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Abstract

This paper deals with the design of a brake caliper pressure contralleictmventional ABS/ESC system and the experimental
validation of its tracking performances. The analysis of the hydraulictptaaried out in Part | of this two-part study, is here
utilized to develop the control algorithm for ABS digital electro-hydraulic ealv
The control strategy is based on a Feedforward (FF) and a Promdrtigagral (Pl) controller through a Pulse Width Modulation
(PWM) with constant frequency and variable Duty Cycle (DC). FF coutitin requires modeling the nonlinear open-loop system
behavior which has been experimentally identified and described thidimaps: the inputs are the DC applied to the electro-
valves and the pressure drop across their orifice, while the output isrédssype gradient in the brake caliper. These maps,
obtained for inlet and outlet valves, are used to set the FF term. Finallycar®oller is designed to reject external disturbances
and compensate for model uncertainties.

A brake system test rig, described in Part |, is used for building inver@es and validating the proposed control logic. Different

reference pressure profiles are used to experimentally verify theotdracking performances.

Index Terms

braking system, pressure control, chassis control system, ABSotami.

I. INTRODUCTION

There are many versions of active braking systems, proyidiifferent degrees of braking support. Early systems, such
as Brake Assist, measure some variables (e.g., wheel spebitje acceleration and braking pressure) and estimates so
others (vehicle velocity) to determine whether the driveaitempting an emergency stop [1], [2]. In case an emergEncy
detected, the control system applies additional brakespresn order to enhance the promptness of the braking systhioh
is somehow limited by the presence of the ABS valves, whosaldtaw orifices represent a significant obstacle to a quick
pressure build-up and produce an undesirable stiffenifegtedn the brake pedal.

Different control strategies have been proposed in the fosishchieving improved braking performance of vehiclesimyr
emergency scenarios: Mauer [3] proposes a digital coetralhich combines a fuzzy logic element and a decision logiwark;
in [4] an adaptive sliding-mode control is presented for &tteo-hydraulic system with nonlinear unknown paranmetéy
hybrid controller based on the feedback linearization doedb with two feed-forward neural networks to face the syste

nonlinearities is presented in [5]. Moreover, Dash and 8bb(6] exploit benefits of both fuzzy logic and sliding mode



JOURNAL OF ETEX CLASS FILES, VOL. 11, NO. 4, DECEMBER 2012 2

control in designing a fuzzy adaptive sliding mode contal fiyre longitudinal slip ratio regulation on a hybrid veleicAll
these control approaches intend to control the slip ratiareg at reducing the stopping distance by preventing whaekup
while simultaneously providing directional control analstity. Other papers propose alternative control stiatedpased on
information coming from new sensors for the measuremenhefiangitudinal forces at the hub bearings [7], [8].

In the last years, active braking systems have been reatealdo be integrated in the design of global chassis costiralegies
thus not limiting their task to emergency braking maneuees ABS, ESC as mentioned before). More advanced systems
have been introduced to use innovative sensors (radar, tidmera, etc) to scan ahead of the car for moving and sgagion
hazards. One example is represented by Collision WarniddgCatlision Avoidance (CW/CA) systems which are active sotge
of research and development by most automotive manufacanaind the world due to their potential for increased Vehic
safety: if a potential collision is detected, audiovisuarmings are provided to the driver and the brakes are priraedyr
for maximum application. In this new scenario, the brakiggtem is exploited for following a reference pressure ineorid
accomplish high level control targets (i.e. collision aamice) thus moving the control effort from slip ratio to keataliper
pressures. Many analytical and experimental studies on @V¢ttategies have been performed [9]-[13]: most of them have
assumed a binary braking logic, i.e., an on/off use of brakeg9] a nonlinear brake control law is applied to a CW/CA
system, which uses a analogical solenoid-valve-conttdilgdraulic brake actuator.

Another important application of braking pressure conischlso found in Electro-Hydraulic Braking (EHB) design, iathnis
the key feature of stability control and regenerative brgksystem for hybrid and electric vehicles [20], [21]. Thiggsure
control is usually related with the application of lineateswid valves, which are suitable for the task but also gexjgensive
and not available in conventional internal combustion eegiriven cars. A conventional ABS/ESP unit includes a hylira
pressure modulator with on/off digital valves normally diger slip control and not for the continuous control of theling
pressure inside the calipers. In [14], [15] a detailed eteoiechanical model of an on/off solenoid valve used to lagibrake
pressure is presented; due to the valves discontinuousatkastic, PWM is often used to drive both hydraulic [16B][&nd
high-speed pneumatic [19] valves.

