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Appendix A

Tire Model: Magic Formula 6.1

In this appendix, the equations and description of the Magic Formula 6.1 tire model will

be performed.
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FIGURE A.1: Inputs and outputs of the Magic Formula. Source: [1], pag. 11

The first step is to dimensionless the vertical force and the pressure:
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A.1 Longitudinal force F,

F, = (Dysin [Cy arctan{ Byky — Ey arctan(B,k, — arctan(Bgkz))} + Sv,) - Gza (A.3)

Pure slip:
ke = K+ SHz (A.4)
Cy = Poa1Acx (A.5)
Dy = . F, (A.6)
tiz = (pDa1 + PD2df=)(1 — pDa3y?) (1 + Ppa3dpi + Ppeadp?) Az (A7)
Ey = (pBe1 + PE22df> + PEa3df?) (1 — pEeasgn(ke)) Ape (A.8)
Karx = (Dot + Pra2df) exp(prasdfs) (1 + ppa1dp; + ppe2dp}) FxAkax (A.9)
B, = éj gz (A.10)
Stz = (PHz1 + PHz2df2) At 2 (A.11)
Sve = (pvar + pve2dfz) F A ve A (A.12)

Combined longitudinal correction factor:

cos[Cyq arctan{ Byqas — Ey (Byaas — arctan(Bgaas)) ]

Ga = cos[Cyq arctan{ ByoSgza — Fu, (BzaSHza — arctan(ByaSHza)) }H (A-13)
as = ap + SHza (A.14)

Bia = (TBe1 + 7B237?) cos(arctan(rpzok)) Aza (A.15)

Cra = TCx21 (A.16)

Cra = TEx1 + TE2df> (A.17)

SHg;a = THz1 (A18)
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A.2 Overturning moment M,

F,
Mx = ROFZ)\M:L‘{qS.Z’lA’UM.Z’ - qS.Z’ny(l + Pprldpi) — Gsx127 | Y | +q8.1’37y
z

Fyo
F.\? F,\?
+ Q@sz4 COS | (gsyq arctan quGFi Qsz7Y + gszg arctan q‘szQFi
20 20

F
+ @sz10 arctan <QS:J:11 ;) ’7} =+ ROFy)\Mz{Qle?) + Qsz13 | Y |} (Alg)

20

- sin

A.3 Rolling resistance moment 1}/,

My = —ROF;;O)\My(QSyl + QSyQﬁ =+ qsy3
z

Vel v ' +
V;”ef Govd V;”ef

l 1 l 1 qsy7 p qsy8
2 z 2 z
+ Gsy6—— — A.20
qsy57Y qsy6 FzO’Y ) <Fz0> <p0> ( )
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A.4 Lateral force F)
Fy = GyuFyp + Sy, (A.21)

Pure slip:
F,p = Dysin [Cy arctan{ Byoy, — E, (B, — arctan(Bya,)}] + Sy, (A.22)
ay = a+ Sy (A.23)
Cy = PCyl)\Cy (A.24)
Dy = pyF, (A.25)
ty = (Dpy1 + PDy2df=) (1 — ppy3¥*) (1 + Ppysdpi + Ppyadpy) Ay (A.26)
E, = (pEyl ‘|‘pEy2dfz)(1 +pEy5'>’2 - (pEy3 +pEy4'7)Sgn(ay)))\Ey (A.27)
Ky — (preyi Fao(1 + d)'[ t{ F. H
o = . ;) sin arctan
Y PRy 70 Pyt € Prvt (Prcy2 + Preysy?) (1 + ppy2dpi) Fro
(1- pKy3"Y|))‘Kya (A.28)
Kyy = (prye + pryrdf=) (1 + ppysdpi) Fo Ny (A.29)
K
B, = 2~ A.30
Y Cy-Dy ( )
SHy = SHy0+Sk,, (A.31)
SHyO = (pHyl + pHy2dfz)>\Hy (A'32)
K,v— S
Spryy = —0L 2V (A.33)
Ko

