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Re-adhesion control in asynchronous motor drives for an electric train

by monitoring excessive angular momentum
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wheel : compressed at contact area ————p- TW>V

0 1.1: 0O00000d, Freition of railway
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0.15F
Macroslip area
0.1

0.05

Macroslip area

Tractive coefficient [p.u.]
S
T

Microslip area
1 1 1 1

2 -1.5 -1 -0.5 0 0.5 1 1.5 2
slip velocity [m/s]

0 1.2. 00000000, Example of tractive coefficient characteristic
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013:00000000000000 [2], Relation between tractive coefficient and slip velocity
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011:000000000000004, Parameters explanation

Parameter Comment Units

Jr Inertia moment around wheel kg - m?
J Equivalent inertia moment of drive axis | kg -m?
W Driving wheel angular velocity rad/s
G, Gear ratio -
Mp Equivalent inertia weight around wheel kg
M Mass per axis kg
W axle load kg
Up Velocity rad/s
Vg Slip velocity m/s
W Slip angular velocity m/s
T Motor torque N-m
Ty, Adhesive torque N-m

r Radius of wheel m
Fy Travel resistance N

g Gravity acceleration m/s?
Teo Excessive torque [N-m]
Ley Excessive angular momentum [kg-m?/s]
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0)00000000000000000000 20000000 C,p (Cwp,>00000000000000

000 (21) 0000w, < 00000000000 OOOOODOOOOOO

9g1Us (Us < Ul)
/j,(vs) = HMAX — Ctop(vs - Utop)Z (Ul <vg < UZ) (21)
Minf + BeXp[(Uz - Us)%} (U2 < Us)

ooo0o0C,, 00000000000 (22)0000000000

HMAX g1
v = — >0
! g1 4Ctop -
g
Ciop > 2.2
P = dpnrax (22)
00000 (2)0O00oDO0oO0OO0oOoooOoooooo U1, Vtop, V2, B OO (2.3)DD (2.6)DDDD

HMAX g1
v = —_— 2.3
! g1 4Ctop ( )

HMAX g1
v = — + 2.4
top 0 4Ct0p ( )
vy = UMAX n g1 n g2 (2.5)

g1 4Ctop 2C’top

2
B = MUMAX — Ctop (22?) — MHinf (26)
op
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021:00000000000000 [2], Relation between tractive coefficient and slip velocity[2]

0.2

0.15F
Macroslip area
0.1

0.05

-0.05

Tractive coefficient [p.u.]
(=}
T

Macroslip area

Micros‘]ip area

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
slip velocity [m/s]

022 00000-0000000000, Image of relation between tractive coefficient and slip velocity
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023100000000, One axis model

BauAEE: W),

B EBY

+ EJ’E:VS

HEEE: V)

024: 1000000000000, Block diagram of one axis

model

000000000000000000000000000000000000000000000000000
000000000000000000002300000000002400000000000000000
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gbobooboooboobogbooobobooboobooboobooboboa

JWy
My

Us

G, Ty — Waru(vs)

Wan(vs) — Fq

Ty, — Vpld

JOooooobooooooMOo1l1oooboooboooboowooobobooooooTrT, 0000000000
R,00000¢000DO00DOO0r000000F,00000O0u(vs)0000000v,000000w, 0000
000y O00O0O0O0OO0b0oo0oob10b00b000b0o0obooooooobooobooooooooooooon
gboboobooboooosmsOO0O0OO0O0OO0OOOO
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000000 Goooooon Fy (Fp=R+G)00000000000OO0O0OOOOOOOOOOOOOO
oooooooooooboboooooboooogoboo

good

0000000000000 0000000000000000000U0O0O0O0 ROOOOOOOOO [11]
000 (2100000000000, 000000WO0OO0OOOO

R = (1.32 + 0.0164v, )W + 0.028v;>

(2.10)



020000000000000000000O000 9

0 21: 1000000000, Parameters of one axis model

Ttem Value Unit
g 9.81 m/s?
J 2.22%x10% | kg - m?

