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Abstract

The electromechanical brake (EMB) is expected to be utilized for future brake systems due to its many advantages. In
this paper, keeping commercialization of the EMB in mind, a new EMB clamping force controller is proposed to over-
come the limitations of the existing controller, namely, the extra cost for sensor installation and response delay. To
design the controller, both mechanical parts and electrical parts in the EMB have to be mathematically analyzed. Also,
dynamic models, clamping force, and friction torque are estimated to generate some feed-forward terms of the control-
ler. With an estimation of the contact point where brake pads start to come into contact with a disk wheel, the clamping
force is expressed as a polynomial curve versus the motor angle. The estimated clamping force is evaluated in compari-
son with measured values by a load cell. The proposed controller is based on an adaptive sliding mode control method
with an adaptive law reducing errors of the friction torque model. Lastly, the performance of the entire control system
is compared with that of the existing controller on a test bench.
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Introduction study EMBs for commercialization." ' Some research-
ers have expected that EMBs can be utilized for the

; : T brake systems of future vehicles.'*® A vehicle equipped
by-wire systems (BBWs) has increased steadily in the .0 o0 EMB must control it with high accuracy for

aut;)motlve 1ndustr(i/. BBWs can provuiﬁe bothds.uperl?é implementation of high-level control systems, such as
performance  an convenience or rivers. ABSs and ESCs.

Electromechanical brake (EMB) systems are one kind
of BBW that have replaced some of the complex
hydraulic components of conventional braking systems
with electrical components, such as a brake pedal sen-
sor, a pedal simulator, and control units.> A brake
command transmitted through these electrical compo-
nents drives a motor, which generates brake torque. As
brake pads vertically come into contact with a disk
wheel on both sides, clamping force and braking torque
are simultaneously generated.

The EMB has some advantages over conventional
hydraulic brake systems, such as faster response for
shorter braking distance, lighter weight, and better
space efficiency.l Also it can be more casily connected  Department of Mechanical Engineering, KAIST, Republic of Korea
to some vehicle chassis control systems, such as antil- Corresponding author:
ock braking systems (A]?%S) and electronic stability Seibum B Choi, Departme.nt of Mechanical Engineering, KAIST, 291
control systems (ESCs).™” These advantages have Daehak-ro, Yuseong-gu, Daejeon 305-701, Republic of Korea.
attracted many researchers and industry experts to  Email: sbchoi@kaistac.kr

Influenced by technological advances, interest in brake-

So far, most EMB systems have been controlled by a
clamping force feedback controller, which has cascaded
clamping force, motor velocity, and motor current con-
trol loops.”® However, a load cell measuring the clamp-
ing force is too expensive to be installed in production
vehicles and is not accurate at high temperatures.” So,
the force feedback from the load cell has both robust-
ness and reliability issues. To solve these problems, an
effective method by which the clamping force is esti-
mated without a load cell is required. Schwarz et al.’
proposed a basic algorithm for clamping force
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estimation by which the curve of the clamping force
versus the motor angle is described. Based on this pro-
posed method, various methods of clamping force esti-
mation have been proposed.'®1°

In this paper, an estimation algorithm extending the
earlier studies is proposed, which is based on elabo-
rated curve fitting with a contact point estimation
method. The contact point, the value of the motor
angle when the brake pads start to come into contact
with the disk wheel, has to be exactly estimated for the
accuracy of clamping force estimation. All of the esti-
mation algorithms in this paper are carried out in a
feedback control system, shown in Figure 1(a), using a
motor angle controller as the outer control loop. The
encoder can be replaced with sensorless speed and posi-
tion estimators."'!

Furthermore, the developed clamping force estima-
tor can be utilized to design a new controller including
some feed-forward terms related to the EMB dynamic
models. It is anticipated that the newly proposed con-
troller can avoid response phase lag occurring fre-
quently in the existing controller. For this purpose, an
estimation of the other dynamic model, friction torque,
is essential. If these estimated dynamic models have
acceptable differences in actual values, they can have a
positive effect and improve control performances. An
overall algorithm for EMB controller design is illu-
strated by the block diagrams in Figure 1(b). As shown
in these diagrams, prior to completion of the controller
design, the feedback control system is performed only

during an initial step to develop the dynamic model
estimators. Consequently, the EMB is expected to be
controlled by an adaptive sliding mode control (SMC)
method. This method is applied to EMB control for
the first time: there were already some methods for
EMB control, such as adaptive proportional-integral—
derivative (PID) control® and model predictive control
(MPC).”

