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Abstract

The paper proposes a method to characterize the dynamic behaviaraoial production hydraulic brake system through
experiments on a hardware-in-the-loop (HIL) test bench for bothetiogl (Part 1) and control (Part 11) tasks.
The activity is relative to analyze, model and control ABS/ESC digital wahs&ming at obtaining reference tracking and
disturbance-rejection performance similar to that achievable when ps@sgure proportional valves.
The first part of this two-part study is focused on the developmentofthematical model which emulates the pressure dynamics
inside brake caliper when inlet valve, outlet valve and motor-pump ameated by a digital or PWM signal. The model takes
into account some inherent non-linearities of these systems, e.g.riagoraof fluid bulk modulus with pressure while inlet and
outlet valves together with the relay box are modeled as second ordemsywith variable gains.
The HIL testrig is used for both parameters identification and model validavhich will be used for control strategy development

presented in the second part of this research activity.

Index Terms

ABS test bench, brake hydraulic systems, dynamic system modelivg, ggnamics.

I. INTRODUCTION

Anti-lock brake systems (ABS) have been used all over thesyeaensure vehicle safety and grant directional controk T
fundamental task is to prevent wheel from locking thus eiXipig the maximum available adhesion coefficient by keephregy
slip ratio within an appropriate range [1], [2].

Different control techniques aiming at regulating whedis [8], [4], [5], [6] can be found in the literature and modtthem
are designed and tuned on mathematical or numerical motléhe dnydraulic braking system more or less able to desctibe i
behavior. In [7] a nonlinear model based on physical lawsraking system is built receiving as input the brake pedatdor
and generating as output the wheel braking torque in ordefegign PWM and switching controls to be compared with a
normal production ABS ECU by using a HIL test bench. The maaleés into account some simplifications i.e. considerirgg th
TMC as a hydraulic cylinder with a single mass, and it is ngiezimentally validated in open loop. A bond graph method for
modeling the components of a commercial brake system isiatesd in [8]. Ozdalyan and Blundell [9] present the appiarat
of ADAMS to model and simulate the performance of an antkl@itaking system in order to investigate the interaction

bertween the tyre and the ABS system. Important factorsanfling the hysteresis pressure losses in a hydraulic byakens
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are analyzed in [10] while a methodology for estimating tlevftoefficient as a function of the Reynolds number is present
in [11] by exploiting a parametric CFD simulations of the floate in hydraulic valve systems. A first order model with the
same time constants for increase and decrease mode isteseifl?2]. The values of these parameters are unknown and no
justifications are reported to consider them constant. peppresented by Moaveni in [13] identifies single-inpueggure

of master cylinder) single-output (brake calipers presglinear minimum-order models for the hydraulic unit in iherease
and decrease mode by employing the experimental data of autsnobile and using least-square method and prediction e
method. Raza et al. [14] experimentally validated a dynamdclel by testing a laboratory set up also used for identfyan
first-order non-linear model. They used the brake pedalefas input of the model and the master cylinder pressure 8ne a
the output variable. A non-linear model of a PWM-driven pnatimfast switching valve is presented in [15] where unknown
parameters are identified by using direct search optindzatnodel validation is carried out by comparing model resswiith
experimental test.

The present work aims at developing a non-linear model foukiting and estimating the braking system dynamics by
introducing an identification methodology from experingmeasurements. This methodology and the non-linear nuadtel
be applied for different braking systems. The model is eérpentally validated and is able to receive as input a PWM gealta
signal which is commonly used as a control output of the exffias available in the literature. The non-linear modesgnted
in the paper is not intended to be used for control desigrstask for system dynamic description and analysis; in paof ||
this research, a linearized version of this non-linear rmaderived in order to design a proper closed loop controlle

Model inputs are the TMC rod position and the command for ealgt/outlet valve together with the activation of Motor-
Pump while output variables are TMC and brake calipers press A procedure for a practical parameters identificaition
order to adapt the same model to different brake systemsagpabsented. The model takes into consideration the neasities
that can influence the dynamics of relevant variables lilksgures and flow rates. inlet and outlet valve are modeledcand
order transfer functions, whose static gain depends on tig Oycle of input voltage signal. A Braking HIL Test Rig, slar
to the one presented in [16], is built for control and validiattasks. The correlation between the valves effective Hosa and
the Duty Cycle of PWM signal at constant frequency appliechtetioutlet electrovalves is experimentally evaluated il
be further investigated in the second part of this reseaas®d on the development of a continuous braking contraieglya

