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ABSTRACT

The research presented in the current paper focuses on the analysis of the model uncertainty in
the static part of hydraulic damper models. Recently established experimental and
identification methodology provides non-parametric estimates of the overall static
characteristics of velocity-sensitive hydraulic dampers. Previously identified non-parametric
static characteristics of a helicopter hydraulic damper are investigated in this paper. A model
uncertainty is presented in the form of two alternative pressure-flow models that are
considered herein. The main goal of this paper is to assess the feasibility of a non-parametric
static representation of the damper in its ability to indicate the actual fluid flow topology and
the flow regimes established by the experimental conditions.

1. INTRODUCTION

There exists a broad class of hydraulic devices employing force generation mechanisms
resulting from restricted flow conditions. These devices are frequently used in technological
areas such as car suspensions, building seismic protection and helicopter rotor stability.
Precise mathematical physically-based models of these devices are obvious and often the key
components in a range of analyses performed during the component life cycle. However, a
wide spectrum of physical conditions in the dampers requires increased attention during
modelling.

A recently developed experimental technique, presented in [1], is used here to provide a
basis for mathematical model structure investigations of a hydraulic damper. The main
feature of this technique is the use of a triangular waveform piston excitation that imposes a
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quasi-steady flow condition in the investigated system. An identical form of piston excitation
was applied for the damper investigation in [2]. The application of these conditions in the
damper provides a precise and focused tool for non-parametric identification of the overall
static characteristics of symmetric, velocity sensitive hydraulic dampers. The damper model
derived in [3] can be used to model this type of hydraulic damping device. As presented in
paper [ 1] the technique allows the identification of the static part of the model.

However, any further progress in parameter-based modelling requires assumptions about
the topology of the paths that are responsible for the observed pressure losses. While different
damper designs are characterised by different internal organisation of the flow passages, there
also exists a degree of uncertainty with regards to how other, nominally closed links
contribute to the system behaviour and its characteristics. This uncertainty is often associated
with the sources of cross-chamber leakage and the relative contributions of laminar and
turbulent flow to the pressure losses. The effect of uncertain flow conditions can be observed
on the hydraulic component level [4], while topological uncertainty can be related to non-ideal
seals and fittings located between the two working chambers of the damper. To address this
problem on the overall damper level two alternative assumptions are often made. In the first
case a combination of laminar and turbulent pressure losses are associated with the primary
flow path, modelled as a serial arrangement of laminar and turbulent pressure loss restrictors
as documented for example in [6] and [7]. Alternatively, the primary flow path is assumed to
consist purely of turbulent losses, while laminar losses are associated with parallel flow
branches, often present due to leakage flows between chambers as documented for example in
[8] and [9]. Further, parallel arrangements of the laminar and turbulent loss features are often
used in models of linear hydraulic actuators, e.g. [10].

The goal of this paper is to analyse the feasibility of objective identification of the “correct”
flow mechanism based on the overall static characteristics of the damper. This study is based
on data acquired from tests on a symmetric hydraulic damper with through rod, used in the
aerospace sector for stability augmentation purposes. The first part of the paper introduces the
theoretical concepts and experimental methodology employed in the non-parametric damper
identification. The second part of the paper presents an actual case study and an analysis of
the results.

2. BUILDING BLOCKS OF THE EVALUATION METHODOLOGY

2.1 Damper mathematical model and its static characteristics

The type of device considered in this paper is a symmetric hydraulic damper with through rod.
An example of this damper is presented in Figure 1. The solid arrow denotes the nominal
flow path, while dashed arrows represent flow paths potentially present due to cross-flow and
leakage. This can happen between moving surfaces, due to non-ideal or worn seals located
between working chambers of the damper and due to non-ideal behaviour of valves.
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Figure 1 Baseline damper arrangement.
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The model suitable for the analysis of these devices is derived in [1] and it can be written
in the following form

ﬂeffv(yp)Ap +0v(Ap) =4, yp,

V(yp) =V V[V, +V1),), Vl(yp) =V —ApYp, Vz(yp): Voa +Apyp

(1

where the term Q,=4, y, represents the flow rate induced by the movement of the piston

with a cross-sectional area 4, and a velocity y,, O, :Z O, 1is the total flow rate between

(k)
the damper chambers represented as a sum of contributions O, from individual flow paths,

the term Q,=pV(y,)Ap represents the induced flow rate due to effective fluid
compressibility and V,,V,, are the i-th variable and initial volumes of the chambers,

respectively.
The total flow rate between the damper chambers, O, , determines to a significant extent

the behaviour of the damper and can be seen as an overall static characteristic of the device, or
alternatively it can be seen as part of the model of the damper for an idealized situation with
an incompressible working fluid. Assuming an incompressible configuration with f=0 in

model (1) and the existence of an inverse function Q;/'(c), the following can be taken as the

overall static characteristics of the damper

Ap=0,(0,) = P(Qy),

F,~ 4,0, (4,5,) = F(3,).