The remainder of this paper is organized as follows.
Mathematical models of both electrical and mechanical
parts are introduced in the second section. Estimation
algorithms for the contact point, clamping force, and
friction torque are developed in the third section. In the
fourth section, the new clamping force controller,
which uses the outcomes of the developed estimators, is
presented with a formulation of the adaptive SMC
method. Some experiments for verification of the new
controller are performed on an EMB test bench and
the results are analyzed in the fifth section. Finally, the
sixth section concludes the paper.

Modeling of electromechanical brake

Figure 2(a) illustrates the overall structure of an EMB
composed of primary components such as a permanent
magnet synchronous motor (PMSM). Some reduction
gears and one planetary gear set reducing the angular
velocity of the PMSM are connected to the PMSM in
series. Then, this rotational motion is converted into
the linear motion of the piston through the ball screw.
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Figure |. Electromechanical brake (EMB) block diagrams: (a) feedback control system; (b) overall algorithm for EMB controller

design. ECU: engine control unit; SMC: sliding mode control.
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Figure 2. Electromechanical brake structure: (a) block diagram; (b) bond graph. PMSM: permanent magnet synchronous motor.

While the linear motion presses the disk between two
pads, the outer caliper body clamps the disk at the same
time. The stiffness of this caliper body accounts for the
main portion of overall brake stiffness.” Modeling of
the EMB is simply divided into the electrical and
mechanical parts. Also, the EMB structure can be
expressed as a bond graph, as shown in Figure 2(b): the
bond graph theory is well explained by Ma et al.'?

Modeling of the electrical part

The PMSM is suitable to control the EMB due to its
high precision in both angular velocity and motor cur-
rent control.'*'* In the PMSM, three-phase vectors of
a voltage or a current are transformed to two-phase
vectors, which are represented with stator orthogonal
coordinates, the a — B axis.'” This is called the Clarke
transform

{.fa}:ll _% _é‘| j:a (1)
Bl o 2 —E]|F

Here, f'is the voltage or the current. Subsequently, the
Park transform is performed to convert these stator
orthogonal coordinates into others, the d— ¢ axis,
which rotates synchronously with the rotor.'*”'® The
formula of the Park transform is expressed as follows

AN Id
fq J8
where 6 is the electrical rotor angle. Voltage equations

with d and ¢ axes are described in following equa-
tionsl,l3—l7

sin 6,
cos 0,

cos 0,
—sin 6,

(2)

i
vg = Riy + Ldf —wyLyiy

(3)
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. di, .
v, = Ri, + qutl + wy(Laiag + ) 4)

Wy = HyWp, (5)

where vs and v, are the voltages; iy, i, are the currents;
L4, L, are the inductances of each axis; wy,, w, are the
mechanical and electrical angular velocity, respectively;
R is the stator resistance; i, is the flux linkage; and is
n, the number of pole pairs. The torque of the interior
permanent magnet synchronous motor (IPMSM) used
in this research is given as

3 . ..
T = z”p[‘//qflq + (La — Ly)iaiy] (6)

To generate maximum motor torque, the IPMSM is
controlled such that i; becomes zero.'> !¢ Therefore,
the motor torque, which is linearly proportional to the
motor current, can be simply expressed as direct cur-
rent (DC) motor torque as follows

3 : .
T, = En,,([quzq = Ky, (7)

where K,,, represents the motor torque constant.

Modeling of the mechanical part

The motor angular velocity is reduced by passing
through a series of reduction gears and the planetary
gear set. The relations between two gears connected to
each other are described as

w1 = Wy
wy = w1 /(s1XGRy)
w3 = w2 /(s2XGRy) (8)

wq = w3/(s3XGR3)

Wearrier = W4 / (§4 X GRplanetary)

where GR and s are the gear ratio and the gear effi-
ciency, respectively. Also, each subscript in equation (8)
denotes the number of each gear in Figure 2(a). Then,
the rotational motion of the carrier gear is converted
into the linear motion of the ball screw. Eventually, the
displacement of the ball screw is linearly proportional
to the motor angle.> It is described as

1
GR,,, 2{7_77_0171 = Kscrewbm (9)

X screw

where

GR,(,[ = Stot X GR] X GRZ X GR3 X GRplanetary

Stor = S1X82 X53X34.