The paper is divided into six sections including the intrctthn: Braking HIL test rig, used for model identificationcan
validation, is described in section Il; Section 11l is redtto the description of the mathematical model used to sitauthe
dynamic behavior of oil pressure inside a normal producticaking unit; Section IV presents the method used for idgntj
all model parameters and section V shows experimentalatiia of non-linear model. Finally some conclusions areoregul

in section VI.

II. BRAKING HIL TESTRIG

The HIL test rig shown in Fig. 1 includes a hydraulic brakingtem composed of a tandem master cylinder (TMC), a

customized ABS/ESC hydraulic unit and four brake calipexsated on non-rotating disks. A hydraulic power unit using a
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double effect cylinder with flow proportional valve emulatae brake pedal action. The ECU of ABS/ESC system is cuggimi

to get a direct command to the motor-pump and to each sindle Wiy means of digital control signals.

Fig. 1. HIL Test Rig 1-TMC 2-customized ESC 3-Brake calipeBréke disk 5-o0il tank 6-Data Acquisition System 7-Relay Box

Valves and motor-pump solenoids are powered by a 12 V DC hineugh solid state relays, one for each of the twelve
valves and one for the motor-pump. Relays control signatsbeaequal to 5 V (relay 'On’) or 0 V (relay 'Off’) according to
TTL logic levels.

The bench is equipped with a set of sensors necessary fottariogi and control:
« 8 pressure sensors: one for each brake caliper (4), one ¢brBdC chamber (2) and one for each brake pedal cylinder
chamber (2)

« 1 potentiometer for double-effect hydraulic cylinder roakjtion.

A model of the hydraulic system was developed in Ma®a8imulink® while a real time system manages the data acquisition
process and the deployment of the system model togetheiita/itlontrol logic. In particular, experiments are handlgdibing:

« NI Labview® Real-Time for data acquisition and system identificationcpsses

« NI Veristand® NI for control and hardware-in-the-loop tasks

The real time system enables to send control signals to eslelk wnd motor-pump by using a digital board together with

the relays-box.

In this configuration, a model of the system based on expat@helata has been realized in order to evaluate its accuracy

with respect to the real system and/or to design suitabléra@ologic.
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IIl. M ATHEMATICAL MODEL

The simplified scheme of hydraulic circuit composed by theCNhlet and outlet valves and front/rear brake calipers is
represented in Fig. 2. The hydraulic connections betweeniwlo TMC chambers with the four calipers is typical of a "X’
scheme, where the first chamber delivers oil to Front Left) (&hd Rear Right (RR) calipers meanwhile the second chamber
delivers oil to Front Right (FR) and Rear Left (RL) calipe®&nce the paper is concentrated on the pressure dynamide ins

one brake caliper (i.e. RR brake caliper), the FR-RL hydcdo¢havior is represented by an equivalent hydraulic dircu

M | Motor-Pump

k,
N1 Outlet Valve
UONI
Vo
ph RR

Fig. 2. Representation of ABS/ESC hydraulic circuit witlpu (red) and output (green)

The TMC axial dynamics can be described as a 2 d.o.f (displanesx; andxp) system but since; represents an input,

a unique equation is sufficient to describe the motion of tstem:

MpXo + FroSgrke — by (Xg — X2) + boXo — Ky (X1 — %2) + koXo = (p1 — P2)S 1)

wherek; is the stiffness of th&y, spring,m the mass of;, element; the oil viscous damping coefficient of thg chamber,
Fs2 the Coulomb friction coefficientS the hydraulic cylinder surface ang the pressure inside thg, chamber of TMC.

