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Abstract 

Real-time hybrid testing allows engineering systems to be tested using a combination of 

modelling and experimental methods. By separating the system into numerical and physical 

substructures the scheme enables the benefits of both schemes to be attained such as low cost 

due to minimal component requirements and the ability to test complex systems that cannot be 

simulated. The numerical and physical substructures of the hybrid test are coupled and run 

together using actuators and force sensors to transfer data at the interface in real-time. However, 

actuator dynamics lead to poor stability and tracking errors which undermine the reliability of 

hybrid tests. Existing techniques to mitigate actuator dynamics are largely based on linear models 

of actuation hardware and are thus less effective in the face of nonlinearity. Moreover, such 

schemes require information of actuator dynamics to be known prior to testing. 

This thesis explores the application of several passivity controllers in real-time hybrid testing to 

improve stability and performance. The work here covers the first applications of passivity control 

in hybrid tests and uses a combination of modelling and experimental techniques to validate the 

effectiveness of the schemes proposed. Performance of the compensated hybrid tests are 

assessed in comparison to a simulation of the true system to be emulated. The preliminary 

passivity controller designed is based on damping the numerical substructure using 

measurements of energy flowing in the system and was found to restore unstable systems with 

phase margins of up to -210. Performance of the scheme with state-of-the-art model-based lag 

compensators were found to further improve performance allowing targeted improvements in 

tracking to be achieved with improved stability. Experimental results show the effectiveness of 

passivity control and 2nd order transfer function based lag compensation in mitigating phase lags 

of up to 220 from a closed loop hybrid test. 

However, high dependency on the magnitude of energy flow required considerable tuning of the 

passivity controller when operating conditions shifted. Thus, a modified passivity control scheme 

acting on a normalised power flow measurement was designed which alleviates this limitation 

whilst still allowing stability gains to be achieved.  Unlike its predecessor, the modified scheme 

was seen to enable identical performance for a range of excitation amplitudes resulting in the 

same system natural frequency, damping ratio and response distortion for step excitations of 

magnitudes 0.5mm up to 500mm. 

Besides linear hybrid tests, this thesis also focusses strongly on nonlinear systems and all schemes 

presented require no information of actuator dynamics to function. Nonlinearities tested in the 

numerical and physical substructures include stiffening behaviour and discontinuity whilst 

nonlinearity in the actuator in the form of nonlinear friction has also been tested. In all cases, the 

passivity controller was seen to improve the response by stabilizing diverging systems and 

eliminating oscillation caused by periodic instability in the actuator due to friction. 

A limitation of passivity control used by itself however is its inability to eliminate the phase lag in 

the actuator. Thus, the use of passivity control together with a novel adaptive feedforward filter 

to mitigate actuator phase lag was analysed. The two schemes were found to complement each 

other with passivity control allowing stability to be maintained in otherwise unstable tests while 

adaptive filtering converged the substructure position error towards zero overtime. Finally, to end 

with, a passivity based adaptive delay compensation scheme was designed which measures the 

energy flow in the hybrid test to quantify the actuator delay. This scheme was seen to enable 

phase lags of up to 360 in the actuator to be cancelled.   
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This thesis is written in the alterative format, with each passivity controller presented in a 

research paper. Each paper precedes a context section which outlines the motivation and purpose 

and the chapter ends with a summary linking the main findings to the overall research question. 

The work in this thesis comprises of a conference paper, four journal papers and a technical 

article.  
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Chapter 1 

Introduction 

1.1 Real-time Hybrid Dynamic Systems 

Experimental testing has long since been an invaluable tool for validating systems in all disciplines 

of engineering owing to its superlative reliability, whilst computational models are widely adopted 

due to its unparalleled ease of use and excellent versatility. These methods are undoubtedly 

powerful tools for scientists and engineers in the advent of innovative products and novel 

systems. However, there is a multitude of physical systems that suffer from the disadvantages 

associated with each of these prime techniques. For example, there are many systems which are 

too large or costly to test experimentally and too complex to model numerically. Air-to-air 

refuelling systems, wave energy conversion devices, aircraft stability control systems and building 

structures are a few such systems which have called for the introduction of a synergetic method 

known as Hybrid Testing. This method is also referred to as Structural Hardware-in-the-loop 

Testing, Model-in-the-loop Testing and Real-time Dynamic Substructuring by some authors. 

Hybrid testing aims to provide the excellent reliability of experimental techniques as well as the 

convenience and high efficiency of numerical simulation [1]. The complete system is split into two 

parts to be tested using different methods in synchronisation; the most complex or critical 

component of the system is setup in an experimental test rig often referred to as the physical 

substructure by many authors, whilst the remainder of the system is modelled numerically in a 

computer simulation. These two substructures are then coupled via an interface or Transfer 

System (often comprising of actuation hardware and physical state sensors) and are run together. 

As such, a real-time hybrid test forms a closed loop system. In conventional hybrid systems, the 

numerical model computes the dynamic response of the system and feeds the required 

displacements to the physical substructure though the actuators, whilst the physical sensors 

feedback information about the state of the experimental system to the numerical model.  

Originally, hybrid systems were run at slow rates on an extended timescale (referred to as 

Pseudo-dynamic (PsD) Testing) and were therefore incompatible with rate dependant 

components. Real-time Hybrid Testing (RtHT), a variation of PsD, alleviates this limitation as it 

allows displacements to be applied in real-time. The advent of this technique enabled the testing 

of a large class of structural components to do with vibration control including active, semi-active 

and passive control devices [2]. This major milestone in Hybrid Testing only recently became 

realisable with advancements in high speed computing technology.  Besides serving as a means of 

testing dynamic systems, RtHT also enables systems to be implemented and executed without the 

need to build all components involved.  

However, the need to run in real-time significantly increases the efficiency required in the 

Transfer System, as real-time operation would require commands to be executed rapidly (often in 

less than 10ms) [2]. This is an ongoing challenge in the industry as several factors such as 

processing delays, actuator dynamics and model complexity all undermine the rate of execution 

of RtHT systems. The conventional methods used to mitigate the problems associated with real-

time operation of hybrid systems, are often difficult to implement in the face of nonlinearity, due 

to the additional problems of actuator saturation, backlash and discontinuous behaviour which 

leads to unpredictability and/or stability issues. Therefore, although RtHT has been a tremendous 



2 
 

breakthrough in the domain of validating systems, there is much work to be done in order to 

utilize this method to its full potential. 

1.2 Background to Real-time Hybrid Testing 

In order to accurately replicate the behaviour of the true or emulated system through a hybrid 

test, high fidelity data transfer is required at the interface between numerical and physical 

substructures [2]. Although sensing delays from most load cells used for force measurement are 

relatively trivial, the delay or lag in the actuators used to transfer displacement data is often 

problematic in hybrid testing, as command displacements from the numerical substructure 

cannot physically be applied instantaneously. Delays and lags manifest as time shifts in the 

demand signal and increase the amount of phase lag in the system. This can lead to tracking 

errors between the numerical and physical substructure displacements or in worse cases, 

instability of the hybrid test. It is therefore essential to mitigate the actuator dynamics in the 

transfer system to ensure that the hybrid test is a true representation of the emulated system. 

Thus, control schemes that can adequately compensate for delays and lags in the actuator 

response are imperative in many applications of hybrid testing. 

Conventional transfer dynamics mitigation methods are largely based on model-based 

feedforward control schemes which predict the actuator response ahead of the delay or lag. One 

such control technique is delay compensation where the actuator is modelled as a time delay and 

a forward predictive algorithm is used to augment the input to the actuator such that the desired 

displacements are achieved despite the delay. This method is widely used in real-time hybrid 

testing and many authors have developed several forward predictive algorithms, each with 

various merits and limitations which will be investigated in the literature review presented in 

chapter 2. Another common feedforward control scheme is lag compensation. In this method, a 

linear transfer function is fit to the actuator response using system identification procedures and 

the identification is subsequently inverted and added in the loop of the hybrid test. The 

convolution of the actuator dynamics and inverted transfer function is expected to mitigate any 

lag the actuator imposes on the demand so that the command displacement is correctly applied 

to the physical substructure as required. However, these schemes rely on the actuator behaviour 

being predictable ahead of the response. Although this is achievable to a reasonable extent in 

linear systems, transfer dynamics cannot as readily be predicted in the presence of nonlinearity. 

In most cases, the dynamics of the actuator are reliant on the physical substructure it acts against. 

It is not reasonable to expect the lag of the actuator to always be constant and independent of 

the hybrid system it acts in. Often, the lag of the actuator varies with parameters of the physical 

substructure such as inertia, stiffness and damping. Moreover, the dynamics of the actuator itself 

may not be linear. Factors such as Coulomb friction and Stiction may give rise to different actuator 

performance depending on the significance of frictional forces in comparison to the driving forces. 

Further, even in linear systems where model based compensatory action succeeds in mitigating 

actuator lag, there is often a need for very high accelerations to achieve this, and this may trigger 

various saturation limits in the system which undermine performance. Although some schemes of 

circumventing said saturation limits have been investigated by various authors as detailed in 

chapter 2, there is a clear need for a novel means of addressing transfer dynamics in the face of 

nonlinearity without reliance on the test system.  
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1.3 Novel Research Contributions  

The work presented in this thesis aims to introduce new methods of alleviating instability and 

tracking errors in RtHT which unlike the conventional schemes mentioned in section 1.2, make no 

assumptions about linearity. Methods that require no information of system dynamics are 

investigated such that modular application to a range of systems regardless of linearity can be 

easily achieved. The methods explored are based on controlling the flow of energy and power 

through the hybrid test. This technique of control is known as Passivity Control.  

The work presented in this thesis explores the first applications of passivity control in real-time 

hybrid testing. A preliminary passivity control scheme is developed and assessed in terms of its 

advantages and drawbacks as opposed to conventional transfer dynamics control schemes. The 

controller design is subsequently revised to further enhance its usability whilst mitigating some of 

the limitations of its parent design. Scope for using passivity controllers in hybrid tests alongside 

other conventional schemes and other novel developments in the field are also assessed. A novel 

passivity based adaptive delay compensation scheme specifically designed to cancel actuator 

delay in real-time hybrid tests is also introduced.  

1.4 Scope of Thesis 

This thesis conforms to the alternative format based on research papers. Each research paper 

presented herewith investigates the design and functionality of a new passivity-based control 

scheme for hybrid tests which improves upon its preceding design. Each publication is presented 

in a chapter and each chapter begins with a context section and ends with a summary section. 

The context section outlines the motivation and work covered in the paper. The summary 

highlights the key advantages and limitations of the proposed method and relates the findings to 

the research question, with implications to the big picture. Limitations of each new scheme form 

the basis of the improved design discussed in the following publication. This thesis comprises of a 

conference paper, 4 journal papers and a technical article, each presented in a separate chapter. 

Preceding each research paper, is a form that describes the contributions of the authors and 

other individuals towards the work, and states within brackets the percentage contribution of the 

candidate. 

Chapter 2 provides an in-depth review of salient literature in the fields of hybrid testing and 

passivity control. An overview of real-time hybrid testing and its advantages over alternative 

testing schemes together with a discussion of its limitations are available with an appraisal of the 

ground-breaking research done in this field. The application of hybrid testing in various sectors of 

engineering are also highlighted to illustrate the importance of the technique in modern day 

testing and existing methods of addressing actuator dynamics are discussed in terms of their 

repeatability, advantages and limitations. A review of the state-of-the-art passivity control 

techniques is also presented and its application in various engineering systems is discussed. 

Chapter 3 presents a conference paper which introduces the first passivity controller design for 

real-time hybrid tests. The scheme measures the flow of energy between the transfer system and 

the numerical and physical substructures of the hybrid test as an indicator of system stability. A 

variable rate virtual damper acting on the numerical substructure is proposed to dissipate the 

excess energy added to the hybrid test from the transfer system, so that closed loop system 

stability can be maintained. The merit of the novel control scheme is validated in simulation 

results which were used to highlight its key advantages over conventional transfer dynamics 
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mitigation schemes, whilst addressing limitations in its design. The actuator of the hybrid test 

simulation was modelled as a pure delay. 

Chapter 4 presents a journal paper which explores the first experimental application of the 

methods introduced in the conference paper of chapter 3. The simple delay model used in the 

conference paper was replaced by a real electromagnetic actuator with a more sophisticated 

control scheme and nonlinear friction. The physical substructure modelled earlier was now 

replaced by springs setup to create stiffening behaviour with respect to actuator displacement. 

The results of this publication validated those found in the simulations of the conference paper in 

terms of the effectiveness of passivity control in maintaining stability in real-time hybrid tests. 

