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Passivity control with adaptive feed-forward
filtering for real-time hybrid tests
L.D. Hashan Peiris1, Andreas Bartl2, Jonathan du Bois3, Andrew Plummer4

Abstract
Real-time hybrid testing combines the reliability of experimental testing with the convenience
of numerical simulation. The system to be tested is split into a physical substructure and a
real-time numerical simulation which are coupled using actuators and sensors to transfer
data at the interface in real-time. In order to achieve stable and accurate hybrid testing
representative of the true system, high fidelity control is required at the substructure
interface. However, actuators have a response lag which results in tracking errors and
potential instability in hybrid tests. This paper investigates the effectiveness of a combined
compensation strategy based on passivity control and adaptive feedforward filtering to
improve stability, robustness and tracking performance in real-time hybrid testing. The
combined strategy is adaptive and requires no prior information of the actuator dynamics
unlike conventional transfer dynamics compensators in real-time hybrid testing. Moreover,
the scheme requires no extra hardware making it inexpensive and applicable to a wide
range of systems. Experimental results on a single degree of freedom nonlinear real-time
hybrid test show the potency of the scheme in synchronising substructure displacements
while improving stability. The scheme was also found to restore stability of hybrid tests
inherently unstable due to actuator delay whilst phase lags of up to 58 degrees have been
successfully mitigated in a lumped parameter mechanical oscillator system.
Keywords: Real-time hybrid test; Passivity control; Adaptive feed-forward filters; Mechanical
systems; Vibration and dynamics; Model-in-the-loop testing