Here, GR,,; is the total gear ratio of all rotational
parts, which is calculated by the multiplication of all
gear ratios. Also, s,,, denotes the total gear efficiency.
Then, p and k.., are the pitch of the ball screw and
translating gain, respectively. J,,, the total inertia of
the system from the perspective view of the motor
angle, is expressed as

Jera
(S1XGR,)*
+ Jora/(s1X52 X GRy X G Ry)?

sz = Jmolor + JGR] +

+ {JGR4 + (Jp/ane[ary + Jscren‘)/(§4 X GRplan()tary)z}/

(51X52 X353 X GR; X GRy X GR3)*
(10)

where each subscript of J corresponds to each rota-
tional component. The motor torque in Equation (7) is
equal to the sum of T, the load torque; T}, the inertia
torque that is proportional to the motor angular accel-
eration with the total inertia in equation (10); and T},

the friction torque3,5—1o
_ kSCI'("l'l’ _
T, = =" Fy = kyFy o~
Ss
dzeﬂ
Ton = Tot Sy Ty (12)

dr?

where
T/' (0111) = Sgn(Wm)('ch/ + T/0)~

Here, s; and k.; are the efficiency of the ball screw and
the gearing gain, respectively. Also, y and Ty are the
coefficient of Coulomb friction and the offset term,
respectively.®

Dynamic model estimation

Knowing the dynamic models, such as the clamping
force and friction torque, is very valuable for control-
ling the EMB. However, as mentioned in the first sec-
tion, using a load cell to measure the clamping force is
not recommended due to extra cost and problems asso-
ciated with installation.'*> Also, directly measuring the
friction torque with any production sensor is impossi-
ble. Instead, both F,; and 7, can be described as func-
tions of the motor angle.” Thus, based on only one
degree of freedom 6,,, the new EMB controller in the
fourth section can be easily controlled.

Contact point estimation

Estimation of the contact point takes priority over
clamping force estimation. In developing an algorithm
for contact point estimation, both the motor current
and the motor angle are individually measured by cor-
responding sensors during the special brake operation,
as shown in Figure 3. This brake operation is divided
into pressing and releasing the brake pedal, which
means moving the EMB ball screw forward and back-
ward, respectively. In particular, when a car is started,
this operation can be quickly performed. Many kinds
of vehicle are equipped with a shift-lock system that
prevents a driver from starting a vehicle without using
the brake.'® Thus, most drivers can naturally imple-
ment the brake operation during starting a vehicle.
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Table I. The root mean square (RMS) errors of polynomial
curve fitting.
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Figure 3. Curve fitting with the contact point.

In Figure 3, when the motor current becomes greater
than the constant threshold iy, the motor angle at that
time can be regarded as the contact point 6y."” During
the forward operation that makes the ball screw move
forward, the polynomial curve on the basis of the rela-
tion between i, and 6,, starting at 6y is described as
follows

iqffor(em) = a}‘br(em - 60)2 + ,Bfor(em - 00) + iy (13)

A recursive least square (RLS) method used for every
curve fitting in this paper is introduced in the following
explanation. The RLS method has some advantages,
such as much faster convergence and less computation
than those of the least square method. It is suitable for
a particular curve fitting that is desired to be completed
quickly. The basic idea of the RLS method is to find an
estimated parameter w, which makes the sum of the
squares of the error between approximated data ¢ (i)W
and measured data y(/) minimal.'” This sum, the cost
function V(w, k), is defined as follows

k
Vi, k) = %Z NG0) — ¢y (14)

i=1

where k denotes the number of samples. In the case of
equation (13), y(i) is the motor current i, — iy and 0
the motor angle 60,, — 0y at the ith sample in the for-
ward operation. Also, w denotes the coefficients of the
second-order polynomial curve ay,, and B,. To find
optimal w, V (W, k) is differentiated by w. Consequently,
the following forms are derived?’-*!

wik) = ik — 1) + L(k){y(k) — ¢ (kyi(k — 1)} (15)

where

L(k) = P()b(k)
= P(k — D) {Ar + $T(R) Pk — D(k)} "
P(k) = {I - L) (k)}A; " Pl — 1)
P(k — (k)" () P(k — 1)
A+ T (k) Pk — 1)p(k)