Moreover, the passivity controller was used alongside a state-of-the-art model-based 

compensation scheme which resulted in further improvements in performance thus highlighting 

how passivity control and other actuator compensation schemes can complement each other. 

The journal paper in chapter 5 addresses the limitations of the abovementioned passivity 

controller by proposing an improved passivity controller design. A major limitation of the 

preceding passivity control scheme was the dependence of its performance on the excitation 

signal which induced significant tuning requirements by the user. This limitation was caused by 

the dependence of the virtual damper rate on the absolute value of the net transfer system 

power flow. Thus, by using a normalised power flow variable to quantify stability, the new 

controller enabled uniform performance to be obtained regardless of the excitation signal. 

Moreover, by using filtered measurements of power flow, the new controller was found to be less 

sensitive to the history of the system response than its predecessor which damps the system even 

when the closed loop system is adequately stable. 

The journal paper in chapter 6 applies the normalised passivity controller with a novel adaptive 

feed-forward filtering scheme which is designed to synchronise substructure displacements in 

hybrid tests. The biggest selling point of passivity control is its effectiveness in maintaining 

stability whilst the main selling point of adaptive feed-forward filtering is its ability to synchronise 

substructure displacements in stable hybrid test applications. With both methods being 

completely independent to the test system, when used together it was envisaged and then found 

that both schemes complemented each other to stabilize an otherwise unstable hybrid test and 

subsequently synchronise substructure displacements. The use of both methods together, was 

found to stabilize the test and eliminate tracking errors without any information of the transfer 

system or any assumptions about linearity.  

In chapter 7, the use of passivity control in improving the stability of adaptive feed-forward 

controllers is examined. Adaptive feed-forward filters are known to destabilize hybrid tests in the 

presence of unsuitable tuning configurations. Much like the initial passivity controller design 

presented in this thesis, the optimal tuning of parameters depends on the excitation signal and 

the operating regime. Therefore, in the publication presented in this chapter, the effectiveness of 

passivity control in altering the adaption gain of the adaptive feed-forward filter is assessed. The 

net substructure power error in the hybrid test is used as an indicator of stability as earlier, and 

when stability is seen to deplete, the adaption gain of the feed-forward controller is stepped 

down until the power surge is adequately suppressed to prevent instability of the closed loop 

system.  

The final paper presented in chapter 8 is a technical note which proposes a novel energy based 

adaptive delay compensation scheme for real-time hybrid testing, which aims to simultaneously 

improve both stability and tracking in real-time hybrid tests. The performance of the scheme is 
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experimentally verified and compared against a state-of-the-art adaptive delay compensation 

scheme. Although similar performance between schemes were found, the novel passivity control 

scheme provides a unique advantage that it does not rely on zero crossings for compensation to 

activate unlike the state-of-the-art scheme. This makes the passivity-based solution more readily 

applicable to certain tests as discussed further in the article.  

To finish with, chapter 9 highlights the main conclusions of this thesis describing the main benefits 

of the research to the field and describes the future aspirations of passivity control in real-time 

hybrid testing in terms of further research and applications.  
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Chapter 2 

Literature Review 

This chapter provides an in-depth discussion of real-time hybrid testing and its application in 

engineering systems. An appraisal of its benefits over conventional testing schemes is described 

to highlight the reasons for its popularity in several fields of engineering in section 2.1. The 

limitations of hybrid testing are also discussed and conventional methods of addressing these 

limitations are introduced and evaluated qualitatively in sections 2.2 and 2.3. The advantages 

offered by the application of passivity-based techniques are described in section 2.4 with 

examples of its successful application in other types of engineering systems.  

2.1 Development of Real-time Hybrid Testing 

The theoretical framework describing the underlying concepts of RtHT will be examined in this 

section and applications of hybrid test methods in different fields of Engineering will be analysed 

in tandem. Variations in hybrid testing adapted to suit different applications will be discussed as 

well. 

An example of the predecessor to RtHT, pseudo-dynamic testing, can be seen in the work of 

Bolien et al. [3], where a Robotic Pseudodynamic Test (RPsDT) method is proposed, to model the 

contact impact scenario of an air to air refuelling drogue.  As the drogue makes contact, a 

discontinuity is encountered which constitutes a problem that cannot be rectified using 

conventional delay and lag compensation techniques as future responses of the system cannot be 

readily predicted. The proposed RPsDT method allows hybrid testing of highly nonlinear 

scenarios. However, due to the nature of the test method, rate dependencies could not be 

modelled, and satisfactory response speeds could not be attained. That being mentioned, the 

authors argue that real-time techniques could not be applied to the aforementioned robots due 

to restricted access to the axis controller [3]. However, it is likely that the use of faster robots with 

less significant transfer dynamics and more customisable control systems will enable future 

developments in air-to-air refuelling to make use of RtHT. 

As detailed in [4], advancements in numerical methods over the years have led to the realisation 

of a multitude of benefits to engineers such as cost savings, reduced product development times, 

higher reliability and low risk testing capabilities. However, many systems still require 

experimentation due to their complexity and demanding real world interactions [4]. The 

attractiveness of real-time hybrid testing largely stems from its ability to merge the convenience 

of computational simulation with the realism of experimental test procedures. Hybrid testing 

expands on the possibilities of experimentation by coupling a physical component setup with 

realistic conditions on a test rig, to a real-time numerical model [4]. With elements of both 

conventional rig based testing and numerical simulation, it inherits a vast number of benefits of 

both traditional schemes making it a very attractive solution for many applications. This technique 

has seen popularity in many industrial developments, and commercial products for real-time 

simulation are readily available on the market to enable solutions for off-the-shelf physical test 

components without the need for specialist knowledge in programming or hardware architecture 

[4].  

Some of the benefits offered by real-time hybrid testing are described in [4]. Advancements in 

computational technology progressively reduces the implementation costs of real-time simulation 
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making real-time hybrid testing an economically viable solution for many applications. It also 

enables lower product development time with greater certainty whilst allowing components to be 

tested prior to the availability of prototypes. The virtual prototypes offered by real-time hybrid 

testing enable several engineers to work on a single subcomponent unlike with physical systems 

that can only accommodate a limited number of engineers at a time. Real-time hybrid testing not 

only offers the cost effectiveness of numerical simulation but also its repeatability with precisely 

applied boundary conditions. Moreover, dangerous or destructive events can also be tested 

without incurring damage to components. Parameters that are difficult to maintain in a 

laboratory environment can also be simulated greatly increasing the ease of testing for the 

engineer. Further, parameters of the numerical model can be easily adjusted in contrast to the 

requirement of changing parameters of an experimental system. Components of the numerical 

substructure can also be substituted with ease [4]. Further advantages of real-time hybrid testing 

detailed in Fathy et al. [5] are the reduction in hardware apparatus required compared to 

experimentation, higher execution speeds compared to pure simulations and its suitability for 

training human operators (eg: pilots) in safe environments.  

In [5], the key enablers of RtHT and the advancement of RtHT in the field of automotive 

engineering is surveyed. The authors describe hybrid testing as a control system in which the 

numerical model commands the physical substructure to track a specified reference system. The 

authors also identify that a significant proportion of literature on the topic focusses on the advent 

of fast and unobtrusive actuators and sensors which have minimal effect on the underlying 

dynamic system. The key enablers of hybrid testing as proposed in this literature are 

• Unobtrusiveness and fidelity of actuators and sensors  
• Advancements in digital signal processing and signal conditioning 
• Advent of rapid processors, real-time operating systems and fixed step integration 

schemes  
• Development of more informative sensors and high quality actuators 
• Development of advanced simulation methods and real-time control algorithms  
• Multi-rate integration schemes and multithreading processors which allow components of 

the numerical substructure with different stiffnesses to be processed at different speeds 
• High bandwidth networking; the distribution of components of a hybrid test increases 

simulation capabilities whilst eliminating the need for all hardware to be collocated and 
mobile as is the case with conventional offline processors. Furthermore, the authors argue 
that the prime benefit of online RtHT is the empowerment of modular hybrid test design 
where the control systems for different components of the test can be designed 
independently and combined to produce the full system. 

• Improved hardware/software integration for effective data transmission at the interface 
between the numerical and physical substructures. 

 
The work goes on to describe some applications of RtHT in the automotive industry such as 

active/passive car suspensions where a hybrid test setup is used to validate and optimize the 

suspension before installation in a vehicle. Furthermore, the development of microprocessor 

technology is described to have instigated the advent of Engine Control units (ECUs) which benefit 

from RtHT for calibration, testing and validation.  The authors further develop the work on ECUs 

via experimentation on a diesel engine coupled to a vehicle model through a real-time driver in a 

hybrid test. The test method proposed is described to accurately emulate the behaviour of the 

powertrain in a vehicle and is therefore characterised as an optimal solution for measuring 

transient emissions, fuel economy and powertrain performance. One limitation in this publication 

is that the results of the RtHT system i.e. engine speed, emissions and fuel efficiency of the diesel 
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engine, have not been validated against drive cycle results of a vehicle fitted with the same 

powertrain. Close correlation with drive cycle results would further consolidate the effectiveness 

of RtHT methods in powertrain testing. 

In Plummer [6], RtHT is explained to have evolved from the concept of controlling actuated plants 

using simulated control systems. The modern manifestation of RtHT is described to differ in the 

sense that it has become an integral part of the entire mechanical system and not simply an 

element of the control system [6]. The author describes that the numerical substructure of the 

hybrid test interfaces with the rest of the system through actuators and sensors that are not a 

part of the true system to be tested. Thus, the characteristics of the actuators and sensors are 

said to detract from the realism of the response of the complete system. More advantages of 

hybrid testing are detailed in this literature such as the ability to test systems prior to realisation 

of all parts and the possibility of emulating via simulation, realistic test conditions that cannot be 

replicated in a laboratory. 

Due to the advantages it offers, real-time hybrid testing is rapidly gaining recognition in a number 

of sectors. As such, it is referred to using a number of different terms in different fields of 

engineering. In Civil Engineering, it is often known as Real-time Dynamic Substructuring. Some 

applications in this sector include seismic testing of buildings [7], analysis of vibration isolators [8], 

integrity testing of composite structures [9] and the testing of vehicle bridge interaction during 

earthquakes [10]. Due to the low frequency seismic excitations seen by building structures, a non-

real-time application of hybrid testing, i.e. pseudodynamic testing, can often be employed. As this 

technique involves running the hybrid test over an extended time-scale, it is highly suitable for 

systems that do not incur rapid changes over a single test. The work of Qi et al. [11] is a recent 

example of the application of pseudo-dynamic testing to assess the structural fidelity of steel 

frame structures whilst Yadav et al. [12] utilize the method to assess the earthquake response of a 

concrete filled steel tube. More examples of peudodynamic testing outside the field of civil 

engineering are also widespread with the work of Melo et al. [13] which investigates the 

deformation of an automotive air spring suspension.   

A good example of the application of Nonlinear RtHT in the Civil Engineering field is seen in the 

work of Reinhorn et al. [14] where an earthquake scenario is simulated using shake tables 

actuated by hydraulic actuators subject to fluid compressibility and nonlinear servo valves. This 

research addresses a problem inherent to all mechanical RtHT systems which is discussed in 

further detail in section 2.2. The authors assess two methods of compensating for actuator 

dynamics based on Force Control strategies. The first approach is referred to as the Convolution 

method in which the frequency response of the system is inverted and used to alter the force 

input to the actuation system [14]. However, the authors recognize that this method requires 

precise system identification and an offline computation which is not realisable in real-time. It is 

also stated that force control requires a mechanically compliant (low impedance) system [14], 

which is difficult to achieve with hydraulic actuation owing to high actuator stiffnesses. Therefore, 

in the alternative approach, velocity feedback as described by Dimig [15], was included in the 

controller making the system more compatible with force control, and a spring was installed in 

series with the actuator  to increase mechanical compliance [14]. The authors also acknowledge 

that impedance control strategies can be used as an alternative to using a spring, in order to 

control the behaviour of the actuator at its interface with the surrounding system. By adding a PID 

displacement controller to the system with the embedded spring, the actuator is made to control 

force using displacement feedback. Upon testing the force control strategies, the authors deduce 

that the actuator can be modelled as a pure delay over the range of interest and proceed to apply 
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a delay compensation scheme based on forward prediction to account for this. The proposed 

methods have been shown to be sufficiently accurate for the earthquake scenario tested. This 

publication illustrates a useful result which may be extended across hybrid testing for all 

disciplines; by using a spring in series with velocity feedback and PID displacement control for a 

nonlinear hydraulic actuator, the transfer dynamics can be reduced to a pure delay over a certain 

frequency range.  

