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Abstract

This work deals with bond-graph modeling and id@mtion of variable-displacement
pressure-compensated pump using a gray-box modelopgoach. The model structure is
defined using the bond graph technique, a graphégakesentation based on flow of energy in
the system, which is implemented in the 20-simvgaxfe. The bond graph model is converted to
state-space representation and the unknown parnametesquations of state are estimated
applying parametric identification technique, thediction Error Method (PEM) on the SITB
(System Identification Toolbox) MATLAB software. The obtained model is validated
collecting an experimental data set on test rige@rdparing to simulation results.

Keywords. bond graph, system identification, variable diggiment pump

1 Introduction model the flow compensator and pressure compensator
] ) while the pump (control piston and swash plate) was
A variable displacement pressure compensated PuUMBnodeled through the black box modeling by meanthef

provides nearly constant pressure through theeefitiw  correlation between control piston pressure andsirstem
range (from zero to full flow). In aircraft systenthis type  pressure.

of hydraulic pump is typically used for hydrauliowwer
generation, since for different flight phases theiraulic ~ Li and Thurner [3] have proposed the combinatiotlatk
demand varies and the hydraulic consumers sucbrgsot ~ and grey box model identification to multi-axialsteg
surface actuators require a minimum pressure flect®n systems with servo-hydraulic test cylinders. Irstiiethod,
of surfaces. The system is capable to adapt tovangi @ White box model of the whole system is built ehe
aerodynamic load, and to maintain the desired pmeace. unknown parameters are roughly estimated accortiing
) o i previous experience. To improve the white box mothed
The design definitions of a hydraulic pump playsely  pjack box model identification is applied in orderadijust
important role to meet the requirements of a hyérau gsome model parameter estimates. Lastly, the greyriumlel
supply system in order to satisfy the needs offiy@raulic  jgentification is realized using the improved modsla new
consumers, such as to guarantee a minimum pressufe njtial model. This approach is useful when thdiahivalue

minimum time interval to reach the steady statesguee for ¢ ynknown system parameters cannot be accurately
variation of the load in the system. The use of a ggiimated.

mathematical model for the design of a hydraulienpuor

the analysis in the integrated hydraulic systenery useful ~ In addition, two modeling techniques for variablistpn
to performance analysis, definition and sensitityalysis ~ Pump are proposed in [4]: a black box model of shesh
of design parameters. plate dynamic identified by performing a frequency

) ] ) ) response test and analysis, using a linear tramsfetion;
This work aims to develop avan_abIe-dlsplacemees;;ure— ~and a non-linear grey box model, where all the omkn
compensated pump model using the graphical modelingmogel parameters have been identified through mmead
approach, based on bond-graph, which in conjunaith  pntimization in MATLAB. Both approaches results in
the Prediction Error Method (PEM), can be usedstorate models with a good accuracy. However the grey boxieh

the unknown hydraulic physical parameters. Delgadd has presented the best non-linear model of the rspiage
Garcia [1] have implemented a software package SESI angle control circuit.
that consists of a parametric identification moduséng the

bond graph technique to represent the model steictu In [5], the results of a systematic research fosiba
hydrostatic system containing a servo pump wittiedsnt

In [2], Casoli and Anthony have developed a moddbad  types of controls are presented. Theoretical modets

sensing variable displacement pump using the baaghg  gdeveloped by AMESif and the experimental tests are
methodology realized through the AMESinsimulation performed using LabVIEW software.

software. The white box modeling approach was used
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In this work, the grey box system identificatiorajsplied to
the state space model of a variable displacementppu
integrated with the pressure compensator valvechvig
obtained by the bond-graph method.

The alternative white box system identificationhieique is
based on the physics of the process studied, angdtfect
knowledge of the physical parameters, but the lkdetai
knowledge of the system required to obtain accuraidels
are not usually known. In order to overcome thesblpms,
the parameter estimation of the systems is usedtan an
accurate mathematical model of the processes whaiy.