In this wide technological context, this paper proposes\wa centrol strategy of a normal-production ABS unit in order t
continuously track a reference pressure previously deffnedfor CW/CA or EHB strategies). In the literature revieseme

papers about a continuous pressure following control cafoived:

« [9] presents a continuous pressure control based on slidode where the on/off valves are modeled as a second order
dynamic system;
« in [15] an open-loop controller is designed and the outpuhefcontrol is the current of the On/Off digital valves irede
of its voltage;
« in [18] a PI control has been developed using standard fekdbzearization techniques on a nonlinear validated model
« in EHB applications [20], [21], proportional solenoid vabrare used for the pressure following control;
Differently from other literature works,in this paper thentroller has been designed from an experiments-basediptést
of brake pressure dynamics for elaborating the FF part aod fts linearization for the PI gains selection.

Since ABS valves dynamics is highly nonlinear and charasdrby uncertainties, experiments on a Hardware-In-thepLo
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Fig. 1. Hydraulic scheme for the raising and falling phase brake caliper including Inlet/Outlet valves, Motor-pumpda®pring accumulator.

(HIL) Brake System Test bench have been carried out to builéx@erimental model of ABS on/off valves specifically used
for the design of a Feed-Forward (FF) and PI control logicedasn PWM regulation of conventional on/off digital valves.
The paper is structured as follows: in section Il a brief reathtical description of the valves behavior is presentezbstablish
the most influential variables; Section 1l is related to thethodology used to obtain open-loop maps thus expreskig t
experimental relation among pressure gradient and DC agskpre drop across each valve; in section IV the contrdieglya
is explained and the inversion of open-loop maps generateddtion 11l is adopted to build the FF contribution; finadkgction

V shows some experimental results from HIL test bench tada#di the control logic and section VI reports final conclasio

II. VALVES DYNAMICS BEHAVIOR

Brake pressure inside calipers can be modulated throughdtietion of Inlet and Outlet valves. A generic scheme Far t
raising’ phase (when brake pressupg increases) controlled by the Inlet valve and the ‘fallingapé’ (when brake pressure
pp decreases) managed by the presence of Outlet valve and-mwtygr is shown in Fig. 1.

Brake pressure gradiem, is described by the following equation:

o = \%(Qm ~ Qou) 1)

where,, is the volume of brake calipefi is the oil bulk modulus an®,, Qoyt are the flow rates respectively through

Inlet and Outlet valves that are expressed by:

Qin = CqInAin MSgr(pT_pb)

Qout Cq,0utAouty/ MSQT‘( Pb — Pa)

wherecyq is the flow coefficientp the oil density,pr the pressure inside one of the TMC chambegsthe spring accumulator

)

pressure andy,, Aoyt Inlet and Outlet nominal flow areas. Under the hypothesistti@two valves cannot be simultaneously
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open, when Inlet valve is activated (raising pha®g), is null while when Outlet valve is open (falling phas@), is equal
to zero.
From egs. (1) and (2), it is evident that the brake pressuperts on flow areas and on pressure drop across the two valves.

Inlet valve behavior is described considering as inputs:

o Inlet pressure drogpin = pt — Pb

« flow areaAp,
and as output:
« brake calipers pressure gradigmt
Also Outlet valve can be represented considering as inputs:

o Oultlet pressure dropout = Pp — Pa

o flow areaPAoyt
and as output:

« brake calipers pressure gradigmt
In this last case, the spring accumulator guarantees eereferpressure for the suction port of the motor-pump. Acdatou
pressureps is not measured by a sensor but, as higlighted in the Part hisfactivity, it is reasonable to approximate the
pressure drop across the Outlet valve with the brake pressualone.
Hence a possible strategy to control the brake pressureegtad to modulate the valve command thus regulating thew fl
areas. Since electrovalves are designed to receive aldigitamand, the generation of a PWM signal as input voltage is a
solution to modify in a continuous way their flow area. Meailehpressure drops across valves can be considered as an
external disturbances from the control point of view, tha measured on the test bench through sensors placed in tRe TM
and inside each brake calipers.
A PWM signal is described by a frequency and a Duty Cycle th#ihéspercentage of a modulation period during which the
signal is active. By fixing the PWM frequency, the DC is used ltange the effective flow area and so to regulate the flow

rate going inside/outside the brake caliper thus contgliirake pressure.