In the electrical and electronic engineering sectors, real-time hybrid testing is widely known as 

hardware-in-the-loop testing. Marks et al. [16] analyse the stability of a power hardware in the 

loop system based on an ideal transformer with a voltage source converter for power 

amplification. The transfer system of the hybrid test consists of power amplifiers which facilitate 

the power interface between the numerical and physical substructures, which contrasts with 

most mechanical and civil engineering applications which utilize actuators. Another application is 

seen in the work of Thönnessen et al. [17] where hardware in the loop testing is employed to 

compare the actual behaviour of a programmable logic controller with its desired behaviour.  In 

the power distribution sector, the growth of power electronics devices due to increasing 

integration with renewable energy sources is becoming a challenge for distribution grids [18]. 

Carne et al. [18] utilize power hardware in the loop testing to analyse a smart transformer system 

which aims to provide a solution to this problem. Further advantages of hybrid testing in the 

energy distribution sector can be seen in the work of Kotsampopoulos  et al. [19] which proposes 

a hardware in the loop system to test the integration of distributed energy resources into state-

of-the-art and future power grids. 

Hybrid testing is increasingly being implemented in the aerospace industry as well. A good 

example illustrating the application of Hardware-in-the-loop systems in this industry is seen in Yoo 

et al [20], where the actuators of a smart UAV (Unmanned Aerial Vehicle) is tested in a hybrid 

system.  The actuation system of this UAV is required to enable the aircraft to switch between 

helicopter and airplane modes of operation thereby requiring a sophisticated control system 

which was designed and tested in a hardware-in-the-loop experiment. The numerical substructure 

modelled the flight dynamics whilst flaperon, elevator, rotor and nacelle tilt actuators were 

mounted on the air vehicle in an experimental setup [20]. The numerical substructure of this 

system is clearly nonlinear due to the nature of the aerodynamic forces, and the authors do not 

indicate the scope for this system to be tested in real-time. No significant nonlinearity in the 

actuation systems are described, and a time delay is said to exist in the flaperon system [20]. 

Although pseudo-dynamic testing will produce a reliable indication of the performance of the 

control system, it would be preferable to run such tests in real-time as this would allow rate 

dependant effects to be studied and entire flight simulations to be performed as well. It is likely 

that nonlinearities in the experimental substructure and/or actuation system, could potentially be 

addressed by high fidelity control systems, whilst real-time operation may be enabled with the 

use of a high power computing system as demonstrated by the more recent work of Montazeri-

Gh et al. [21] described below. 

Montazeri-Gh et al. [21] illustrate a structural hardware-in-the-loop application in the aerospace 

industry, where a jet engine Fuel Control Unit (FCU) is tested in a hybrid system. The FCU is setup 

experimentally as the physical substructure whilst the numerical substructure models the 

aerodynamics. An electric motor is employed to power the fuel pump whilst an electrohydraulic 

actuation system is used to apply loads on the FCU. Unlike the system of Yoo et al. [20], this 

aerospace application is described to consist of significant nonlinearities stemming from servo 

valve port shapes and control valve saturation [21]. The authors state that the hybrid system is 
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capable of running in real-time which further increases aspirations for Hardware-in-the-loop tests 

to be implemented in the aerospace industry. The authors elaborate that in order to achieve real-

time operation, a host-target architecture was implemented over an Ethernet connection, as 

done in this PhD, whilst a high speed industrial computer was used to run the numerical model 

[21]. 

Hybrid Testing is also rapidly gaining recognition in wave energy conversion systems. Börner and 

Alam [22] explain the difficulty in accurately modelling ocean wave energy converters due to the 

complications in the fluid domain arising from reciprocating excitation forces [22]. The authors 

explain that pure simulation is very demanding computationally whilst pure experimentation is 

ruled out due to scaling difficulties and high implementation costs, thereby inducing the need for 

alternative, hybrid methods. The authors model a wave energy conversion device known as the 

‘Wave Carpet’ in a hybrid test where the wave is modelled as the physical component and the 

power take-off system is modelled numerically. Force transducers were used to measure wave 

forces whilst the effect of the pumps on the device was emulated using actuators [22]. The 

authors describe the interaction between wave forces and the device to be highly nonlinear. The 

virtual power take-off system was programmed in LabVIEW and it was found that the simulation 

time was more than 3 times higher when nonlinear as opposed to linear damping was assumed 

[22]. The authors conclude that real-time application of hybrid testing in wave energy conversion 

systems is difficult albeit on the verge of being realisable with the rapid advancements in 

numerical and experimental techniques. This research illustrates yet another field where fully 

developed nonlinear RtHT systems will flourish.  
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2.2 Transfer Dynamics Mitigation Schemes 

The transfer system, or interface between the numerical and experimental substructures of a 

hybrid test, has been identified as a subsystem of paramount importance. For a generic hybrid 

test of a mechanical system, position or velocity demand signals calculated in the numerical 

model are applied to the physical substructure through an actuator whilst force measurements 

from the physical substructure is fed back to the numerical model through a load cell. In this 

simplest of configurations, there are two fundamental control loops governing the operation of 

the hybrid system; the integrated control system melds the two substructures through the 

interface whilst the actuator control system nested within the integrated system governs the 

motion of the actuator. This is illustrated in figure 1. Real-time operation will therefore rely on the 

design of these fundamental control loops to yield a fast and efficient transfer system able to 

minimize effects of lags, delays and saturation. Existing methods to compensate for these effects 

are reviewed in this section.  

 

Figure 1: Key elements in a generic RtHT system [23]–[27]  

Wallace et al. [28] propose modelling the actuation delay using a delay differential equation (DDE) 

which is used to analyse the effect of the delay on the system. An adaptive delay compensation 

method based on a polynomial forward prediction scheme (as described in another publication by 

Wallace et al. [29]) is applied and has been shown to be successful in stabilizing a linear mass-

spring system [28]. The method used is based on a least squares approximation to fit an Nth order 

polynomial through the data points at previous time steps in order to extrapolate forward the 

expected output at a future time so as to compensate for the delay using the forward stepping 

algorithm [28]. Second and fourth order forward prediction schemes have been applied to 

stabilize the system, with the latter yielding higher accuracy. The proposed technique is described 

in the literature, to be suited for civil engineering structures which are often of high stiffness or 

low damping. The authors also illustrate a number of methods to identify the ‘critical delay’ 

where the system is at the brink of instability.  

In another study by Wallace et al. [30], RTHT methods are applied to a rotor blade system in 

which a nonlinear lag damper is setup as the physical component. Robust system design is applied 

following the methodology of Gawthrop et al. [31] in order to cancel transfer system dynamics 

using a feed forward controller. The transfer system dynamics are modelled as a first order 

system and the transfer function obtained via system identification is then inverted and 

programmed into the feed-forward controller in order to compensate for the lag of the interface 

system [30]. Although the nature of this approach is sound, 1st order transfer functions are 

sometimes unable to accurately model the dynamics of actuation hardware. Hence, 1st order 

transfer function inversions may not adequately cancel transfer system dynamics. In many cases, 
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higher order transfer functions may be required to more accurately identify transfer dynamics. 

Unfortunately, higher order transfer functions cannot readily be inverted due to causality issues, 

as it becomes increasingly difficult to accurately describe higher order derivatives. Hence 

additional procedures such as pole placement will be required to realize higher order model 

inversions. 

In du Bois et al. [32] the superiority of higher order compensators are elucidated and the use of 

process models, i.e. transfer function models coupled with delays, as opposed to pure transfer 

function models are shown to improve transfer dynamics cancellation. In this research, the use of 

open loop linear controllers is proposed to complement the corrective action of the actuator 

control systems.  With a hybrid test of a two mass system setup with a damper as the physical 

substructure, the authors identify 1st and 2nd order transfer function models and process models 

(i.e with delay) to represent the transfer system dynamics. The second order transfer function 

model was found to be more effective than the first order transfer function in reproducing the 

actuator response whilst the process models with delay further improved the correlation 

significantly. These process models were inverted using the forward predictive methods of 

Wallace et al. [30], and applied to the hybrid test as open loop controllers. Results illustrated the 

superiority of higher order process models over higher order transfer function models in 

cancelling transfer dynamics by yielding lower overall substructure tracking error [32]. However, 

the research identifies that nonlinearities and discontinuities in the actuator stroke lead to 

tracking errors. Moreover, higher order model inversions introduce lead terms which are not 

causal, thus inducing the need for additional pole placement procedures which may alter the 

dynamics of the system. Hence there is a trade-off between accuracy and ease of implementation 

which poses restrictions on the highest order of models that may be used for a given system.  

Ou et al. [33] state that stability in RtHT systems are substantially affected by the phase lags 

associated with the dynamics of the system. The authors argue that the nature of communication 

between the numerical and physical substructures at the interface causes delays in force 

measurement which undermine the performance and stability of the system even when no other 

delays or phase lags are present. The research puts forward a modified Runge-Kutta algorithm to 

compensate for such delays in RtHT systems. The proposed method calculates a pseudo response 

using the delayed force measurements and uses this response to identify the force that must be 

fed back in the next step [33]. The authors illustrate that the proposed scheme is robust in the 

presence of uncertainty and up to 40% modelling error in lightly damped systems, whilst 

remaining accurate and stable for a range of time steps. The hybrid test of this research was 

performed on a moment resisting frame. The issue of force measurement delays at the interface 

system between the numerical and physical substructures is an interesting phenomenon; much 

research in transfer dynamics mitigation is focussed on actuator dynamics compensation, with 

little emphasis on force feedback delays. In this sense, this research adds unique value to the field 

of hybrid testing.  

An innovative method of addressing actuator dynamics which differs from the work of most other 

authors can be seen in Nikzad et al. [34] where a novel compensation scheme based on a 

multilayer feed-forward neurocontroller is used to mitigate computational time delays and 

actuator transfer dynamics. A two degree-of-freedom actuation-mass system has been used to 

illustrate the superiority of a neurocontroller in mitigating transfer system dynamics compared 

with that of a conventional feed-forward controller. The authors conclude that the enhanced 

performance of the neurocontroller is attributed to its superior delay compensation and high 

frequency noise cancelling qualities. The proposed method has the advantage of compensating 
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for actuator delay and lag simultaneously using a single algorithm, unlike conventional forward 

stepping algorithms which only cancel actuator delay [34]. However, the results presented in this 

research have not been obtained from a hybrid test; the neurocontroller has been tested purely 

in simulation. Adapting this solution to complex RtHT systems may potentially be problematic 

since the neurocontroller also relies on inverting a transfer function model much like the solution 

proposed by Wallace et al. [30]. Although this may suffice for lower order systems, implementing 

this with higher order transfer functions may cause several problems as described above. 

Therefore, for hybrid testing, the neurocontroller solution is likely to only be feasible for systems 

in which the actuator dynamics can be approximated to low order models with enough accuracy. 

A publication by Ou et al. [35] illustrates the use of a Robust Integrated Actuator Control strategy 

to yield a flexible, robust system with high demand tracking accuracy [35]. The proposed control 

system comprises of H∞ optimization, Linear Quadratic Estimation for noise cancellation and a 

feedforward controller for actuator lag and delay compensation. A hybrid test consisting of a MR 

damper in a 3 degree of freedom building frame as the experimental substructure is used to 

illustrate the effectiveness of the integrated control system in minimizing effects of noise and 

uncertainty whilst enabling good tracking. Results have also been validated experimentally. 

However, the proposed system is based on the assumption that the actuator model and its PID 

loop, is a linear time invariant system [35] thereby relying on linear quadratic regulation for noise 

cancellation. Unfortunately, inevitable friction in actuation hardware introduces nonlinearities 

which often cannot be neglected.  

A Hardware-in-the-loop simulation for a simple nonlinear system is implemented in El-Nagar and 

El-Bardini [36] – an inverted pendulum controlled by a PIC microcontroller running an interval 

type 2 fuzzy proportional-derivative controller is modelled in simulation as a nonlinear system. 

Time domain results illustrate the resiliency of the system to a 20N force disturbance and 

structural uncertainty [36]. However, the idealized nonlinear model of the pendulum 

compromises the scope of the proposed method to be applicable to RtHT systems; the authors 

state that it is assumed that no friction exists between pendulum or the cart it is mounted on nor 

between the cart and its rolling surface [36]. This may explain the adequacy of a PD type 

controller in stabilizing the system; when friction is taken into account, it may be found that 

steady state errors may become more prominent requiring integral control action as well. 