Svy = Svyo+Sy,, (A.34)
Svyo = (Pvy1 + pvydfs) FoAvy Ay (A.35)
Sy = (pVy3 + pVy4dfz)Fz’Y)\Ky'y>\uy (ASG)
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Combined lateral correction factor:
Svyr = Dyyy sin(ryys arctan(ryyer)) Avys (A.37)
Dy ye = py Fo(rvy1 + rvyadfs + rvysy) cos(arctan(ryyac)) (A.38)
oo cos[Cyy arctan{ Byxks — By, (Bycks — arctan(By.ks)) }] (A.39)
yr cos[Cyy arctan{ By, Sty — Ey, (ByxStyr — arctan(By.Suyx)) }] '
Ks = K+ SHyn (A40)
By = (rBy1 + rBy472) cos(arctan(rpya(a — rpys))) Ays (A.41)
Cy/«t =Tcyl (A.42)
Cyn = rEyl + rEdefz (A43)
SHyn =THyl + THdefZ (A.44)
A.5 Self-aligning moment M,
MZ =—t- prO . GynO + Mzr +s- Fz (A45)
Where Fy,0 - Gyro is the combined slip side force with zero inclination angles v = 0.
o =+ Sy (A46)
SHt = qu=1 + qu22df > + (qH23 + qHz4df2)Y (A.47)
S
ar =a+ Spy + KVy (A.48)
Yy
) Ko\
Qi eq = arctan(y [ tan®(ay) + K2sgn(ay)) (A.49)
Ko
) Ka\?
Qpeq = arctan(y [ tan® (o) + % k2sgn(a;)) (A.50)
Yy
F,
S = | Ssz1 + Ss21 ﬂ + (3821 + Sszldfz)f)/ RO)\S (A51)
Z
Pneumatic trail ¢:
t = Dy cos [Cyarctan{ Biay ¢g — Ei(Broyeq — arctan(Byoy ¢q) } cos(a) (A.52)
AK
By = (qB1 + qpe2dfs + qpasdf2) (1 + qB2aqnas|y]) =2 (A.53)

Au

Yy
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Ct = qCz1 (A.54)

Ry
A.
N (A.55)

Dt = (qp21 + qp22df-) (1 — qp21dp:) (1 + qp23y + qB2a7?) Fe

2
Ey = (qp1 + qp=2df- + qpssdf?) <1 + (qE249B257) <7T> arCtan(BtCtat)> (A.56)

Residual moment M,,.:

M., = D, cos [arctan{ B,y ¢q| cos(a) (A.57)
o )\Kya

Br = GB29 Y + Qle[)ByCy (A58)
1y

Dr = [(QDzﬁ + (QDz7dfz))\7’ + ((QDZS + (QDZQdfz)(l - ppZdei)’YAsz
+ (QDzl() + (QDzlldfz)’Y”V’)\KZV]FzRO)‘My (A59)
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A.6 Tire model Matlab code

function [Fx,Fy,Mx,My,Mz,cx,cy,cz,Rl|=Evaluate-Tyre_Model(inputs, coefficients ,
scaling_factors ,Tot)
%% Index
%Adimensionalization
%Fx calculation
%Fy calculation
%Mx calculation
%My calculation
Mz calculation
%Radius calculation (Cancelled)
%Contact patch calculation (Cancelled)
%Stiffness calculation
%% Bibliography
% Using UPC ecoRacing Pacejka Model extractet from the paper:
% [4] An improved Magic Formula/Swift tyre model that can handle in ation
pressure changes.
% In Vehicle System Dynamics, volume 48, pages 337—352, 2010.
%% Adimensionalization
dFz=(inputs (1l)—coefficients (1))/coefficients (1);
dPi=(inputs (6)—coefficients (4))/coefficients (4);

%% Fx calculation

%Pure slip (34—42)

