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TOYOTA Freer Movement Control System

4Wheel independent drive
4wheel independent steering
4wheel independent braking

By ‘wheel-in-motor’
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TOYOTA Freer Movement Control System
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TOYOTA Freer Movement Control System
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TOYOTA Freer Movement Control System for Auto-Parking

L NeWwidegrees of freedom of mevement*
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TOYOTA Freer Movement Control System for Auto- Parklng

‘\d

.‘ /-'In—whﬂel maotor

E Stcering actnator

S

_—steering ECU

-

Steering reaction
actuator

= Steering reaction
ECU

" o . : | == Steoring Angle "
IIldEpPIIdEI‘It ) Top View i o Stvoring Angle 77" (M)
— drive _*-_:wi,“ "IN iTe =1

, I‘ntegrﬂtet -
4 Indep\m\:lyeiuc.je fﬂlltlihipPp{iEI‘lt
A StEE'I'IIl__j"“"-—u.-___.,.-—-'l:l]'akE

_.-"""--

h“‘- Steerlng Actuator

bR Seoul National Univ. .
}| School of Mechanical Spring 2008
3 and Aerospace Engineering



Autonomous Robot Vehicle

DESIGNDREAM
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Autonomous Robot Vehicle

FINAL RENDERING

DESIGNDREAM
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6WD6WS Vehicle __
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6WD6WS Vehicle
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BLDC Wheel-in-Motor of 6WD6WS Vehicle
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Sectional View of BLDC Motor
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Basic Elements

¢ Voltage : electromotive force needed to produce a flow of current in a wire [V]

e Current : the rate of flow of charge

P d_q [ampere] = [coulomb]
dt [sec]

e Charge : (electric charge) the integral of current with respect to time [C]

i34 Seoul National Univ. )
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Basic Elements - Resistance

e Resistance : the change in voltage required to make a unit change in current.

A Change in voltage [V]

= . =—=[0hm(Q)]
Change in current [A]
. : Vi
e Resistor V,=R-i, R=-%
IR
N
+ R —
[¥==3 Seoul National Univ. .
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Basic Elements - Capacitance

e Capacitance: the change in the quantity of electric charge required

to make a unit change in voltage.

C- —[CO‘[J\'/C;mb] —[Farad (F)]

e Capacitor: two conductor separated by non-conducting medium.

i—dgq/dt, e —q/C — i=c% ge = Ligt
c dt °TC
1 t
ec(t):Eji dt+e_(0)
° e i i(t)
C
it Seoul National Univ. Spring 2008
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Basic Elements - Inductance

e Inductance: An electromotive force induced in a circuit, if the circuit lies in a time

—varying magnetic field.

I\
= [A/seq] =[Henry (H)]

e Inductor: e = Ldl
dt

. iL(t):ijeL dt +i, (0)

— T —
i(t)
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Series & Parallel Resistance

e Series Resistance

+R; - +R, -
@ »la »
Ri+R,
e Parallel Resistance
+R; —
_—>
I
- —>
e
+R, -
—_>
I2
+e—
A A A 1
R
R —»

+
Rl

R,

e=61+62=i(R1+R2)
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Kirchhoff’s laws

1. The algebraic sum of the potential difference around a closed path equals zero.

+

-, -0, +E=0

2. The algebraic sum of the currents entering (or leaving) a nod is equal to zero.

I, node I
> >

o

il—iz—i3=0

Current in = Current out

— L=+

3 :"-;2 Seoul National Univ. Spring 2008




Examples of Circuit Analysis

ex1) R-L Circuit

[

Vi

e(t) —= /_\‘
i

ex2) R-L-C Circuit

-V, -V, +e(t)=0

di :
V,=L—, V,=IR
L at R

di )
L—+Ri=e(t
m (t)

_V, =V, -V, +e(t) =0

. 1.
Vo=Lo Ve=iR, VC:EjldtJrVC(t)

di
dv, 1.
dt C

di .
La+ Ri=e(t)-V.(t)

}:'{;; Seoul National Univ.

%ﬁ }] School of Mechanical
oy and Aerospace Engineering
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Examples of Circuit Analysis

ex3) Multiple electric circuit

+L1 i +Lg ==

AT

+F) -

+ ) )
0 qﬂ — /j R,
) I_ i | i

By Kirchhoff's voltage law

—Ryi, - Ll%—vC +e(t)=0

di :
—de—tZ—Rzl2 +v, =0

1 Ia (

dv o
A_f:?(ll_lz)
Ut |\
di, 1 .