Jr 159 kg - m?
r 0.412 m
G, 5.28 -

0 2.2:. 0000030, Body model

ooogoo gbooooogo
gboogoaoo 000 80000

oooobooooo | 00 14000

go 1IMO.5TO OO 4M2T OO OO 1/40

good

oboobooooboooooooboobobobobooboooooooboobOobOOobOobOoboboobooon
0000000000000 0000000000000 GUUO0OO0OD0OUOD [11)0000 (21)00O0O00
000000000000 DsinA=tanéd00000O0O0OO

G =Wsinf = W tanf (2.11)
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C) yaw

pitch

roll

X

Moving direction

O 2.5: 000O0DO0O, Definition of coordinate system

g 3 G2 . E 3 RSN
S R
X T2 XTIl
X W4 X W3 xXWw2 X W1

026:00000000000000000 [12], Freedom degree constitution of 4 axis 2 truck model[12]
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23

22 zs1
2Nk 2 +

L @ mT, it H\(kb.cb)

027.000000000000][12)], 4 axis 2 truck model (Half model)[12]
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0 2.3: 0000, State variable

ooo 00 ooo 00
Tt 01000000 i, | 01000000
T2 02000000 iwr | 02000000
T3 03000000 w3 | 03000000
Tt 04000000 iwe | 04000000
T 0ooo0oooon éry | 00D0O00O0OO
Tro 0Oooo0oooo ir, | 00D0O0DO0O0ODO
T oooooo i oooooon
211 0ooo0oooon ()m | 00000O00O0
219 oooDoOoDOoo (ro | 000D0DOO0OO
2B oooooo 35 oooooo
011 oooooo 011 0Ooooooo
015 oooooo 1o oooDoooo
05 oooo 05 oooog
zs1 | 00DO0O0O0ODOCO

252 | 00D000O0OOO0

Ny 01000000

N 02000000

N3 03000000

Ny 04000000
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024:402000000000 [12], Parameters of 4 axis 2 truck model[12]

000 |00 0 00 | 000 |00 0 00
2mp | 000D 37 t Jpy, | 000000000 | mgip,?
oo
mp | 0000 2.8 t Jry, | 000000000 | mpip,®
oo
mw | 000 15 t
k | 000000 53x10° | kN/m | ¢ |00000000 39.2 | kNs/m
k, | 00000000 1.72x103 | kN/m | ¢ | 00000000 58.8 | kNs/m
ks | 000000000 | —200 | kN/m
afulalulalululaln
0000
N | 000000000 | 0373 -
0000000
k, | 000000 53x10° | kN/m | ¢ |00000000 0.1 -
k, |0D00D00D0O0 |235x10° | kN/m| ¢ |000D000000 0.1 -
0
h, | 000000000 | 0.130 m ha |000000000 | 015 m
00000000 000000000
0oooooo
hy |D0O00OODOOO | -0.11 m hee | 000000000 | 0.10 m
0000000 000000000
00000
hsy | D0D00O0DOOOO 1.4 m hy | DO000O0D0OO0 | 090 m
000000 000000000
oooo
2¢ | 000000000 2.15 m 2, | 0000000 14.1 m
Jw | 000000000 | mwiw,? B | 0D0O0D00O00O0OD 0
0 0
R, |0OD 5.28 - r |0OO00O0 0.430 m
ooooo

00 [12]00000000000000000000 (A.1)00 (A21)0000
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028 0000000000000000000D00ODO0O0O0OQOOO, Definition of coordinate system
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0311: 00000000000 s Slmple calculation of ex- 0312 00000000000 Slmple calculation

cessive angular momentum, Case A of excessive angular momentum, Case B
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Tm (tslip <t < tTdoum)
T;’L = Tmfdown (tTdown é t g tTup) (322)
Tm—down + Gup(Tm - m—doum,)(t - tTup) (tTu,p < t)
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Lez,-rl = T2 (TLfdetect - Tmfdown) (323)
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0 32: 000000000, Basic torque pattern

Time Explanation
tstip Slip generation
d Infinitesimal time T;,« = T,
tdetect Slip detection
1 71, Ty = T,
tTdown Torque down
{ 725 T = Tin—down
tTup Torque up
1 Time constant G,
-4
é Motor torque
= (Limitation)
G T B _ Motor torque
rmTh (No limitation)
- - -
I
Gr T min [ 1
. Time[s]
| I
L — 4