2)

The approximate equality in the previous formula indicates the fact that any damper force
will be affected to a certain extent by other unaccounted physical interactions such as
mechanical friction. The ability to observe the quantities presented in equation (2) therefore
forms one step in the determination of the essential components of model (1) and it motivates
the experimental methodology employed in this paper.

2.2 Damper flow networks

The total flow between the working chambers of the damper is determined by the resistive
nature of the flow passages located between them, as well as by the topology of this flow
network. Moreover, this network can be of variable structure achieved either by passive (flow
dependent components such as check valves, relief valves etc.) or active means (solenoid
valves, direct drive continuous valves etc.).

In this paper the basic mechanisms of the pressure losses are considered to be caused by
idealised laminar and turbulent flow conditions in the form of discrete pressure loss elements.
These mechanisms are considered as these are particularly relevant to the steady flow
conditions that will be later imposed by the testing methodology. The components of the
hydraulic networks are therefore laminar and turbulent loss flow restrictors in parallel and
serial arrangements. The static characteristics of individual elements are assumed to take the
form Ap, =C, Q for the laminar losses and Ap,=C, Q|Q| for the turbulent losses with the

coefficients C, and C, constituting an amalgamation of the relevant physical parameters [1].
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The assumption of incompressible fluid allows conversion of the standard compressible
hydraulic system equation for the general i-th volume [5] into a form suitable for
identification of the static characteristic

BV, +V. =Y 0. (ap, ) >V, =Y 0, (Ap,). i=L...N, 3)

where O, is the flow rate between the i-th and j-th fluid volumes (nodes) with their
associated pressure difference Ap, ;=p,—p;. In this sense the relationship in (3) constitutes a

system of N, algebraic equations for an equal number of nodal pressures p, such that flow

rate equilibrium in the system is established. The problem (3) can be therefore written in the
generic mathematical form

g(pl’p2""’pNV;yP7j}P9p):0 4)

where p, are the unknown pressures, y, and y, are the prescribed piston displacement and

velocity, respectively, and peR"” is the vector of N, physical parameters of the model.

In the context of a system designed to dissipate mechanical energy, it is the pressure
difference between the two specific nodal points that is responsible for the induced net
resistive mechanical force, e.g. F,~A,Ap ,. This approach allows “static” parameter

identification in the context of steady flow conditions as described later in this paper. A major
benefit of this method is that it allows direct conversion of the system-dynamic model to its
“static” form without additional modelling work.

An alternative approach can be used for the case where the unknown variables are
volumetric flow rates between fluid nodes, i.e. O, ;. While in the first case the knowledge of

the component functions Q, ;= f(Ap, ;) is expected during model construction, in this second

approach the inverse functions Ap, ;= f "I(Ql.’j) are required during the model building stage.

In this paper both approaches will be used to formulate problem descriptions suitable for
parameter identification based on measured data.

2.3 Experimental methodology for nonparametric identification

The experimental methodology used in this paper is based on imposing quasi-steady flow
conditions in the hydraulic damper. For this purpose, a so called iso-kinetic excitation [2] is
used. The experimental methodology is formalized in [1] while the first use of the iso-kinetic
excitation was presented in [2]. This method allows detailed non-parametric mapping of the
damper static characteristics. The iso-kinetic excitation is represented by a triangular piston
displacement motion.

The use of this type of excitation leads to a piece-wise constant velocity y,=+W, being

applied to the damper piston, thus introducing a constant prescribed flow rate Q,=4,W,.

The application of this assumption in model (1) introduces a step excitation with initial
transients followed by stabilization to the quasi-steady operational conditions. In the practical
context this stage is used to acquire the data used for non-parametric static characteristic
identification. A detailed description of the methodology along with an analysis of the quasi-
steadiness is provided in [1]. A specific example of the identified characteristics along with
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selected underlying signals is provided in the following case study section.

3. CASE STUDY

3.1 Identified nonparametric static damper representation

The identification experiment was conducted on a hydraulic damper used in rotorcraft for
stability purposes [1]. The purpose of the experiment was to identify the static characteristics
of this damper in the low velocity range, less then 2mm/s , where its performance is primarily

determined by a single fixed orifice located in the piston head. This technique was considered
to be suitable due to its ability to avoid limitations associated with standard harmonic piston
excitation based identification techniques such as unwanted compressibility effects,
mechanical backlash etc. Further, a useful feature of this technique is its ability to focus on
the ranges of very low piston velocity excitations that are normally dominated by non-
hydraulic effects.