The black box modeling is a system identificatigpm@ach
based on input/output model (“curve fitting”), witlo prior
knowledge of the physics of the process. However th
model and its parameters have little physical $icgmce.
The gray box modeling approach combines prior maysi
knowledge (white box) with input/output data infation
(black box). In this case, the model may be notmetely
described by the physical equations, but equatiand
parameters are physically interpretable. One ofaathges
of grey box modeling is that missing data and naise
easily dealt; in addition it is possible to estieat
environmental variables that are not directly meadu

The motivation to use the bond-graph approach ssiqdl
representation is that the graphical representatorery
close to the physical system, making clear thetioglship
between the components of the system. Additionatly,
allows working with different energy domains (mewcical /
hydraulic) in a direct way, as in the developmehttte
hydraulic pump model. The mathematical formalism
intrinsic to it allows evaluating the quality ofehmodel,
such as the existence of an algebraic loop aneérdiitial
causality that causes undesirable behaviors tonthael, and
also allows obtaining of state equations by meahs o
algorithm, model structure used to apply the pateme
identification method.

2 Variable-displacement pressure-
compensated pump

The variable displacement pressure compensated psimp
essentially comprised of a three-way pilot valvee§sure
compensator valve) and a piston with spring retaomtrol
piston), that controls the tilt angle of swash @l§6] as
presented in fig. 1 and fig. 2.

Initially, considering that there is no load (résige to
flow) in the system, the pump pressure is zero trel
displacement is maximized due to the maximum svaéeste
angle. As the load increases the pressure consiyguen
increases. The pump flow is at maximum until thespure
reaches the pressure adjusted by the compensale va
spring. A pressure above the setting causes thal sptve
displacement allowing the flow to the control pistand
decreasing the swash plate angle. Consequentlypuhg
flow decreases until the system reaches the pesaiting
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again. In case of decreasing load, the pressurecakeEs
causing displacement of the control piston, so ithaliows
the flow from this to the return line, increasirtge tswash
plate angle, thus the flow delivered by pump insesauntil
the pressure setting is reached [8, 9].
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Figure 1:Cross-sectional view of variable-displaearh
pressure-compensated pump [7].
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Figure 2: ISO schematic diagram of variable disgaent
pump with pressure compensator valve.

2.1 Bond-Graph model

Using the 20-sim software [10], a graphical repnéston
of the energy bonds is represented [11, 12, 133hasvn in
fig.3.
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Figure 3: Bond Graph representation of variableglacement pressure-compensated pump.

The compensator valve is modeled by the transformer

elementTF:A, that represents the area effect of the valve,
which transforms the pump outlet pressure into ecefo

acting upon the mass of the valve. To generate a

displacement of the valve it is needed to overctimeeforce

of the spring preload adjusted on compensator yalve
represented by the effort sour&e: K, where theF, is
calculated according to eq. (1) considering the p@etting
pressure,Ps, The orifice of the compensator valve is
modeled as a resistor modulated by the valve positi
MR:x, defined as orifice equation eq. (2). Using Taylor
series expansion and considering pressure l§aix 0, the
linearized form of equation is presented in eq.(3).

Fo = Psq- Ay 1)

2
Q, = C4.A,,.X,. L—)AP sign(AP) (2)
AQ, = K. AX, 3)

The control piston chamber is represented by storagle
C-type, C:B,, where the fluid compressibilitg, is defined
in eg. (4). The capacitance of the fluid generatggessure
on the area of the piston defined by the transforlement

TRA,
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(4)

The flow generated by the pump rotation is reprieseiby
MTF:D,, a transformer element modulated by
volumetric displacement of the pump, which is chted
according to eq. (5), based on the displacementhef
control pistonx, and the displacement gradient of the pump
K.

the

D, =

, Kq.X,

()

Dmax -

Lastly, the flow demanded by hydraulic load is mede
using the representation of a modulated flow squrce
Msf:Q, which represents the flow demand variation. In
addition, the capacitive effect at the pump ouwdied to fluid
compressibility is represented in eq. (6).

Vi
B; E

(6)
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2.2 State space model

From the bond graph model, the state equationersyst

obtained by a systematic approach. Using the 20-sim

software, the dynamic equations are defined andrpthe
state space form. Six state variables are requwedhe
system representation, since the system has sikgyene
storage elements. The state variables are defmexdy.i (7)
as state vector.