0 3.13: 00 O000ODO, Minimum torque output
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0 4.1: 0OODOO0O, Evaluation of ride quality
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Wslip = ,LL(US)WQ * Vs (43)
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051: 0000000000000000, Charactersitic of tractive coefficient and slip velocity
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O053:000000000000000A0, Slip velocit
0000, Motor torque and adhesive torque (Proposed P Y

re-adhesion control) (Proposed re-adhesion control)
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9000

: : —— Tractive torque
8OO0 ez = = = Torque for wheel
: : ‘== Excess torque

| — Slip information
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054 000000000000000O0DO0O0ODOO0ODOO0ODO¢t=8.00-10.00 s0 , Motor torque and adhesive
torque (Proposed re-adhesion control, t=8.00-10.00 s)

051 0000000000CO0DOOO0OOODOO0OCOODO0O0OO, Parameter analysis of Normalized average

tractive coefficient (fi,,) and Loss friction force around driving wheel (Fp)

71 [ms] Normalized average Loss friction force

tractive coefficient (fi,,) | around driving wheel (Fyp)

50.0 94.8 (100 % ) 106 (100 % )
100 91.7 (96.7 % ) 117 (110 % )
200 80.0 (84.4 % ) 172 (358 % )
400 62.4 (65.8 % ) 548 (468 % )
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o00o00oO0oo0oo0ooOooOooOo0o00o0OoO0RkO0DOO0O00O000000 G,,O0000 2000000
gboooboboooboboooboobobooobooboooobooossdbsebbOOoOOobDOODOn
gbobooboooobooboooboobooobooooboobooonb11o0s00200s00000000000O
gboooobooboooboobooboobobooobobooboo00sbo0d200s0000b0O00O0ODOOODOn
gboboooooboobo 2000000000000 0bO0b0oboboooboooooOooobOOobOobOoDbOon
ooogd

gboboboboboooooooooooobooboobooob0 n=100ms 0, 00000000000
Gu,p=100s0,00000000000000000000k=06000000000

54 UUOO0OOODLOOOOOOOOLODLDOOOOOOObOOOOOOn

O00o0000o000o0oo0o0oU0oo0oo0o0ooDO0ooODo0o0DoUO0oD0o0oD 2Do0oUooo
oooooooooooogoooooobooobOoooOoooooooooDDbOOob0bo0OOO0s90004000



Os000000b00000b00b0oooob0oboooooboooooboooboooan

39

93
92
91
920
89

87
86
85

Normalised average tractive coefficient

0

* * *
O .
> > *k=0.2

k=0.6
» k=08

»
500 1000 1500 2000 2500 3000 3500 4000 4500

Time constant [ms]

0 5.5: 00000 fiy,, Tractive coefficient i,

160

150

140

130

120

110

100

Frictional force around driving wheel

* *
*k=0.2
k=0.6
A 4 O v k=0.8
\ 4 v \

500 1000 1500 2000 2500 3000 3500 4000 4500

Time constant [ms]

05.6: 00000000 Fgp, Loss friction force around

driving wheel Fg;,
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O 57 OD0ODODOOOODOODOO, Block diagram of re-adhesion
control, Method A

0 58 ODO0OOOOOODOO, Non-
linear table, Method A

0 52: 0000000, Condition change

Case A

Case B
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Slip velocity[m/s]

0 59 00D0D00O0OD0ODOOODODOOODOOOODODOOOON, Charactersitic of tractive coefficient and slip

velocity

0 53: 000000000000, Case study scenario

Time [s] Simulation
0 Accceleration starts. O T, = 1000[N- m]
Rail condition (a), (c¢)
6 Rail condition gets worse. (a) - (b), (¢) - (d)
15 Rail condition gets better. (b) - (a), (d) - (c)
24 Simulation stops.
(a)&(c) ...Good condition, (b)&(d) ...Bad condition

054 0000000000000000O, Normalized average tractive coefficient and loss friction force around

driving wheel

Method Normalized average Loss friction force
tractive coeflicient fi,, | around driving wheel F;)p
Case A 92.7 155

Case B 93.4 378
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Motor torque and adhesive torque ( Case B ) (Case B), Slip velocity ( Case B )