Kxk=(coefficients (40)+coefficients (41)*dFz)*exp(coefficients (42)*dFz)«*(1+
coefficients (47)*dPi+coefficients (48)*dPi"2)xinputs(1l)*scaling_factors (5);
SHx=(coefficients (43)+coefficients (44)*dFz)xscaling_factors(11);
SVx=(coefficients (45)+coefficients (46)*dFz)*inputs(1l)*scaling_factors (2)x*
scaling_factors (13);

kx=inputs (2)+SHx;

Mux=(coefficients (33)+coefficients (34)*dFz)*(1—coefficients (35)*inputs(4)"2)
*(1+ coefficients (49)«dPitcoefficients (50)«dPi"2)*scaling_factors (2);
Cx=coefficients (32)*scaling_factors (7);

Dx=Mux*inputs (1) ;

Ex=(coefficients (36)+coefficients (37)«dFzt+coefficients (38)xdFz"2)*(1—
coefficients (39)*sign (inputs(2)))*scaling_factors(9);

Bx=Kxk/Cx/Dx;

if Ex>1
Error=['Error in the value of E: Ex=' Ex]; %#ok<NASGU>
disp('Error")
display (inputs)
clear Error

end

%Combined slip (43—48)

SHxa=coefficients (100);

SAs=inputs (3)+SHxa;

Bxa=(coefficients (96)+coefficients (98)*inputs(4) "2)*cos(atan(coefficients (97)
xinputs(2)))*scaling_factors (19);

Cxa=coefficients (99);

Exa=coefficients (101)+coefficients (102)*dFz;
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Gxa=cos (Cxaxatan (BxaxSAs—Exa*(Bxa*SAs—atan (BxaxSAs))))/cos(Cxaxatan (BxaxSHxa—
Exax(BxaxSHxa—atan (Bxa*SHxa))) ) ;

if Exa>1
Error=['Error in the value of E: Exa=' Exa]; %#ok<NASGU>
disp ('Error ")
display (inputs)
clear Error

end

%Pacejka formula (33)

Fx=(Dxxsin (Cx*atan (Bxxkx—Ex*(Bxxkx—atan (Bxxkx))))+SVx)*Gxa;

%% Fy calculation

%Pure slip (53—66)

Kya=coefficients (14)*coefficients (1)*(1+coefficients (27)*dPi)*sin (
coefficients (17)*atan(inputs(1)/...

((coefficients (15)+coefficients (18)*inputs(4) "2)x(1+coefficients (28)*dPi)
xcoefficients (1))))*(1—coefficients (16)*abs(inputs(4)))*scaling_factors(6);
Kyia=(coefficients (19)+coefficients (20)*dFz)*(1+ coefficients (31)*dPi)*inputs
(1)*scaling_factors (15);

SVyO=inputs (1) *(coefficients (23)+coefficients (24)*dFz)xscaling_factors (3)=x
scaling_factors (14);

SVyia=inputs (1) *(coefficients (25)+coefficients (26)*dFz)*inputs (4)*
scaling_factors (3)*scaling_factors (15);

SHyO=(coefficients (21)+coefficients (22)+*dFz)*scaling_factors (12);
SHyia=(Kyia*inputs (4)—SVyia) /Kya;

SHy=SHy0+SHyia;

SVy=SVy0+SVyia;

SAy=inputs (3)+SHy;

Muy=(coefficients (6)+coefficients (7)*dFz)*(1—coefficients (8)*inputs(4) "2)*(1+
coefficients (29)*dPitcoefficients (30)*dPi"2)xscaling_factors (3);
Cy=coefficients (5)*scaling_factors (8);

Dy=Muy+*inputs (1) ;

Ey=(coefficients (9)+coefficients (10)*dFz)*(1+coefficients (13)*inputs(4)"2—(
coefficients (11)+coefficients (12)*inputs(4))*sign(SAy))*scaling_factors (10);
By=Kya/Cy/Dy;

if Ey>1
Error=['Error in the value of E: Ey=' Ey]; %#ok<NASGU>
disp ('Error ")
display (inputs)
clear Error

end

%Combined slip (67-—74)