(O] (RO

w0l [po

s |mo
O ol o @

@] o

) L)

The input vector u (t), according to eq. (8), isnpmsed of
the pressure compensator spring preldagl the rotational
speed of the drive motow,; and the flonQ, demanded by
the hydraulic load.

uy (t) Fo(t)
u(t) = [u (O | = [Wo(®) 8
us(t) Q.(t)

Through the flow balance at the common effort jioret (O-
junction) and the effort balance at the common flow
junctions (junction 1) the state equations eq. €9), (10),
eg. (11), eq. (12), eq. (13) and eq. (14) are obthi

1

X, = B—p. —a.xl + Kgxq — Ap.xs] (9)
J'52 = B_ [uz- (Dmax - Kd-x3) - qu4 - Av-xG - u3] (10)
S
X3 = Xs (11)
X4 = x6 (12)
) 1
X5 =—.[Ap.x; — Kp. X3 — by.xs] (13)
P
X =—.[Ap.x; — Ky.ox4 — byoxg — uq] (14)
v
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Linearizing the equations at the operating p&igt andx,o,
the equations in the state space form is definedrding to
eg. (15), eq. (16), eq. (17), eq. (18) and eq..(19)

{J'c(t) = A.x(t) + B.u(t) (15)
y(t) =C.x(t) + D.u(t)
1 K, Ap 1
“BG 0 0 5 B 0
KoWoe K, A,
© % =75 "5 " &
1 o0 0 0 0 1 0
A= 0 0 0 0 0 1 (16)
mp mp mp
A, K, b,
0 - 0 -2 0 -
m, m, m,]
0 0 0 7
0 (Dmax - XpO-Kd) _i
By B
0 0 0
B=1 o 0 0 (17)
0 0 0
1
-— 0 0
m, i
c=[0 1 0 0 0 0] (18)
D=[0 0 0] (19)

The model inputsF, and W, are defined as constant,
therefore the input of model is given by the pumylei
flow Q_ and the outlet pressul®, is considered as model
output.

This choice of model input/output was defined imdlearto
capture the characteristic dynamic behavior of puiop
variable flow demand, specifically for aircraft hgadlic
system, where the flow demand varies accordindigitf
phase and a minimum effective pressure must beagtesd
for the correct operation of hydraulic actuators.

3 Parametric identification

After the state equations system is defined, usimg
experimental data set obtained on the test rigptinametric
identification technique is applied to estimate tadues of
the unknown parameters.

3.1 Experimental setup

The system data acquisition experiment consists of
obtaining outlet pressure data for a variation lé flow
demand while keeping constant the pump rotatiopakd.
With the hydraulic pump operating at its settingggsure
(2.034x10 Pa / 2950 psi), and providing the maximum flow
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rate (1.61x13 m%s / 25.5 GPM) for the operating speed moving average filter it is possible to remove any
(390 rad/s / 3724 rpm), the hydraulic flow demasd istep  component that is periodic with respect to the tomaof
input. The fig. 4 shows the schematic diagram of th the filter.

experimental setup used to obtain input and owdptd from
the system. This is comprised of a pressure traesdio
measure the outlet pressure of the puRpand a flow
sensor to measure the hydraulic flow demapdof the
simulated load through the variable orifice valvEhe
rotational speed sensor of the hydraulic pump g osed to
monitor the speed of rotation at the set operagiimigt W

The data plot of the flow demanded by the load #rel fs

Considering the ripple frequenéyand the signal sampling
frequencyfs, the frame lengtiN; of the filter, in number of
samples is defined according to eq. (20); and thple
frequency is estimated using the eq. (21) as ptedeim
[15].

pump outlet pressure, are presented in the figadbfig. 6, Ny = ]Tr (20)
respectively.
oY - .. N"W (21)
') 7~ v fr= 2 °
Flow Sensor Variahle Orifice Valve
ps +——(7) Pressure Transducer Figure 7 shows the outlet pressure curve of therauit
Drive Mator pump after the filtering.
KVariable x 100
Displacement Pump 225
. 2.2
Rotational Speed
Sensor L Ly

215

Figure 4. Schematic diagram of the rig test.
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As shown in the fig. 6, there is a ripple in thampuoutlet
pressure signal due to the movement of the pisilaside
the pump cylinder; however the model under studssdwot
include the piston to modeling of the ripple efféterefore 2081 ]
it is necessary the pre-processing of data in dalese it in

parametric identification method. . WMW 1

202 1 1 1 L 1 1

2081 1

Pressure (Pa)