1
= )Tf{P(k_l)_ }

Here, L(k) and P(k) are the update gain and the
error covariance matrix, respectively, and A, is the for-
getting factor. It determines the weighting of the

I 754.9381
2 110.0949
3 110.0933
4 110.0930
5 110.0956
8 110.0968

influence of old samples, which are not strongly related
to newly estimated w(k). In the calculation of w(k), the
smaller As is, the greater the influence of the compara-
tively recent sample is. Generally, the value of A/ is cho-
sen in the interval [0.9, 1].%°

Clamping force estimation

Assuming that both the backlash of the gears and elas-
tic hysteresis of the brake pads are negligible, the rela-
tionship between F, and 6, can be expressed as a
polynomial with no hysteresis.>>!° The polynomial
function is an appropriate mathematical model for the
relationship.

From the preceding analysis in Table 1 showing the
RMS errors between the actual and estimated clamping
forces, a second-order polynomial is considered an
optimum. In Figure 3, during the backward operation,
the motor current i,_p, can be expressed as a second-
order polynomial as in equation (13). It is described as

iq—back(em) = Apack(Om — 00)2 + Bback(em —00) — iy

(16)

To find apeek and By, the raw data iy_paex + ip and
0,, — 6y are utilized to perform the RLS method in the
same way as equations (13)—(15). Depending on the
direction of each brake operation, the clamping force
can be defined from the torque balance equation (12)

1 . d26an or
Forward : F,; = k—d(szq,ﬁ,, — Jiot a’tzf + Ty)
1 . dze —back
Backward : F. = k_c[ (Kmqubuz?k —Jior #2(1 - Tf)
(17)

Generally, Ty in the EMB is regarded as a Coulomb
friction torque, whose sign is changed according to
each brake operation.®***** When the motor angle is
the same, it is reasonable to assume that the absolute
value of the friction torque is the same regardless of the
direction of the brake operation. Schwarz et al.’ pro-
posed that the friction torque can be cancelled out due
to this characteristic. Equations (13) and (16) can be
used to substitute for i;,_z, and i;_p. in equation (17),
respectively. As shown in Figure 4(a), clamping force is
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Figure 4. Characteristic curve fitting: (a) estimated clamping force versus the motor angle; (b) comparison with the actual clamping

force.

Table 2. The specifications of a midsize vehicle (LF Sonata).

Parameter Quantity Value

m Vehicle mass + people 1560 kg
re Effective radius of the front disc 130.9 mm
ey Nominal pad friction coefficient at the front brake pad 0.38

r Effective radius of the rear disc 124.0 mm
oy Nominal pad friction coefficient at the rear brake pad 0.38

Rw Effective rolling radius of tire 330 mm
estimated by taking the average of the formulas in Front wheel : T}, y = 2ugrFo 20
Equation (17) over the whole range of the motor angle. (20)

The signal noises of d?6,,/dt* are removed by utilizing
the low pass filter

Kn . , Jior &
Fcl = ﬁ(l([ffor + quba(’k) - ﬁﬁ(elﬂfﬂ)r + Hm—back)

(18)

Lastly, by using the RLS method again, this estimated
clamping force can be expressed as a polynomial func-
tion of the motor angle. The function starting at the
contact point is described as

ﬁ'clﬁﬁtting(om) = K2(0m - 00)2 + Kl (em - 00) (19)

where K, and K are coefficients calculated by the RLS
method. Figure 4(b) compares the actual and estimated
clamping force versus the motor angle; its range up to
30 rad is a primary operational range for a midsize vehi-
cle (Hyundai LF Sonata). The estimated curve is quite
close to the actual curve, which is based on measured
values by a load cell.