T—=——(v. + R, —e(t
it Ll( .+ Ril; —&(t))
di, 1 :
—2="(-R,i, +V,)

dt L

};‘,o; Seoul National Univ. Spring 2008
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Examples of Circuit Analysis

ex4) Multiple electric circuit v = Lﬂ Y :EJ‘i dt dv, =1i
v, L dt° ¢ ¢ odt ¢
8088
+ L —7 i, —R, (i, —1,) -V, +e(t)=0 1)
di . ..
+ R - R, - _Ld_tz_Rz(lz_ls)_Rl(lz_ll):O 2)
eft)c) /__DVC ;<C /_D R _Rz(i3_i2)_R3i3 +Vc =0 3)
3 dv, 1. .
C=—(,—1 4
it C(1 3) )
. 1 . .1 .
3) —> ;= (Vc"‘Rz'z)’ 1) _>|1:_(e(t)_vc)+|2
2 T3 R,

1 : 1 :

— (R, +R)L,+ R, -—(e(t)+Vv, )+ R L +R,-
=1 “R+ R, R1R1(() )+ R, RR

1

L

R, )_£2R2+R3V_ RR; .

(v, + Rziz)}

e(t) +v, + 2 +%e(t)

V =
R,+R, °) L R +R, ° R,+R,

};‘,o: Seoul National Univ. Spring 2008
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Examples of Circuit Analysis

dv, 1|1 1 : 1 R, .
=—| —e(t)+—Vv, +i, - V. + I,
dt C|R R R, + R, R, + R,

12R,+R,. 1(1 1 1
S B S v, +——e(t)
C R+R, ° C\R R,+R, ) ° CR

State space equation :

_ RR, 12R,+R, | C ]

' R, +R L R,+R ' T
i[lz—': 2 TRy R I ’7|2—|+ L e(t)
dt[v. | | 12R,+R; 1(g_ 1 JLVCJ 1

C R,+R, C|R R,+R, | CR, |
i
y=Vo_Rs's_RR3 R,i, + R, v, = R.R, R, ?
, + R, R, +R, R,+R, R, +R; ||V,

b e Seoul National Univ.
s o -
A ; School of Mechanical
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Mathematical Modeling of Electrical Systems

Laplace Transformation: L [sl (s)— i(O)] +RI(s) = E

i0)=0 — (Ls+R)I(s):§
E E{l 1
I(s)=——— =—| =—
s(Ls+R) R|s s+(R/L)

L i(t) =E[1—e-<R’L>t]

The switch S is closed at t=0

di

or L—+RI=E
dt

At the instant that switch S is closed,

the current i(0) =0

S

! I

E o
0.632 NS

o F

I |

/ I

!

Y —
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State-Space Mathematical Modeling of Electrical Systems

L R By Kirchhoff's voltage law
o dILA A o
di . dv. 1.
L—+Ri+v, =¢, C =i, e =V
\ \ dt d C
| C = ¢,
i *"I
Assume, initial condition is O,

Lsi(s)+RI(s)+V.(s)=E,(s), sV.(s) :% 1(S)

. E(s) _ 1
" E(s) LCs*’+RCs+1

T.F

bix 1y Seoul National Univ. .
%' }] School of Mechanical Spring 2008
s and Aerospace Engineering




State-Space Mathematical Modeling of Electrical Systems
: : : 1
Differential equation € +—6+—e =—¢
C LC
State variable : X, =€, X,=€
Input and output : u=¢, Y=¢6=X

State-space equation :

};,o? Seoul National Univ. Spring 2008

4 =up] School of Mechanical
oy and Aerospace Engineering



Transfer Function of Series Elements

1. | R R
c (i, —1,) dt+ R, =¢, ——AM AN 0
1
1 ¢. . A
a.(|2—|1)dt+R2I2+C—ZI|2dt:0 , o Gizs
W -
i_[izdtze0 )
C, 2 i

Laplace Transformation :

1 1 1 PO SN
SLO-LEOMRLE=EE), [LEO-LO+RLEO+ - LEO=0 T LE=E®)

1 1 ZS 2

E (S) 1 1
F . === =
E(s) (RCs+)(RC,s+1)+RC,s RCR.C,s*+(RC,+R.C,+RC,)s+1

R,C,s term means intersection of the two RC circuits

1 Seoul National Univ. < rine 2008
‘s;_ 'ff School of Mechanical pring
=zaY and Aerospace Engineering




Operational Amplifiers

_ Q+V
Inverting
Input .
Differential
Stage
L]
= w }
. -w-f-‘ :r L]
i Gain -
- o i Stage
-+
Hon-
inverting -V
Input
Seoul National Univ. Spring 2008