SHyk=coefficients (88)+coefficients (89)*dFz;

ks=inputs (2)+SHyk;

Byk=(coefficients (81)+coefficients (84)*inputs(4) "2)*cos(atan(coefficients (82)
*(inputs (3)—coefficients (83))))*scaling_factors (20);

Cyk=coefficients (85);

Eyk=coefficients (86)+coefficients (87)*dFz;

DVyk=Muy=*inputs (1) *(coefficients (90)+coefficients (91)*dFzt+coefficients (92)x
inputs(4))*cos(atan(coefficients (93)*inputs(3)));

SVyk=DVykxsin (coefficients (94)*atan(coefficients (95)*inputs(2)))=*
scaling_factors (21);
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Gyk=cos (Cyk+atan (Bykxks—Eykx*(Bykxks—atan (Byk*ks))))/cos (Cyk+atan (BykxSHyk—Eyk
*(Byk*SHyk—atan (Byk*SHyk))) ) ;

if Eyk>1
Error=['Error in the value of E: Eyk=' Eyk]; %#ok<NASGU>
disp('Error")
display (inputs)
clear Error

end

%Pacejka formula (51—52)
Fy=Gykx*(Dy*sin (Cyxatan (By*SAy—Ey* (By*SAy—atan (By*SAy) ) ) )+SVy)+SVyk;

%% Mix calculation (49)
Mx=coefficients (2)*inputs(1l)*scaling_factors (24)*(coefficients (107)x*
scaling_factors (26)—coefficients (108)*inputs (4)*(1+coefficients (121)*dPi)...
—coefficients (118)*inputs (4)*abs(inputs(4))+coefficients (109)x*Fy/
coefficients (1)...
+coefficients
/coefficients (1)

110)*cos(coefficients (111)*atan ((coefficients (112)*inputs (1)
"2))*sin(coefficients (113)«inputs(4)...

114)xatan(coefficients (115)«Fy/coefficients (1)))+
xatan(coefficients (117)*inputs(1)/coefficients (1))*inputs(4)

+coefficients
coefficients (116

)...

+coefficients (2)*Fy+scaling_factors (24)*(coefficients (119)+coefficients
(120) *xabs(inputs(4)));

— o~ — —~

%% My calculation (50)
My=—coefficients (2)*coefficients (1)*scaling_factors (25)«(coefficients (122)+
coefficients (123)*Fx/coefficients (1)...

+coefficients (124)+abs(inputs(5)/coefficients (3))+coefficients (125) x(
inputs(5)/coefficients (3)) "4+ coefficients (126)*inputs(4) "2 ...

+coefficients (127)*inputs(1l)/coefficients (1)*inputs(4) "2)«(inputs(1)/
coefficients (1)) " coefficients (128) «(inputs(6)/coefficients (4)) coefficients
(129);

%% Mz calculation
%Combined slip force with zero inclination angle FyQIA=0
if inputs(4)==0

FyO=Fy;
else

%Pure slip (53—66)

Kya=coefficients (14)*coefficients (1)*(1+coefficients (27)*dPi)x*...

sin (coefficients (17)*atan(inputs (1) /(coefficients (15)*(14+coefficients

(28)+dPi)*coefficients (1))))*scaling_factors (6);

SVy=inputs (1) *(coefficients (23)+coefficients (24)«dFz)xscaling_factors (3)x*
scaling_factors (14);

SHy=(coefficients (21)4coefficients (22)*dFz)*scaling_factors (12);

SAy=inputs (3)+SHy;

Muy=(coefficients (6)+coefficients (7)+*dFz)*(1+ coefficients (29)*dPi+
coefficients (30)*dPi"2)xscaling_factors (3);

Cy=coefficients (5)*scaling_factors (8);