Extension of these principles to a RtHT with an experimentally set up inverted pendulum system 

may therefore require more advanced control architectures. Furthermore, the authors state that 

serial communication was used for data transmission between the controller and the 

programming environment [36]. However, for RtHT systems which require rapid data 

transmission between numerical and physical substructures, serial communication may cause 

bottlenecks in execution speed thereby inducing the need for faster data transmission tools and a 

more sophisticated real-time target controller to replace the PIC microcontroller used in this 

research.  

Another nonlinear control strategy is applied in Hunnekens et al. [37], where a phase-based 

variable gain control approach is utilized to achieve a time-domain performance specification 

which cannot be attained using conventional LTI controllers. The gain of the Variable Gain 

Controller (VGC) is allowed to change with the error signal and its derivative, in contrast to 

standard linear controllers which utilize fixed gains. Simulation results illustrate a noticeable 

improvement in the time-domain response of a linear plant through the use of the VGC, with an 

approximate 50% reduction in settling time compared with the response obtained with a linear 

fixed gain controller. Significant reductions in overshoot and oscillation are also evident. However, 
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it must be noted that the nonlinear methodology proposed has only been tested against a linear 

plant model in this research. It will be interesting to see the effectiveness of the proposed 

controller applied to nonlinear systems. The proposed solution is likely to be viable for nonlinear 

systems with varying mechanical properties so long as saturation does not inhibit the 

performance of the VGC. 

In an early example of Hybrid Testing from 1999 by Darby et al. [38], a simple Hybrid test of an 

actuated mass was conducted with a PID controlled hydraulic actuator and a load cell forming the 

transfer system [38]. A lag between the demand and output positions of the actuator was 

identified thereby introducing the problem of transfer dynamics. The dynamics were modelled as 

a delay which was compensated for using a polynomial based forward prediction algorithm. The 

authors note that instability is likely if the delay exceeds the size of the time step used in the delay 

compensation integration scheme [38]. The proposed method relies on the assumption that the 

transfer dynamics can be accurately modelled as a delay which is often not the case. Regardless, 

this research in comparison with more modern work reviewed above, illustrates the significant 

developments in Hybrid Testing since the 20th century; from simple delay compensation schemes 

to newer more sophisticated lag compensators, it is clear that the field is rapidly evolving as new 

control technology and more powerful hardware and computational tools emerge.  

Having reviewed some of the most widely used transfer dynamics mitigation schemes as well as 

new developments in this regard, it is evident that most schemes rely on linear techniques, or 

some form of linearization to capture actuator behaviour. The effectiveness of the methods 

presented by Wallace et al. [30], du Bois et al. [32],  Ou et al. [35] and Darby et al. [38], all depend 

on how accurately the actuator can be characterized by a linear model. In the presence of a 

physical substructure which affects actuator behaviour, or in the presence of inherent 

nonlinearities such as stiction, the accuracy of these linear model-based methods in describing 

transfer dynamics will be compromised. Thus, there reflects a need for a method of addressing 

the problems of transfer dynamics that does not depend on the characterisation of the actuator. 

A single control scheme whose performance is independent to the nature of the actuator 

behaviour will enable a modular solution applicable to a wide range of systems. Such solutions are 

explored through this PhD.   

2.3 Actuator Saturation Mitigation 

Compensating for transfer dynamics often requires actuation hardware to perform near its design 

limits to maximize lag cancellation whilst responding rapidly to disturbances and changes in 

demand. However, it is imperative that saturation limits are not violated during operation in order 

to maintain high performance and avert the onset of nonlinearity. This section briefly overviews 

some of the different controller synthesis techniques proposed to overcome saturation in 

mechatronic systems. 

Hu and Lin [39] present an analysis of saturation effects in actuation hardware. The authors argue 

that saturation mitigation techniques can be broadly categorized into 2 main strategies. The first 

of these strategies relies on neglecting saturation in the primary stage of controller design and 

implementing problem-specific methods to overcome the problems caused by saturation. Such 

methods are widely referred to as anti-windup schemes. Anti-windup schemes serve to stop the 

integrators in the system from integrating as long as the actuator control input is saturated. The 

second strategy involves including the saturation limits in the initial stages of controller design 
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and the closed loop system under saturation is analysed allowing the controller to be redesigned 

with the objective of enhancing performance whilst maintaining stability, or vice versa [39]. 

Visioli [40] presents an overview of windup and two widely used anti-windup schemes. The 

author describes windup as a phenomenon that takes place when a saturated signal is passed 

through an integrator; as the error signal of the system decreases at a slower pace due to 

saturation, the integral of the error becomes large thereby causing the system to exhibit 

significant overshoot and poor settling time [40]. Conditional Integration, also known as Clamping, 

is the first anti-windup scheme described, and involves restricting integral action to take place 

only when the system error is smaller than a specified value. Therefore, as saturation takes place 

causing the total error to grow, integral action is stopped [40]. The literature also describes a 

variation of this technique known as preloading in which a constant value is given to the 

integrator upon saturation. The other anti-windup scheme described is Back Calculation – in this 

method, the difference between the saturated and unsaturated error signals are scaled by the 

reciprocal of a specified tracking time constant and fed back to the integrator input. The tracking 

time constant determines the rate at which the integral term is reset [40]. The author also 

presents an evaluation of the effectiveness of both methods in compensating delayed 1st order 

plants – Conditional Integration was shown to provide better performance than Back Calculation 

when the plant delay was small, although significant increases in settling time were seen when a 

large delay was used. Back Calculation was shown to provide a more consistent response for both 

plants compared with that of Conditional Integration.  

Model Predictive Control (MPC) is a technique that has been shown to circumvent the effects of 

actuator saturation in real-time hybrid testing. MPC uses a process model to predict future 

outputs in order to optimize the control signals [41], [42]. Li et al. [43] demonstrate the 

effectiveness of a traditional online MPC strategy to mitigate actuator slew rate and magnitude 

saturation in a multivariable hybrid test of a quasi-motorcycle (QM) system. In order to run the 

tests in real-time despite the high computational power requirements of MPC, the authors 

implemented a modified hybrid test which utilized a reduced order observer. The substructuring 

errors of the QM system were shown to be reduced from ±0.002m to ±0.001m. Two main 

optimization cost functions were tested in this research; one which only compensated for 

actuator magnitude saturation, and the other which compensated for both magnitude and slew 

rate saturation. It was found that the computation time of the MPC strategy was notably higher 

when the optimization cost function which mitigated both slew rate and magnitude saturation 

was used. The proposed method runs in real-time for the tested system and inspires aspirations 

for future work to further extend the applicability of MPC in RtHT. However, the tested QM 

system is linear and can be represented by a reduced order observer. Higher order systems may 

not be readily compatible with reduced order observers whilst the behaviour of nonlinear systems 

is even more difficult to predict. Furthermore, since MPC is very computationally intensive, real-

time operation for nonlinear systems may be difficult to achieve.  

Li et al. [44] describe the prime drawback of using MPC, as the sample rate limitation due to its 

computational burden. They propose using a Back Calculation anti-windup scheme applied 

through a H∞ Robust Disturbance Rejection controller to address the problem of actuator 

saturation. The authors utilize weighting functions to reduce the input to a nonlinear saturation 

operator in order to prevent saturation from taking place [44]. Results illustrate an approximate 

50% reduction in the substructuring error when the anti-windup scheme is included in the H∞ 

controlled system. The growth of the substructuring error with time is also seen to have been 

limited by this scheme. 
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It is evident that each existing saturation mitigation strategy offers unique advantages although 

there are difficulties in terms of program execution speeds and elimination of substructuring 

errors. Selection of the most appropriate technique will therefore rely heavily on the nature of 

the plant being controlled.  

 

2.4 Passivity Control 

The concept of Passivity [45] is a valuable means of describing the energy and power properties of 

systems and is widely used in analysing the stability of complex systems consisting of several 

substructures [46]. Passivity control schemes are widely used in the teleoperation industry to 

ensure stability between master and slave operators. The master and slave operators in such 

systems are analogous to the numerical and physical substructures of the hybrid test, as the 

interface between these two subcomponents is where the problems of instability arise due to 

actuator dynamics. Some applications of passivity control in maintaining stability in teleoperation 

systems will be discussed. In Chen et al. [46], a passive system is defined as one which either 

stores or dissipates the power supplied to it. For a system to remain passive, the energy supplied 

to it must always be greater than its energy output. Instability is a form of active behaviour when 

the energy output of a system or subcomponent grows exponentially with respect to its supplied 

energy. As such, a passive system is always stable. 

In [47], passivity is described as an adequate condition for stability. Further, the authors highlight 

the following features of passivity making it a highly attractive solution for all its applications.  

• The utilization of energy concepts is intuitive. Passivity can be easily identified by ensuring 

that energy inflow exceeds the energy outflow.  

• Enables the stability of the entire system to be achieved by maintaining the passivity of all 

its individual subcomponents. 

• Can be applied to linear as well as nonlinear systems 

In Chen et al. [46], a multi-lateral teleoperation system with n masters and n slaves is tested with 

delayed communication channels. Power based passivity control is utilized to achieve passivity of 

the complete system in the presence of the time delays with weighting coefficients used to 

perform the weighted effects of the different master or slave manipulators. The power flow in the 

system is calculated by taking the product of the force and velocity of each master and slave. 

Through their results, the authors illustrate the effectiveness of the scheme in maintaining 

stability of the master-slave system. Acceptable tracking is seen in the face of slow inputs 

although, the authors acknowledge the inability of the proposed passivity control scheme to 

guarantee good tracking performance.  

An energy based passivity controller is utilized in the work of Hannaford and Ryu [47] to ensure a 

haptic interface system is kept stable under a range of operating conditions. A passivity observer 

is designed to measure the real-time energy inflow and outflow with respect to individual 

subsystems whilst the passivity controller is designed as an adaptive dissipative element to absorb 

the net energy measured by the passivity observer. The authors illustrate the effectiveness of the 

proposed scheme in achieving stable operation in the presence of stiffnesses greater than 

100N/mm with time delays as large as 15ms. The authors highlight that the key advantages of the 

proposed method are the low computational power requirements and the fact that a dynamic 

model of the system does not need to be identified. 
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In the work of Ryu et al. [48], the robustness of passivity control is highlighted. Simulation results 

on a single link flexible manipulator are used to illustrate resiliency under a wide variety of 

operating conditions with no model information. An uncertain plant is used with a wide range of 

admittance or impedance from zero to infinite. Results indicate totally stable behaviour of the 

manipulator in the presence of passivity control whilst unstable behaviour was seen without 

passivity control. The authors emphasize that the power of passivity control lies in its simplicity 

and ease of application for a wide range of systems.  

An application of passivity control in electronics is seen in the work of Dissanayake et al. [49]. The 

authors design a passivity based nonlinear adaptive controller to regulate the output voltage of a 

power electronic converter. Unlike conventional adaptive controllers which require the input 

voltage of the controller to be known, the proposed method needs no information of input 

voltage or output resistance. Results illustrate good voltage regulation upon start up, under a 

demand voltage change and under a load disturbance. The authors further elaborate that the 

proposed adaptive controller can be applied to control any other DC-DC converter without loss of 

generality. This work elaborates the independence of the functionality of passivity control to the 

system it acts on, a key factor motivating its application to hybrid testing.   

In the work of Henze et al. [50], we see the application of passivity control in humanoid robots.  

The authors propose a robust and reliable passivity based balancing controller for humanoid 

robots on different ground surfaces. The passivity considerations utilized by the author cover not 

only the robot but also the ground surface to ensure acceptable performance even in the 

presence of unsteady ground behaviour.  

An application of passivity control in the energy distribution sector can be seen by the work of Gui 

et al. [51]. A novel passivity-based control system is proposed for an islanded AC microgrid 

consisting of renewable energy sources and energy storage systems. The energy stores support 

the voltage of the microgrid and in normal operation, the renewable energy sources inject 

maximum power to the microgrid. The passivity principle is used to guarantee the asymptotical 

stability of the whole microgrid. The authors describe that the main advantage of the passivity-

based energy regulation scheme is that it alleviates the need for a phase locked loop system 

thereby enhancing the plug and play capabilities of the renewable energy sources. 

In the work of Zhang et al. [52], passivity control is applied for the first time to solve the kinematic 

control problem of redundant manipulators. Redundancy of manipulators occurs when its 

number of degrees of freedom is greater than that required to perform a given task. Manipulator 

redundancy is highly appealing as it enables secondary tasks such as avoiding joint limits when 

performing primary tasks [52]. Conventional means of addressing this kinematic control problem 

generally do not consider joint velocity limits and this may allow damage to actuators. The 

authors propose a passivity-based method for the kinematic control of redundant manipulators 

which also takes into account joint velocity limits.  