1 Introduction
Real-time hybrid testing involves the separation of a system into a numerically simulated
subsystem and a physical subcomponent set up experimentally in a test rig. The physical
and numerical substructures are coupled and run together in real-time to emulate the
behaviour of the true system. The substructure coupling interface known as the transfer
system, usually consists of actuators to apply the command displacements of the numerical
substructure to the physical substructure and load cells to feedback force measurements of
the physical substructure back to the numerical substructure. Hybrid testing provides many
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of the benefits of both experimentation and simulation making it an attractive solution for a
wide range of systems. Hybrid testing enables significant cost savings as it alleviates the
need to setup the complete system on a test rig [1]. This also leads to a simpler system to
test with the reduction of hardware requirements [2]. Moreover, systems with complex
components whose behaviour may be unknown or difficult to characterize mathematically
will benefit from hybrid testing where the unknown component can be set up as a physical
substructure [2]. Destructive events too can be tested safely without incurring damage to
components whilst allowing the user a high degree of repeatability [1]. Alternative
configurations can be implemented with ease in the numerical substructure compared to
changing experimental components, and conditions which cannot be easily replicated in a
lab environment can be emulated numerically [2].
Owing to its convenience and versatility, hybrid testing is rapidly becoming more popular in a
number of fields. Some recent applications include power electronic conversion devices [3],
electric vehicle powertrain testing [4], structural integrity testing of building structures [5] and
air-to-air refueling in the aerospace sector [6]. The aerospace sector has benefited from
hybrid testing of satellite docking in zero gravity, testing of flight components before
spacecraft manufacture and testing aerospace equipment without the expense or danger of
flight tests [7]. Moreover, National Instruments have documented reductions in field testing
time for an aircraft arrestor system from 20 to 5 days [8]. Development of electronic
controllers have been notably aided with real-time hybrid testing with estimated
improvements in lead time of 15-50% [9].
However, an underlying limitation of real-time hybrid testing stems from the dynamics of the
actuators which apply the displacement demands of the numerical substructure on to the
physical substructure. The lag or delay in the actuator response results in tracking errors or
instability of the hybrid test and often a transfer dynamics mitigation scheme is applied to
address this issue. Conventional transfer dynamics cancellation schemes are based on the
identification of a linear model of the actuator dynamics which is then inverted and used as a
feedforward controller. For example, Wallace et al. [10] model actuator dynamics as a linear
1st order transfer function which is inverted to cancel the transfer system lag in a hybrid test
of a coupled rotor blade-lag damper system. du Bois et al. [11] on the other hand utilize 1st
and 2nd order transfer functions and process models (transfer functions with an additional
delay estimate) to compensate for actuator dynamics. The authors of [11] illustrate that
higher order process models result in superior transfer dynamics mitigation than lower order
models or pure transfer function models.
Another popular method of cancelling actuator dynamics is to use a delay compensator. The
phase lag of the actuator is modelled as a delay which is then corrected by a forward
predictive delay compensator which augments the input to the actuator based on the
expected response ahead of the delay. A number of delay compensation schemes have
been developed over the years. An early application of delay compensation in real-time
hybrid testing can be seen in Horiuchi et al. [12] where an nth order polynomial function is
used to predict the response ahead of the actuator delay. The scheme is simple and can be
implemented easily as a discrete time transfer function. A limitation of the method however is
that the step sizes of the forward prediction are restricted to integer multiples of the timestep.
A more accurate forward prediction scheme is proposed in Darby et al. [13] which utilizes
more sophisticated interpolation. A delay compensation scheme proposed by Ahmadizadeh
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et al. [14] identifies the actuator delay using the command and actual displacements
obtained. Tang et al. [15] compare the performance of some conventional delay
compensation schemes in terms of accuracy and stability in real-time hybrid tests. All delay
compensation schemes however are based on the response of the actuator ahead of the
delay being predictable. Therefore for systems with large delays or nonlinear/discontinuous
responses, such schemes will result in a poor estimation of the response ahead of the delay.
Wallace et al. [16] propose an adaptive delay compensation strategy which minimizes the
delay error in the system by adapting the extent of the forward stepping interpolation based
on the position errors between the numerical and physical substructures. The delay
identified is adapted until synchronisation between numerical and physical substructure
displacements are achieved. However, the substructure position error is measured only
when the system crosses zero and hence the number of iterations to converge to
substructure synchronisation will manifest as an integer number of cycles of the response
crossing zero. Depending on the frequency of the system this may result in large settling
times. Moreover, the scheme requires cyclic demands to the system where multiple zero
crossings are achieved, and activation of the scheme is not possible for step or ramp inputs.
Passivity Control is based on regulating the energy of a system to maintain its stability. It is
widely applied in the teleoperation industry to guarantee good communication between
master and slave manipulators. Examples of passivity control in teleoperation are seen in
the work of Bianchini et al. [17] and Dong et al. [18]. Its application in real-time hybrid testing
as a means of addressing transfer dynamics is novel and has been proven to be fruitful by
Peiris et al. [19], [20], [21]. The scheme applied in hybrid testing regulates the flow of energy
or power to the physical substructure and maintains stability in the system by dissipating the
spurious energy added to the hybrid test through the actuation hardware. A variable rate
virtual damper acting on the power difference between the numerical and physical
substructures is used for energy dissipation. Simulation results from [19] illustrate the
effectiveness of the scheme in stabilizing unstable hybrid tests with phase margins of up to 20.73 degrees and experimental results from [20] have validated its effectiveness in the
presence of nonlinearity in the actuator. However, the scheme by itself is unable to achieve
targeted improvements in tracking although it has been shown to complement the
performance of state-of-the-art linear model based compensation schemes in [20], enabling
stability and tracking improvements to be achieved simultaneously.
Most conventional transfer dynamics mitigation schemes are based on linear models.
However, actuator behaviour is not always representable using a linear model, particularly in
tests where the actuator behaviour is affected by a nonlinear physical substructure or in
systems where actuator behaviour is inherently nonlinear due to effects like stiction. In such
cases, a new scheme is required to deal with the actuator dynamics. This paper proposes
the use of a normalized passivity control scheme to improve stability with adaptive feedforward filtering (AFF) to improve tracking between the numerical and physical
substructures.
The test rig employed in the experiments of this paper is a nonlinear mechanical oscillator to
demonstrate the fidelity of the combined scheme in the presence of stiffening nonlinearity
and discontinuity. Similar rigs can be employed to test automotive suspensions in vehicle
drive cycles, by replacing the physical substructure springs with a suspension unit. A key
3

advantage of using the combined control scheme in such systems is seen in an impact
scenario. Suppose the suspension is subject to a large bump in the drive cycle, this may
cause the damper in the physical substructure to hit its end stop. The resulting high transient
stiffness would normally cause a hybrid test to crash. However, with passivity control active
in the system, the stability of the test can be maintained during the impact and adaptive
feed-forward filtering would allow substructure synchronisation to be achieved once more,
allowing the test to be reliably run to completion.

2 Theory and Method
2.1 Hybrid Test system
The experimental system used in this paper to illustrate the control method is a one degree
of freedom nonlinear mass-spring damper system as shown in figure 1.