I1l. VALVES CHARACTERIZATION

The test rig used for valves characterization is shown in Bigwhere a normal production hydraulic brake system is
controlled by a customized ABS/ESC electronic unit to comdhdirectly Inlet and Outlet electrovalves together witle th
motor-pump.

The electronic unit is controlled by means of a dedicatedi®ing a real-time operating system and equipped with Natio
Instrument software and hardware; the control logic is anpénted with Matlab/Simulink and then properly compiledbto
executed on a real-time target (NI-PXI). A PWM signal is clios® command Inlet and Outlet valves meanwhile the motor-
pump is activated with an On-Off logic. Calipers brake puessand TMC pressures are here considered measurable and

available feedback for the proposed pressure controller.
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Fig. 2. HIL Test Rig 1-Hydraulic cylinder 2-TMC 3-customiz&5C 4-Brake caliper 5-Brake disk 6-oil tank
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Fig. 3. Data Acquisition with a sample time of 0.1 ms of TM@r} and Brake fy,) pressures

A more refined analysis of the valves can be achieved througéna-empirical model by involving experimental maps to
describe their dynamics. An experimental test is carriedtouanalyze valves response to a PWM signal: starting from a
steady-state condition where all valves are in their noromlfiguration (normally open for Inlet and normally close fo
Outlet) and brake pressug, is equal to TMC pressures, the brake caliper it is emptied gplyegng a PWM signal with a
certain frequency and DC to the Outlet valve (together wiih @ctivation of the motor-pump) while the Inlet valve is kep
closed; when brake pressupg falls below a specific software selectable threshold, i.bah the Inlet valve is excited with
a PWM signal in order to increase brake pressure while Oudlisievis closed and motor-pump is switched off. This cycle of
falling’ and 'raising’ phases is repeated when the brakespure has reached again the TMC pressure.
An example of a data acquisition is presented in Fig. 3 whéferent duty cycles are imposed for Inlet (30%) and Outlet
(55%) valves with the same PWM frequency of 900 Hz.

The figure also shows how valves activation influences thkeebasad TMC pressures since their variation has a directteffec
on the flow rate (and so on the gradient of brake pressure)cdtrelation between PWM command and valves behavior will

be fully described by experimental maps obtained by chgpairsuitable value of PWM frequency and a DC range within

which brake pressure gradient is controllable.
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Fig. 4. PWM signal with different frequencies for both Inl&{=30%) and Outlet Valves (DC=70%, = Brake Pressure

A. PWM Frequency selection

Starting from a preliminary test, a PWM command with a cortsthrty cycle and different frequencies (range between
50 and 900 Hz) is applied to both valves in order to choose taldei frequency for the control strategy. By exciting the
Inlet valve with a PWM command characterized by a DC of 30% arficeguency of 100 Hz, lower with respect to Fig. 3,

a different behavior can be observed as shown in Fig.4: a PWéluency smaller than 100 Hz leads to significant pressure
oscillations.

PWM frequency directly influences brake pressure ripples sari be selected in order to reduce oscillations and to iv&pro
pressure controllability. The Root Mean Square (RMS) of difteerence between raw and filtered signal (zero-phaseadigi

filter with a cut-off frequency of 15 Hz) is used to correlabe tripple pressure to the PWM frequency:

n 02
Pavs = \/le(pb'npbf') 3)

where B, is the raw pressure anis; its value filtered at timeg;. Fig. 5 shows that the pressure ripple for Inlet valve
decreases with the PWM frequency and after 500 Hz this tremsetited. This means that a high frequency could lead to a
better solution in terms of controllability by cutting ofie PWM frequency content which is a disturbance for pressaméral.
Outlet valve shows a decreasing trend similar to the Inlet, evith a noticeable difference in terms of RMS amplitudegean
it is less influenced by PWM modulation frequency than Inleiveaas visible in Fig.5. This behavior can be explained
considering that the pressure oscillations in the outlanth are influenced both by PWM frequency content and by the
motor-pump which is not present in the inlet branch. Consatjy the motor-pump can be considered as a flow-rate regulat

which modifies the pressure oscillations caused by the PWNMntamad.