The spring hydraulic accumulator is modeled as a 1 d.o.fdpislisplacemenx;) dynamic system:

MaXa + DaXa 4 FraSIgka + kaXa = PaSa 2

wherek,, My, ba, Fra, Sy and p, are respectively the stiffness, mass,viscous dampindicieet, Coulomb friction coefficient,
cylinder surface and oil pressure in the spring accumulator
The two ports of the TMC and each valve orifice can be consitlasehydraulic resistances, so flow raf@san be calculated

respectively as :
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Qin = CqinAn Z‘plTipb‘Sgr(plfpb)

Qout = Cq.OutAOut\/ Msgd Po — Pa)
QrFL = CqFLAFLy/ @Sgdm— PFL) 3

Qeq=Q2 = Cgeqfeq @SQWPZ_%Q)
Q1 = Qin+QrL—Qp

whereQ; is the flow rate through thg, element andy; the flow area of thé, component (see Fig. 2). The flow coefficient

Cqi depends on the pressure drp across the hydraulic resistance [17]:

A
Cq,i = Cq.maxtanh(zr) (4)
cr
A fa /280 (5)
v P

where hy is the hydraulic diametery the kinematic viscosityp the oil density,Cqmax the maximum value of the flow
coefficient at which it asymptotically approaches lor-> Aqr; A¢r is the critical flow number at which transition from laminar
to turbulent flows occurs.

The 2 TMC chambers are modeled as variable volume hydraapadities, while brake calipers as fixed volume capacities

by means of the following equation:

1 =2(xQ V) (6)

wherei = 1,2,FL,eqand flow rate is positive when it flows inside the voluMef is the bulk modulus of hydraulic fluid

and it is considered a function of pressyse

_Patm_y1/n
1+ a( patrirpi )

1/n
1+a (Patm)
N(Patm-+ pi)%l Bn

Bi :Bn

)

whereaq is the relative gas content at atmospheric prespuig [ is the pure liquid bulk modulus amiis the gas-specific

heat ratio.

Similarly, the dynamics of brake caliper pressyggand spring accumulator pressusg are respectively evaluated by :

d .
o \%(Qm ~ Qou—Vh) ®)
d N .
diria = %(QOut - Qp —Va) (9)

The TMC chambers may change their volumes due to the dispkts of the two pistons:

Vo = Vo0 — S% (10)

Vi =Vig+ S(X2 — X1) (11)
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with V19 andVyq respectively the initial value of the first and second chandfighe TMC when no forces are applied.
The variation of volume¥r Veq andVy, are neglected, eV, ~ O,\'/eqz 0,\'4J ~ 0 (fixed volume hydraulic chambers).

VolumesVeq, VEL and flow areasheq, ArL are related td4 and A, by the following equations:

VEL = rtW

Veq = VEL+W (12)
AeL = An

Aeq = 2An

where coefficiengg| represents the proportional relation between front hyldraylinders volume and rear one.
The flow rate generated by the pur@y is influenced by the spring accumulator presspyesince when the intake pressure

is too low the motor-pump is unable to deliver any flow rate:

Qp = Qsd1 — & 3pa/Pn) (13)

whereQs;s is the steady-state value of flow rate delivered by motor{pamd p;, represents the pressure threshold at which
the flow rate drops to zero.

Finally, inlet and outlet valves dynamics are modeled witkascade series of time delays and a second-order transfer
functions with non constant static gain which is a functidrP®VM DC of input signal:

Al _ G "

Ule) &+Z541

On
wheres is the Laplace variabled; the effective inlet/outlet flow area, U is the input solersoigilve (Voltage)Gs is the
static gain,oy, is the system natural frequency adds its damping ratio.
The model inputs for the model are the position of TMC sqd(which represents the brake pedal position in a common
passenger car) together with the command signal for inlgtebvalves and motor-pump while the outputs are the pressu

of each brake calipers, the pressures of the two TMC chanarets,.

IV. M ODEL PARAMETERS IDENTIFICATION

All the parameters introduced by equations 1-14 and regontéable | have been either measured, extracted from teghni
specifications or experimentally estimated.

Massesm,, my spring stiffnesks,ky and cylinder surfaceS, S, have been measured from the technical drawings. Oil density
p and kinematic viscosity have been derived from DOT 4 brake fluid properties; The patara characterizing the oil flow
through an orifice like maximum flow coefficien§ max and critical flow numbed, are reported in table I. These coefficients
are supposed constant and not subjected to parameterfichitn.