𝑛
𝑛
𝑛

Figure 1: Schematic representation of the emulated system [21]
The numerical/virtual substructure consists of a mass 𝑚𝑛 of 1kg attached to a spring of
stiffness 𝑘𝑛 = 1kN/m and a viscous damper of rate 𝑐𝑛 = 10Ns/m. The transfer function
relating the numerical substructure excitation force 𝐹 to the numerical substructure position
𝑦𝑛 is given by
𝑦𝑛
1
=
(1)
𝐹
𝑚𝑛 𝑠 2 + 𝑐𝑛 𝑠 + 𝑘𝑛
The experimental/physical substructure consists of a stiffening spring with a displacement
dependent cubic stiffness. The force displacement profile of the cubic stiffening spring is
plotted in figure 2a. A polynomial function is used to model the force-displacement
characteristic. The parameters are identified using a least squares fitting procedure. The
derivative of this polynomial function representing the tangent stiffness of the physical
substructure is shown in figure 2b. There is nontrivial noise on the force measurements due
to the high level of electromagnetic interference from the actuator. A 400Hz low pass filter is
applied to the force measurements used by the controller.
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If the displacement of the physical substructure and actuator is given by 𝑦𝑝 , the
mathematical function describing the tangent stiffness 𝐾 (N/mm) of the physical substructure
can be expressed as
(2)
𝐾 = 0.0042𝑦𝑝 2 + 2.13

Figure 2: a) Physical substructure force profile, b) physical substructure tangent stiffness [20]
The actuator used is a Copley ST2508S electromagnetic linear actuator running in position
control mode, with nested velocity and current control loops as shown in figure 3. The
current and velocity loops utilize proportional-integral control schemes whilst the position
control loop runs a proportional feedback controller with velocity feedforward. A simple
deterministic Coulomb friction compensation scheme as detailed in [22] is applied to the
actuator to reduce nonlinearity caused by the non-trivial friction acting on the armature rod.
The control algorithm presented in figure 3 is an inner loop scheme implemented solely to
allow the actuator to operate in position control mode and is thus independent to the hybrid
test. The actuator connected to the physical substructure is shown in figure 4 which
illustrates the test rig used. The specifications of the actuator are given in table 1.
Position
Demand

Position
control

Velocity
control

Friction
compensatio
n

Current
control

Current feedback

Velocity feedback

Position feedback

Figure 3: Actuator control system structure [20]
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Actuator

Position
Output

a)

b)

Figure 4: a) Actuator connected to physical substructure through load cell, b) view zoomed
into physical substructure [20]

Table 1: Actuator performance limits [20]
Peak force
Continuous stall force
Armature mass
Maximum speed

625 N
75.1 N
2 kg
4.7 m/s

2.2 Passivity Control
The passivity controller utilized in this work was first presented in [21]. The scheme utilizes
filtered measurements of the numerical and physical substructure powers which are then
used to tune a variable rate virtual damper acting on the numerical substructure. Hybrid test
instability is caused by the injection of spurious energy from the actuator into the system.
This is detected by a surge in the power error between the numerical and physical
substructure. Hence the passivity controller monitors the power error between substructures
and the variable rate virtual damper is activated to dissipate the spurious power in the
system so as to maintain stability of the overall hybrid test. A passive system is defined as
one which outputs less energy than is supplied to it [23]. By maintaining the passivity of the
transfer system, the passivity and thus stability of the overall hybrid test can be guaranteed
as there are no other ports where energy enters the system besides the actuator.

6

The power of each substructure is identified using the product of its measured force and
velocity. As such, the numerical substructure power 𝑝𝑛 is given by the product of the
numerical substructure force 𝑓𝑛 and the numerical substructure velocity 𝑦̇𝑛
𝑝𝑛 = 𝑓𝑛 𝑦̇𝑛

(3)

Similarly, the physical substructure power 𝑝𝑝 is given by the product of the physical
substructure force 𝑓𝑝 and the physical substructure velocity 𝑦̇𝑝 as expressed below. The
physical substructure force 𝑓𝑝 is measured using a load cell whilst the velocity is obtained
using the displacement measurements of the actuator.
𝑝𝑝 = 𝑓𝑝 𝑦̇𝑝

(4)

The numerical substructure force consists of the force fed back from the physical
substructure and the force applied by the passivity controller. If the passivity damping force
is given by 𝑓𝑑 , the numerical substructure force can be related to the physical substructure
force as follows.
𝑓𝑛 = 𝑓𝑝 + 𝑓𝑑

(5)

The actuator lag causes a discrepancy between the numerical and physical substructure
displacements 𝑦𝑛 and 𝑦𝑝 . This in turn results in a power difference between substructures.
The power error between substructures 𝑝𝑥 is a measure of the spurious power injected into
the hybrid test from the actuator, which results in poor stability. It can be expressed as
𝑝𝑥 = 𝑝𝑝 − 𝑝𝑛