Finally PWM frequencies of 900 Hz and 50 Hz are chosen for lafet Outlet valves respectively, aiming at obtaining the
minimum pressure ripple according to Fig. 5.
Since the brake pressure dynamics is minimally affectedhiydutlet valve PWM frequency, the selection of this paramete

for the outlet valve is aimed at obtaining the max DC rangectvhs effective during pressure control as it will be seen in
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Fig. 6. Brake pressure (up) and its gradient (down) vs timedffferent values of DC (Inlet valve)

next section.

B. DC range: Open-loop Maps

The relation between DC and pressure gradient is not linedritais limited within a certain range beyond which the
duty cycle no longer affects the pressure dynamics. A fiegh séfers to the search for a duty cycle range to achieve a good
sensitivity in terms of controllability within minimum anghaximum DC. A gradual variation of the duty cycle is applied t
each valve (by keeping PWM frequency as indicated in the pusvéection) in order to build up the open-loop maps desayibi
the experimental relationship between input (DC) and du¢pg).
By considering the Inlet valve (normally open), the pressymadient decreases with increasing DC until the valve isabte
to further increase pressure because the opening time ghtmo, as it happens when a DC of 55% is imposed with a nominal
frequency of 900 Hz (Fig. 6). If DC is larger than 55%, presscannot be increased up to TMC pressure thus representing
maximum limit for Inlet valve. DC minimum limit can be evakea from the same experimental data when the valve behaves
as a fully open one (a lower DC is ineffective), thus gettingoanplete information about valves open-loop behavior.

Fig. 6 indicates that for a fixed DC, pressure gradient is woistant since it depends also on the pressure drop across the

valve Apin = pt — pp, Which is measurable on the test rig. Therefore, an expataheelationship between pressure gradient
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Fig. 7. Inlet Open-Loop map: pressure gradient vs pressune across Inlet valve for different value of DC

Pp, pressure droj\p;, andDC is obtained, which constitutes the open-loop map of Inléte/éFig. 7).

The 'bell’ shape in Fig. 7 can be divided into three sectidhs: increasing section, the peak point and decreasingogecti
The increasing section and peak point show an almost inyepseportional trend with respect the DC: the pressure igrad
in brake caliper decreases consequently to a reductioneointat valve effective flow area due to an increase of DC.

The behavior of the system corresponding to the decreasiigpa cannot be explained in the same way, due to the saturat
limit imposed by the TMC pressure (without this limit, thecdeasing section would not be present): it is not intuitvdigure
out how the DC influences the pressure gradient. It is of @stemoting that in the DC operative range there exists a pssgre
modulation of pressure gradient with respect to DC, thudiming a feasible controllable variable.

Figures 6 and 7 clearly show the upper and lower limits of dwtgle range for the Inlet valve; under the lower limit, a
packing effect of the curves occurs: pressure gradient isiae influenced by DC (the same behavior of a fully open valve)
and a transition occurs between the active (where a vamniatidC provokes a variation of pressure gradient) and theipas
region (where pressure gradient is not influenced anymorthéyDC): this transition modifies the 'bell’ shape, causimy a
intersection of the curves in the decreasing section. In Figan be seen that DC of 15%, 25% and 30% have the same bell
shape meanwhile a DC of 42% has a shape which is a sort of cdiopost 30% and 44% DC curves.

Similarly, the Outlet open-loop map is built selecting thepepriate duty cycle range between upper and lower limits,
considering that the outlet valve is normally closed (wheb B too low the valve behaves as a fully close one) and that the
pressure drop across the valypou: = pp — Pa, IS approximated with the brake pressymg(neglecting the influence of spring

accumulator). The open-loop map obtained for the Outletevéd reported in Fig. 8.