School of Mechanical
and Aerospace Engineering




Operational Amplifiers

Iout= 1 ma
AAAA

10K
: Re
lin= 1ma output = 10 Volts
> AAAA

No K T
R1
Input=1Volt
909 K
1
( L.+ 1. =.p08K )
= 10 K 1K
Seoul National Univ. Spring 2008

School of Mechanical
and Aerospace Engineering




Operational Amplifiers

> L e, =K (e,—e)

i) K=10°~10° for dc signals and ac of less than 10 Hz frequency.

ii) K=1forac1 MHz ~ 50MHz
iii) ldeal CP amps
- K=w
- no current flow into the input terminals
- the output voltage is not affected by the load connected to the output

terminal

it Seoul National Univ. .
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Examples of Operational Amplifiers

ex1)
RZ
i . e —e' ] e'—e
" E% e’ /_—F—AIZ ) l, =— I, = :
— -~ J_r © R1 R2
X h % e —e e -e
[+ I " i i) iOp = O’ Il — 21 | — 0
b R1 Rz
iii) since e, =K(0—-¢), K21, Kro = ¢€'=0
e —e R
—=—2 = g =——t¢
R R, R,
exe e'=g (v Kr~w)
R : L, =1 S _% 6 — i+i e _ie
1 e’ 4—~—‘j/|j ] 1 27 R1 R2 R1 R2 i R1 0
- " e IR R
¢|_}1' ! | = eO:Ri 2ei:(1+—2
= R, R,
3{".3: Seoul National Univ. Spring 2008
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Examples of Operational Amplifiers

Equivalent circuit

D
Il

D
Il

o
Il

_ | R2

+

ex) - e'=0, i, =i,+I,
iy, SR Y
b |5 R PR dto¢” U dt
R ¢ 7 (v.=¢'—e, =—¢)
& € ’
2 2

LA "-‘\_ Spring 2008
it :f School of Mechanical pring
sy and Aerospace Engineering



Examples of Operational Amplifiers

e dv, 1 de, 1
S _Ct-_—¢ = ——e —
R, dt R, dt R, dt
1
Laplace Transform : E (S)| S+ = E. (s)
CR, CR1
T.F:E°(S)=— 1 1 R 1
E.(s) s CR, R, RCs+1
CR,
1 t=0
Step input response : E.(S) :E, e(t)=
S 0 t<0
1
E()__ - (s)
R, R,Cs+1
_R_1 1 R(1 1
R, RCs+1 s R (s s+(1/RC)

o ) €
CR, ° CR
&(t) 4
T=RC
n >
~__
_R
R

e (t) _ Rl (1 e( 1/R2C)t)

% iy Seoul National Univ.
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Complex Impedance

i
_|_ -
Z(s)
< - >
1(s)= £ ) E(s) = Z(5)1(5)
Z(s)

Z(s) : complex impedance

by Seoul National Univ.
EX ] -
=] School of Mechanical
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Complex Impedance

The complex impedance Z(s) of a two-terminal circuit is : the ratio of E(s) to I(s)

o—— Zl (S)

A

‘ Z,(8) —

v

| & j &,

A
v

Direct derivation of transfer function,

without writing differential equations first.

Z<s>:%, E(s) =Z(s)1(5)

E(5)=Z,(9)1(s),  Ey(8)=2,()1(s)

E(s) = E, (s)+ E, (s)
=Z2,(8)1(s)+Z,(s)1(s)
=(Z4(5)+Z,(5)) 1 (s)

%:";.-3: Seoul National Univ.
it :; School of Mechanical
sy and Aerospace Engineering

Spring 2008



Complex Impedance

Resistance : — . e=Ri, E(s)=RI(s)
A% Z(s)=R
Capacitance: —> ' e de 1.
O —I I 'e) dt C
¢ SE(s) == 1(s) — E(s) = —1(s)
C Cs
S Z(s) ==
Cs
Inductance : —» i, L di
Py e=L—, E(s)=Lsl(s
~.Z(s)=Ls

Lok Seoul National Univ. .
it '“fw School of Mechanical Spring 2008

pisswid and Aerospace Engineering




Examples of Complex Impedance

ex1) ;