To verify the accuracy of the estimation, an apprai-
sal standard is set up in this study. Firstly, it is assumed
that EMBs are installed in all wheels of the midsize
vehicle (see the specifications in Table 2). Also, only
longitudinal motion of vehicle is considered. The brake
torques of the front and rear wheels are as follows

Rear wheel : T}, = 2u,r . Fy

The dynamic equation of the vehicle wheel in the brak-
ing situation is represented as follows

Jow = RyFy — Ty

T . 21
Fo~=2(T) > Jyib) 2y
RW
From the sum of tire longitudinal forces, the clamping
force can be derived as a function of vehicle longitudi-
nal acceleration a,. It is assumed that F,; in every wheel
is the same
4
2(Tp Tp,
Y Fu= 2T0s 4+ Tior) _ g,
= Ry,

R,ma,
4(lu’frf + lu’rrr)

(22)
.'.Fd =

A low deceleration of less than 0.03g in a vehicle repre-
sents smooth and comfortable riding performance that
is difficult to notice by a driver.** From equation (22),
the clamping force of approximately 0.39 kN to each
wheel is required to decelerate the midsize vehicle to
0.03g. So, the error tolerance of clamping force estima-
tion or control in this paper is set to 0.39 kIN. As the
results in Figure 5(a) show, with a full pad thickness of
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Figure 5. Clamping force estimation: (a) with 13 mm pad thickness; (b) with 6 mm pad thickness.

13 mm, the maximum error is less than 0.39 kN. Even
when the pad thickness decreases to 6 mm due to pad
wear, the accuracy is still maintained in that range, as
seen in Figure 5(b). Therefore, according to these
results, the estimated clamping force including the con-
tact point estimation presented in the Contact point
estimation section is suitable to be part of the new
clamping force controller. Also, to manage the change
of the pad thickness, the curve fitting process (equa-
tions (13)—(19)) is desired to be periodically performed.

Friction torque estimation

On the surfaces of some components, such as the
motor, the gears, and the ball screw, a lumped friction
torque resisting the external torque Tg (= T,, — Ty) is
generated synthetically. In some previous papers,>’ the
kinetic friction torque during slipping motions of all
rotational components is expressed as a function of the
clamping force (refer to 7y (6,) in equation (12)). In
this paper, for elaborate modeling, the load dependency
of friction torque is newly expressed as a second-order
polynomial function of the motor angle

Tf (0171) =

Sgn(wm){f2(0m - 00)2 +f1 (0m - 00) + TfO} if 0m =060

Tpsgn(wy,) else

(23)

Here, f; and f, are the load-dependent coefficients
and Ty is the offset term.

After many brake maneuvers, the brake pad can be
over heated and the heat of the pad is concurrently pro-
pagated into the nearby components.”*> This remark-
able change of temperature is the main parameter
affecting the change of friction in an EMB actuator.
Therefore, although nominal values of f1, >, and Ty in
equation (23) are given at the beginning, they are
desired to be updated to enhance the robustness. Here
7 is defined as a varying scale of load term
fo(O — 60)* + f1(6,, — 6o) (initial % = 1) and, then, the

nominal Tx6,,) can be adaptively changed by the vari-
able 7. While the estimated 7) converges to real n by an
adaptation law, the error of friction torque T, W0,) is
reduced.?® The adaptation law is introduced in the next
section.

Controller design

Generally, a brake actuator should have a fast response
without time delay. The faster the reaction of the motor
angle control in the EMB, the faster the generation of
the clamping force is, and the shorter the braking dis-
tance is. In this section, a controller is proposed that is
based on the clamping force and friction torque estima-
tors in the third section. The block diagram of the con-
trol scheme is as shown in Figure 6.

Based on the inverse of equation (19), the desired
clamping force F,.;_4; can be converted to the desired
motor angle 6, 4,. Since equation (19) is a strictly
increasing function, each value of F, 4(=0) is
matched one-to-one  with the corresponding
emfdex( = 00)

Om—des = (— Ki + \/ K3 + 4KoF1_4e5) /2K> + 6y
(24)

To determine the control input, the adaptive SMC
method is used. Firstly, the torque balance equation
(12) is rearranged as the following formula for the
angular acceleration

O = (Kniy — ketFur — T7) [ J 1o (25)

The tracking error e and variable s, which are bounded
physically, are separately defined as

e ?m Gmfdm ( b 6)

s=¢é+ e
where the positive constant A is the only tuning para-
meter. Let § be the saturation function of s: set
sat(x) = x/e as |x|<e and sat(x) = sgn(x) as |x|>¢
where ¢ is a very small parameter
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Figure 6. Block diagram of the proposed electromechanical brake (EMB) controller. ECU: engine control unit.

s =— Asat(s) (27)
The time derivative of s is written as
§=E+X6 =00 —Opgos + Aé (28)

