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1. Simulink
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1. Simulink

System Diagram
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1. Simulink
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1. Simulink
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1. Simulink
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1. Simulink

1 brake input signal Hydraulic Brake Torque [~

Hydraulic brake

—» Angular velocity Magnetic Brake Torque [—
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1. Simulink

1) Hydraulic Brake
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1. Simulink

brake input signal

Hydraulic Brake Torque
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1. Simulink

2) Magnetic Brake

at 2
VXE= —%—?,
Maxwell’s Equation
A-D =p,
A-B =0,
F=gq(E+vxB) Lorenz Force
D —¢E,

Relation between electric flux density and electric field intensity

B = yH Relation between magnetic flux density and magnetic field intensity




1. Simulink

Method 1.
If B(t) = By sin(wt) k

B=VxA
_ JdA
E——VQO—E
_ dD _
VXH—J—FE B—,LLH

oB
VxE=_98B
2 oV-A P

Assume that there are no skin effect on the conductor
J =o0d(E+vxB)

. . : oD
Assume that the external field is dominant -> Pl 0

The Coulomb gauge condition (V - A = 0)

VZA = pod (VgoJr % —V X (B))



E = E, cos ({2)i + E, cos (£2t) ] E.pc = Bow (— (b + 2r) tan™" (a — y) + (b—2r)tan”’ (& _ y)

47 b—x x
A = A, sin (2t)i+ A, sin (£2¢)]. —(b+2r)tan‘1( Y )
b—x
V-J:V-[Jd(—Vg&—%&‘—i—VXB)] N (b—2r)tan‘l (E)
x

Vip=V-(vx(B))

(42% + 4y*) (4a® + 42* — 8ay + 4y?) ))

+ (U.5a]lng( :
4b% + 4z? — 8bx + 4y?) (4a? + 4b% — 8bx — 8ay + 4y® + 4z
p=V-(vx(B)). ( y?) ( Y Y )

31
VZA—de%—‘::qu(ch—va) Bow b o ( ]m
EyDC = — 0 ((26‘) tan ! ( ) — (26‘) tan . ( )
0A _ 2 A cos(f2t) 8 a—y , a—y
VIA +)A =9 + (20)] (22 +9?) (a? + b% — 2bz + 2% — 2ay + o?)
2 cos(f2t) T) o8 (E}E + x? — 2bx + yz) (az — 2ay + y* + 11:2)
A= —pod————

(@) Bl (ag — 2ay +y* + ;1:2) (az +b? — 2bx + 2° — 2{1y+y2)
O : : : : : 3
¢ = pod(—Ve + v x B) & (b? + 22 — 2bx + 4?) (22 + y?)

VL)A;B —I_AAT — _qb:r R’ 24T
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v:—w*(y—%)i%—w*(m—kr—f—j)j 0o g, = T
d. )
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1. Simulink

Method 2 (New method).

F =qg(v X B)
E=vXB
V=TrXw

1%
V=Tw—
%

r

E=—-rwBy—

r
r
J = oFE = —m"a)BO;

lgnoring Skin effect

->

J = doE = —adrwBOE

o. Conductivity
d: thickness of plate

sz]deV
r=frx]deV

T = fff odr?w By* rdrd0dz
4

b* —a?)
3
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Verification of Magnetic Brake Torque

Analytic solution A2

H=ml g Magnetic brake =

H H
| L
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COMSOL 2d model 2 216}
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Verification of Magnetic Brake Torque

Magnetic brakeZ}

M EE PO 4

b

Name Expression Unit
VX -omegal(t)*y m/s
vy omegal(t)*x m/s

b
Name Expression Unit
Jx sigma*Bz*omega(t)*y  A/m?
—p
b

Name Expression Unit

Jy -sigma®*Bz*omeqgal(t)*x A/m?



Verification of Magnetic Brake Torque

E3 A& 3P

Name:

dT
dTorque z 89| el

Expression:

(x*Jy-y*Jx)*Bz_const*disc_t

=]
dTOrque_Z = 8.85 .
4 .3 Derived Values

surface integrationo O
Total torque A| 4t

Il Surface Integration 1




Verification of Magnetic Brake Torque

Magnetic Torque
(when angular
velocity=74rad/s)

Error

COMSOL

dTorque_z (N*m)

-551.59

dTorqueS At7| & GG O0|| A

integration®F 4f

-551.59

1551.59 — 557.2912]

551.59

Simulink

>> BAnalytic sol (74)
Angular wvelocity of wheel: 74.00 rad/s

analytic =

S557.2912

-557.2912

X 100 = 1.03%




COMSOL

dTorque_z (N*m)
-372.69

dTorque_z (N*m)
-670.85

dTorque_z (N*m)
-819.92

Error

1.04%

1.03%

1.04%

Simulink

>> Analytic s0l(50)

Angular velocity of wheel: 50.00 rad/s

analytic =

376.5481
>> Analytic sol (90)
Angular velocity of wheel:
analytic =

677.78606

>> Analytic sol(110)
Angular velocity of wheel:

analytic =

828.4058

90.00 rad/s

110.00 rad/s



Verification of Magnetic Brake Torque

50 F

-100

-150

-200

-250 -

-300

dTorque_z (N*m)

-350

-400 |

-450 -

-500

-550 |

1 1 1 | 1 1 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

* ABS system 2| Feedback = BFESHA| 2= | O| H



1. Simulink

Simulation result (Equipped with both hydraulic and magnetic brakes in parallel)