+ + = + - .
o—\N\—TO——o e. —iR, eL:Ld', deC:1i
Cr e Cc dt dt C

e = ep +8, + 6 E(s) =Egr(s)+E_(s)+Ec(s)

= RI(s)+—LsI(s)4——l—I(s)
cS

1
=(R+ LS+&)|(S)

O—— Z(s) O

y
. A

E(s)

.'.Z(s)=R+Ls+é:ZR(s)+ZL(s)+ZC(s)

Lok Seoul National Univ. .
25:¥] school of Mechanical Spring 2008

i and Aerospace Engineering



Examples of Complex Impedance

Z(s)

i=i +i,+i. E(s)=2Z(s)I(s)

1(8) = 1.(8) + 1 (8) +1c(s)

_E() , E() , E()
2.(5) Zy(8) Zc(9)

:£ L + L + L JE($
Z,(s) Zg(s) Zc(s)

1
=790

o 1 1

n2(8)=—7 1 1 1 1

+ + —+—+0Cs
Zo(s) Z.(s) Zc(s) Ls R

}:'{;; Seoul National U.mv.
YRRy School of Mechanical
el and Aerospace Engineering
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Examples of Complex Impedance

Deriving transfer functions of Electrical circuits by the use of complex impedances.

o——— Zi(s) o E.(s)=Z,(s)I(s)+Z,(s)I(s), E.(s)=2Z,(s)I(s)
(s) [(si
i Zys) | Lo E,(s) Z,(s)
E(s)  Z,(5)+Z,(5)
O O
ex)
o " E.(s) _ Z,(s)
Lo IV ° B ZO+Z06)
e, —C e 1
Z,(S)=Ls+R, Z,(s) e
- O O 1
E,(s) _ Cs _ 1
2
E.(s) Ls+R+i LCs*+RCs+1
Cs
PRy Seoul National Univ. Spring 2008

it :; School of Mechanical
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Examples of Complex Impedance

Z,(s)
e
1(s) 1(s)
\
o——— Z,(s) o +
+
E‘I' (S) EO EO(S)
O — o -

E(8) = 2,(s)1(s), E,(8)=2,(8)1(s)

E, () Z,(s)
E(s)  Z(s)

pa 1y Seoul National Univ.
- s
=] School of Mechanical

a8 and Aerospace Engineering

Spring 2008



Examples of Complex Impedance

& ]

C Z,(5)=R,

| R, \\RZ _______ 2(8)= 1 RCs+1
4:—*| AR AR i ;/ B CS+R2
e(s) ---------m-- &, (s)

_Cs. 1 E,(S)__Z,(_ R 1
1(s)=Cs-E(s)+ R E(s) £.(5) 2.6 R RCs i1

bty Seoul National Univ. ;
¢ 'ff School of Mechanical Spring 2008
el and Aerospace Engineering




Transfer Functions of Non-loading Cascade Elements

Consider two RC circuits

o ] O
E.(s) RCs+1l Ei,(5) RCps+1
by Seoul National Univ. Spring 2008
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oy and Aerospace Engineering



Transfer Functions of Non-loading Cascade Elements

R R-
o MWW AW O
{ o [ :E

e fo
o O

1 1 1 1
C_ls[ll(s)_ |2(S)]+ R1|1(3) =E (), a[lz(s)_ I1(S)]+ R2|2(3)+a |2(S) =0, a |2(S) = EO(S)

1 2 2

. E,(s) 1 . 1
"E(s) (RCS+1(RC,5+1)+RC,s (RCs+1(R,C,5+1)

Eo (S) £ Eol(s) . E02 (S)

—— Loading effect
Ei(s) Eu(s) E,(s)

bix 1y Seoul National Univ. ing 2008
¢ D }] School of Mechanical Spring
vl and Aerospace Engineering




Transfer Functions of Non-loading Cascade Elements

Xl(S) X 2 (S) X4(s)
Gl(s) > > G2 (s) —

X0 X,(8) X,(8)
SO0 X6 X5 2

If the "input Impedance" of the second element is infinite, the output of the first

element is not affected by connecting it to the second element.

Then, G(s)=G,(s)G,(s)

iy Seoul National Univ. Sori
it a) ring 2008
gg. 'j School of Mechanical P g

oy and Aerospace Engineering




Transfer Functions of Non-loading Cascade Elements

R R,
— AN, A o
Isolating
e C. = | Amplifier oF e,
(gain K)
< o

This circuit has a very high input impedance

tp-BO (T Jf 1 ) K
" TE(s) \RCs+1 R,C,5+1) (RCS+1)(R,C,5+1)

When we derive the T.F. for an isolated circuit, we implicitly assume that the
output is "unloaded ". In other word, the load impedance is assumed to be
Infinite.