Kim et al. [53] propose the use of a passivity-based admittance controller for a powered upper-

limb exoskeleton robot governed by a nonlinear equation of motion. The motivation for the use 

of passivity was to enable the use of a human operator and environmental interaction in the 

control loop. The authors validate the proposed scheme on a single degree of freedom testbench 

where the exoskeleton was used to lift and manoeuvre an unknown payload. The passivity-based 

nonlinear admittance controller which is made up of a feedback interconnection of passive 

subsystems, fully captures the nonlinear dynamics of the robot. With the passivity controller, 
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stable human-in-the-loop operation with unknown environmental interaction was achieved. 

Performance improvements with respect to control gain was seen to obey a linear trend [53]. 

As such, it is evident that passivity control has been successful in maintaining stable operation in 

several systems across a wide range of engineering disciplines. In all above cases, the operations 

of the passivity controllers are insensitive to the nature of the test system. This is a significant 

advantage particularly useful for real-time hybrid testing, where conventional transfer dynamics 

mitigation schemes are reliant on accurately characterising the coupled dynamics of the actuator 

and physical substructure. With passivity control, there is no such requirement thus enabling 

compensation for hybrid tests with uncharacterizable transfer systems. The motivation for using 

passivity control in real-time hybrid testing stems from the hypothesis that ensuring the passivity 

of the actuator, passivity and therefore stability of the entire hybrid test can be guaranteed. This 

is analogous to the fact presented in [54] that passivity of the complete system can be achieved 

by ensuring the passivity of its individual components.  
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Chapter 3 

Preliminary Analysis of Passivity Control in Real-time Hybrid 

Tests 

3.1 Context 

As discussed in the literature review in chapter 2, the lag of actuators in hybrid tests has induced 

the need for a novel transfer dynamics mitigation scheme that does not rely on a linear model of 

actuation hardware. The concept of using energy-based passivity control was investigated via 

simulation in the publication presented in this chapter.  

A hybrid test was simulated with a single degree of freedom linear numerical substructure and an 

actuator modelled as a pure delay. The physical substructure was modelled as a stiffness of linear 

and nonlinear nature and the publication presents the effectiveness of the energy-based passivity 

control scheme in each hybrid test simulation. Performance improvements in terms of tracking 

and stability were assessed in the time and frequency domains. 

The concept of the passivity-based control scheme stems from the need to maintain stability in 

the system through the regulation of the energy flow. Instability caused by actuator delay is 

always accompanied by a growth in the energy flow of the system with time as vibration 

amplitudes grow exponentially. This reflects that measurement of the energy flow can be used as 

an indicator of system stability, and a means of rejecting excess energy introduced by the 

actuator will enable the stability of a system to be maintained. Energy rejection is achieved by a 

variable rate virtual damper acting on the numerical substructure of the hybrid test. Thus, the 

scheme is designed to control the stability of the system regardless of the nature of the transfer 

system or hybrid test substructures. This is envisaged to be widely applicable to many hybrid tests 

whilst enabling easy implementation of the modular subsystem consisting of the passivity 

controller and the virtual damping element to dissipate excess energy in the system. 
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3.2 Summary 

The publication presented in this chapter illustrates that passivity control is a promising 

application in real-time hybrid testing having stabilized systems with linear, nonlinear and 

discontinuous physical substructures. The main findings are: 

1) Stability of hybrid tests can be improved using passivity control 

2) Tracking improvements are not inherently attainable although the controller can be tuned 

to achieve this if information of the emulated system is available.  

3) Excess passivity control leads to nonlinear distortion of output 

Preliminary analysis indicates that the scheme exhibits strong stabilizing properties and does not 

depend on predetermined assumptions about the actuator’s behaviour. Although versatile, it 

does not eliminate the phase lag caused by the transfer system unlike existing model-based 

compensators. The immediate next steps are  

1) To apply the passivity-based controller in an experimental real-time hybrid test setup and 

validate the findings of the simulations.  

2) To investigate the performance of passivity control with model-based compensators. 

These are explored in the following chapter in the next publication.   
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Chapter 4 

Experimental Validation of Passivity Control in Nonlinear 

Real-time Hybrid Tests 

4.1 Context 

Having established the potency of passivity control in simulations of real-time hybrid tests, its 

performance in an experimental nonlinear real-time hybrid test with complex actuator dynamics 

was assessed. The methods first introduced in the publication presented in chapter 3 were 

utilized. Performance of the standalone passivity controller was assessed and compared with that 

of a state-of-the-art transfer dynamics mitigation scheme. The effectiveness of passivity control 

when used together with state-of-the-art techniques was also analysed to identify the capacity to 

alleviate some of the limitations incurred with standalone passivity control. 

The hybrid test employed in the publication presented in this chapter consists of a linear single 

degree of freedom numerical substructure connected to a nonlinear stiffness actuated by an 

electromagnetic actuator running in position control mode. The nonlinear stiffness is 

approximately cubic in the range of displacements to be tested, like that of a Duffing oscillator. To 

prevent backlash, the springs are preloaded in the zero-deflection position. The non-zero tension 

in the preloaded springs result in a positive tangential stiffness around the initial zero-

displacement state of the system, as described in [55].  

The actuator has nonlinear friction acting on its shaft which was reduced using a state-of-the-art 

friction compensation scheme. A load cell was used to feedback the physical substructure force 

back to the numerical substructure. A CAD model of the test rig is shown in figure 2. 

 

Figure 2: CAD model of test rig on reaction floor 

The emulated system to be replicated using the hybrid test was setup as a simulation and used as 

a benchmark to assess the performance of the real-time hybrid test. Performance gains in the 

time and frequency domains were analysed by comparing the hybrid test response with and 

without passivity control against that of the emulated system simulation. The emulated system 
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represents the hybrid test with perfect actuator dynamics, i.e. instantaneous data transfer 

between the numerical and physical substructures.  
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4.2 Summary 

Experimental results have been used to validate the usefulness of passivity control in nonlinear 

real-time hybrid tests. The following conclusions have been deduced.  

1) Passivity control successfully maintains the stability of real-time hybrid tests by 

constraining the net energy added to the system by the actuator. 

2) Passivity control alone is unable to alleviate the lag introduced by the actuator dynamics. 

3) Nonlinear artefacts caused by the actuator are dealt with more effectively using passivity 

control than conventional linear model-based methods. 

4) Passivity control used together with 2nd order linear model-based lag compensation 

enables the benefits of both schemes to be acquired; the versatile stability of passivity 

control in the presence of actuator nonlinearity and the high frequency tracking 

improvements offered by lag compensation. 

5) The amount of passivity control required for a test is dependent on the energy of the 

system and hence the operating conditions. 

6) Excessive passivity controller gains tend to overdamp the response leading to unwanted 

nonlinear distortion. 

Passivity control shines in its ability to achieve good stability of hybrid tests. Whilst this may lead 

to better tracking, targeted improvements in tracking cannot be achieved using passivity control 

alone unless design performance criteria of the system are available to aid the controller tuning 

process. However, used together with state-of-the-art compensation methods, passivity control 

has been seen to enable good stability and tracking to be achieved simultaneously. This makes 

passivity control a powerful tool in real-time hybrid tests that see highly nonlinear and/or 

discontinuous events such as impact scenarios which trigger a change in the system parameters 

that would generally cause linear model-based methods to fail. Most real-world applications of 

hybrid testing are bound to have a degree of nonlinearity that may not be replicable using linear 

model-based methods. Passivity control therefore acts to bridge the gap between hybrid testing 

and highly nonlinear systems which would encourage more nonlinear applications of hybrid 

testing, opening the door to a range of new test systems.  

The key drawback of passivity control however, has been identified as the high dependency of the 

response on the operating conditions of the system and the possibility of introducing unwanted 

nonlinear distortion in the response. Moreover, there is no basis for selecting the passivity 

controller gain. A modified passivity control scheme is developed in the next chapter to address 

these limitations.  
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Chapter 5 

Normalised Passivity Control 

5.1 Context 

Chapters 3 and 4 brought to light a key limitation of the passivity control scheme being the 

dependency of the response on the energy of the system. As the passivity damper rate was 

directly proportional to the energy error between substructures, high amplitude tests were 

inclined to have greater passivity damping than low amplitude tests for a fixed passivity controller 

gain. Moreover, with the passivity control scheme presented in chapters 3 and 4, the substructure 

energy error was calculated by integrating the substructure power error over time. As the 

controller acts on this variable to determine the damper rate required, it is intrinsically acting on 

the present and past response of the system since the commencement of the hybrid test.  

However, it is more beneficial to have the controller be less sensitive to the history of the 

response and more sensitive to the current response. Moreover, some form of normalization of 

the controller error signal is required to ensure constancy over a range of operating conditions – 

the use of a single variable such as power or energy whose magnitude is dependent on the 

velocity of the system will result in low versatility. With these key requirements, the structure of 

the passivity controller was redefined to form a new and improved control scheme which is 

presented in the below publication. Simulation and experimental studies were carried out to 

validate its effectiveness whilst comparing its performance with that of the preceding passivity 

control scheme introduced above, where appropriate.  

The damping properties of the new controller were assessed while observing the effect of 

passivity control on the total harmonic distortion of the response. The total harmonic distortion 

(THD) is a measure of the harmonic content of a waveform with respect to its fundamental [56]. 

The higher the THD of a signal, the more it deviates from that of a single frequency sinusoid. Thus, 

the THD of a response is a reliable measure of its nonlinearity. The THD is quantified by comparing 

the amplitude of the harmonics to that of the fundamental mode and can be expressed by the 

general expression in equation (1) (from [56]), where 𝐼𝑛 is the amplitude of harmonic 𝑛. 

𝑇𝐻𝐷 =  
√∑ 𝐼𝑛

2∞
𝑛=2

𝐼1
 

 

 
(1) 

In this study, the total harmonic distortion was expressed in decibels and was evaluated using the 

fundamental frequency and the first five harmonics identified using a periodogram on the 

waveform as done in [57]. Thus, equation (1) is transformed into equation (2) depicted below. 

𝑇𝐻𝐷𝑑𝐵 =  10 log10

(
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5.2 Summary 

Passivity control using a normalised power variable has been evaluated and compared against the 

performance of energy-based passivity control in the above publication.  

An experimental result not included in the above research paper was the performance of the new 

passivity controller in a hybrid test subject to a discontinuity applied in the numerical 

substructure. Hybrid tests may be susceptible to external events which cause changes in the 

parameters of the system. For example, an impact and subsequent linkage with a stiff surface 

may result in an increase in a stiffness in the system. Such events may erode stability of the hybrid 

test. This is studied in figure 3, where the hybrid test experiences a sudden increase in stiffness in 

the numerical substructure. The hybrid test responses before the parameteric change are 

represented by solid lines whilst the reponses after the discontinuity as dashed lines. The 

parameters of the emulated system are described in table 1, and the STA2508S electromagnetic 

actuator was once again selected for actuation. This discontinuous hybrid test is excited by a 

sinusoidal force input to the numerical substructure with amplitude 10N at a frequency of 10Hz 

throughout the test. 

 

Table 1: Discontinous hybrid test parameters 

Numerical Substructure Physical Substructure 

1 degree of freedom lumped mass-spring-
damper system: 

• Mass of 1kg 

• Damper rate of 10Ns/m 

• Stiffness of 100Ns/m for t<25s 
stepping to 1000Ns/m for t>25s 

 

Cubic stiffness described by  
𝑘 = 0.0042𝑥𝑃

2 + 2.13 
 

 

Figure 3a illustrates that without passivity control, the system before the impact at 25s is seen to 

be stable, however as the impact increases the stiffness of the numerical substructure, unstable 

behaviour is seen as oscillations begin to grow beyond 25s. As seen earlier in figure 12 in the 

journal paper of this chapter, the saturation limits on position are reached once again due to 

instability.The saturation limits placed due to space constraints restricts the unstable response. In 

figure 3b, it is evident that with passivity control in the system, growth of oscillations upon the 

discontinuity no longer take place. The system remains stable throughout the transition of 

stiffness in the system. A significant increase in passivity damper rate is not seen in figure 3c upon 

the discontinuity as the power error in the system is not allowed to grow substantially. However, 

a transient increase in the damper rate at 25s is seen after the step increase in numerical 

substructure stiffness. Thus, passivity control is able to maintain stability in a real-time hybrid test 

in the presence of discontinous events which cause changes in hybrid test parameters.  
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Figure 3: Hybrid test response a) substructure positions without passivity control, b) substructure 

positions with passivity control, c) passivity damper rate for response in figure 3b 

From the journal paper and above result, the following key findings can be drawn 

1) The new passivity control scheme improves real-time hybrid test stability as with the 

original passivity controller introduced earlier 

2) The new controller applies passivity damping only when a notable substructure power 

error is present unlike energy-based passivity control where damping acts throughout the 

test. 

