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Abstract : The electromechanical brake (EMB) is one of future brake systems due to its many advantages. For imple-
mentation of the EMB, the correct feed back about clamping force is necessary. Keeping commercialization of the
EMB in mind, it is strongly demanded that an expensive load cell measuring the clamping force is replaced with an
estimation algorithm. In addition, an estimation of the kissing point where the brake pads start to come into contact with
a disk wheel is proposed in this paper. With these estimation algorithms, the clamping force can be expressed as a
polynomial characteristic curve versus the motor angle. Also, a method for calibration of measured values by the load
cell is proposed and used for an actual characteristic curve. Lastly, the performance of the proposed algorithms is
evaluated in comparison with the actual curve on a developed EMB test bench.

Key words : EMB(X 52 H#|¢|=), Clamping force(Z 33 &), Kissing point(5Z A F), Estimation(57),
Calibration( 2 7])

Nomenclature T,  :friction torque, Nm
i - motor current, A K, :motor torque constant, Nm/A
R : stator resistance, (2 £, :clamping force, N
L : self inductance, H kel : gearing gain, m
n,  :number of pole pairs J,; :total inertia moment of EMB, kg m’
Y, flux linkage p : pitch of ball screw, m
6,  :motor angle, rad GR  :total gear ratio
w,,w,, : synchronous/motor angular velocity, rad/s Tyerer + displacement of ball screw, m

m : mass of piston, kg

piston

: motor torque, Nm

T - load torque, Nm n : efficiency of ball screw
L . s

m : kinetic friction force of piston, N
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Subscripts

d,q :daxis, qaxis

cl,rl :clamping, releasing

LM E
Brake-By-Wire(BBW) Al =~¥l-& 7] A
o A4 gl g A AL, W] A
22 Ao} sk 7] %ol kY o] = v]
2Bl O 2 A ]—Ex]— a‘:}

N
off
l

S5 o,
A
o

o

3

N

o
2
rN
i
a2
[/ S
e}
%
Jo
s
_V}i
r o

7t

o
o
K
S
=
gl

od B Lot U oo it
ol
o
et
o
ox
_>‘.£
oo of

BETN N SO )
)

> 5

Jo

hia
o
o
fo
e
o,
=)
>
< oo
|o
fu

1—>: S
ot
o
fu
ki
N
o
y=3
=
30,
v
>~
2

o o
2l

iaa
1>
z

o
Lo

)

Al Ao} Al sl ko] AA A 7]
gl o] =l vl sl 22 :
ol¢} 2= BBW 4-8-3k9] HAS flsir = -4
4oz o] A5 o] Aea}r) ¥ =u ook @
t}? Electromechanical Brake(EMB):= BBW ¢] 8F &
FA, ok oo} vl A2 ko) 2 9, 5 2
FHo 7 IS AEAZIth o] =
A, 5 25 o] EA) s} F7)
ol 571 el 714 Aol 1E feA B
|01 2 Al 2~ gl v} @ A 8 A] Woj e}
e AT 2 4 g dgden

4

L‘i

B

E %;ﬂ]% ’3%5‘}3’— }5]":} FAggELe 2y 3
Zre] ti gt vtk FejR o] 7k, 9
By FAE FA57] fleke] Ao sfeot
H =3 H= A A, S kissing pointe] F4 o] 274
o) 4w S A S99 v w s,
o] uff HA| F9F 2 v aE A9 wpEks a1

o 1A 2
34 Ho] olFolzl HolEelt & i
B AEE HAE WAS 6 A& 24 vlolE

2.1 EMB E|AE HIX|
AA 28-S 9)5}e] EMB H~E WX & FAs)

366 E=RSASZEI=2E 242 H3S, 2016

o
(s

Photo. 1 EMB test bench

3 AE A, HAE WX o] A T3 Photo. 1
¥} 2t} MATLAB SIMULINK 2 72tet e+
S PC W] Control desk T2 133} AAA A =

Control desk=S 53| Ao]7]ol] Eojd S = W
E §]x47L wHaS A e} wal =4 o3
%ol Wed 2y dfe 2H 47t E
e A 24 gt A FP o= wel B 5 grk,
EMB2] #©]7]3= EMB ECU el th&-2 =5 ECU
o 5] EMB Z#Eo] A4 ¢]&3sl= 3H2 3%4a, b, ¢)
o] M} gholt}. dlo]El 9] &= R CAN net-
work & Sl A o] o] FoAm, i AIZE 7+