To smooth out the pressure signal ripple, a gemamaling 0 1 2 3 4 . 5 6 7 8 9
average filter, Savitzky-Golay filter [14], was dselt
attempts to fit a polynomial of a specified ordereo a Figure 7: Filtered pump outlet pressure.

specified number of samples. Using a uniformly &g
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3.2 Parameter estimation

It is considered a set of candidate models to sgtea
system and a set of data obtained experimentallythen
system under study, defined in eq. (22) and eq) (23
respectively.

w = {u(®)16 € b, (22)

zN = [y(D),u(1), y(2),u(2), ..,y(N),u(N)]  (23)

According to Ljung [16], the estimation of the wectof

parameter$, consequently of the modg(d) defined inu*

consists in performing the mapping®¥in D, as defined in
eg. (24). Such mapping consists of the parametenation
method.

ZN>08y€D (24)
u

The model can be seen as a way to predict the pyiftuiof
a Z" data set, wherg (t|0) is a prediction of the output
y (t) determined by a candidate moddb ). In this way, the
prediction error can be defined according to e§):(2

e(t,0) = y(t) =y (t16) (25)

A model is considered good when produces smalligtied
errors, however, it is necessary to define criterior the
predictor function. Defining a scalar value funati® @),
called the criterion function and applying a nosrdefined
the eq. (26).

1 N
Vi (6,2Y) = Nz R(es(t, 6)) (26)
t=1

Thus, the problem of estimating the parametert®itodel
becomes an optimization problem that consists & th
minimization of the criterion function, as definiedeq. (27).

Oy = argmin Vy(6,2Z") (27)

This method is known as prediction error methodMP.En
summary, this process consists of three steps:sifmpdhe
structure of the model, choosing the criterion ifdaf the
scalar value function RO)) and minimization of the
criterion function.
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The criterion function chosen for PEM applicatian the

covariance matrix of the prediction error, givendny (28).

Assuming that the prediction error follows a Gaassi
distribution, the optimal parameter vectoshould minimize
the covariance matrix of e ().

N

Ry (0) = %Z e(t,0).¢"(t, 0)

t=1

(28)

Since the criterion function must be a scalar vaRygd)can
only be applied directly whea (t, 6) is a scalar sequence.
For the case where the system has more than opetaduis
necessary to maBy(f) to a scalar, we can then define this
mapping function as in eq. (29) for applying thitecion in
the general case.

h(Ry(8)) = det(Ry(6)) (29)

The choice of this criterion function from the stttal
point of view is considered optimal, since it leatis
maximum likelihood for prediction errors with Gaizmss
distribution as presented in Ljung [16].

Using the criterion function (eq. 29), the estiroatiof the
parameter vector is given by the minimization qf as
defined in eq. (30).

N
~ 1
Oy = argmin det(ﬁz e(t,0).e7(t, 0))

t=1

To minimize the criterion function, the Gauss-Newto
method was considered. As presented by Soderstran a
Stoica [17], this method uses a numerical searchin®e
called the Newton-Raphson algorithm.

(30)

The Gauss-Newton method generally presents a linear
convergence, however if the model is defined witbren
parameters than necessary, the approximate Hessian
becomes very close to a singular matrix, with isi@r
problems occurring. In general, when the modelcstine is
correctly selected and a good initial estimate bé t
parameters is available, the algorithm converggsdig
called superlinear convergence.

The script used to estimate the parameters is fexban
fig. 8. This is developed in the System Identificat
Toolbox [18] of MATLAB® software, making use of the
pem (data, mi)function. The argumentdata contains the
input (FO, WO and QL) and the output R9 from the
experimental data set. The parametai defines the
structure of the model represented by fibdgrey class
composed by an instance of the function that remtssthe
model in the state space form and the vector oé fre
parameters, which are estimated from an initialb®alThe
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pemfunction uses the prediction error minimizationthos
to estimate the unknown parameters.

Applying the prediction error method, the paranetare
estimated. The result of the new model when contp&re
the experimental data shows a fit of 85.36%, asvshim

fig. 9.