The basic outline of the experimental setup is described in Figure 2a) and the outline of the
relevant parts of the damper is presented in Figure 2b). Despite the fact that the actual damper
has a more complex structure, the intention of the study presented here was to describe only
the orifice-driven overall characteristics of the damper. A set of alternative flow paths is also
shown as grey lines in Figure 2b). Experimental parameters were defined such that the
conditions for the activations of these paths were not achieved throughout the tests.

The test system was based on the combination of Instron and dSpace platforms with one
control channel supplying the prescribed piston displacement signal and two measured output
signals — the displacement of the actuator piston via an integrated LVDT and the force in the
serial damper-actuator arrangement via a load cell located between the damper and the
actuator.

X |

i
R Hydraulic actuator Damper i},

a) b)

Figure 2 Test rig setup for the hydraulic damper:
a) test rig configuration, b) nominal structure of the damper without relief valves activated.

A set of triangular excitation runs with varying amplitude and frequency was applied to the
damper to achieve predefined constant excitation velocities £y, ,=v, ., where i=1,...,23.

The test was conducted for approximately constant temperature of 7'=40°C as measured on

the surface of the damper. Each run consisted of four complete linear displacement slopes
resulting into two instances of the same excitation conditions in each test run, thus allowing
repeatability tests. For each constant velocity excitation, i.e. each linear slope, a data subset
was selected from the section with apparently steady damper response. The data subsets
extracted in this way were later fitted with linear functions. These pairs of identified
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responses, [v,, ., F, , ], were used to construct the damper characteristics.

Figure 3 shows two selected test runs chosen to demonstrate low and “high” velocity
excitation cases. Each subplot contains all the relevant components of the non-parametric
identification. The measured piston displacement signal is scaled to allow comparison with
the measured force signal. Both signals are also shown with their corresponding linear fits
identifying one point of the damper characteristic curve.

Identification of steady force levels

| FD [kN]! yP [_]

Data set #5 : :
:Mean forces: —0.0879,0. 1687 -0. 0869 0. 1686 [kN]
Dewatlons 0. 0095 0. 0075 0.0046, 0 0059 [kN] :

) Jo ) S R SR S S S S S S, P ]

: : Data set: #19 : . : : :
] R R e ‘Meai forces: ~4:4698,4.1873,-4.4558.4.2098 TkN] "+~
DeV|at|ons 0. 0407 0. 0353 0.0396, 0 0358 [kN] :
1 1 1 | 1 1
0 0.1 0.2 0 3 0.4 0 5 O 6 0.7 0.8 0.9 1
Normalised time [-]

Figure 3 Examples of identification of steady force levels for two selected datasets.

A summary of all the test cases is provided in Figure 4. The damper characteristics
presented in the left subplot identify damper static characteristics in the linear domain, while
the right subplot shows the same data in the logarithmic domain. Evaluation of the damper
characteristics in the logarithmic domain allows observation of the nature of the flow regimes
and associated physical mechanism as well as their transitions with increasing piston and flow
velocity. Further analysis of the test results and their relationship with standard test
techniques is provided in [1].
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Figure 4 Identified static characteristics of the damper in linear and logarithmic scales. The
dashed line represents the data from the negative quadrant of the linear plot.

3.2 Application of selected network representations

This section uses the previously identified experimental data for further considerations related
to the investigation of the structure of the flow paths responsible for the pressure losses
observed in the measured data. As already indicated in the section 1, two alternative
representations are traditionally used to represent a combined laminar-turbulent environment
in hydraulic dampers. In one case a serial arrangement of laminar and turbulent pressure loss
features are considered, e.g. [6] and [7], while in the second case a parallel arrangement of
laminar and turbulent pressure loss sources is considered, e.g. [8], [9] and [10]. These two
alternative flow path organisations are shown in Figure 5.

The corresponding direct and inverse static characteristics of the serial laminar-turbulent
network shown in Figure 5a), assuming Ap,0 >0, is specified as follows

—C,, +,/CZ, +4C, , Ap
Ap=Cy,0+C;,0°, 0=—"> J;C’L e (5)
S.0

and the same functions specified for the parallel laminar-turbulent network shown in Figure
5b), assuming Ap,0 >0, is written in the form
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Cro +2Cn, O=\|Crp +4Cp Cr O
2G;3

0=C,  Ap+C,pJAp, Ap= (6)

where, based on Figure 5b), the overall coefficient corresponding to the laminar flow branches

is defined as C, ;= (/)CP“ .

a) b)
Figure 5 Two alternative flow networks considered for parametric identification:
a) serial laminar-turbulent arrangement, b) parallel laminar-turbulent arrangement.