< 1 mse]t}

2.2 EMBE| M7|H DHIZ

2 AT A EMBO] H-ES 918 A7) EHEA
Permanent Magnet Synchronous Motor(PMSM)©] A}
L|FTCE 34 dLo] d=E ) 2H e A HES

=3 sl dstE 7|52 d=, q=ol ek 1Y 3o

Z WH3dEY. oluje] HEA WIS clarke W EH}
park MEG Q140 2 AL UA o] Foj 71Tk
1 1
dld il
fﬂ 0 ﬁ _ﬁ fb
2 2 ¢
Ja :[ cosf sinG} fa @)
Sy —sinf cosf]|fj
o] 7|uto 2 3 PMSM 2] d5 B g9 A
AL 717} 2 (3), ()2 2 om, BE B2 4 (6)
3} =g’



HSA 02 AL SWH MM DF X SUTH =3 AvalS N

$77q°q

. diy _
vd—deJrLdE—w L 3)

di
v, = i +ng+w (Ldszrwa/) 4

W, = nw,, ®)

2 . .
T, :E"p[waflq“‘(Ld_Lq)ldlq] (6)

[\]

T = 3 osl = o (7

= A AS AR g ¢ dRe B2
o sdect. wels] pMSM ] H ) 2E =
17171 91 = dZ DA77 00] B %= A
1, olwje] HU 2E Ea= 2 (7)3 o]
D}. HEH o m AMEE = H H E

- gkoll vt o r] wiiel, kA
E1 B9} fALeHA 28 E 5 vk

r MT
o m;j
— T oY
ol ™

B 2 ot o
"
;O

o
Ot o2
H:I_Omu
EHN

Az

23 EMBE] 7|AE D@z
E3He EMB Al 2§ 7)Ao ghdal A &

228 5= 9t} o] 2 9]3] EMBS] B2 B3 2S
2] (8)7 o] BHBA Bk ¥al B3 7, £,
BN BEARA FIE k] HlE 9
£ 7R €
d*e,,

7”7" = TL+ 7—1 + Tf = k(:lEtZ+‘]150t dt2 + Tf (8)

_ L p
ke = GR 21 ©

Fig. 1 Simplified EMB modeling

3. Kissing point &3
el el o] 2o obx] Za T o] uhAlE 7] Al

[¢]
2}5}i= kissing point2] F7 o] $-A % 02 o] Fof%]

Actual kissing point ; ; Estimated kissing point

4

]

|y
A

L
AW
u/,u'r*“‘d' g

S

2
Motor angle (rad)

v &
2 8

Clamping force (N)

IS

o

~

Motor current (A)
£

2
Motor angle (rad)

Fig. 2 Kissing point estimation results

of gttt o]= s =7) vl a1 HESeE AR
A, =7t H a6 HE sk A E BE o] A
F #kol S7Fst7] Al#rgttt, L8 7] wlstell R gk
o] dAT 7|+ gk ool & wio] By 3|7t
kissing point = A| A 3l= g &S B AFoa=
A|QFSIe}. 715 threshold = oI 2] WMol wHE-=Ql 2
d A3s AA 1A R R AAErt 13 o
Aol A low pass filter7} 2-8-¥ 2B HAF{F gho] &8
HAt} low pass filtere] t < Zo] YF 2S5 H - 7]&
tlo]Efol] thgt efj=to] Alafad 4= 17| wiitol A4
gk A7) 9 F-& AA s 3lo] S8tk Fig. 2
+© A =% kissing point 574 are]Fo] 8 A3}
o|t}, A A kissing pointi= 1.437 rad= SHHUS
), & E]5-S 538 7% kissing pointi= 1.502 rad
o|t}. 1.502 radoll A o] A A E3F = 3E2 18No| ).