The error dynamics can be written by substituting
equation (28) into equation (27)

By — Omaes + A& + Asat(s) = 0 (29)

Substituting equation (25) into 6,, yields

(Kmiq - kchcl - Tf)/Jtot - Hm—des + e+ /\sat(s) =0
(30)

Lastly, F,; and Ty can be replaced with equations (19)
and (23), respectively. At this point, it is assumed that
the estimated F,; is actual. Therefore, the motor current
in equation (30) is regarded as the control input i;_ g,
which is designed as

1 N .
iqfdes = K_(kchc/ + Tf' + J10t0m—des)

M 3D

K m

(é + sat(é + Ae))

where

Tf' = TfOSgn(Wm) + ?](f2(0m - 00)2 +f1(0m - 00))Sgn(wm)~

Here, equation (31) is the reference of the inner loop
current PI feedback controller (see Figure 6). To prove
the stability of the proposed algorithm by using
Barbalat’s lemma, consider a Lyapunov function candi-
date V' that is lower bounded (}V'>0) and positive
definite

1 1
V=38t oo (32)
where
n=n-1.

Here, k, is a positive constant adaptation gain.
Assuming that the real n varies slowly, the time deriva-
tive of V' is obtained as
= gs 4 1 (- )
=g+ — _
=
. p . 1.
= ((Kmlq - kc/Fcl - Tf)/Jtot - omfdex + )\C")S - k_ mm
a
(33)

By substituting equation (31) into i, s and V can be
rewritten as

§ = _?)Sgn(wm)UZ(Om - 00)2 +fl (Om - 00)) —A sat(s)

Jiot
v As sat(s)
Jrot
(0 sen(wa) (50 — 00)* + f1(6 — 69))
-n{— t s
ka Jlot

(34)

The adaptive law can be naturally obtained as follows

757 = kaSgn(Wm)(fZ(em - 00)2 +fl (0m - 00))S/Jtot
(35)

Hence, V in equation (34) can be expressed as negative
semidefinite, that is
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Table 3. The main parameters of the electromechanical brake.

Symbol Parameter Value

af Flux linkage 0.00402 Wb
Ly Motor inductance (d-axis) 78.8 nH

Ly Motor inductance (g-axis) 93.5 pH

R Motor resistance 0.137 mQ
Km Motor torque constant 0.047 Nm/A
ny Number of pole pairs 3

Jtot Total inertia moment 3.184X 10 %kg - m?2
GRyo: Total gear ratio 39:1

p Pitch of ball screw 5 mm

Ss Efficiency of ball screw 68%

V= — s sat(s)/J; <0 (36)

From the following equation (37), it is verified that ¥ is
uniformly continuous in time

V = A2(sat(s))* | J o (37)

From equations (32)—(37), it is verified by using
Barbalat’s lemma that s — 0 as 1 — %.2%27 This implies
that the tracking error e in equation (26) converges to
zero. Also, since both s and § converge to 0, 9 con-
verges to 0 (refer to equation (34)).

Since the perfect clamping force estimation without
the load cell is quite difficult, the modeling error F, is
inevitable in the experimental results. However, it is
expected that a sufficiently large gain A can cancel out
this modeling error.

Experiments
Experimental set-up

All experiments in this paper are performed using an
EMB test bench (see Figure 7). All of the data are com-
municated by a controller area network (CAN). Figure
7(b) illustrates how the desired commands F._4s and
0,,—as from the control desk are transmitted to the EMB
plant. Also, the transmission of data from the EMB plant
is shown; 6,, and w,, are measured by an encoder, while
is, ip, and i, are measured by current sensors. Using a
Micro-Autobox, all of the processes are monitored at a 1
ms sampling rate.”® The feedback control system in Figure
1(a) for developing the estimators is downloaded onto the
EMB engine control unit (ECU) through USB Multilink.
The outer control loop consisting of the inversed charac-
teristic curve, friction torque estimator, and the adaptive
SMC is built in Micro-Autobox (see Figure 6). Thus, the
control input is calculated in Micro-Autobox and is trans-
mitted to the motor current feedback controller down-
loaded onto the EMB ECU. The system parameters are
presented in Table 3.

Experimental results

The controller design in the fourth section is evaluated
in this section. First of all, an experiment with the feed-

forward control input i,_; only, that is, with a zero
feedback gain (A = 0) in equation (31) and no adapta-
tion law in equation (35), is performed.