5.5 UUHUOLOUobobbobobOoobooood

oobooossb00300obboooboobooooobooobobooooooboooboooboooobbboonn
000000000000 000o00000U0000O00O000U0O0DU0000O00O0O0UDO 4o0oo0
0000000000000 0000U0000o0o0OUoOD 9oo0U0o00U0o0o0DLooO0OUOUooOUoo
00000000000 000000000000000000000 40 Method ADDOOOOOOOOO
0000000000000 000 (990 Method BOOOO



Os000000b00000b00b0oooob0oboooooboooooboooboooan 42

O055:000030000000000, Comparison of three re-adhesion control

Estimator Proposed method | Method A | Method B
Slip velocity v X X o
Adhesive torque T}, o x o
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0 5.14: J0000O0O0O0OO00O0O0OO0 (Method B),
O 5.15: 00000000000O, Image of re-adhesion

Block diagram of re-adhesion control (Method B)
control, Method B
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0000, Motor torque and adhesive torque (Proposed P Y

re-adhesion control) (Proposed re-adhesion control)
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00000 OMethod A ), Motor torque and adhesive A ), Slip velocity (Conventional re-adhesion control,
torque (Conventional re-adhesion control, Method A)  Method A)
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torque (Conventional re-adhesion control, Method B) ~ Method B)
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0 56:30000000000000, Comparison of three re-adhesion control

Method Normalized average Loss friction force

tractive coeflicient fi,, | around driving wheel Fy,

Proposed 91.7 (4 0.218 % ) 117 (J417.6 % )
Conventional 91.9 (100 % ) 142 (100 % )
Conventional (Method B) 99.2 (11 7.94 % ) 122.6 (J413.4 %)
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Motor torque, reference torque and adhesive torque (1C2M, 1 axle and 2 axle)
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and loss friction force around driving wheel
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t = 10 — 14 sO, Body acceleration (Conventional re- ¢t = 10 — 14 s, Body acceleration (Conventional re-

adhesion control[3], 1C4M, ¢ = 10 — 14 s) adhesion control[3], 1C2M, ¢ = 10 — 14 s)
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10 — 14 sO, Body acceleration (Proposed re-adhesion 10 — 14 sO, Body acceleration (Proposed re-adhesion
control, 1C1M, ¢t =10 — 14 s) control, 1C2M, t = 10 — 14 s)
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0 637: 000000000 OCase AO, Each axle change (Case A)
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2&4 0 99.8 %0 Case A), Motor torque, reference torque and adhesive torque (1C2M, 1 axle and 2 axle, 1 and

3 axle 100%, 2 and 4 axle 99.8%, Case A)
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0 2&4 0 100 %0 Case BO , Motor torque, reference torque and adhesive torque (1C2M, 1 axle and 2 axle, 1

and 3 axle 99.8%, 2 and 4 axle 100%, Case B)
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+285h3{2i3 — jsTl — .fTQ =+ hg(éTl + éTQ)} =+ kahg{Ql‘B —TT1 — T2 + h2(0T1 =+ 6T2)} = 0 (A15)

gogooooood
2c0251 + 2(]\7 + 1)k2251 — QkQ(ZB + 110 — ZTl) =0 (Alﬁ)
gogooooood

2c02g9 + 2(N + 1)k2252 - QkQ(ZB — 0 — ZTQ) =0 (Al?)

ogoood
og1ogoooo
mp l1 — hpy tan(@B) a— hg1 tan(GTl) " mra— Rao tan(@Tl)

2 l1 a 2 a
—I—mW — 261 (‘éTl + aéTl) - 2]{31 (ZTl + a9T1) (AIS)

Ny =
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N, — mp i —hn tan(@B) a+ hg1 tan(@Tl) n mr a + hgo tan(HTl)
27 79 l1 a 2 a
+mw — 2¢1(¢11 — af1) — 2k (211 — abry) (A.19)
og300000o
mpli+ h; tan(@B) a— hg1 tan(HTg) mr a — hga tan(@Tg)
Ny = — + ="
2 l1 a 2 a
+myw — 2¢1 (372 + abra) — 2k1 (212 + afrs) (A.20)
0400000
N, — mp i+ hp tan(@B) a+ hat tan(HTg) n mr a + hgo tan(@Tg)
1T g l1 a 2 a
+mw — 2¢1 (272 — afra) — 2k (279 — afrs) (A.21)