o

ol & F3ll ANFA =74 % kissing pointi= A A| gk
A FAEES AT 2
4. EHEY =7
41 54 J Fitting
a2 o] =42 Fig. 39| Ho|HE 7|Hto &
o] Fo] Xt} WL¥ 3] Zko] Hd 25 rad A S

7V Y71 thA] 0 rad 91X 2 EoF 2 A 31, Fig. 3
3} 7Fo] = (clamping) ¥} 3l Al(releasing) 3ol A
o] ] 37 4 AF gk 247e] A E F3 =
e 4 drk o] wl HF vlolE o] 4 low pass
filter s &-&%F AA FE|s] A& ARARE A5
& (oscillation)©] Fol AAl Fr} waEpA o] & A
HA7171 18] BE 3] zbel] i AR ghs =4
fittingalo] 25133 & Aol &-8-3)jof gt

Transactions of the Korean Society of Automotive Engineers, Vol. 24, No. 3, 2016 367



Giseo Park - Seibum Choi *+ Dongyoon Hyun

12 T T T ! E J 7
| [~Taw data : : I

-~fitied curve : clamping :
[1--fited curve : releasing

Motor current (A)

Motor angle (rad)
Fig. 3 Motor current versus motor angle

2 (1003 (1) B E8) 3F57} 8l 4] Aol A o] 2

W9 A% wAL 5 A
2
0171 cl
. Kmicl (om ) ‘]1‘01‘ dtQ7 Tf
7,00,) = - (10)
d

d20m 7l
Kirl(om)_‘]tot d +Tf
F,(0,) = an

o) W & ) B2, U A, vhE ES T
G5} A A Aol ghe FASAR ohe
255 AN, T AN 2ADY £ A
Shek mhebd (10)3 (1)& HajF vhd =20}
gAHEA, ol wE Bz e] F9P
2 2ot ol AR EY By EaE R

B =] vl 717k v 2] wiitel FAlE
2= 9t) e A (12)e F FAE FAFGHo| 3 2
ot}

SRR AL o

Awstol 4 (13)3

o) EY ZHS

Zol g, ol gk 22t FEIQ!

AR S ek 9, %A 4 H kissing point S
of vl gich

}A;Ll(em) :K'Z(QTIL_éO)2+K'1(977L_éO) (13)

Fig. 43= 4] (13)¢] S35 54 =41 44+
& A Tzt

368 E=IRSASEE=EH H24A X35, 2016

---Km*ic/Kcl (clamp) : ; V
18000 -=-Km¥irellkel (release) : oot
—estimated clamping force

Force (N)

i i i i i

Mortor angle (rad)

Fig. 4 Clamping force estimation result

42 X SAIEYH &4 =4
z2= /H]g] Z;Hg}\-.g =7

7t HEﬂO]ﬂ \q%ﬂg —Lrgt zgg o]n
w74 AAE 2] EMBE] P24 vl 2
ol A Ao R 2e AL A3} = w2

o2l gl wlt), whehA WAl == AL Fig. 59}

ol #4 7109} 2 225 o] Alo] Frel AH ol
ool B A:fe] AN AkHow
)83} 2o AuE|n, o] % Fal =i vs
=10 92 7FsAl He o] w) 3] 2} e A
Zrel A% W RN FAI 5 gl el vz
=lo] wkalelA Hrk 4 (14), (15) 2 (16)E 217
: RELe

%, A, 2 AA AN A8 Feh=
Y B AL ol gk,

Location of
clamp force sensor

4" gear

Fig. 5 Location of clamp force sensor



Development of Clamping Force Estimation Algorithm and Clamp-force Sensor Calibration on Electromechanical Brake Systems

fk (’I mpiston,a’piston =0 (14)