3) A single controller tuning configuration was found to be suitable for a range of operating 

conditions unlike the previous energy-based design, thereby alleviating a key limitation of 

the original passivity controller. 

4) The new passivity controller was seen to maintain stability in a nonlinear hybrid test 

subject to a stiff impact which would have caused instability had passivity control not 

been active. 

Thus, it has been shown that the modified design of the passivity controller is able to achieve 

the same benefits as its predecessor whilst alleviating some of the key limitations. The 

passivity controller acts to stabilize the system regardless of the actuator dynamics making its 

application highly repeatable and useful for many different nonlinear hybrid tests. However, 

as with the original passivity controller, targeted improvements in tracking are still not 

achievable. The following chapter investigates a means of achieving good substructure 

position tracking performance as well, using passivity control combined with a novel adaptive 

transfer dynamics mitigation scheme.  
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Chapter 6 

Normalised Passivity Control with Adaptive Feed-forward 

Filtering 

6.1 Context 

This chapter presents a publication where normalised passivity control was applied with a novel 

adaptive lag cancellation scheme designed to synchronise hybrid test substructure displacements 

in stable systems. The lag cancellation scheme known as adaptive feedforward filtering, acts on 

the substructure position error to augment the input to the actuator until synchronisation of 

numerical and physical substructure displacements are achieved.  The motivation for using these 

two compensation strategies together lie in the ability of each scheme to function without prior 

information of actuator dynamics. Thus, a combined compensation scheme where passivity 

control and adaptive feed-forward filtering complement each other provides a solution that 

stabilizes and synchronizes hybrid tests. This ensures stability whilst also eliminating tracking 

errors in the hybrid test, all without any assumptions about linearity or transfer system dynamics, 

thereby providing a high-fidelity solution for a wide range of hybrid tests. 

The structures of the passivity and adaptive feed-forward filtering controllers were discussed, and 

experimental tests were used to illustrate the effectiveness of both schemes used individually and 

together. Nonlinear hybrid tests were employed with a cubic stiffening physical substructure and 

the actuator utilized in chapters 4 and 5. The numerical substructure employed was a linear single 

degree of freedom mass-spring-damper system, although the response with a discontinuous 

change in numerical substructure stiffness was also tested.  

The research presented in this publication was done with a colleague Dr. Andreas Bartl from the 

Technical University of Munich (TUM) in Germany, during his placement at the University of Bath 

as part of his PhD. The adaptive feed-forward filter was first introduced in one of his prior 

publications as detailed in the paper presented below. The methodology of the adaptive feed-

forward filtering controller is attributed to Dr. Bartl.  Formulation of ideas and experimental work 

were undertaken together. 

In the following studies, the adaptive feed-forward filter as introduced in [58] is used to 

synchronise numerical and physical substructure displacements in the stable hybrid tests. The 

scheme closes the substructure gap error by applying a harmonic signal as the actuator input. The 

greater the number of harmonics used in the actuator input, the greater the synchronisation 

between substructures, at the expense of higher convergence times in the adaptive feed-forward 

filter. For the following experiments, a single harmonic was used to achieve synchronisation in 

hybrid tests in order to achieve acceptable convergence times. This was found to be sufficient to 

mitigate the phase lag between substructures. Although the use of more harmonics would enable 

greater synchronisation and thus better mitigation of nonlinear effects caused by the friction in 

the actuator, this would require a greater convergence time.    

The adaptive feed-forward filtering scheme introduced in [58] is used in the publications of 

chapters 6 and 7. Table 1 provides an explanation of the main quantities and formulae of the 

scheme together with dimensions of each variable for general hybrid tests as well as for the 

specific system investigated in the following 2 publications.  
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Table 1: Parameters of the Adaptive Feed-forward filter 

AFF 

Variable 

Discussion Dimensions 

(General 

case) 

Dimensions 

(for system 

under study) 

𝒖(𝑡) 
 

Actuator input signal.  
This quantity is a scalar in our study, 
as a single degree of freedom hybrid 
test is used. Vectors are used 
instead, when multiple actuator 
inputs are required for multi degree 
of freedom hybrid tests. 
 

𝑛 × 1 1× 1 

𝑾(𝑡) 
 

Basis function matrix for the 
actuator input. 
The number of harmonics, given by 
𝑚, selected for our study is 1. Hence 
𝑾(𝑡) is a 1 × 2 vector, containing 
the cosine and sine components of 
the single frequency signal. Setting a 
greater number of harmonics will 
result in better synchronisation in 
nonlinear systems at the expense of 
greater convergence time. 
 

𝑛 × 2𝑚𝑛 1 × 2 

𝜽 
 

Parameter vector. 
This vector describes the amplitude 
and phase of the input signal to the 
actuator. The elements of this vector 
are dynamic, and update as the gap 
error converges over time. 
 

2𝑚𝑛 × 𝑛 2 × 1 

𝑯𝑢(𝜔) Transfer function matrix between 
actuator input and gap error 

𝑛 × 𝑛 1 × 1 

𝑯𝑒𝑥𝑡(𝜔) Transfer function matrix between 
external forces and gap error 

𝑛 × 𝑛 1 × 1 

𝑮(𝜔) Interface gap in the frequency 
domain 
The gap error is a result of the 
actuator dynamics and the external 
forces 𝑭𝑒𝑥𝑡(𝜔).  
 
𝑮(𝜔) = 𝑯𝑢(𝜔)𝑼(𝜔)

+ 𝑯𝑒𝑥𝑡(𝜔)𝑭𝑒𝑥𝑡(𝜔) 
 
𝑼(𝜔) is the actuator input in the 
frequency domain.  
 

𝑛 × 1 1 × 1 

𝑷 
 

Interface transfer matrix (for 
parameter vector 𝜃). 

2𝑛𝑚 × 2𝑛𝑚 2 × 2 
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𝑷 encapsulates the transfer system 
response at each harmonic 
frequency. It applies a phase shift 
and gain to 𝜽. As transfer dynamics 

are not known beforehand, 𝑷̃ an 
initial estimate of 𝑷 is identified via 
measurement before the test. 

𝒈(𝑡) 
 

Interface gap in the time domain. 
The interface gap can be expressed 
as function of above defined 
parameters as follows, where 
𝒈𝑒𝑥𝑡(𝑡)  is the contribution of the 
excitation. 
 

𝒈(𝑡) = 𝑾(𝑡)𝑷𝜽 + 𝒈𝑒𝑥𝑡(𝑡) 
 
𝑾(𝑡)𝑷𝜽 is the contribution of the 
actuator to the interface gap. 
 
The objective of the adaption law is 
to identify a 𝜽 which allows  𝒈(𝑡) =
0  via minimization of the cost 
function. 
 

𝑛 × 1 1 × 1 

𝑱 
 

Cost function 
The cost function which is minimized 
to achieve desired specifications. In 
the publication of chapter 6, the cost 
function is defined with the sole 
purpose of minimizing the square of 
the gap error: 

𝐽 =
1

2
𝒈(𝑡)𝒈𝑇(𝑡) 

 
In the publication of chapter 7, the 
cost function is defined as follows, to 
minimize the square of the gap error 
whilst also minimizing the 
regularisation term in order to 
reduce jumps in the parameter 
vector thus enabling smoother 
convergence.  
 

𝐽 = 𝒈(𝑡)𝒈𝑇(𝑡) +  𝛾𝜃𝑇𝜃 
 
𝛾 is referred to as the regularisation 
parameter in the publication of 
chapter 7. 
 

1 × 1 1 × 1 

 

 



77 
 

The cost function of the adaptive feed-forward filter is a simple least means squares law defined 

to minimize the substructure gap error. The parameter vector theta which augments the actuator 

input is updated using the gradient descent optimization algorithm which uses only the last 

sample in the update law. Hence, each new sample is calculated using the preceding sample. 

However, more sophisticated developments in adaptive feed-forward filters have recognized the 

effectiveness of using windows of data which are prioritized using a forgetting factor to allow 

superior adaption to be achieved. Such a development is seen in  [59] where a recursive least-

squares adaption law is used instead and compared against the performance of the simple least 

mean squares law in real-time hybrid tests. The adaptive feed-forward filter begins adaption with 

an estimate of the interface transfer matrix 𝑃 which is obtained using the method presented in 

[59]. 

The normalised passivity controller uses continuous time 1st order lag low pass filters on its power 

measurements which allow the user to intuitively select how much of the past response is used in 

the determination of the damper rate. The filter coefficients for the following experiments were 

selected as follows, based on the results found in the previous publication. For all following 

harmonic excitation tests unless otherwise stated, the power output filter cut-off period was set 

to a 10th of the excitation period to allow a rapid controller response to non-passive behaviour. In 

tandem, the power throughput filter cut-off period was set to match the period of excitation, in 

order to allow a single period of the past response to be used for damper rate normalisation, for a 

good balance between stability and low distortion.  

The implementation of experiments of the following paper was done in 4 stages to allow the 

performance of both schemes in the hybrid tests to be analysed individually and collectively. Each 

stage of the experiment was run in parallel with a simulation of the emulated system while saving 

data. Hybrid tests were run in the following order with 

1) Neither passivity control nor adaptive feed-forward filtering 

2) Only passivity control active 

3) Only adaptive feed-forward filtering active 

4) Both passivity control and adaptive feed-forward filtering active. 

Table 2 below describes the parameters used in the passivity controller and adaptive feed-

forward filter in the experiments of the following publication.  

Table 2: Parameters used in the experiments of paper 4 

Parameter Value 

Adaptive feed-forward filter 

Adaption gain (𝜇) 

Number of harmonics (𝑚) 

Number of actuator inputs (𝑛) 

Standard deviation allowed for 𝜃 elements 

Interface transfer matrix Identification time 

 

0.0001 

1 

1 

0.0001 

10s 

Passivity controller 

Passivity controller gain (𝐵) 

 

200 Ns/m 
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Power output filter cut-off period (𝑡1) 

𝑇1(𝑠) =  
1

𝑡1𝑠 + 1
 

 

Power throughput filter cut-off period (𝑡2) 

𝑇2(𝑠) =  
1

𝑡2𝑠 + 1
 

0.01s, 0.005s, 0.003s (for 10Hz, 

20Hz, 30Hz excitations 

respectively) 

 

0.1s, 0.05s, 0.03s (for 10Hz, 20Hz, 

30Hz excitations respectively) 

Solver 

Sample time 

ODE solver 

 

0.0001 

ODE4 Runge-Kutta (Fixed step) 
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6.2 Summary 

Passivity control based on a normalised power variable was used together with adaptive feed-

forward filtering in a nonlinear real-time hybrid test. The main findings were as follows. 

1) Used individually, passivity control was able to restore or maintain the stability of a real-

time hybrid test. 

2) Adaptive feed-forward filtering was designed to close the synchronisation error between 

the hybrid test substructures in stable systems. 

3) Passivity control when used together with adaptive feed-forward filtering enabled the 

benefits of both schemes to be achieved – passivity control ensured stability whilst 

adaptive feedforward filtering closed the substructure position error overtime.  

4) The combined scheme was found to be effective in improving stability and tracking of 

systems without information of the hybrid test system or actuator dynamics. 

5) The combined scheme was seen to function as expected in a highly nonlinear hybrid test 

with cubic stiffening behaviour in the physical substructure, nonlinear friction in the 

actuator and a discontinuous parameter change in the numerical substructure. 

Passivity control and adaptive feed-forward filtering have been found to be highly compatible 

with one another, each providing unique benefits to the hybrid test in terms of stability and 

tracking. With no information of the test system available prior to the commencement of the 

hybrid test, the combined scheme is greatly beneficial ensuring stability and good tracking in the 

presence of high nonlinearity and/or parametric changes. Thus far, most applications of hybrid 

testing have utilized linear numerical substructures and linear model-based compensation 

schemes. However, the results of this publication are expected to encourage more applications of 

nonlinear real-time hybrid testing with the use of this novel combined scheme of addressing 

actuator dynamics. 
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Chapter 7 

The use of Passivity in stabilizing Adaptive Feed-forward 

Filters for Real-time Hybrid Tests 

7.1 Context 

One of the limitations of the adaptive feed-forward filtering control scheme is its instability when 

subject to high gains. Much like the controller gain of the energy-based passivity controller 

presented in chapters 3 and 4, the adaption gains of adaptive feed-forward controllers for optimal 

performance is dependent on the test conditions. Selection of a gain too low results in slow 

convergence whilst a gain too high results in instability. Moreover, the user is unable to raise the 

adaption gain in large increments without risking system instability. This chapter presents a 

journal paper which introduces a passivity-based scheme integrated into the design of the 

adaptive feed-forward filter in order to mitigate these limitations.  