(6)

The total substructure power, i.e the sum of the numerical and physical substructure powers
can be expressed as
𝑝𝑠 = 𝑝𝑝 + 𝑝𝑛

(7)

The passivity damper rate acting on the numerical substructure is a function of the power
error 𝑝𝑥 and the magnitude of the total power 𝑝𝑠 in the hybrid system and is given by
𝐶𝐷 = 𝐺𝑃

𝑇1 (𝑠)𝑝𝑥
𝑇2 (𝑠)|𝑝𝑠 |

(8)

where 𝑇1 (𝑠) and 𝑇2 (𝑠) are 1st order lag low pass filters with unity steady state gain whose cut
off frequencies determine the rate of responsiveness of the passivity controller. 𝐺𝑃 is the
passivity controller gain. As described in [21], fast filters result in a rapidly changing damper
rate which allows higher sensitivity to changes in power at the expense of more nonlinear
distortion in the output. Slower filters result in less variation in the damper rates reducing the
responsiveness to changes in the power flow of the system. When the power error in the
system is negative, i.e. when the actuator is naturally passive, the passivity controller action
is switched off and the output virtual damper rate is zero.
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The passivity damping force on the numerical substructure is the product of the passivity
damper rate 𝐶𝐷 and the numerical substructure velocity 𝑦̇𝑛 expressed as follows
𝑓𝑑 = 𝐶𝐷 𝑦̇𝑛

(9)

By substituting the expressions of the physical substructure tangent stiffness and the
passivity controller force from equations (2) and (9) the numerical substructure force
described in equation (5) can be expanded as follows
𝑓𝑛 = 𝑓𝑝 + 𝑓𝑑
𝑓𝑛 = 𝐾𝑦𝑝 + 𝐶𝐷 𝑦̇𝑛

𝑓𝑛 = {

𝑇1 (𝑠)𝑝𝑥
𝑦̇ ,
𝑖𝑓 𝑝𝑥 > 0
𝑇2 (𝑠)𝑝𝑠 𝑛
+ 2.13𝑦𝑝 ,
𝑖𝑓 𝑝𝑥 ≤ 0

0.0042𝑦𝑝 3 + 2.13𝑦𝑝 + 𝐺𝑃
0.0042𝑦𝑝

3

(10)

The passivity damping force is a control signal in the hybrid test to ensure stability. It acts on
the numerical substructure and is shown in figure 5 which illustrates the block diagram of the
hybrid test. The second and last control signal acting on the hybrid test is the actuator input
signal created by the adaptive feed-forward filter as described in section 2.3.

2.3 Adaptive feedforward filtering
Coupling between the numerical and physical substructures requires that the interface forces
are in equilibrium and the interface displacements match. The force equilibrium condition is
inherently met due to the force feedback (see figure 5), if the stabilizing passivity controller is
not active. The compatibility of the interface displacements, in turn, is not reached perfectly
due to the actuator dynamics. To improve the compatibility between numerical and physical
substructure displacements, an additional actuator input is applied, i.e. we superpose a
harmonic excitation signal onto the position signal from the numerical substructure and this
superposed signal is fed to the actuator as signal u in figure 5. This harmonic excitation
signal is generated using the adaptive feed-forward filter. A control scheme for real-time
hybrid testing based on adaptive feed forward filters is introduced in Bartl et al. [24]. The
block diagram with the control structure including the use of an adaptive feedforward filter
(abbreviated as AFF) is shown in figure 5. The signal shown u, corresponds to the position
demand signal depicted in figure 3 and the block diagram presented in figure 3 lies entirely
within the block labelled “Actuator” in figure 5. As such, the signal labelled y in figure 5
corresponds to the position output signal depicted in figure 3.
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substructure
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Figure 5: Hybrid test block diagram with passivity control and adaptive feedforward filtering
The following equations (11)-(20) and derivations of the substructure synchronisation
scheme have been adapted from [24], which introduces the adaptive feed-forward filtering
method implemented in the work presented herein. The state-space formulation of the test
dynamics reads
𝒙̇ = 𝑨𝒙 + 𝑩𝑢 𝒖 + 𝑩𝑒𝑥𝑡 𝒇𝑒𝑥𝑡

(11)

