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Ch2?Control-oriented Models of
Braking Dynamics

2.1 7777

o O ABS/TC/
e [TIITIITTI
o Single-corner model[ITIT] + [TIIIIII1 local ABS/TC
(ITITIITT]
o Double-corner model[T]T] + [TIIIIIIIIIO ABS/TC
(TIT]




e [ITITIITI
o [TIT] $F_Z$
o [TI1] $F_x$(IT1 /10
o Il  $F_ys$IT]
e [ITIT]
o $F x = F_x(F_z, \alpha_t, \gamma, \lambda)$
o $F y = F_y(F_z, \alpha_t, \gamma, \lambda)$
o $\alpha_t$[ITIIT] $\gammas[IT11T] $\lambda$[TTTTTT]

e [TTIIIIIIN $$ \lambda = \frac{v - \omega r \cos(\alpha_t)} {\max{v, \omega r
\cos(\alpha_t)}} $$
« [0 $\alpha_t\approx 0${IT1] ~ $v \ge \omega r$[[J $$ \lambda = \frac{v -

\omega r}{v}, \quad \lambda \in [0,1] $$
o $\lambda = 0$[T1T]
o $\lambda = 1$[TT1T] ABS [TITT1T]

e [TIIIT] $F_z$ [TIT1T]
o $\mu_x = F _x/F _z$
o $\mu_y = F_y/F z$
e (I
o $F x = F_z\mu_x(\alpha_t, \gamma, \lambda)$
o $F y = F z\mu_y(\alpha_t, \gamma, \lambda)$

e [T $F x, Fy$ 0 $F z$ I I
2.2.1 ?????Pacejka?Magic Formula?
e [III11D0 Pacejka Magic Formula[TTITTTTITITIT] $F z$[ $\alpha_t$[]
$\gammas$ [I1 Fx, Fy [T
o (10

o [TI1M $F x = D _x\sin{C_x\arctan[B_x \kappa - E_x(\cdots)]}$
o $\kappa$ (1111 slipf] $D_x, C x, B_x, E_x$ TTIIITII1

o [ITTTITTITTITIIITIT $\alpha_t$[]

e I Pacejka [ITITITIIITITIT] OO




o [TTIIIIIII Burckhardt [T] [IIIII11I0 $$ \mu(\lambda; \vartheta r)
= \vartheta {r1}\bigl(1 - e~{-\lambda \vartheta {r2}}\bigr) - \lambda \vartheta {r3} $$
e [TIT] $\vartheta r = [\vartheta {rl}, \vartheta {r2}, \vartheta {r3}]$
(T
o [IIITITITIT] $\mu_{peak} \approx 1.2$ [TI111] $\mu(\lambda)$
(IITITTTT]
o [TII11] $\mu(\lambda)$ (IT]  $\lambda_{peak}$ [IITITITT]
o $\lambda = O$[ITT1T] $\lambda = 1%

rrannnnnnnnnnn $\mu(\lambda) = c \sin(b \arctan(a\lambda))$ [T1T]
Burckhardt/[T] Pacejka [TTITTTTTTITITITITIT] Simulink Plant[]

e [ITITTT] + [TITTTTTTTTTTTITIaaTd
e [TTITIIIT]
oIl $$)\dot{\omega} =-T b-rF x$%
o [0  $$ m\dot{v} =F x $$
o[ $F x=F _z\mu(\lambda)$[] $\lambda = (v - \omega r)/v$[]
e [TTT7 QuarterCar Plant [TTTITTIIIIT $-T_b$OTITIIIIT]
$+T {drive}s$[T]

e (1110 $v$ [T $\lambda$ [TTT1T] $$ \dot{\lambda} = -
\frac{1-\lambda} {J)\omega}\bigl(\Psi(\lambda) - T_b\bigr) $$ 11 $\Psi(\lambda) \approx r
F z\mu(\lambda)$[]

e (I

o TN $T_bs[ [T M $\Psi\lambda)$ [TTIT1T]

o [IT1T] $\lambda_1$0 M [ $\mu(\lambda)$ [ITTIT]

o [II111 $\lambda_2$[] (IT]  [IIIITIT]

o [J $T_b >\max_\lambda \Psi(\lambda)$ [T1 [1IT] - 111 $\lambda \to 1%
(TTITT]

da T AT LTI LLT M
HENRRRNNNNRRANNNNNNE ABS/TC [T1T1 A III1T




e [TI11I1] $(\lambda, v, T_b)$ [TTIIIITIT
o $\deltaT b=T b-\barT_b$
o $\delta \lambda = \lambda - \bar \lambda$
e [TIT] Taylor [1T1
o $\mu(\lambda) \approx \mu(\bar\lambda) + \mu_1(\bar\lambda),\delta\lambda$
o $\mu_1(\bar\lambda) = \partial \mu/\partial \lambda |_{\bar\lambda}$
(IITITIIT]
e [[T1 $\delta T_b$ — $\delta \lambda$ [TTT1T] $$ G \lambda(s) = \frac{\delta
\lambda(s)}{\delta T_b(s)} = \frac{r}{J v} \frac{1}{s + a(\bar\lambda)} $$
o $a(\bar\lambda)$ [1] $\mu(\bar\lambda), \mu_1(\bar\lambda), m, J, r, v$