While equations and are expressed in terms of pressure differentials, flow rates and their
corresponding parameters, in accordance with the theoretical development in section 2, the
experimental data and resulting characteristics are presented in terms of overall damper forces
and piston velocities. The transformation relationships can be established between these two
sets of quantities in the form F,=A4,Ap and QO=Q,=A4,y,. The validity of these

relationships and their approximate nature are discussed in [1]. Further, as already shown in
Figure 4, the data in the velocity-force domain are scaled to a set of units more suitable for
least squares-based identification. Considering equations and and the aforementioned
transformations between the pressure-flow and velocity-force domains, i.e. Figure 4, a
relationship can be established between coefficients C,, and C,, and the coefficients

obtained from the identification performed on the data shown in Figure 4. As this
transformation contains a commercially sensitive parameter 4, , all subsequent activities will

be performed directly on velocity-force data as presented in Figure 4.

Equations and are used as a suitable basis for parametric identification of the static
characteristics as presented in Figure 4. A linear least square identification problem for the
case of the serial laminar-turbulent arrangement, Figure 5a), is based on following equation
written for the i-th identified point of the characteristics

CS L

2 Q?]{C

}:Api, i=1,...,N,. (7)
$.0

A similar linear least square formulation can be applied to the case of the parallel laminar-
turbulent arrangement, Figure 5b), and the i-th identified point of the characteristics

C71
|:Api Api:||:CP’1L:|:Qi’ i=1,...,N,D. 8)
PO
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In equations (7) and (8) the parameter N,,<23. The resulting problem will have the
standard form A x=b , with the assembled matrix AeR"»** and the corresponding vectors
x,beR"” being dependent on the specific forms of (7) and (8). The coefficient vector is

determined via x=A"b, where A" is the matrix pseudo-inverse.

There are two further pre-processing steps applied to the data shown in Figure 4. The first
step involves the selection of data corresponding to quadrant 1, i.e. F,,y,;20. This

selection facilitates the identification of the losses corresponding to a single flow direction.
This step is relevant in the cases of asymmetric flow restrictors or networks consisting of
these components. As can be observed in Figure 4b) this is the case in the current study. The
application of this experimental methodology can detect asymmetric effects and it allows the
assessment of their significance. The second step in the data pre-processing is the removal of
the offset from data on the vertical axis of Figure 4. This offset has origins in non-fluidic
interactions such as friction. In the present case the effect of the friction is assumed to be

approximately constant for the piston speeds considered and the value FD,OﬁSe;min([FDJ D,
i=1,...,23 is used to modify the data such that FDJ:FDJ.—FDW@. The data pairs [)'/P,i,ﬁm]

are used in this case study for the actual parametric identification. The results of the
identification are shown in Figure 6 and Figure 7.

Damper force [KN]

Parallel network

3 : Serial network
ol g —O— Experimental data | |

0 0.5 1 1.5
Piston velocity [mm/s]

Figure 6 Comparison of identified parametric models with experimental data using linear
scales.

In the present study 21 data points were used to assemble the equations, where the first two
points (corresponding to the lowest piston velocities) were not included in the identification
due to being significantly affected by mechanical friction. Figure 6 compares experimental
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and analytical data using linear scales. This comparison documents the overall performance
of the network representations in modelling the data. The results presented suggest that for
the current case the parallel network model is outperformed by that of the serial network in
reproducing the measured data. A more refined evaluation of the results, particularly in the
regions of the flow with a highly mixed laminar-turbulent structure, can be performed in the
logarithmic domain. Of particular interest is the ability of this domain to represent exponential
relationships as straight lines. This type of visual representation is provided in Figure 7. The
figure confirms the superiority of the serial network model for this case, particularly in the
region around 0.1mm /s . Here the serial network-based model offers excellent agreement with

the measured data while the parallel network-based model shows significant deviation.

10’

........................................................

......................

10

Damper force [kN]

- IR Parallel network
10 S - Serial network
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10 107" 10°
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Figure 7 Comparison of identified parametric models with experimental data using
logarithmic scales.

The presented results indicate a strong preference for the serial laminar-turbulent network
model and they document its contribution to the pressure losses as identified with currently
employed experimental methodology. This is in agreement with assumed nominal setup of
the damper for given experimental conditions. Previous results also document that the serial
laminar-turbulent model is adequate low-order representation of the flow patterns occurring in
the range of studied piston velocities, i.e. the range of flow conditions induced by the piston
movement.

4. CONCLUSIONS

The goal of current study was to perform structural analysis of the model of symmetric
hydraulic damper based on the data provided by the novel experimental methodology
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exploiting induced quasi-steady flow conditions in the damper. Resulting non-parametric
estimates of the static characteristics were used with two alternative flow network models
assuming incompressible flow conditions.

It was demonstrated in the current study that the serial flow network model is in better
agreement with the experimental data than the model based on the parallel flow network
model. This result is consistent with understanding of the nominal arrangement of the damper
during tests. Further, the quality and consistency of the results provided by the serial flow
network model suggests that this model is the adequate low-order choice for the modelling
single-source mixed-flow pressure loss conditions.
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