Power-based passivity control theory is utilized to schedule the parameters of the adaptive feed-

forward controller such that the adaption gain is automatically decreased until the hybrid test is 

stable whenever excessive adaption gains are applied by the user. This enables high adaption 

gains to be used without resulting in an unstable system and is especially useful when fast 

convergence times are required. Stable nonlinear real-time hybrid tests are employed for this 

study. This work is another joint project undertaken with Dr. Andreas Bartl.  

The passivity observer monitors the power flow from the numerical substructure to the actuator 

and the power flow from the physical substructure to the numerical substructure. When the 

actuator power outflow exceeds its inflow, the combined system of the actuator and the feed-

forward filter adds power into the hybrid test which tends to cause instability. When an excess 

transfer system power surge is detected, the adaption gain steps down and the regularization 

parameter is increased to correct the feed-forward filter coefficients until passivity of the transfer 

system is restored. 

The adaptive feed-forward filter in the following publication operates on a sample-wise basis, 

using only the last sample in the parameter vector update law, as with the implementation in 

chapter 6. Similarly, adaption begins with an estimate of the interface transfer matrix 𝑃 which is 

obtained using the procedure presented in [59]. However, the power observing passivity 

controller no longer uses filters in its implementation, as stepping down the filter gains in the 

presence of unstable behaviour must be rapidly achieved. Moreover, the passivity controller 

triggers gain reduction when a specified passivity threshold is breached, thus alleviating the need 

for power flow normalisation. As such, the passivity-based gain monitoring scheme in the 

following publication depends only on state of passivity in the system at the present time step. 

In order to assess the stability of the adaptive feed-forward filter, the hybrid tests of the following 

publication were implemented in open loop, i.e. the direct signal line from the numerical 

substructure to the actuator input is removed. The hybrid tests are run with initially unstable 

adaption gains and the passivity observer is then allowed to reduce this gain automatically until 

stable behaviour is seen when passivity of the transfer system is restored.  Table 3 shows the 

controller parameters used in the hybrid tests. 
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Table 3: Adaptive feed-forward filter and passivity controller parameters 

Parameter Value 

Passivity observer and adaptive feed-forward 

filter 

Initial adaption gain (𝜇𝑖𝑛𝑖𝑡) 

Passivity breach power generation limit  

𝑏𝜇 exponent 

𝑏𝛾 exponent 

Initial regularisation parameter (𝛾𝑚𝑎𝑥) 

Number of harmonics (m) 
 

Number of actuator inputs (n) 

Standard deviation allowed for 𝜃 elements 

Interface transfer matrix Identification time 

 

 

10 

-1W 

10 

2 
 

1 

1 (unless otherwise stated) 

1 

0.0005 

10s 

Solver 

Sample time 

ODE solver 

 

0.0001 

ODE4 Runge-Kutta (Fixed step) 

  



100 
 

This declaration concerns the article entitled: 
Power-flow-based Stabilization for Adaptive Feed-Forward Filters in Hybrid Testing 

Publication status (tick one) 
 

Draft manuscript  Submitted  In review ✓ Accepted  Published  

Publication 
details 
(reference) 

 
Andreas Bartl, L.D. Hashan Peiris, Jonathan L. du Bois, Daniel Rixen & Andrew 
Plummer “Power-flow-based Stabilization for Adaptive Feedforward Filters in 
Hybrid Testing”, Experimental Techniques, 2019. 
 

Copyright status (tick the appropriate statement) 

I hold the copyright for this 
material 

✓ 
Copyright is retained by the publisher, but I have 

been given permission to replicate the material 
here 

  

 

Candidate’s 
contribution to 
the paper 
(provide 
details, and 
also indicate 
as a 
percentage) 

The candidate contributed to / considerably contributed to / predominantly 
executed the… 
 
Formulation of ideas: 

• Idea to use passivity to adjust the parameters of the adaptive feed-
forward filter, by colleague Dr. Andreas Bartl. 

• Selection of plots for presentation solely by Dr. Andreas Bartl. 
 
Design of methodology: 
Design of passivity control algorithm most suitable for use in adaptive feed-
forward filtering controller, joint contribution with Dr. Andreas Bartl. 
Candidate’s contribution (60%) 
Adaptive feed-forward filtering algorithm – solely by colleague Dr. A. Bartl. 
 
Simulation work: 
Solely by colleague Dr. Andreas Bartl. 
Experimental work: 
Experimental work carried out with Dr. Andreas Bartl. Breakdown of work as 
follows: 

• Setup and calibration of test rig, solely by the candidate (100%) 

• Conversion of simulation models to experiment files for real-time 
execution in controller hardware, candidate’s contribution (80%) 

• Experiments done with Dr. Andreas Bartl. Candidate’s contribution 
(50%) 

• Acquisition of data, solely by the candidate (100%) 

• Postprocessing of data for generation of plots by Dr. Andreas Bartl. 
 
Presentation of data in journal format: 
Solely by colleague Dr. Andreas Bartl. 

Statement 
from 
Candidate 

This paper reports on original research I conducted during the period of my 
Higher Degree by Research candidature.  

 
Signed 
  

 
   Date 

 
24/09/2019 



101 
 

Paper Five: Power-flow-based Stabilization for Adaptive 

Feedforward Filters in Hybrid Testing 

 

 

 



102 
 

 



103 
 

 



104 
 

 



105 
 

 



106 
 

 



107 
 

 



108 
 

 



109 
 

 



110 
 

 



111 
 

 



112 
 

 



113 
 

 



114 
 

 



115 
 

 



116 
 

 



117 
 

 

  



118 
 

7.2 Summary 

The publication presents an improved adaptive feed-forward filtering algorithm that utilizes 

substructure power measurements to schedule the adaption gain and regularization parameter of 

the controller. The following conclusions can be inferred 

1) Adaptive feed-forward filtering with passivity-based gain scheduling mitigates instability 

caused by excessive adaption gains 

2) The adaption gain steps down in discrete decrements and the size of the decrement 

determines how quickly the stability of the system will be restored. 

The passivity observer is unobtrusive to the function of the adaptive feed-forward filter. Hence, 

there are no disadvantages of superposing the passivity observer on to the adaptive feed-forward 

filter for any given system. When acceptable adaption gains are used, passivity-based gain 

scheduling will not trigger. Future work will investigate more sophisticated adaptive feed-forward 

filters incorporating passivity observers to move the adaption gain in both directions thereby 

allowing the gain to be raised when possible, for faster convergence.  
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Chapter 8 

Passivity based Adaptive Delay Compensation for Real-time 

Hybrid Testing 

8.1 Context 

This chapter presents a technical article introducing a novel passivity based adaptive delay 

compensation scheme to mitigate actuator delay in real-time hybrid tests. Experimental results 

on a nonlinear real-time hybrid test system are used to validate its effectiveness whilst comparing 

the performance obtained with that of a state-of-the-art adaptive delay compensation scheme, 

identifying the unique advantages offered by the new scheme. 

The state-of-the-art compensation scheme (discussed in detail in the paper), is based on using the 

substructure position error at the zero crossings to quantify the effective delay in the transfer 

system. However, the novel passivity-based scheme utilizes the substructure energy error to 

quantify the actuator delay. Both schemes employ a least squares 2nd order polynomial 

extrapolation scheme to predict the actuator response ahead of the identified delay. 

A positive energy error indicates lag introduced at the transfer system of the hybrid test. As the 

energy error in the system feeds the delay compensator, larger energy errors will lead to greater 

identified delays, which when compensated, eliminate some lag in the hybrid test. This in turn 

leads to smaller energy errors and thus smaller identified delays until the energy error is 

sufficiently small resulting in little to no lag in the actuator response. In this steady state 

configuration, the net energy added to the hybrid test by the actuator will be minimal, as will be 

the transfer system effective delay. 
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Paper Six: Passivity based Adaptive Delay Compensation for 
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8.2 Summary 

A novel passivity based adaptive delay compensation scheme has been developed and tested on 

an experimental nonlinear real-time hybrid test system. The following conclusions were inferred. 

1) Passivity based adaptive delay compensation allows the effective delay of the actuator in 

real-time hybrid tests to be mitigated, resulting in similar performance to that of the 

tested state-of-the-art adaptive delay compensation scheme.  

2) Unlike the tested state-of-the-art scheme which activates at the zero crossings, passivity 

based adaptive delay compensation is continuously active thus enabling compensation 

even for tests where the system does not return to the zero position.  

For such adaptive delay compensation schemes, the process of identifying the effective delay in 

the transfer system is of paramount importance. Both the passivity based adaptive delay 

compensation scheme and the state-of-the-art adaptive delay compensation scheme have unique 

means of identifying this delay as detailed below. The effective delay is represented by 𝜏 and 

plotted in the publication in figure 5g. 

For the passivity based adaptive delay compensator, the effective delay is identified as a 

proportion of the spurious energy injection. The existence of a non-zero effective delay will 

manifest as positive net energy injections into the hybrid test. Thus, the effective delay variable 

fed to the delay compensator is given by equation (3), where 𝐵, 𝐸𝑃 and 𝐸𝑁 are the user specified 

passivity controller gain, the total energy injected into the hybrid test by the actuator, and the 

energy leaving the numerical substructure, respectively.  

𝜏 =  𝐵 ( 𝐸𝑃 − 𝐸𝑁  ) (3) 

The energy leaving the numerical substructure is readily available from the numerical component 

of the hybrid test. This is the integral of the product of the numerical substructure force and 

velocity. The energy injected by the actuator into the hybrid test is obtained by integrating the 

product of the actuator velocity (obtained using encoder measurements) and the physical 

substructure force (measured using the load cell in the test rig). 

As the delay identification is fed into the adaptive delay compensator, the effective delay in the 

system is reduced which results in a more passive system, i.e. smaller net power injections from 

the actuator. When the system is passive, i.e. the actuator injects zero net power into the hybrid 

test, the delay identification reaches an equilibrium. As such, passivity-based delay compensation 

is continuously active throughout the test. 

The delay identification scheme for the state-of-the-art adaptive delay compensation as outlined 

in [29] is given by the following algorithm. The numerical substructure displacement is given by 

𝑥𝑁. 
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If 𝑥𝑁 changes sign from negative to positive (rising edge) or positive to negative (falling edge), 

 Calculate the adaptive forward prediction parameter 𝜌: 
 

𝜌𝑛+1 = 𝜌𝑛 ± 𝛼𝑒
𝛾   

 
Where 𝑒 is the substructure gap error, and 𝛼 and 𝛾 are user specified 
parameters. 𝛼 is known as the adaption gain parameter and 𝛾 sets the 
rate of convergence which must be greater than or equal to 1.   
 

(4) 

 Note: The ± relates to whether the signal is rising edge (+) or falling edge (-). 
  
 Next, the delay is identified using the following equation: 

𝜏 =  Δ𝑡 ( 𝑃 +  𝜌 ) (5) 

End 
 
Where Δ𝑡 is the sample timestep size, and 𝑃 is the fixed initial number of timesteps to be 
forward predicted. 𝑃 is set at zero to allow delay compensation to be fully adaptive. 

 

The above delay identification procedures are implemented in the numerical environment of the 

real-time hybrid test so as to augment the input to the actuation hardware.  

Table 4 indicates the parameters of the compensation schemes used in the above study. 