(IO linearisation [1] p [IITIITTTT
e[ [ $\omega$[ IIIID $\eta = -\dot v/g$ 11111 SISO
(IIIITTIIIT /I
a4 [TTTTTTTTITT IIRNNRNNRNNRRNRNNNENDN
1111 PI/PID [TTITIIIITIIITIT Pl lambda-loop
(I
2.4 [ 2.5.2 Double-corner Model??7?7?7? + 27?7?77
e [IT]
o [IIIIIID $\lambda_f, \lambda_r$[1] $F {zf}, F_{zr}$
I

e [II1 2%2 MIMO [I1T] 0 $$ \begin{bmatrix} \delta \lambda_f \ \delta \lambda_r
\end{bmatrix} = \begin{bmatrix} G_{ff}(s) & G_{fr}(s) \ G_{rf}(s) & G_{rr}(s)
\end{bmatrix} \begin{bmatrix} \delta T_{bf} \ \delta T_{br} \end{bmatrix} $$

e [IT1T]

o 10 $G_{ff}, G _{rr}$(I] single-corner [ITT1T]
o  $G_{fr}, G_{rf}$OITITITTITITITITIIT]
o [T T T T T

(I /OIIIT] SISO ABS/TC [TT] [J
¢4 (11 FSAE I ABS
(ITTITITITIT] slip (T MIMO [1111T] slip

ITITIIIIO relative slip [1T] robust[T]



Ch37?Braking Control Systems Design —
Continuous Actuators

a4 [I1T1T1 /OO (I [0 EHB / EMB
T TC IO
3.1 727?777
o [TTTTITITITITIT + delay[] $$ G_{caliper}(s) = \frac{\omega_{act}}{s +

\omega_{act}} e”™{-s\tau} $3%

o [II11 $\omega_{act} \approx 70,\text{rad/s}, ; \tau \approx 10\text{ms} $[]
e [ITJ

o[ I 0 $\lambda$ 1111 $\lambda_{ref}$(11] p I

oI /M ABS([ supervisory [TITTTITITIIIITIIT

e (111111
o ITTTITI $\dot \omega$ [ $\eta$[] [TIIIIIIIIIIII heuristic
threshold [TTTTI1I1]
o [IIT11] $\lambdas$[] [TIITI1T] robust[TT1T] TC / ESCIIT] $v$
(ITITIT] & [ slip I
e [ITIITIT] 111 slip control[TTTTTTTITTITIT]

e [I1 Ch2I[IIII SISO [11] $$ G_\lambda(s) = \frac{\delta \lambda(s)} {\delta
T b(s)} = \frac{k}{s + a} $$
e 111111

o[ PO $C(s) = K_p + K_i/s$[]
o NI

« (10
o 0 [T [T closed-loop [TTTITIT]
o (I robust [TT]

o [T anti-windup T




(]

TCIIII $T {drive}$ 1] min() /saturator[IT]

(ITTTT] ABS [TTTTTTTTITITIIT

e [T111 Single-corner [J] + EMB [JITIITIIIIID
o [I] open-loop [I] vs slip control [TTTTITIIIIT

oM Kp,

o [ITIIIIT]
e 111111

o $\lambd

o [ITIITIT]

Killl $\lambda$ [T]] settling time 11T}
Burckhardt (IT]  p I

a(t)$0 $v(t)s0 $T_b(t)s (11
Kip/Ki ITTTTT]

PI[] $\lambda$

a¢ (TTTTTTTTITTTT FSAE TC[ITT1  simulation [IT]1  Kp/Ki[IIT] H

{rn

$\lambda(t)$ $a_x(t)$0 $wheel torque(t)$ITTIIIIIIT

STM32 11111

e ABS/TC 1]

o [T > 10 km/h[T]
o [T ABS[IIIIIIT TCm

o [II11l

<[] km/h[I]

o $\lambda$ [1 $\eta$ [TITITITITIT]
DT traction

o [IIIT]

Ch2 double-corner [T1T] /1] slip control [T1T7

o [ITITIITIT] slip controller T

mode [T11T]

relative slip[I] $\lambda_r - \lambda_f$[1T] robust[TTIIIT]

full



(I T I I T IO
$\lambda$ vs [T] $\lambda$[T]

sl ddddds

1. [IITI1] a
e (1110 Pacejka[] $\mu = c \sin(b \arctan(a\lambda))$ITTTTTT]
Burckhardt/[TTITT1T] Ch2 [T
2. 1117 O
e 0 Ch2 1111 $G_\lambda(s)$[ITITTIT] Pl [ITTIIITIT]
(11110 robust [T1]
3. I 0
e [] Ch3[III] lambda ref -> PI -> torque limit -> plant
T STM32 + motor inverter TC [IT]
4. 111 [
e (1111 FSAE TTC data [I1TJ Magic Formula[] Ch2/Ch3 [ITTT1111]
$\mu(\lambda)$ [TTTITIIIIIL] roadCoeffs [TTTTIIL]
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