The Bulk modulus variations are modeled with the non-linedation described by Eq. 7 [18B, and a are identified in

order to describe the non-linear dependence by oil pressfubalk modulus which heavily influences pressure dynaniits:
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Fig. 3 the effect of a step change of the inlet control sigfrain fully closed to fully open, considering a null initiardke
pressure is shown. In the meanwhile TMC rods moves from tiialiposition to a final steady state position. Differentues
of B, anda are tested in simulation in order to find optimal values toahdhe experimental trend (reported in table I). All
experimental pressure trends measured by sensors havdiltered with a digital zero-phase filter characterized byusaff
frequency of 50 Hz in order to better highlight the comparisdth simulation results where high frequency contentsrene

modeled.

15

T
=
o2 100
5
[7)]
2]
o
o
o 50
©
m

OO

Fig. 3. Influence of Bulk modulus on brake pressure trend: exgatal (solid black line) vs simulation with constghtdotted gray line) and with non-linear
B (dashed gray line)

Eq. 6 states that pressure derivative depends on volmand on total flow rate); entering or exiting the volum#j.
Effective values of valves flow are and chambers volum¥y, V; together with unknown damping coefficiertis,b, and
friction forcesFs2,Fiqa have been experimentally identified through the followiegts: the starting steady-state condition is
when the TMC rod is pushed until TMC pressums p2 reach a desired initial values (i.e. 130 bar) with inlet ealcompletely
open and outlet valves completely closed (which represtis normal configuration). From this initial conditiorhet RR
inlet valve is closed and the RR outlet valve is opened tagettith the activation of the motor-pump, thus emptying tie R
brake caliper (falling phase). Once all pressures haveligedh the outlet valve is closed with the motor-pump sivéd off
and the inlet valve is opened, thus filling the RR brake cal{paising phase).

The ’raising phase’ is used to identified volumés Vr, Veq Of each brake caliper, initial TMC volumé#1, Vo2 and flow
areasAin, ArL, Aeq- By a curve-fitting procedure between the time history ofudated pressureps, p2, Peq PrL and p, and
their experimental values, it has been possible to idethiéyparameterdy, geL, Ain, Vo1 andVp,. Fig. 4 shows the comparison
between experimental data and simulation results consgléne best combination of unknown parameters. Voluivieand
Voi influence the steady-state values at which all pressuresattar an initial transient phase which is mainly charazest
by Ain.

Effective values of unknown damping coefficidmtand friction forceF;, cannot be easily identified from experimental data

since positiorx, is not measured. Reasonable values are chosen for sinmgatal a post-processing analysis of their influence
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Fig. 4. 'Raising phase’: 1=°1chamber TMC, 2= 2 chamber TMC, b= Rear Right caliper, FL= Front Left caliper=egguivalent Front Right+Rear Left
caliper, exp=experimental, sim= simulation

on pressure dynamics is reported in Fig. 5 where it is passitbunderstand how, influences the transient behavior whig,
affects the steady-state value of TMC and brake pressuree Bpecifically, an increase bf causes a larger transient pressure
difference between the two TMC chambers and a slower regpohlet valve without affecting steady-state behavion A
increase ofF;, provokes a steady-state pressure difference between th@ MC chambers without modifying considerably
the valve transient phase.

The 'falling phase’ is used to identify remaining paramgteharacterizing the pressure dynamics inside the diseharg
hydraulic branch composed by the outlet valve, the sprirmumecilator and the motor-pum®ss, pin and Aoy have been
identified through a curve fitting procedure between expenital and simulated pressures as shown in Fig. 6:

Qssis strictly related to the TMC pressure gradients while thes/fareaAoy; influences both brake and accumulator pressure
gradients. After 0.3 seconds, the flow rate delivered by th&rpump decrease fro®ss to 0 because accumulator pressure
is too low: it is important to underline the effect of one waglwe inside the discharge branch which prevents oil to flawkb
to the brake caliper.

Inlet and outlet valves can be controlled by applying a digeN/OFF voltage command to their solenoids through theyrel
box. An overall analysis about valves dynamical behavia Ibeen carried out by applying a PWM signal to their solenoids
in order to identify transient and steady state charatiesis

Fig. 7 refers to the non-linear behavior of inlet valve whdPVeM voltage command with frequency of 900 Hz and different
Duty Cycle (DC) is applied to its solenoid.