The results of this experiment with the feed-forward
control are shown in Figure 8. The clamping force
command is applied as a step input (see Figure 8(b)).
As shown in Figure 8(a), to follow this desired com-
mand Fei—ges, ig—des 15 calculated by the sum of the terms
reflecting each dynamic model: the load torque, friction
torque, and the inertia torque. The measured clamping
force F—pmeasurea Obtained from the load cell and actual
clamping force F.;,_, (the output of the controller) are
simultaneously generated (see Figure 6). F._easured
from a load cell is for the purpose of monitoring only
and are not used for the controls: if the clamping force
estimation is perfect, F.;_,; Will be equal to F.;_easured-
F._ 4 quickly reacts to the desired commands and
promptly follows them. These results confirm the con-
tribution of the feed-forward terms for the control per-
formance improvement.

To validate the performance of the entire controller
proposed in Figure 6, some experiments with various
clamping force commands are performed. The step
commands with various magnitudes, the triangular
command, and sinusoidal command are individually
applied into the proposed controller (see Figure 9).
Regardless of the command, the acceptable control
errors are shown. As well as the tracking errors between
the desired and actual, those between the desired and
measured are under the error tolerance of 0.39 kN. As
a result, it is confirmed that the proposed controller
based on dynamic model estimation can be applied to
the various braking situations.

From the previous research, the adaptive law has
the following characteristics®®: (a) it increases the total
system order; (b) due to the model error and signal
noise, it may cause the instability of system. Therefore,
the adaptive law in equation (35) is activated only when
the steady-state error between the desired and actual is
large. In Figures 9, 12(b), and 13(a), since each control
result has an acceptable steady-state error, the adaptive
laws are deactivated. This implies that the friction tor-
que models are well estimated (1) = 1, n~1).

To validate the performance of the adaptive law, the
initial scale is intentionally set to an incorrect value,
and the real scale is approximately 1 () = 0.57, n~1).
As shown in Figure 10, the adaptation law is activated
by the large error between desired and actual clamping
forces in about 3 s. It is confirmed that the control error
in Figure 10(a) converges to 0, as the estimated para-
meter converges to the real scale in Figure 10(b).

Schwarz et al.? suggested a typical EMB clamping
force controller, which was based on feedback errors with
proportional (P) and integral (I) gains (see Figure 11).
Figure 12 compares the performance of the proposed
controller with that of the existing controller for the same
step input of 8 kN. While the existing controller records
the settling time within 2% error of 0.395 s, the proposed
controller records 0.175 s. As shown in Figure 12(a), a



Park and Choi 2009
USB Multilink
- Downloading EMB feedback
control system

: Estimator design g

: (building outer control loop) .

e COOULTONCL L CLROOOR L DE L ORIk 5
T e T T I
. ™ |
| Oic-aii T Desired F .
; = < I
| s -
i em Wi s gy iq 0,,, Wi, id, iq !
. EMB ECU Micro-Autobox Host PC |
! - Executing EMB feedback - Multi-processor platform - Executing outer control loop - Matlab Simulink & Control desk  *
control system - Board : dSPACE DS1401 - Generating control input ( Om-des) - Data menitering !
| - Data acquisition e
i I
I em s w"l B
i g U, Ic 5 I
|ﬂ Power supply %
i who | a2y, 0~04) |
X .
: Ve il J“/“ )
| (final control inputs) 3
E EMB plant I
| - Measurement devices : encoder, current sensor >
Real time control by CAN communication (sampling frequency : 1000 Hz)

(b)
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4000 14 . ! [\ ! T . ;
— 3500 12 ; :
= (R R AN
o 3000 / N . y :
g 2500 y / 5 5
L 08
o 2000 /
P H
o— 4 0.6
E- - j/ """" Desired
S 1000 prm s 04 — Estimated parameter
o | 4 i i N B e
300 no adaptati‘o‘r’\’ adaptat: on 02 i no adaptation adaptarlon i o) L2
0 i i i i 0 i i i i i i
0 1 2 .4 6 7 0 1 2 3 4 7 8
Time [sec] Time [sec]
(a) (b)

Figure 10. Validation of the adaptation law: (a) control results; (b) adaptation of parameter in friction torque.

noticeable amount of overshoot and signal noise are seen.
In Figure 12(b), although the steady-state errors between
the desired and measured values are seen due to the
clamping force estimation error, the root mean square
(RMS) error is only 0.27 kN, which is under the error
tolerance.