IV. CONTROL LOGIC DESIGN

A non-linear FeedForward (FF) plus a Proportional Inte¢Pd) controller is designed for continuously tracking aerehce
pressure which can be generated, for example, by a high-¢éewverol logic aiming at a global chassis control. In order t
design the controller structure and to figure out its peréoroe enhancement, a linearization around a nominal equitib
point is required. Equilibrium points can be found just sitey from dynamic equations that describe brake pressunavier

for both inlet and outlet valves in Eq. 1,2:
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' 2A
Poin (Po, Ain, Pr) = \ichln(DCIn,Apln)ﬁ @)

. 2
Po,0ut(Pb, Aout) = _\%CqAOut(DCOub Pb) 4/ % 5)

whereA, andAgy; depends oDC and pressure drop across each valve. Steady-state occerspyh: O: a trivial solution
is obtained whemr , = pp for Inlet hydraulic branch ang, , = 0 for Outlet hydraulic branch.
A more interesting steady-state condition is reached whgh = 0 (DC, = 100%) VApinn = (Pt — Pp)n for Inlet valve and
Aoutietn = 0 (DC,, = 0%) Vppn for Outlet valve. This means that any value of brake prespyirepresents a stable configuration
whenAgytn = 0 andAj, n = 0.

Since pressure gradient in equations Eq.4 and Eq.5 is aidunct two variables DC andAp), the following linear relations

are obtained respectively for Inlet and Outlet hydrauliantwhes, by linearizing around nominal equilibrium points:

. aI'Db In 7 pb.ln
= : DC,, — DC + : Apin—A = DCi, — DC + Apn—A 6
Po.in aDCyn n( In In,n) oApin n( Pin pln,n) kDC,In( In In,n) kA,In( Pin pln,n) (6)
: _ 4 pb,Out d pb.Out .
Pb,out = — (DCout — DCOut,n) + (pp— pb,n) = kDC.,Out(DCOut - DCOut,n) + kADut(pb - pb,n) (7)
0DCOUt n d pb n

Eqg. 6 and 7 state that brake pressure gradient is influenc&Cbgf valve input signal and pressure drop across valvesitjro
four coefficientskpc in, koc.out: Kain andka out- These two relations, neglecting the constant terms, cagrdagoed in a unique

general formulation for both inlet and outlet valves:

Po = kocDC + kaAp = kocDC + kapr — Kapp 8

whereDC = DCy,, for inlet valve,DC = —DCq,, kapr = O for outlet valve andpc,ka are linearization coefficients related to

nominal equilibrium points.
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By applying Laplace transform to Eq. 8, it is possible to @detihe transfer function between outgayg and input DC,pr):

_ ko
s+ka

Ka
s+ka

DC(s) +

Po(S) pr(S) 9)

wheres is the Laplace variable and DC is the controlled inpgtrepresents a measurable disturbance. The poles of transfer
function (9) depend on coefficiefy which states the relation betwegg and the pressure drop across each valve and it is
expressed by the gradient of open-loop maps when DC is fixadctmstant value. For both inlet and outlet valkgschanges
from positive (stability region) to negative (instabilitggion) values: by looking the Inlet open-loop map (Fig. o), high
pressure drops (right side of the map with a negakivg an increase in pressure causes an increase of pressdiengra
making the linearized system unstable. On the other hamdodopressure drops (left side of the map with a positig the
system shows a stable behavior.

The Control logic used to stabilize the system and to traek réference brake pressure is composed of two different

contributions:

« a non-linear FeedForward (FF) part which is based on dyrasyistem inversion of the open-loop behavior;
« a Proportional-Integrative (PI) part which aims to rejeotse and to compensate for model parameters uncertairgies n

considered in the FF contribution.

A. Feed Forward Controller

A FF contribution is built by considering the dynamics of keapressure gradient: it works to track the gradient of the

reference pressure. Theoretically speaking, this is nbthinverting Eq. 8:

DCrg — W (10)

wherep; is the gradient of the reference brake pressure. Since gaiasdkpc are not constant in the real system, dynamics
inversion can be easily achieved by inverting experimeapsn loop map$ = f(DC,Ap) to inverse mapdC = f(p,Ap)
through a post-processing procedure consisting of twogshas

1) Original maps discretization & interpolationeach pressure gradient trend in Fig. 7 and Fig. 8 has a differ@axis
(pressure drop across valves) discretization, thus regua suitable standardization which is obtained by fixingoenmon
abscissa distribution. Consequently, a linear interpmiats carried out to create a common x-axis discretizatind # fill
original open-loop maps where experimental values are vaitadle, providing more data for the following inversiotes.

2) Maps inversion:for each pressure drofsp there exists an experimental correlation between preggadient and duty
cycle: hence a simple vector inversion is performed as shiowig. 9.