Ft f= B = s tonyision = 0 (15)

piston~"piston

F*=F (16)
Fig. 6-> 2] (14), (15)°l] T3l 3] ~E 2]
17 A 28 E o)) e =
; = T ste] Hgahe
o fo el o] 283l
stet o] mpEEl e 2 ()] v B
NG et &5 Aol I =E=e] o
pistonlpision s THE FHE 0l B 3) vi-g- 2}7] v
14@00iiaﬁvkoq olg 3 24
2 e 2 Ao =X 71 fro npae £ S

St} £ whA Y f e

o

ol

==

ol
e | got

()

r1r
Lo

k| éc>§1“,

ﬁlﬂ-‘inﬁﬁimlo

o
-

Mo o rir

Lo
E

oot
o
_EL
51

=
o

e ofl oo
A8

R
3 Lo
i
™
Hn:
2
ol

o 2

S )
EFQL’OH—N

ggﬁ:&

o B

m

o

o ]
rﬁ
jur]
£
ji
)
i
g

my T

&3l
(]Q
~l
rlo

glele] mE) 3 Aztel g = Ao
Xé%koﬂ )& e Zojoh e o} o] gt
A Aol hysteresis 7} A S 71 2 o] f= vl =
oA A 2 mhak ol et
whebA] 2] (14)9} (15) 2 B8 53} ajA) A 23
mé%d%vﬂ% Flzsstel] ZaA s Al &
4 > ole] g AAl F 3

2

™\
N
— Piston [
& pad disk §

fx * kinetic friction force
(a)

, ™\
l:r‘el Frel §
— Piston j¢——
& pad disk N
N
—

fx ® kinetic friction force

(®
Fig. 6 Piston dynamics : (a) clamping, (b) releasing

Clamping force (N)
EEEEEER

fore i ] I L L
2 4 6 8 10 12 14 16 18 20
Motor angle (rad)

Fig. 7 Measured values by load cell

EEEEEE

8 10 12 14 16 18 20
Motor angle (rad)

=)
ok
a
o

Fig. 8 Actual Characteristic curve

0
=)
i
A8

=

Wk o} 2} Fig. 70141 €] hysteresis &
o = 3 = ZpA ol A A Bh= B 9
d hysteresis 7} A gL S =] = AR
A Fol| A L A Re] Ao o] s o] gk
A hysteresis 7} A8 SFTE, E ol ol A= a1 A
ol] 2] 3l ©FAd hysteresisol] 2] 3 o a2 wf A 3k}
71838k, 5 Fig. 89 A S8 54 =0
9ot YA @ ZAS F O = A B4 hysteresis
of thgk a1 B 2] 7} o] Fold 5= 9l& Aot

N
fr
e
e

-Yiu o

AV A T

1|

O

—r—‘

o

5. 2HEE =8 24

Aot kissing point =4 Lug]E &L P H
T4 dudEs ntg o s FAE 54 34, 54
o == Al S g vt o' wgo] o] Foj A
A 54 F4E Fig. 9914 A &) kissing
point9] 4 A== vl¢ =ou] A EMB 9
o] F2 ARE T7HQ 0 N ~ 12,000 Nl A €] A
s Sl 5=

Transactions of the Korean Society of Automotive Engineers, Vol. 24, No. 3, 2016 369



M - 2N - BSR

e T T ; T T
| |—actual clamping force
— estimated clamping force

Clamping force (N)

5 10 15 2 % ¥
Motor angle (rad)

Fig. 9 Estimated and actual characteristic curves

12000 T T T I T
: i | |—estimated clamping force |
> 10000, i i : 3 —actua! clampmgforce
9 o f 2 f f
£ i i 1 i
Q& : : i ;
o) : ' ! '
c i ' ! \
& o r— ' PN
/)
O 4
i 1 ~/i j L‘r L—
10 20 30 w0 50 60 70
Time (seconds)
@
Estimation results (pad thickness 6mm)
T T T
timated clan ping force !
~ 7000
Z —actual clam ping force
~ 500
[0}
O sl
i)
o 00
c
‘5. 00|
% 200
O 1
Time (seconds)
(®
Estimation results (pad thickness 3mm)
0 T T T T
—estimated clamping force
00 - " 4
. —actual clamping force
Z awf 4
o
E 000 b
Q b
(o)
c
‘5 amf
£
T 200
O
1000 -
s 0 3 s 3