𝒈 = 𝑪𝒙

(12)

where 𝑨 is the state-space matrix representing the dynamics of the real-time hybrid test, 𝒙 is
the associated state vector, 𝒖 is an input vector which augments a signal to the actuator
demand, 𝑩𝑢 is the associated input matrix, 𝒇𝑒𝑥𝑡 is vector of external forces acting on the
subcomponents of the test, 𝑩𝑒𝑥𝑡 is the associated input matrix, 𝒈 is the residual interface
gap and 𝑪 is the output matrix. Since the hybrid test employed in this paper is a single
degree of freedom system, the dimensions of matrices 𝑨, 𝑩𝑢 and 𝑩𝑒𝑥𝑡 are 2x2, 2x2 and 2x1,
whilst the dimensions of 𝑪, 𝒈, 𝒙, 𝒇𝑒𝑥𝑡 and 𝒖 are 1x2, 1x1,2x1, 1x1 and 1x1 respectively.
If an external excitation is given by 𝑚 harmonics and steady state is assumed, the additional
actuator input signal 𝒖 which yields perfect synchronization is a sum of harmonics and is
generated as follows
(13)
𝒖(𝑡) = 𝑾(𝑡)𝜽
The input signal 𝒖 has 𝑛 entries. 𝑾(𝑡) is a matrix containing the sinusoidal functions
𝑾(𝑡) = [𝑰 cos(𝜔1 𝑡) 𝑰sin(𝜔1 𝑡) 𝑰 cos(𝜔2 𝑡) 𝑰sin(𝜔2 𝑡) … 𝑰 cos(𝜔𝑛 𝑡) 𝑰sin(𝜔𝑛 𝑡) ]

(14)

with 𝑾(𝑡) 𝜖 ℝ𝑛×2𝑚𝑛
𝑾(𝑡) has dimensions 𝑛 × 2𝑚𝑛 where 𝑛 is the number of degrees of freedom (1 for our
system) and 𝑚 is the number of harmonics used in the adaptive feed-forward filter (1 for our
system). 𝜔𝑖 are the frequencies of excitation, 𝜽 𝜖 ℝ2𝑛𝑚×𝑛 is a vector of parameters which
9

describes phase and amplitude of the input signal and I 𝜖 ℝ𝑛×𝑛 is the identity matrix. The
interface gap 𝒈 can be transformed to the frequency domain and can be expressed as a
function of the input signals
𝑮(𝜔) = 𝑯𝑢 (𝜔)𝑼(𝜔) + 𝑯𝑒𝑥𝑡 (𝜔)𝑭𝑒𝑥𝑡 (𝜔)

(15)

𝑯𝑢 (𝜔) is the transfer function matrix between actuator input 𝑼(𝜔) and interface gap 𝑮(𝜔).
𝑯𝑒𝑥𝑡 (𝜔) is the transfer function matrix between external forces 𝑭𝑒𝑥𝑡 (𝜔) and interface gap
𝑮(𝜔). Based on the transfer function of equation (15), the interface gap can be equivalently
expressed in time domain as a sum of harmonics:
𝒈(𝑡) = 𝑾(𝑡)𝑷𝜽 + 𝒈𝑒𝑥𝑡 (𝑡)

with 𝑷 =

Re(𝑯𝑢 (𝜔1 )) −Im(𝑯𝑢 (𝜔1 ))
Im(𝑯𝑢 (𝜔1 ))
Re(𝑯𝑢 (𝜔1 ))
[

(16)

(17)
⋱

Re(𝑯𝑢 (𝜔𝑛 )) −Im(𝑯𝑢 (𝜔𝑛 ))
Im(𝑯𝑢 (𝜔𝑛 ))
Re(𝑯𝑢 (𝜔𝑛 ))]