Finally, Fig. 10 and 11 illustrate the inverse maps for Irdatl Outlet valves, respectively.

It is important to highlight thaDCgg is not a traditional open-loop feedforward since inversgsnase as input feedback

from the plant, the actual pressure drop across valves mexhby sensors whose effect will be clarified in the next sciiise.
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B. Proportional Integrative Controller

Open-loop maps are obtained from experimental data, so aheybviously affected by uncertainties. In order to reduce
their impact on the control strategy and to better track #ference brake pressure, a Pl controller on the error betywge

and py, is designed.
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In order to understand the PI effects on the closed loop systeown in Fig. 12, a not measurable disturbadds added to
the control outputic = DCgr + DCp; and sensor noiseas,, nr are considered respectively for both TMC and brake pressure

Pressure gradient equation express in Eq. 8 is modified as:

Po = kocDC + kapr — kapp + Ga(s)d (11)

By considering the Laplace transform of 11, a new transfaction of the disturbed plant is obtained:

_ koc
stk

Ka
S+ka

Gq(9)
S+ka

DC(s) +

pr(s)+

Po(S) d(s) (12)

The closed loop transfer function from,, to p, can be derived considering the controller equatiDaxs)

DC(s) = DCri(S) + DCrr (S) = (Ker + K—én)e(s) +DCee(9) (13)

wheree(s) = ppy — Po — N, Kpr is the proportional gainky is the integral gain an®Cr¢ is the DC from inverse maps.
Finally, the relation between the outppg(s) and the inputpy,(S), pr(s),d(s),ny(s) is calculated by substituting Eq.13 in
Eqg.12:
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s+ky S stk S+ka S stk
(22 0Cer(9)) + (522 ) prion+ (22 ) ato) - (e g2+ K J02 Yy

k Kin k k Kin k
o (L 00 Ko Jom ) _ (i oo oo )

Ss+ka Ss+ka s+ka s+kA S s+ka
(14)
Without considering the effect dCgf (s), this equation shows how PI gains can modify the closed lompster function
betweenpy,(s) and py,(s). On the other hand)Crr derives from inversion of the nominal open-loop dynamicawdr, see

Eqg. 10 hence Laplace transform is:

s ka Ka Ka Ka
DCrr(s) = Koo Po,r(S) — koo pr(s) — QHT(S) + koo P b(S) + @nb(s) (15)
by substituting Eqg. 15 in Eq. 14 it yields:
_ (kocKpr +Ka)s+ kocKin B kas Gy(s)s
Po(S) = Por(S) — ( 2+ kpcKprs+ kpcKin ) o(S) <52+ kocKprs+ kDCKIn> () + <82+ kocKprs+ chKm) d(s) (16)
and in terms of tracking errcg(s):
- kas— &2 kas Gy(s)s
&) = (524—2(&)“34— w,%) Mo(S) + (52+25a),13+ aﬁ) (S - <32+ 20 tns+ wﬁ) ds @n

where

(18)

Non-linear FF is able to improve control tracking perfonmr(&%% = 1) and reject the measurable disturbamge but

it is not able to reject unmeasurable disturbances dikend sensor noises liker,n,. The intervention of the PI control is

able to modify the poles of transfer funcﬂoﬁ% ( ) thus enhancing robustness against uncertainties anchakter
disturbances. Considering firstly the transfer functﬁ%, without a Pl controller Kpr = 0 andK;, = 0) only one pole in zero

is present: in the low frequency range, TMC pressure sensiges can negatively affect error between brake pressutétsin
reference value. The presence of proportional and integiials can change the position of close-loop poles: by cergigl a
fixed value ofky andkpc, bode plots of =~ (( and el ) for different values oKp, andK;, are compared in Fig. 13. Integral
gain modify the Bode plot magnitude on the low frequency aegand implies a resonance amplitude peak which can be

reduced by the proportional gain. Eq. 17: proportional gafltuences damping factoi{} since integral gain is selected to

modify natural frequencycd,).
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Fig. 14. System response to a sequence of step changes @féhence pressure (dashed gray)

V. EXPERIMENTAL RESULTS

Last part of the paper shows the experimental results ada@ypplying the proposed controller to the physical system o
the test rig. The update rate of the controller set duringettgeriments is 50 Hz. This limitation is due to the PWM frequen
selected for the outlet valve (50 Hz): the electronic instentation used for controlling/monitoring the brakingteys is not
able to generate a PWM signal with a frequency lower than thepbag rate of the controller. System responses to three

different stimulus profiles are proposed, in order to shogvdbcuracy and efficacy of the proposed controller.