Time (seconds)
(©
Fig. 10 Real time clamping force estimation results with pad
thickness (a) 13 mm, (b) 6 mm, (c) 3 mm

370 S=RSASEE=EH H24A X35, 2016

23 mm 7] HEE AEsle] A S W5k
t} Fig. 10914 7 gk} A A gk Ako] €] Root Mean
Square(RMS) 2 *F+= 2+2F0.18 kN, 0.152.2 S &
th 34 35 0.03 gof AlE A7HEE Al A
st S99 0.39 kKNKETFRMS @27} 2] v

= Zolth o] 4 HAol 22} EMB S 933 ¥ o]
0.39 KNTHE 2H5 3 ) 0.03 go] 25 S 4=
7h e = des g% Aoty 774 A3 B33 A
©10.39 kNR T} gtom g qh=3t vhal 374 A 3w
A= Sele 5= vk
6.4 2

2=l A= v A AlE Al ag oA FaRE
3L = EMBO] 714 AAY S flstke] gl
2 Ag ALgsHA e F9EY =4 dugs
S A|eksich O]E%E o] 942 o2 I Q3kissing

B 54 o] F4 €}

w3 F4E S99 Qge s 9t
dag A 2949y fler 2= 34 gE v
AHEBEA] @il F7HA Rl WS Flgskdc) g

o] =t-2-2016 ¥ &= (] el E= ek o] A9
O = Sk AT ATe] X918 ol S=a % A9 (No.
2010-0028680). & A= W &gt L R F
A7 AE 9] ICT§ 3w 91 g XAk
o] A AR 423 5] ] S{IITP-2016-H8601-16-1005).

r



1)

2)

3)

4)

HSA EHijo|= AARe] E-EY MM ud N SUTY FF A02|E JHY

References

R. Schwarz, R. Isermann, J. Bohm, J. Nell and
P. Rieth, “Modeling and Control of an Electro
mechanical Disk Brake,” SAE 980600, 1998.
Y. H.Ki, K. J. Lee, J. S. Cheon and H. S. Ahn,
“Design and Implementation of a New Clam-
ping Force Estimator in Electro-Mechanical
Brake Systems,” Int. J. Automotive Technology,
Vol.14, No.5, pp.739-745, 2013.

C. Line, C. Manzie and M. C. Good, “Electro-
mechanical Brake Modeling and Control: from
PI to MPC,” IEEE Transactions on Control
Systems Technology, Vol.16, No.3, pp.446-457,
2008.

C. Jo, S. Hwang and H. Kim, “Clamping-Force
Control for Electromechanical Brake,” IEEE
Transactions on Vehicular Technology, Vol.59,

6)

7)

No.7, pp.3205-3212, 2010.

J. Choi, I. Kim, K. Huh, M. Kim, J. Kim and K.
Kim, “Clamping Force Estimation of an Eletro-
Mechanical Brake Under Various Iubrication
Conditions,” KSAE Spring Conference Procee-
dings, pp.653-658, 2009.

P. Pillay and R. Krishnan, “Modeling, Simula-
tion, and Analysis of Permanent-Magnet Motor
Drives, Part I: The Permanent-Magnet Synchro-
nous Motor Drive,” IEEE Transaction on Indu-
stry Applications, Vol.25, No.2, pp.265-273,
1989.

S. Saric, A. Bab-Hadiashar and R. Hoseinnezhad,
“Clamp-Force Estimation for a Brake-by-Wire
System: A Sensor-Fusion Approach,” IEEE Trans-
action on Vehicular Technology, Vol.57, No.2,
pp.778-786, 2008.

Transactions of the Korean Society of Automotive Engineers, Vol. 24, No. 3, 2016 371