The matrix 𝑷 applies a phase shift and gain to the parameter vector 𝜽. The Re(𝑯𝑢 (𝜔∗ ) ) and
Im(𝑯𝑢 (𝜔∗ )) denote the real and the imaginary part of the transfer matrix 𝑯𝑢 (𝜔∗ ). 𝒈𝑒𝑥𝑡 (𝑡) is
the contribution from the external forces. Proof of equations (16) and (17) is shown in [24].
The residual interface gap is closed by applying a suitable input signal 𝒖 to the test setup.
The input signal 𝒖 is defined by the phase and amplitude vector 𝜽 and 𝜽 is identified using a
gradient-descent adaptation law. The identification of 𝜽 is based on minimizing the least
mean square of the gap error. The simple update law uses only the last sample in the
iteration and thus each new sample is calculated using the preceding sample. A more
sophisticated cost function for adaptive feed-forward filters, which utilizes a recursive least
square update law is presented in [25] where a forgetting factor is used to prioritize new data
over older data. Over time, the adaptive feed-forward filtering algorithm closes the gap error
such that numerical and physical substructure positions are synchronized. The rate of
convergence is determined by the adaption gain 𝜇 introduced in the following derivations. A
low adaption gain results in a smoother, more gradual change in the actuator input at the
expense of slower convergence whilst a higher adaption gain will allow convergence over
fewer iterations although more rapid changes in the actuator input will be required.
The objective of the adaption law is to minimize the squared interface gap. The cost function
reads
1
(18)
𝐽 = 𝒈(𝑡)𝒈𝑇 (𝑡)
2
The gradient of the cost function is ∇𝐽 = 𝑷𝑇 𝑾𝑇 (𝑡)𝒈(𝑡). Hence the gradient-descent adaption
law is given by the following expression, where the positive adaption gain 𝜇 controls the
performance of the adaption.
̃ 𝑻 𝑾𝑇 (𝑡)𝒈(𝑡)
(19)
𝜽̇ = −𝜇∇𝐽 = − 𝜇𝑷
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̃ . The entries of 𝑷
̃ are identified by
where the unknown matrix 𝑷 is replaced by an estimate 𝑷
the adaptive feed-forward filter itself prior to the transmission of the excitation signal to the
hybrid test. This identification procedure described in [25] is briefly outlined below.
The system identification error is given by the following expression.
̃ 𝜽 + 𝒈𝑒𝑥𝑡 (𝑡) − 𝑔(𝑡)
𝒆(𝑡) = 𝑾(𝑡)𝑷

(20)

̃ is an accurate representation of 𝑷, the value of 𝒆(𝑡) = 𝟎. As such, a
If the identification of 𝑷
cost function is defined to minimize the system identification error. As 𝒈𝑒𝑥𝑡 (𝑡) may not be
known, it is removed in the identification phase by setting 𝒇𝑒𝑥𝑡 = 𝟎. The cost function and the
iterative update law for the identification of 𝑷 are depicted in equations (21) and (22) where
𝜇𝑖𝑑𝑒𝑛𝑡 is the adaption gain for the identification phase.
1
𝐽𝑒 = 𝒆(𝑡)𝒆𝑇 (𝑡)
2

(21)

̃ 𝑵𝑬𝑾 = 𝑷
̃ + 𝜇𝑖𝑑𝑒𝑛𝑡 𝜽(𝒕)𝑻 𝑾𝑇 (𝑡)𝒈(𝑡)
𝑷

(22)

In order to identify 𝑷, an input signal which excites the dynamics of the actuator sufficiently
must be used. To create this input signal, 𝜽(𝒕) is made up of random values that change
periodically over regular time intervals. A relatively rough identification of 𝑷 is sufficient for
stable operation of the adaptive feedforward filter.
The position measurements during hybrid tests, as well as the position measurements used
for the 𝑷 matrix identification are obtained using the built-in quadrature encoder of the
selected ST2508S electromagnetic actuator. The measurements from this encoder are
calibrated to measure the actuator position in metres, from 0 identified as the starting
position. The measurement of the actuator position is correct to 12.5 microns.

3 Results and Discussion
The hybrid system as described in section 2.1 was set up for testing. Initially, no
compensation scheme was applied to the system. The mass spring damper system to be
replicated using the hybrid test was created in simulation so that the hybrid test response
could be compared against that of the emulated system. The hybrid test was given a
sinusoidal force input of amplitude 10N and frequency 10Hz.
Figure 6a illustrates that the response without any form of compensation is unstable, as
oscillation grows until the position saturation limits placed due to spatial constraints on the
test rig are breached. Although the emulated system is inherently stable being a mass
suspended between two springs, the delay in the actuator in eroding stability margins which
are worsened by the stiffening of the physical substructure at high displacements. Figure 6b
indicates the hybrid test response without passivity control but with adaptive feed-forward
filtering. The response is still seen to be unstable as oscillations grow in magnitude.
Although adaptive feed-forward filtering works to close the substructure displacement gap in
hybrid tests and achieve behaviour representative of the emulated system, it is evidently
11