A. Step response

Starting fromKp, = 1, Kjn = 10 as optimal values in Fig. 13, a sequence of constant ssepapiosed to the reference
pressure signal in order to validate Pl gains.

Fig. 14 shows the closed-loop system response, where mefepessure is tracked quite precisely. In this first expent,
FF term intervenes only in the time interval between one atepthe following py # 0), since the required pressure gradient

is null when the reference pressure is constant.
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Fig. 16. System response to a trapezoidal wave referenssypee (dashed gray)

It is of interest observing that when brake pressure reatifeseference value, both valves stay closed keeping tresyme
equal to its reference value. The lower subplot of Fig. 14wshwalves DC in their control operative range: the Inlet DC

saturates at 60%, since it behaves as a fully closed valviarfger DC.

B. Triangle wave excitation

A second experiment is performed by imposing a triangle wsigeal to the reference pressure. This experiment allows
evaluating the FF contribution, i.e. how inverse maps warkeisponse to a constant reference pressure gradient (twnteol
is disabled during this test). The response is plotted in Ftg even though the measured pressure does not closelyr matc
the reference, due to the absence of the linear feedbackotientits gradient closely resemble the 300 bar/s impdsethe
wave. The lower chart highlights the activation of both eslin their respective DC operative range: DC values ardarwuta

by entering the inverse maps with= 4300 bar/s.

C. Trapezoidal excitation

Finally, a trapezoidal excitation allows appreciating thiervention of both FF and PI terms.
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Fig. 16 proves that the use of inverse maps integrated with @®troller leads to noticeable improvement in following
the reference pressure. Pl contribution has the doubleteffecontrolling brake pressure whegn= 0 without adopting FF
inverse maps (switching between Inlet and Outlet valve ofeoto keep constant the brake pressure) and to rejectsakter
disturbances when FF is activatepl- 0). The overshoot visible in figure could be limited by adogtia faster control loop
rate; unfortunately, as previously stated, the experialesyistem does not allow to further increase this paraméterlimit is

50 Hz).

VI. CONCLUSION

The paper presents a methodology to analyze and characteéezdynamic behavior of a commercial ABS control unit
commonly present on passenger cars. Oil pressure dynans@eibrake calipers is described by open-loop maps which
represent the experimental relation between pressuréegtaahd pressure drop across valves and DC command.
Experiments were run on a dedicated test bench to chaztéré valve dynamics, thus allowing to choose an appr@priat
frequency and duty cycle range and to build open loop maps.

A FF + PI strategy based on the control of PWM DC for each valuke{i& outlet) is implemented in order to track a desired
reference brake pressure: FF contribution is calculateah finversion of open-loop maps and Pl contribution is usedidse
the loop on the brake pressure rejecting external distedsmand sensor noises.

Finally three different experimental tests are used fortrmbriogic validation and evaluation of control performasc Exper-
imental results prove the effectiveness of FF + Pl controhiéque for vehicle global chassis control logic using a omn

automotive brake system.
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VII. LI1ST OF SYMBOLS

a : subscript relative to spring accumulator

A : flow area ofith hydraulic resistance

b : subscript relative to Rear-Right brake caliper
Cq : flow Coefficient

d : external disturbance

DC : Duty Cycle of a PWM signal

e : error between reference and actual pressure
In : subscript relative to inlet valve

Kpy : proportional gain

Kin : integral gain

n : subscript relative to a nominal conditionv
n; : noise on theé'™ measure

Out : subscript relative to outlet valve

p : subscript relative to pump

pi : pressure oft" hydraulic branch

Q; : flow rate across thé" hydraulic resistance
r : subscript relative to reference signal

s : Laplace variable

T : subscript relative to one TMC chamber
TMC : Tandem Master Cylinder

V; : volume ofit" hydraulic capacity

B : oil + pipe equivalent bulk modulus

Api : pressure drop across tif8 valve

{ : damping factor

p : oil density

wy : natural frequency
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