%Load data
load 'RigDataFilt.mat';
s FL'EE—}J&L‘&I(lEt ers vector

parameters = [Kv Kg Cl Kp Vt]:

%Experimental data set

data = iddata(Ps,[FO WO QL],Ts):

%Model structure

sys = idgrey('varDispPunp', parameters, 'c'):;

3Model with estimated parameters

syse = pem(data,sys,'trace','full','SearchMethod','gn');
3Estimated parameters

‘paramEst = th2par (syse):;

Figure 8: Script MATLAB to estimate the model
parameters.

data; measured
syse, fit: 85.36%

Pressure (Pa)

sz 0f4 DTB DfB ; 1?2 1f4 1?6
t (s

Figure 9: Comparison between the simulation and the

experimental data.

4 Validation of Simulation M odél

To validate the simulation model a different dagd fsom
that used in parametric identification is consideria this
way it is possible to verify if the model is abte represent
the system for different conditions and if theresisme
dynamics not represented by the model. Thereforethar
set of data was obtained to verify the represamatss of

16

1.4
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Flow (m3/s)
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" L s . . " M L
0 2 4 6 8 10 12 14 16
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Figure 10: Flow pulse requested by the load.
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Figure 11: Comparison between the simulation are th
experimental data (flow pulse).

5 Conclusion

The proposed goal of developing a model for a Wia
displacement pressure compensated hydraulic purimy us
the combination of physical modeling techniques and
system identification was achieved. It can be oletithat
the combination of both, gray-box modeling, allows

the model. These data were acquired considering thedtain models more representative of the systemeund

scenario which a flow pulse demanded by the loadiscas
shown in fig. 10.

In this scenario it is expected that initially dwgithe rising
step of flow demanded should occur a reductionhie t
output pressure of the hydraulic pump, consequetttty
control piston must move in order to increase thovf
delivered by the hydraulic pump. During the descstep
the pressure increase and the return of the pisiothe
previous position should occur. Figure 11 descrities
behavior of the outlet pressure of the simulated actual

pump. Even for a different scenario from which the

parameters of the model were estimated, it canesemt
properly the dynamics of the system for which itswa
proposed.
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study. This method combines the advantages of wviuike
and black-box modeling, and it is possible to abtimodel
without diverging from its physical meaning andoal®
insert in this information obtained by means oftegs
identification. However, the application of this papach
depends on the availability of data about the systeat are
not always available, either because of the dilfjcwof
acquiring data with the required quality or evenewtit is
not possible, such as during the project which dhstem
does not yet exist.

Regarding the parametric identification, the pradicerror
method proved to be quite effective, however aitents
needed in the choice of the search criteria andhodet
which must be adequate to the data and the steuctuthe
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analyzed model. In addition, the data used to ifietihe
system should be chosen correctly, taking care tiney
represent properly the dynamics to be modeled.

Nomenclature

Designation  Denotation Unit

A, Effective area of compensator m2
valve spool

A Effective area of control piston m

A, Gradient area Afm

b Viscous friction coefficient of N/mY/s
P control piston

Viscous friction coefficient of
b, N/m/s
compensator valve

Fluid compressibility in control

3
By piston chamber m/Pa
B Fluid compressibility in hydraulic m/Pa
s pump outlet
Cqy Discharge coefficient orifice
G Internal leakage coefficient
D Maximum volumetric mrad
max displacement of hydraulic pump
Volumetric displacement of 3
Dp hydraulic pump m/rad
f; Ripple frequency Hz
fs Sampling frequency Hz
= Pre-load of compensator valve N
0 spring
Kq Displacement gradient of pump  “irad
Ko Spring constant of control piston N/m
K Flpyv gain of compensator valve m/s
4 orifice
K, Spring constant of compensator N/m
valve
m, Mass of control piston kg
m, Mass of compensator valve spool kg
[\ Number of samples
N, Number of pistons
Ps Hydraulic pump outlet pressure Pa
Psa Pump setting pressure Pa
Pc Control pressure Pa
Q Volumetric flow rate consumed ms
- by load
Vop Volume of control piston chamber *m
Peer-reviewed Paper, 59
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Volume between pump outlet andm3

Vi compensator valve

Q, Volumetric flow rate o_f. ms
compensator valve orifice

Xp Position of control piston m

Xp Speed of control piston m/s

Xy Position of compensator valve m

Xy Speed of compensator valve m/s

W, Rotational speed rad/s
Bulk modulus of fluid N/rf
Fluid density kg/m
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