unable to correct systems made unstable due to actuator lag. Hence, there is a clear need
for passivity control to restore the stability of the system.
Normalized passivity control was then applied to the hybrid test without adaptive feedforward filtering and the same experiment was run with the same initial conditions and input
excitation to the numerical substructure. The response of the system is shown in figure 6c. It
is evident that with the application of passivity control, the system is now stabilized and
oscillations are of constant magnitude. There is however a tracking error in the response as
the position output of the physical substructure does not match that of the emulated system.
Adaptive feedforward filtering was then applied to the hybrid test with passivity control and
the response of this hybrid test is shown in figure 6d. It is now seen that the position
responses of the numerical and physical substructures are not only synchronized, but also
accurately match that of the emulated system.
This experiment indicates the individual strengths of passivity control and adaptive
feedforward filtering and their compatibility to be used together in hybrid testing to obtain the
unique benefits of both schemes. By regulating the power flow in to the hybrid test, passivity
control is able to achieve closed loop system stability although as envisaged in section 1, it
is unable to lead to targeted improvements in tracking. Adaptive feedforward filtering on the
other hand is a method applied to stable hybrid tests in order to achieve synchronisation of
numerical substructure and physical substructure displacements. The combined scheme has
been shown not only to restore stability of an unstable hybrid test, but to also lead to good
tracking performance.
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a)

b)

c)

d)

Figure 6: Hybrid test response at 10Hz with, a) no compensation, b) adaptive feedforward
filtering only, c) passivity control only, d) passivity control and adaptive feedforward filtering
To further analyse the functionality of the compensation schemes, it is useful to observe the
spurious power injection of the actuator to the hybrid test and the rate of passivity damping
applied. This is measured and plotted in figure 7. The spurious power is obtained by
evaluating the difference between the power of the physical substructure and the power of
the numerical substructure. The power of each substructure is obtained by evaluating the
product of the force and velocity of each substructure as described in section 2.1.
Figure 7a illustrates the spurious power injection of the hybrid test with passivity control and
the test with both passivity control and adaptive feedforward filtering. Without adaptive
feedforward filtering, the spurious power measurements are seen to fluctuate between -4W
to 4W. The magnitude of the net power injection is non zero due to the synchronisation error
between substructures caused by the delay of the actuator which cannot be eliminated using
passivity control alone. However, the spurious power injection is seen to decay to a much
smaller value with both passivity control and adaptive feedforward filtering applied. This is
due to the improvements in tracking between the numerical and physical substructures,
which leads to a smaller power error in the system.
The passivity damper rate required by the system is plotted in figure 7b. It is evident that
without adaptive feedforward filtering, a passivity damper rate between 3-16Ns/m is required
to maintain stability of the hybrid test. However, with adaptive feedforward filtering also
applied, the required passivity damper rate decays to values between 0-3Ns/m. This
indicates the non-intrusiveness of passivity control with adaptive feedforward filtering.
Initially, the tracking error is relatively large which results in a sizable damper rate required to
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maintain closed loop stability. However, as adaptive feedforward filtering works to improve
substructure synchronisation over time, the decaying spurious power allows the passivity
controller to do less work overtime. This non-intrusiveness of normalized passivity control
means that it will only act in the system when required. This is an advantage over
conventional passivity control from [20] which outputs a damping rate depending on the
history of the response since the start of the hybrid test [21].

a)

b)

Figure 7: Hybrid test response at 10Hz with passivity control a) Actuator spurious power
injection, b) Passivity damper rate
The responses of the hybrid test to excitations with frequencies of 20Hz and 30Hz are
illustrated in figures 8 and 9. Passivity control is applied in all tests allowing stable responses
to be achieved. However, without AFF, notable phase lags of 510 at 20Hz and 580 at 30Hz
are seen in figures 8a and 8c. The application of AFF has enabled these phase lags to be
eliminated as seen in figures 8b and 8d and also in figures 9a and 9b, which plot
substructure positions against each other. However, period bifurcation is seen in figures 8a8d with and without adaptive feedforward filtering as resonances of the hybrid test are
excited at 9.98Hz. This is due to nonlinear friction in the actuator shaft which excites the
natural frequency of the system, a phenomenon also found in [20].
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a)

c)

b)

d)

Figure 8: Position response of hybrid test with passivity control a) 20Hz, without AFF, b)
30Hz without AFF, c) 20Hz with AFF, d) 30Hz with AFF

b)

a)

Figure 9: Hybrid test subspace plots with compensation applied a) 20Hz, b) 30Hz
So far, sinusoids have been used to excite the hybrid test in the aforementioned
experiments. The following tests will assess the performance of the combined compensation
strategy in the presence of discontinuous inputs. A sine wave between 0N and 10N and
frequency 10Hz is superposed onto a square wave of amplitude 10N and frequency 0.05Hz.
This signal is used to excite the numerical substructure of the hybrid test with passivity
control. The square wave gives a change of operating point with respect to the nonlinear
spring. The response of the system without AFF is shown in figure 10 whilst the response
with AFF is shown in figure 11. As seen earlier with the sinusoidal excitation, figures 10b and
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10c indicate tracking errors of the hybrid test positions with respect to the emulated system
in both halves of the square wave period. The application of AFF has enabled
synchronisation between substructure displacements around both operating points enabling
the response of the emulated system to be replicated.