Dy=Muy*inputs (1) ;

Ey=(coefficients (9)+coefficients (10)*dFz)*(1—coefficients (11)*sign (SAy))x*
scaling_factors (10);
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By=Kya/Cy/Dy;

if Ey>1
Error=['Error in the value of E: Ey=' Ey]; %#ok<NASGU>
disp('Error")
display (inputs)
clear Error

end

%Combined slip (67—74)

SHyk=coefficients (88)+coefficients (89)xdFz;

ks=inputs (2)+SHyk;

Byk=coefficients (81)*cos (atan(coefficients (82)«(inputs(3)—coefficients
(83))))*scaling_factors (20);

Cyk=coefficients (85);

Eyk=coefficients (86)+coefficients (87)xdFz;

DVyk=Muy+*inputs (1) *(coefficients (90)+coefficients (91)*dFz)*cos (atan (
coefficients (93)*inputs(3)));

SVyk=DVyks*sin (coefficients (94)*atan(coefficients (95)*inputs(2)))=*
scaling_factors (21);

Gyk=cos (Cyk*atan (Bykxks—Eyk*(Byksks—atan (Bykxks))))/cos (Cyk*atan (BykxSHyk
—Eyk* (Byk+*SHyk—atan (Byk*SHyk))) ) ;

if Eyk>1
Error=['Error in the value of E: EykO=' Eyk]|; %#ok<NASGU>
disp ('Error")
display (inputs)
clear Error

end

%Pacejka formula (51—52)
Fy0=Gyk* (Dy*sin (Cy*atan (By*SAy—Eyx* (By*SAy—atan (By*SAy))) )+SVy)+SVyk;

end

%Equivalent slip (76—81)

SHt=coefficients (75)+coefficients (76)*dFz+(coefficients (77)+coefficients (78)x*
dFz)*inputs (4) ;

SAt=inputs (3)+SHt;

SAr=inputs (3)+SHy+SVy/Kyia;

SAteq=atan (sqrt ((tan (SAt)) "2+ (Kxk/Kya) "2xinputs (2) "2))*sign (SAt) ;

SAreg=atan (sqrt ((tan (SAr)) "2+ (Kxk/Kya) "2*xinputs (2) "2) )*sign (SAr) ;

%Pneumatic scrub (82)
s=(coefficients (103)+coefficients (104)*(Fy/coefficients (1))+(coefficients
(105)+coefficients (106)*dFz)*inputs (4) )*xcoefficients (2)*scaling_factors (22);

%Pneumatic trail (83—87)

Bt=(coefficients (51)+coefficients (52)*dFztcoefficients (53)*dFz"2)*(1+
coefficients (54)+coefficients (55)*abs(inputs(4)))*scaling_factors (15)/
scaling_factors (3);

Ct=coefficients (59);

Dt=(coefficients (60)+coefficients (61)*dFz)*(1—coefficients (79)*dPi)*(1+
coefficients (62)*inputs (4)+coefficients (63)*inputs(4) 2)*inputs(1)=*
coefficients (2)/...
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coefficients (1)*scaling_factors (17);
Et=(coefficients (70)+coefficients (71)*dFz+coefficients (72)*«dFz"2)x*(1+(
coefficients (73)+coefficients (74)*inputs (4))*2/pixatan (Bt*CtxSAt));
t=Dtxcos (Ctxatan (BtxSAteq—Et*(Bt*SAteq—atan (BtxSAteq))))*cos(inputs(3));

%Resudial moment (88-—-90)

Br=coefficients (57)*scaling_factors (15)/scaling_factors (3)+coefficients (58)x

ByxCy;

Dr=((coefficients (64)+coefficients (65)*dFz)*scaling_factors (18)+(coefficients

(66)+coefficients (67)*dFz)*(1—coefficients (80)+dPi)*inputs(4)...
xscaling_factors (16)+(coefficients (68)+coefficients (69)*dFz)*inputs (4)*

abs (inputs(4))*scaling_factors (16))*inputs(1)*coefficients (2)*scaling_factors

(3);