—— No power is being withdrawn at the output.

i34 Seoul National Univ. .
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(D
-
-
5:)
o
=
o
-

(
(

ystem

Motor drive system :

u Motor v T Mechanical
_ Motor
+5V drive + 250V system

Controller

\4
v

\ 4

3 phase BLDC motor driver :

DC+ \
PN

Q1 Q3 Q5
PWM1 A pwms A pwms

Q2

Q4 Q6
PWM2 7'y PWM44@ r'y pWMGA@
¢——» Current sensing s | N
NS
R % H3 H2
L Hall sensor output «

E_LL ;.: Seoul National Univ. Spring 2008

l{ School of Mechanical
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Constitution of DC Servomotor System
DC servo motor : ex) Elevator structure :
permanent magnet - . Motor
7 7
. | g Controller
€ J

Guide rail

/ /
_ _

Elevator cage

Tail code

Counter weight

Shock absorber
|

Seoul National Univ. .
it w School of Mechanical Spring 2008
3 and Aerospace Engineering




Armature Control of DC Servomotors

Variables :
R, : armature resistance, Q — I
L, : armature inductance, H J
i_ : armature current, A =iy
i, : field current, A _ 0
e, . applied armature voltage, V 'r = constant
e, . backemf, V
¢ . angular displacement of the motor shaft, rad
T : torque developed by the motor, N-m
J . equivalent moment of inertia of the motor

and load referred to the motor shaft, kg-m?®
b : equivalent viscous-friction coefficient of the motor

and load referred to the motor shaft, N- m/rad/s

Spring 2008

1{'.3 Seoul National Univ.

28] School of Mechanical
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Armature Control of DC Servomotors

I, =constant
The torque of motor : T =Ki, K :motor—torque constant
do _
For a constant flux, the induced voltage : €& =K, it K, :back emf constant
L _ di .
Armature circuit D.E : L,—*+R,, +€ =¢€,
2

Inertia and friction : J do +bd_¢9:.|. = Ki

dt*>  dt i

1i'{,? Seoul National Univ.

A =] School of Mechanical
oy and Aerospace Engineering

Spring 2008



Armature Control of DC Servomotors

Laplace transforms of equations :

& =Ky — K,sO(s) = E,(s)

di :
Lg Rl re e (Ls+R)I(9)+E (5 =E,(9)

2
199,439 1k, (357 +1)O(s) =T (5) = KI_ ()
dt dt
K
_6() _ K ~ R,J
E.(s) s(R,Js+R,b+KK,) of 54 Rb+KK,
R,J
— Km
B s(T. s+1) K., =K/(Rb+KK,)=motor gain constant

T, =R, J/(R,b+KK,)=motor time constant

Lok Seoul National Univ. .
it '“fw School of Mechanical Spring 2008

4 and Aerospace Engineering



Example of a DC Servomotor System

ex) servo-motor system

Gear 1

R, : armature resistance, Q
i_ : armature current, A

a

I, : fieldcurrent, A

e, . applied armature voltage, V

e, . backemf, V 5 o conStant

6, : angular displacement of the motor shaft, rad Gear 2
6, : angular displacement of the load shaft, rad

T : torque developed by the motor, N-m

, . equivalent moment of inertia of the motor, kg-m

J 2
J, : equivalent moment of inertia of the load, kg-m?

The torque of motor: T =Ki

a

déo

For a constant flux, the induced voltage : ¢, =K, ’m K, :back emf constant

i1ha Seoul National Univ. .
] 'i‘? School of Mechanical Spring 2008
sy and Aerospace Engineering




Example of a DC Servomotor System

2
L : . o n,
Armature circuit D.E : R, +€ =¢, Inertia and friction : Jieg =91 +(—j J,

Laplace transforms of these equations :

K,sO(s)=E,(s), (L,s+R)I.(s)+E,(s)=E,(s), (JIs°+bs)®(s)=T(s)=KI_(s)

K
E_ O(s) _ K _ RT‘J
E.(s) s(RJs+Rb+KK,) S(H Rab+Kwa
\ RJ )
— Km
(T s+1)
Yo Seoul National Univ. Spring 2008
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