;�� without any rebound and without hitting 

the end of absorber stroke. Proposed adjustment of the control principle provides also successful operation 

of the system working with high value of FCR and low value of displacement tolerance. The proposed 
control system with automatic adjustment of displacement tolerance will always ensure dissipation of 

entire impact energy within absorbers stroke.  
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Figure 5: Operation of the system with automatic adaptation of displacement tolerance 

5. System operation under harmonic loading 

In this section the proposed self-adaptive control system is applied for mitigation of the harmonic 

excitation. Three different frequencies of excitation are investigated, whereas the control is always 

performed with frequency of 5 kHz. The conducted numerical simulations indicate that response of self-

adaptive system in three considered cases is substantially different. In case of the lowest frequency of 
harmonic excitation equal to 5Hz the impacting object is stopped at the end of cylinder stroke before the 

cycle of harmonic excitation is accomplished. This indicates unfavorable situation when energy is still 

submitted to the system but there is no remaining stroke left to dissipate this energy (Fig. 6a). In contrast, 
in case of the largest frequency of impact excitation equal to 10 Hz the excitation drops below zero before 

the impacting object is stopped. This indicates non-optimal situation in which deceleration of the object 

suddenly rises and the entire stroke of the absorber is not utilized (Fig. 6b). Therefore, we can expect that 
there exists the frequency of excitation for which the object is stopped exactly at time instant when single 

excitation cycle is accomplished. Indeed, the numerical simulation shows that such situation occurs for the 

excitation frequency of 6.7 Hz. In this case the entire impact energy is dissipated and the object is stopped 

almost at the end of cylinder’s stroke.  

We conclude that proposed self-adaptive system does not provide optimal mitigation of the excitation of 

various frequencies. In order to improve the operation of the system the level of deceleration, which is 

maintained constant should take into account compatibility with time when single cycle of the harmonic 
excitation finishes. Development and testing of such system is the objective of current research. 
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Figure 6: Response of self-adaptive system to harmonic excitation of various frequencies: a) 5 Hz 

(unacceptable response), b) 10 Hz (non-optimal response), c) 6.7 Hz (optimal response) 

6. Conclusions 

Performance of the innovative self-adaptive control system was thoroughly tested by using double-
chamber pneumatic absorber subjected to impact excitation and harmonic loading. It was proved that the 

control system equipped based on APF, HPT and APU has the ability of automatic determination of the 

optimal system path, its robust realization and appropriate on-line modification as a response to 
disturbance. In the case of impact loading the requirements of energy dissipation and force minimization 

are always successfully fulfilled so it can be concluded that proposed control system is fully self-adaptive 

and it is superior to standard passive and typical adaptive absorbers used for impact and vibration 

mitigation. However, in case of harmonic excitation the current self-adaptive operation does not lead to 
optimal energy dissipation and some improvements of the control strategy have to be introduced.  
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