a)

c)

b)

Figure 10: Passivity controlled hybrid test response (without AFF) to stepped sine excitation
a) response envelope, b) response zoomed into low step, c) response zoomed into high step

a)

b)

c)

Figure 11: Passivity controlled hybrid test response (with AFF) to stepped sine excitation a)
response envelope, b) response zoomed into low step, c) response zoomed into high step
The above experiments all involved a hybrid test with nonlinearity in the physical
substructure but with a linear numerical substructure with constant parameters. In the
following test, a change in the system parameters in the numerical substructure during the
test is applied as well. Thus far, the stiffness of the numerical substructure has been chosen
as a constant value of 1kN/m. This results in a hybrid test which is unstable without any form
of compensation as shown previously in figure 6a. Now the numerical substructure is given a
time dependent discontinuity in its stiffness. The stiffness of the numerical substructure is
specified as 100N/m for a time period of 25s after which the stiffness experiences a step
change to a final value of 1kN/m as before. The other parameters of the numerical
substructure and hybrid test are unchanged. The hybrid test is excited by a sinusoidal input
to the numerical substructure of amplitude 10N and frequency 10Hz. Figure 12 illustrates the
hybrid test response with this discontinuous numerical substructure.
Figure 12a indicates that the hybrid test without any form of transfer dynamics compensation
results in a stable response before 25s as oscillations are of constant magnitude, and an
unstable response beyond 25s as oscillations begin to grow in magnitude until saturation
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limits the vibration amplitude of the system. The system is inherently stable in its low
stiffness configuration but upon the step change in stiffness the system becomes unstable.
Notable tracking errors in position are seen in the stable response before 25s due to the lag
of the actuator.
Figure 12b indicates the response of the hybrid test with passivity control applied. It is seen
now that the response after the step change in stiffness is stable resulting in the overall
hybrid test exhibiting stable behaviour before, during and after the discontinuity in the
numerical substructure. However, the tracking errors in position are still evident as expected.
Figure 12c illustrates the response of the system with both passivity control and adaptive
feed-forward filtering applied. The response of the hybrid test is now not only stable but also
achieves the displacement trajectory of the emulated system, as the tracking error between
the numerical and physical substructures is small. Some transient tracking error between
25s and 26s is seen since the adaptive controller takes a finite time to adapt to the new
boundary conditions of the hybrid test. However, steady state performance is seen to match
that of the emulated system before and after the discontinuity is applied. As such it is found
that the combination of passivity control and adaptive feed-forward filtering is suitable for
transfer dynamics mitigation in highly discontinuous hybrid tests which are stable and also
naturally unstable due to actuator lag.
a)

b)

c)

Figure 12: Hybrid test response with step change in numerical stiffness at 25s a) No
compensation, b) passivity control applied, c) passivity control applied with adaptive feedforward filtering
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4 Conclusion
The performance of a combined control scheme based on normalized passivity control and
adaptive feedforward filtering has been assessed in real-time hybrid testing. Passivity control
was seen to maintain and restore stability in a single degree of freedom nonlinear real-time
hybrid test by dissipating the spurious power injected to the system by the actuation
hardware. The inability of passivity control to achieve good tracking is addressed through the
application of adaptive feedforward filtering which synchronises numerical and physical
substructure displacements in stable hybrid tests. The two schemes were seen to
complement each other with passivity control demanding smaller virtual damper rates as the
tracking error decreases overtime through the action of the adaptive feedforward filter. The
scheme was found to be effective in hybrid tests with linear numerical substructures as well
as those with discontinuities (a step change in stiffness), giving promise for a wide range of
nonlinear systems to benefit from hybrid testing with the combined scheme used to mitigate
actuator dynamics.
Future work will see the use of the combined compensation scheme in a multi degree of
freedom hybrid test. Moreover, most work to date utilizes real-time hybrid testing with linear
numerical substructures, whilst complex hybrid test systems are often tested on an extended
time scale (pseudo-dynamic testing). The experiments presented in this paper illustrate the
effectiveness of the combined control scheme in hybrid tests with numerical substructure
discontinuity, which may encourage further applications of hybrid testing with nonlinear
numerical substructures in the future.
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