In addition, the control inputs, that is, the motor
current values in each controller, are shown in
Figure 13. Since the motor current in the existing con-
troller is forced to oscillate largely in order to track the
clamping force command, it is distinctly larger than
that in the proposed controller. Because the motor cur-
rent is reduced in the proposed controller, the energy
efficiency of the actuator can be improved. Also, the
reduced number of tuning parameters of the proposed

controller is beneficial from the viewpoint of tuning
simplicity. There is a summary comparison between
existing and proposed controllers in Table 4. The con-
troller proposed in this paper shows some advantages:
the sensorless system, cost-effective system, less com-
plex gain scheduling, higher energy efficiency, and
faster response.

Conclusion

In this paper, using the readily available motor current
and motor angle signals, the clamping force and the
friction torque are estimated. The clamping force is
expressed as a polynomial with the estimated coeffi-
cients. The contact point algorithm plays a major role
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Figure 12. Controller comparison by same step input: (a) existing controller; (b) proposed controller.
Table 4. Comparison between existing and proposed controllers.
Feature Existing Proposed
Sensors Load cell, current sensor, encoder Current sensor,
Encoder
Cost Too high Low
Type Cascaded feedback: force, velocity, current Adaptive SMC + Feedback (current)
Tuning gains Three pairs of Pl gains A, kg,
One pair of Pl gains
Energy efficiency Low High

(large motor current)
Large overshoot,

Long settling time,

High tracking performance
Small error,

Noise due to load cell

Transient state

Steady state

(small motor current)
Small overshoot,

Short settling time,

High tracking performance
Acceptable error,

No signal noise

Pl: proportional-integral; SMC: sliding mode control.

in clamping force estimation. With respect to applic-
ability, these proposed algorithms distinguish them-
selves from previous estimation algorithms. The
lumped friction torque occurring in some components
of the EMB is modeled for slipping motion.

Based on the estimation of the dynamic models, a
new EMB clamping force controller is proposed. Since

it uses the estimated dynamic models that can be peri-
odically updated and compensated by the adaptive law,
it can maintain robustness to changes in parameters.
The experimental results of the proposed controller are
evaluated and compared to an existing typical feedback
controller. Consequently, the proposed controller
based on the adaptive SMC method has following
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Figure 13. Control performance comparison: (a) control results in the proposed controller; (b) control results in the existing
controller; (c) motor current in the proposed controller; (d) motor current in the existing controller.

advantages: (a) it is a cost-effective and sensorless algo-
rithm for commercialization of the EMB; (b) due to the
reduced number of tuning parameters, it requires less
complex gain scheduling than the existing controller;
(c) it has higher energy efficiency of the actuator; (d) by
using the feed-forward terms, it has a faster response.
This study has demonstrated that the new design of
the EMB controller can make a valuable contribution
to the development of an outstanding controller for
BBWs. As a future work, this controller needs to be
combined with the ABS and ESC for vehicle safety.
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Appendix

Notation

0,,0,, electrical rotor angle and motor
angle

Vd, Vg motor voltages of d-axis/g-axis

ig, iy motor currents of d-axis/q-axis

Ly L, self inductances of d-axis/g-axis

Wiy Wy motor/synchronous angular
velocities

R stator resistance

Wy flux linkage

1y number of pole pairs

Tm motor torque

K, motor torque constant

p pitch of ball screw

GR gear ratio

S gear efficiency

Xgerew displacement of ball screw

Kgerew translating gain of ball screw

ke gearing gain

Jior total inertia

F, clamping force

T, load torque

Ty friction torque

vy coefficient of Coulomb friction

0o contact point

io threshold of motor current

l.qff()r (0/11)

fors Bror
l.quack (em)

Xpack s B back
Fclfﬁtting(em)

motor current versus motor angle
during forward operation
coefficients of iy_z,-(0m)

motor current versus motor angle
during backward operation
coefficients of iy_puck (6,)
characteristic curve

K, K> coefficients of Fi_fiying(0m)

f1./5 load-dependent coefficients of
friction torque

Tp offset term of friction torque