Mzr=Drx*cos (atan (Br*SAreq) )*cos (inputs (3));

%Pacejka formula (75)

Mz=t *Fy0+Mzr+s xFx;

cx=0;
cy=0;
cz=0;
RI1=0;
if Tot==1

%% Radius calculation
c=coefficients (1)/coefficients (2)*sqrt(coefficients (133)"24+4xcoefficients
(134) )*(14+coefficients (138)xdPi); %Vertical stiffness [N/m] used in (5)
w=(1+inputs (2) )*inputs(5)/coefficients (2); %Initial point of angular
speed [rad/s] (6) supposing Re=RO
for i=1:3 %Resolving of Rfr, Re and w
WOo=w;
Rfr=coefficients (2)*(coefficients (130)+coefficients (131) *(wox
coefficients (2)/coefficients(3))"2); %Free tyre radius [m] (1)
Re=Rfr—coefficients (1) /cx(coefficients (141)+atan(coefficients (142)x
inputs(1l)/coefficients (1))+coefficients (143)*inputs(1l)/coefficients(1));...
%Effective radius [m] (7)
w=(14+inputs (2))*inputs (5) /Re; %Angular speed [rad/s| (6)
if abs(w—wo)<0.1
break;
end
end
if abs(w—wo)>0.1
Error=['Error in the convergence of the agular velocity. Last
iteration error of '
disp (Error);
display (inputs);

,abs(w—wo) ,' rad/s.'];

clear Error

end

k3=(14+coefficients (132)*coefficients (2)/coefficients (3)*abs(w)—(
coefficients (136)*Fx/coefficients (1)) "2—(coefficients (137)*Fy/coefficients (1)
)" 2)..
x(14+coefficients (138)xdPi)*coefficients (1); %Terms part of (3)

deflection=(—coefficients (133)/coefficients (2)+sqrt(coefficients (133) "2/
coefficients (2)"244xcoefficients (134)/coefficients (2) " 2«xinputs(1)/k3))...
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XII

%
%

%
%

%

end

/(2x coefficients (134)/coefficients (2)"2); %Deflection [m]

resulting of solve (3)

Rl=min (Rfr ,Rfr—deflection); %Loaded radius [m] (2)
%% Contact patch calculation
a=coefficients (2)*(coefficients (145)«inputs(1l)/c/coefficients (2)+
coefficients (144)*sqrt (inputs(l)/c/coefficients (2)));...
%Half of the contact patch length [m] (9)
b=coefficients (146)*(coefficients (148)«inputs(1l)/c/coefficients (2)+
coefficients (147)*(inputs(1l)/c/coefficients (2))"(1/3));...
%Half of the contact patch width [m] (10)
%% Stiffness calculation
cx=coefficients (153)*(1+coefficients (154)*dFz+coefficients (155)*dFz"2)
x(14+coefficients (156)xdPi); %Longitudinal stiffness [N/m] (17)
cy=coefficients (149)x(1+coefficients (150)*dFzt+coefficients (151)+dFz"2)

*(1+ coefficients (152)*dPi); %Lateral stiffness [N/m] (18)
cz=k3*(coefficients (133)/coefficients (2)+2«xcoefficients (134)/coefficients

(2) "2xdeflection); %Vertical stiffness [N/m] resulting of dFz/dRI

(3)

end
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Simulink vehicle model

In this appendix, Simulink vehicle model will be shown.Starting from the general overview

of the Simulink blocks and, finally, entering in detail in each function of the model.

B.1 Simulink blocks and connections

Sensors Outputs
-
-
<]
<]

State Space

F | Low-level | Controller

Control_Algorithm

Sensors Feed-Backl

FiGURE B.1: Simulink model general overview.
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Appendix B. Simulink vehicle model
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B.2 Matlab and Simulink codes
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