4| Magnetic Brake Torque - a x 4 Hydraulic Brake Torque - O X | [4] Angular velocity of Wheel - O X
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P brake input signal Hydraulic Brake Torque [~

Hydraulic brake

—» Angular velocity Magnetic Brake Torque [—

Pl l

Magnetic brake

Ready Sample based T=3.349 Ready Sample based |T=3.349 |Ready Sample based |T=3.349



1. Simulink

Comparison
Hydraulic Brake Integrated Brake(Hydraulic Brake + Magnetic Brake)
& Hydraulic Brake force _ 0 5 4| Hydraulic Brake force — O P
File Tools Wiew Simulation Help e Fle Tools View Simulation Help >
G- AOP®| = Q- F|lF - 0P ® | =-a-E-+|&
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Brake Disc & Brake Pad Modeling

G80 1921 X| 2l | & of S| C| X2

1. Friction Brake Analysis

Thickness : 34mm
L Brake Disc & Brake pad modeling Diameter : 380mm

2. Magnetic & Friction combined Brake

Analysis




2. COMSOL Setting

License St A £ 2| 5|
MultiphysicsE &2t 2|21t
Lol A0 =7t

i inkS HlO| B & e
Slmu“ir;lzerlpsoclczj\fiznl |E16 Translational Motion AFE 51 2|
= O

« @ Component 1 {comp1) Translational Motion
4 = Definitions
'-":_5 Interpolation 1 () Velocity field:

2\ Interpolation 5 (3)

. -y w(t) X
== Interpolation 2 () Utrans  x*w(t) y | mi/s
2\ Interpolation 3 (alpha) 0 z

2\ Interpolation 4 (mu)



2. COMSOL Setting

o
Comsol heat transfer in solid 4] _ ZEIR & - convection(CHE)
pem * Translational Motion= &9l convection@2F M2 7t
pPCi=— + pCou-VT +V-q=0Q N N
" hot P - MR 2 . diffusion(€ ZFH4h

- Q:F g+

COMSOL A ™ ALat —




2. COMSOL Setting-Boundary Condition

Boundary Heat Source

generated heat by friction —_—
—

diffusion




2. COMSOL Setting-Boundary Condition

- Brake force distribution
For Friction Brake

Total braking Energy

1 2 1 2
Eior = Emcarv + 4 X El(‘)wheel

One Front brake braking energy

COMSOLZ2| Boundary Heat Source
|ls= AH&oHY 7o

1 1 |

Eb = E X 0.6 X Emcarvz + Elwwheelz

¥ Boundary Heat Source

O General source

i @ Overall heat transfer rat
One Front Brake braking Power “ifﬂ eat transfer rate
=%
Q%=
Py -3/10*m_car*v(t)*a(t)-|_wheel*w(t)*alpha(t) W
dE, 3

dt — 1_Omcarva + Iwwheela




2. COMSOL Setting-Boundary Condition

Brake force distribution
For Magnetic & Friction

integrated Brake

One Front Brake Disc braking Power

dE, 3

dt — Emcarva + Iwwheela i Tmagwwheel

COMSOLZ2| Boundary Heat Source
|ls= AH&oHY 7o

Tmag@Wwheel - The power because of Torque caused by eddy current Seme [Hos Gaure:

O General source

® Overall heat transfer rate
Py

Qb:;

Py -3/10*m_car*v(t)*a(t)-|_wheel*w(t)*alpha(t)+ Tmag(t)*w(t) W



2. COMSOL Setting-Initial Condition

Brake disc =&

¥ |nitial Values

Temperature:

T T air K

T _air 300[K] 300 K Temperature, air



Results

Hydraulic Brake Integrated Brake

Time=0 s Surface: Temperature (degC) o Time=0 s Surface: Temperature (degC) o
A 26,9 A 27
180 500
150 180
140 150
120 | 140
-1 120
- 1 100
-1 100
- 1 80
- 1 80
- 1 60
1 60
- 1 40 140
- 120
y i 20 y
¥ 26.0 ¥ 26.8

Friction brake Temperature < Magnetic & friction integrated brake Temperature



Results

Magnetic & Friction integrated brake 2]
|1 2 & 7} Friction brake 2|

|1 2= O} &L

Magnetic & Friction integrated brake/}f
Friction brake 2Ct H| 2 X 917}

Magnetic & Friction integrated braket= Friction
brake 2CH K|S Al ZH K|S A2l 7F Ea
(Ms &5 et
NS Al 3.757s 3.349s

2But, 28|0|3 Ih =V OE S

= d AM A 2E =
M= Az 63.24m 52.08m >3 S0UHA S35 SN
> ER

Magnetic Brake/F 1L 0|A] 2 ETZ HEA|7|7] I{Z=0
M-S AlZH2 0.4082 XHO| LEX|BH XS A2l = 11.16mE 2 X}O|



Results

Hydraulic Brake Integrated Brake

loglo(W _prod+

— logl0(W_prod+1), produced heat

=ao|3 oj£ af 2 o




Results

~ . - G | v ir Brake force
4| Hydraulic Brake force 4. Hydraulic Brake force

File  Tools View Simulation Help File Tools Wwiew Simulation Help

Q- BOP® | =-|aQ- |- F|2 G- BOP®| - &A-|C-|F

L=
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]

Ready Sample based | T=3.757 Ready Sample based [7=3.349
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