  



127 
 

Table 4: Parameters used in the passivity based and state-of-the-art adaptive delay compensation 

schemes 

Parameter Value 

Passivity Based Adaptive Delay Compensation:  
 
Passivity controller gain (𝐵) 
 
State-of-the-art Adaptive  
Delay Compensation [29]: 
 
Adaption gain parameter (𝛼) 
Convergence exponent (𝛾) 
Fixed initial number of timesteps (𝑃) 
 
 
Polynomial Delay Compensator Parameters: 

Order of least squares fitting scheme (𝑁) 

Number of data points used for curve fitting (𝑛) 

 

Stepped sine excitation force at the numerical 
substructure 
 

 

 

Solver: 

Program execution sample time 

Numerical solver 

 
 

1.3 𝑠/𝐽 

 
 

 

120 
 

1 
0 
 

 

 

2 
 

3 

 

• 15.8N at 0.1Hz, for 20s 

• 17.8N at 1Hz, for 5s 

• 11.0N at 5Hz, for 5s 

• 4.8N at 10Hz, for 5s 

• 162N at 20Hz, for 5s 
 

 

0.001s 

ODE4 Runge-Kutta (Fixed step) 

  

The passivity-based scheme offers a new means of achieving actuator delay cancellation in real-

time hybrid tests. For most cases, its usage is equally feasible to that of the position-based 

adaptive delay compensation scheme used as a benchmark to compare performance gains in the 

paper. However, unlike with the state-of-the-art scheme which updates the delay at the zero 

crossings, continuous delay adaption is expected to enable faster convergence particularly for low 

frequency excitations where fewer zero crossings are seen per given period. Moreover, for 

specific tests where zero crossings are not seen, passivity-based delay compensation will still 

function, enabling continuous mitigation of actuator dynamics.   
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Chapter 9 

Conclusions and Future work 

9.1 Conclusions 

A number of passivity-based schemes for real-time hybrid testing have been developed, tested 

and analysed in this thesis. To begin with, a simple proportional passivity controller acting on the 

net energy of the transfer system was designed and tested in simulation. Preliminary analysis 

indicated the effectiveness of the simple control scheme in improving performance of stable 

systems by reducing oscillation and restoring stability of inherently unstable hybrid test 

simulations. Unlike most transfer dynamics compensation strategies, passivity control required no 

information of the actuator dynamics.  

In the second publication presented in this thesis, passivity control was applied to a real-time 

hybrid test of a nonlinear system actuated by an electromagnetic actuator with nonlinear friction. 

It serves as an experimental validation of the simulation results. As expected, following the 

simulations in the first publication, passivity control stabilized the hybrid test made unstable due 

to a stiff physical substructure whilst improving performance by suppressing unwanted 

oscillations caused by friction in the actuator. Performance at low frequency was seen to surpass 

that of a linear 2nd order model-based compensator which was unable to accurately capture the 

nonlinearities in the actuator response. At high frequency the dynamics of the actuator was seen 

to result in a notable phase lag in the hybrid test which could not be eliminated with passivity 

control alone. However, it was shown that passivity control and model-based compensation used 

together enabled high stability as well as good demand tracking to be simultaneously achieved. 

The modularity and unobtrusiveness of passivity control was thus demonstrated making it 

suitable for a range of hybrid tests as a standalone application or a scheme to complement 

existing linear lag compensation strategies in the presence of model error or transient 

nonlinearities. 

However, three main limitations were found with the simple energy based proportional passivity 

control scheme. 

1) The output of the passivity controller was sensitive to the magnitude of the energy 

flowing in the system – this resulted in the amount of passivity damping applied being 

dependant on the amplitude, frequency and type of the excitation signal. To counter this 

effect, the controller needs to be retuned each time operating conditions are changed. 

 

2) By acting on the integral of the power error, the passivity controller not only responds to 

the present state of the hybrid test but also to the response history since the start of the 

test. As such, it tends to act continuously even when stabilizing damping action is no 

longer required.  

 

3) High levels of harmonic distortion are seen in the output when large controller gains are 

used – High controller gains resulting in volatile damper rates were seen to induce high 

levels of total harmonic distortion. The user of passivity control therefore needs to 

identify an acceptable trade off between overall stability and tracking. 
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4) Targeted improvements in tracking could not be achieved – as the scheme was based on 

damping the numerical substructure, it was unable to result in targeted tracking 

improvements although it could be tuned to achieve specified design criteria if such 

information was available. Information of the emulated system performance is often 

unavailable however in the testing phase. Nevertheless, simplified reduced order 

simulations of the emulated systems may be used to identify approximate performance 

criteria which can be used to tune the passivity controller.  

Passivity control with a normalised power variable enabled limitation 1) mentioned above to be 

alleviated and the results presented in publication 3 of chapter 5 illustrated the independence of 

the scheme on the magnitude of the excitation signal. Moreover, the normalised passivity 

controller was seen to enable more damping to be applied near the turning points of the 

response where stability is low, and less damping when good stability and tracking are seen. Thus, 

limitation 2) posed by the initial controller design was alleviated. Low pass filters were also 

incorporated in the design to enable more sophisticated forms of control over the simple 

proportional control scheme employed in the initial passivity controller design. The effects of 

tuning the filter coefficients and controller gains were assessed and tuning configurations to 

achieve good stability with acceptable nonlinear distortion have been identified.  

Nonetheless, as passivity control is based on damping out instabilities in the system, it is unable to 

improve tracking performance in hybrid tests. Results in publication 2 have shown scope for lag 

cancellation when used with linear model-based compensation strategies, however this requires 

the actuator response to be predictable and pre-determined by a mathematical model. Such 

models are not always available for compensator design particularly in systems where actuator 

behaviour is affected by the physical substructure or in systems where actuator behaviour is 

inherently nonlinear. Therefore, in publication 4, the improved passivity controller was used 

together with an adaptive lag compensator for hybrid tests in order to alleviate limitation 4). 

Results in publication 4 illustrated the effectiveness of passivity control and adaptive feedforward 

filtering in real-time hybrid tests where unstable systems were seen to be first stabilized by 

passivity control and then synchronized with respect to the emulated system with adaptive 

feedforward filtering. The damping action of the passivity controller was seen to slowly decrease 

overtime as the adaptive feedforward filter converged the substructure gap error towards zero 

thereby indicating high compatibility between schemes. The combined strategy was also tested in 

a discontinuous hybrid test with a step change in numerical substructure parameters which 

resulted in instability without passivity control. It was found that passivity control enabled 

stability in the system to be maintained in the presence of the discontinuity allowing the adaptive 

feedforward filter to adapt to the new gap error and achieve substructure synchronisation in the 

steady state. In publication 5, another use of passivity control in hybrid testing was highlighted, as 

it was employed to schedule the parameters of the adaptive feedforward filter. The passivity-

based scheme successfully prevented the instability triggered due to inappropriate controller 

gains, by adjusting the adaption gain and regularisation parameter of the adaptive feed-forward 

filter thereby suppressing the net power injection by the actuator. 

The final publication in this thesis explores a different concept of using passivity in real-time 

hybrid tests. A novel adaptive delay compensation scheme was explored where the net energy 

surplus added to the hybrid test by the actuator was used to quantify a delay variable. The 

identified delay was used to compensate for the actuator dynamics with a least square based 2nd 

order delay compensation scheme. The hybrid system response with passivity-based adaptive 

delay compensation was compared with the response of the system compensated by a state-of-
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the-art adaptive delay compensation scheme, and similar performance was found. Despite the 

comparable performance, the passivity-based scheme offers unique advantages over the state-of-

the-art scheme such as its continuous monitoring of the delay. This allows for more rapid and 

smoother adaption as opposed to the benchmark scheme which only measures and adapts the 

delay estimation at the zero crossings of the system. Thus, the new scheme offers a niche in 

hybrid tests required to operate in unidirectional tests or for systems excited by step inputs 

where zero crossings do not take place. This novel scheme also alleviates limitation 4) described 

above. 

As such, four novel passivity-based compensation strategies for real-time hybrid tests have been 

developed with successive methods overcoming the limitations and improving the functionality of 

preceding schemes. The simple energy based proportional passivity controller is a quick and easy 

solution that offers stability, whilst the normalised scheme brings a more versatile approach 

which maintains the modularity and compatibility with other transfer dynamics compensation 

schemes. The passivity based adaptive delay compensator was seen to enable actuator lag to be 

eliminated from the hybrid test. It resulted in similar performance to that of a state-of-the-art 

method while at the same time offering special benefits due to its unique means of quantifying 

the delay in the transfer system. 

The enablement of the use of passivity control in real-time hybrid testing has a multitude of 

implications to engineering systems in areas such as automotive, aerospace, mechanical and 

energy. The prime feature that makes passivity control attractive is its simplicity and ability to 

alleviate the problem of instability in any hybrid test. All measurements and signals required to 

run the passivity controller are obtainable from the sensors already in use, and the passivity 

controller itself can be run in the same hardware driving the actuator. This makes passivity control 

in hybrid testing an inexpensive and therefore attractive solution for use in industry.  

With its ease of use, unobtrusiveness and modularity, passivity control shines not only as a 

standalone solution, but also as a tool to complement other transfer dynamics compensation 

schemes as a buffer to maintain stability. For example, a hybrid test compensated with a linear 

transfer dynamics cancellation scheme would be susceptible to instability in the face of a stiff 

impact, without passivity control in the system. Further, if used with an adaptive scheme like 

adaptive feed-forward filtering, passivity control will hold the system in a stable state until the 

filtering scheme converges to resynchronise substructure displacements after the impact.  

Moreover, many industrial applications of hybrid testing such as the testing of automotive active 

suspensions, wave energy conversion devices and flight testing involve setting up a crucial 

component of the system as the physical substructure. Such components are likely to be 

prototypes which cannot be readily replaced if damaged or are expensive to manufacture. With 

product development deadlines and other limited resources to manage, it is expected that many 

industries will find passivity control an attractive solution for hybrid tests, predominantly as a 

safety feature to prevent damage to crucial components by maintaining stability. 

Moreover, with instability no longer a risk with passivity control in real-time hybrid testing, a 

whole new range of hybrid test applications are envisaged. For example, more tests incorporating 

human operators in the loop may emerge resulting in the possibility of new research in areas such 

as space exploration. The development of improved biomimetic prosthetics with greater user 

integration in the testing stage is also envisaged given the guarantee of safety provided by 

passivity control. 
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9.2 Contributions 

The major contributions made by the author through this thesis are summarized below. 

1) The development of an energy-based passivity control scheme for real-time hybrid tests. 

2) The experimental validation of the passivity control scheme in a real-time hybrid test with 

nonlinearity in the physical substructure and actuation hardware. 

3) Demonstration of the use of passivity control with a state-of-the-art model-based 

compensation strategy to illustrate the complementation of both schemes. 

4) The development of a revised (normalised) passivity controller algorithm with 

performance insensitive to excitation amplitude. 

5) Application of the normalised passivity controller with a recently developed adaptive lag 

compensation scheme to enable stability and synchronised substructure displacements to 

be achieved without prior information of actuator dynamics. 

6) The application of passivity control as a gain scheduling tool in an adaptive lag 

compensation scheme to prevent instability caused by inappropriate control parameters. 

7) The development of a novel passivity based adaptive delay compensation scheme to 

mitigate phase lag in real-time hybrid test systems. 

9.3 Future work and Closing remarks 

The growth of knowledge through research is powered by the development and flow of ideas. 

With the manifestation of every new solution from every novel idea, there will always be 

direction for further improvement. The flow of research connecting new and preceding ideas 

together, form an iterative process of advancement resulting in the creation of further enhanced 

solutions and new technology, as time progresses. Such is the case for the work presented 

through this thesis as well. With the development and implementation of a number of passivity-

based schemes for real-time hybrid tests, the following areas for improvement remain free to 

explore to further strengthen the integration of passivity control in real-time hybrid test systems 

of the future. 

Although parametric changes in the normalised passivity controller have been linked to changes 

in performance and qualitative guidelines for filter tuning are provided, there is scope for the 

development of a heuristic method of tuning passivity controllers for real-time hybrid tests. Much 

like the Ziegler-Nichols method for tuning PID controllers, a similar scheme for tuning passivity 

controllers is expected to be a very useful tool to complement the work developed herein.   

Another promising area of future work lies in the use of passivity control with hybrid tests of 

multiple degrees of freedom, where two or more actuators would be used to displace the physical 

substructure. Such tests would monitor the passivity of several actuators and thus possibilities for 

research in this regard may begin with the adaptation of the single actuator passivity control 

schemes proposed through this thesis, to such systems. The use of a single passivity controller 

acting on a weighted mean of the spurious power injections of each actuator may or may not be a 

solution superior to having several passivity controllers monitoring each actuator independently. 

Alternatively, passivity control schemes embedded into the control loop of the actuator may 

enable higher gains to be used in the control of the actuator resulting in high performance which 

would otherwise have caused an unstable control system. Such areas are yet to be explored and 
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future work in this direction is expected to be highly beneficial to the field of real-time hybrid 

testing.  

To conclude with, it is worth mentioning that the above suggested research ideas and scope for 

improvement do not dwarf the contributions made through this thesis. The identification of a 

scheme that maintains stability in real-time hybrid tests is highly beneficial and forms a major 

milestone in the chronological growth of hybrid testing. In a world where computing technology 

sees rapid growth and simulation capabilities rise at strong rates, there is a global shift towards 

the use of more hybrid and simulation-based techniques over conventional full-scale 

experimentation. With passivity control and hybrid testing, the scope for such future 

developments are immensely increased through a safe and cost-effective solution attractive to 

researchers and industry alike.  
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