It is possible to observe a clear dependence of the pressadiegt on the Duty Cycle. This behavior represents the

transformation from the PWM digital command to the effectiimv areaA; through the relay box and electro-valves. This
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Fig. 5. Sensitivity analysis oh, andFs,: 1= 1stTMC chamber, 2= @d TMC chamber, b= Rear Right caliper, n = nominal condition
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Fig. 6. 'Falling phase’: 1= & TMC chamber, 2= @d TMC chamber, b= Rear Right caliper, a= accumulator, exp=éxyertal, sim= simulation

electro-mechanical system is characterized by saturatidsoth directions: for a DC lower than 30% the valve behawes a
a fully open one and for DC greater than 55% the valve works fslyaclosed one. Based on this consideration, inlet and
outlet valves can be modeled with second-order transfestifums with a non constant static gain as indicated in Eq.Thé
dynamic parameters,, and{ are roughly derived through a curve-fitting procedure betwthe simulated pressure trend and
the experimental results for a specific DC, as indicated @n &i The figure also makes clear the effect of the PWM frequency
on the pressure ripple: while the outlet valve PWM frequentc®Hz is close to its natural frequency amplifying pressure
oscillations, the high value of inlet valve modulation fuegcy of 900 Hz is very well attenuated due to the mechandal |

pass filtering effect involved by the valve dynamics.
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Fig. 8. Raising and falling phases by applying a PWM signal @#4DC and modulation frequency of 900 Hz to the inlet valve a4V signal of 25%
DC on 50 Hz to the outlet valve

The varibale static gaifss, which takes into accounts all the unmodeled non-lines;te.g. introduced by the relay box and
electro-mechanics behavior of valves, is identified fromesinental curve-fitting all over the effective DC rangeg(e€rom
30% to 55% for the inlet valve) finally getting the non-linedatic behavior between DC and effective flow afgahown in
Fig. 9. The inlet valve gain shows a monotonically decreasiend which has a clear physical meaning since it statds tha
when Duty Cycle increases the inlet valve behaves as closled.vOn the other hand, the outlet vale gain is characttize
a increasing trend followed, after the maximum, by a dedngasend and thus showing a different behavior from inldvea

also because of the motor-pump presence.

V. MODEL VALIDATION

This last section presents the experimental validationhef non-linear model by applying the same time-historied use
during specific experimental test in order to compare sitedl&drake pressure behavior with the pressure measurecbgrse

Two different time-histories are chosen to be as close asilgesto real operating conditions of vehicle braking syste
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Fig. 9. Static GainGs for both inlet (left) and outlet (right) valve

« Normal production ABS emergency wheel anti-lock controategy

« PWM signal with variable Duty Cycle for both inlet and outletlves

In the first case, both test rig and non-linear model recdigesame input coming from a real emergency braking maneuver
where the system is activated in order to avoid wheel lockirgexample of valves activation is reported in Fig. 10 {satibn
of outlet valve always comes together with motor-pump to tgnigpake calipers) together with the comparison of brakeeal
pressures obtained during simulation and from test rigaeng\ proper tuning of the inlet valve static gain, focusedi@wv
pressures, has led to a good estimation in that range: the ®Rill® of the error between simulation and experimental otata

the time range shown in Fig. 10 is 1.5 bar.

(o2}
o

Pressure [bar]
NS
o o

Fig. 10. Experimental validation of non-linear model durin@® emergency braking under extremely low road friction coodg: b= Rear Right caliper,
exp=experimental, sim= simulation

.3
Time [s]

Finally, a more specific test is elaborated for evaluatingesdynamic response to a PWM signal with a constant frequenc

and variable Duty Cycle. The time history is chosen in ordecdver the whole range where Duty Cycle is effective on the
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pressure gradient as described in the previous section.sifflation has been carried out by adding to both valvestinpu
commands a time delay equal to the sampling period (0.02 eX)} dsiring experimental test. Contrary to the other tests,
where the sampling frequency is 10 kHz, in this case (frequaf 50 Hz) the time delay due to the sampling period cannot
be neglected. Fig. 11 reports the experimental validattoowgng a good match between experimental and simulatedebrak
pressure (RMS error is 3.5 bar), especially during the atitm of inlet valve.

The RMS value of the error between experimental and sinwratiata is lower in the case of ABS emergency test than the

PWM signal test due to a lower mean value (10 bar and 35 bar ctsgy).

Pressure [bar]

o

Time [s]

Fig. 11. Experimental Validation of Non-Linear Model undeP®M signal excitation: b= Rear Right caliper, exp=experimagrgim= simulation

VI. CONCLUSIONS
Conclusion of the first part of this activity can be summatizs follow:

« a normal production hydraulic circuit mounted on passerges has been modeled by a non-linear model which takes
into account TMC longitudinal dynamics, pressure dynanmiside brake caliper/TMC chambers, oil compressibility as
a function of its pressure and its relative gas content, limar behavior of valve electro-mechanical command ad th
presence of a motor-pump with a spring accumulator.

« all parameters of the model have been identified from expariail data acquired from a HIL test bench characterized by
a real passenger car hydraulic system with a ABS/ESC cusbaminit and a real-time data acquisition system.

«» for a better analysis of valves dynamic behavior, a PWM sigvitil a fixed frequency and variable DC is applied to inlet
and outlet valves.

« the mathematical model here presented and experimentiijated represents a valid tool for the analysis of specific

control strategies as will be addressed in the second pahiofctivity.
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VII. LI1ST OF SYMBOLS

1 : subscript relative to first TMC chamber

2 : subscript relative to second TMC chamber

a : subscript relative to spring accumulator

A : flow area ofit" hydraulic resistance

b : subscript relative to Rear-Right brake caliper
by : damping coefficient of th&" hydraulic chamber
cqi : flow Coefficient relative ta'" flow rate

Cgmax - Max flow Coefficient

DC : Duty Cycle of a PWM signal

eq : subscript relative to the equivalent hydraulics circtposed by Front Right and Rear Left calipers
Fri : Friction force actiong on thé" element

FL : subscript relative to Front Left brake caliper
Gs : static gain of second-order valves dynamics
hyg : hydraulic diameter

In : subscript relative to inlet valve

ki : stiffness ofit" spring

m : mass ofit" element

n : gas-specific heat ratio

Out : subscript relative to outlet valve

p : subscript relative to pump

pi : pressure oft" hydraulic branch

Q; : flow rate across thé" hydraulic resistance
s: Laplace variable

S: TMC hydraulic cylinder surface

S, @ spring accumulator hydraulic surface

TMC : Tandem Master Cylinder

U : Valves input voltage

V; : volume ofit" hydraulic capacity

X : position ofith element

o : oil relative gas content at atmospheric pressure
B : oil + pipe equivalent bulk modulus

Bn : oil pure liquid bulk modulus

Ap; : pressure drop across tifé valve

{ : damping factor of second-order valves dynamics
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Acr : critical flow number

p : oil density

on : natural frequency of second-order valves dynamics

v : oil kinematic viscosity

14
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APPENDIX

TABLE |
MODEL PARAMETERS

’ Symbol H Description H Value
Ann Inlet valve flow Area 0.29mn?
Aout Outlet valve flow Area 0.59mn?
b1, by TMC viscous damping coefficient 100Nmg/rad

ba Accumulator damping coefficient 85Nmg/rad
Cq,max Max Flow Coefficient 0.7

Fs» TMC Friction Force 14N
Fta Accumulator Friction Force ON

ka First Spring Stiffness 22222N/m

ko Second Spring Stiffness 4000N/m

Ka Accumulator Spring Stiffness 35N/m
my Second TMC Mass 409
Ma Accumulator Mass 10g

n Gas specific heat ratio 14

Pth Pressure threshold for Pump Flow Rate 0.6bar
Qss Pump Flow Rate 0.26/ /min

S TMC Thrust Surface 5.07cn?

S Accumulator Thrust Surface 2.54cn?
Vio First TMC Volume Chamber 18.8cn?
Voo Second TMC Volume Chamber 12.5¢cn?
Vo Brake Volume 3389cn?

a Relative gas content at atmospheric pressiire  0.02

Bn Pure Liquid Bulk Modulus 2700@ar

{ Damping ratio of electro-mechanics valve 35%
Acr critical flow number 100

P Oil Density 107kg/m?

On Natural frequency of electro-mechanics valye 25Irad/s

v Kinematic viscosity 100e~%kg/(m9

15
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