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Motivation

Case 1: Vehicle stability control

Control Requirements

€ Make the vehicle response according to the action of the driver

€ Guarantee the vehicle dynamics stability

Control Problem Description RS caEE el o

O Make sideslip angle 3 and yaw rate Y track the desired references
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Motivation

Case 1: Vehicle stability control

Reference Model

O Make sideslip angle (3 and yaw rate ¥ track the desired values

Control Output

ASCL,
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Motivation

» Newton’s second law m - a = Z F

A [ 3

> The principle of moments .J.w = Z M

» Tire dynamics: magic formula, UniTire model, lookup tables

€ Control-oriented model
Fyf (6“ v 5f) + Fy r (6 ] Ar")
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Motivation

H \Vith time varying parameters
B |_ookup tables in the right side
B Non-affine in control input

> Control outputs : y = [3,7]" )

> Control inputs : u = [§;, M,]" U1 = f1(y, p, u)

> Time varying parameters : p = [V, "

+ M,

3;’2 — f?(yﬂ P, “’)
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1 1 ASME JDSMC (2011) VSD (2011)
MOtlvatlon Mechatronics (2011)

Case 2 : Shift control of automated transmissions

Control Requirements

€ Improve smoothness of shift process

Balance

Clutch

Time

Friction
Losses

ASCL,
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ASME JDSMC (2011) VSD (2011)

MOtivation Mechatronics (2011)

Case 2 : Shift control of automated transmissions

Control Requirements

€ Improve smoothness of shift process
€ Make the speed difference of clutch track a reference trajectory

, Aaf- ~ > ty — to does not exceed the required

1 shifttime

gz L —=+ 4&" 1 > thechange rate at ¢, is zero

o & . 1 > the change rate at ¢, should be small
0 % > Speed difference of clutch

to
Time, #(8) y = Aw Control OUtpUt

Chen’s rim
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MOtivation ASME JDSMC (2011) VSD (2011)

Mechatronics (2011)

Case2 : Shift control of transmissions

1
] [ @
. _._“__._ 1
ara il APAWa F £
e, Rt @LE
S : e
14 A

|\/|ode|ing Inertia Phase
€ The principle of moments Aw = (C13 — Caz)plAw) RN Apay + folwe, wi, Aw
. 1 K.,
I Deh = ——Peh + —U
@ Valve pressure dynamics  Peb —pat

=) Jili University

v
POR

State Key Laboratory of Automotive Simutation And Gontrol Mﬂ




10
Motivation

MRS i = Ao (y,p) + A1y, p)y + Bly, p)u

Control output :

y = Aw i
. e /@%g__\\j- ) 3
Control input : LR =
- __: \\ 7
I 0 15 g
u =i NG R
i 12
Time varying parameter : _ > T = "
|: W W ] T wy 0™ o, (rads) o il :J i 0 02 o4 06 08
! _— 5 Speed ratin, &
p € ts pCb DCT/AT Engine Torque Map Engine Friction Properties Map Torque Converter 9

Model Features | Data-

& is nonlinear and in the form of DE
4 contains lookup tables How to design the controller

> 4
€ with time varying parameters |

€ may be non-affine as in the case of vehicle stability control
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Triple Step Design Technique for affine systems

Take 2" order systems as example

y= Aoy, p) + Ai(y, p)y + By, p)u

First Step: Steady State Control Steady State

Let y=0 and y =0 | Us| y.p
- A[}(y:p) - _
ws(y.p) = =00 Wit (B(y,p) #0)

Vv, . ;S
L
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Triple Step Design Technique for affine systems

Second Step: Reference Variation Based Feed-forward Control
§ = Aoy, p) + Ai(y, )y + B(y, p)u

E-{ — ti. _|_ ” . W - ¢
s T Uf Y,y PP CE  steady State
eed-tforwarc - Control

) —y’pi

Let y=¢" and y=1y"

L, Ai(y.p) .,
u'f_ B(yﬂp)y - B(yﬁp)y — ”f(”'_f)' Y.y }

Introduce reference variation in feed-forward = Improve the transient of tracking

Gains depend on the system states and varying parameters Y, P

ﬁf’_fz state Key Lahoratory of Aomotive Simulation And Control cnen’-"'_ roup
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Triple Step Design Technique for affine systems

j = Ao(y,p) + Ai(y, )y + B(y, p)u

& 1. Step: Steady State Control

@ 2. Step: Reference Variation Based Feed-forward Control

ki Feed-forward @ Steady State
Control
Yy, D

Y-y

State Key Laboratory of Automotive Simutation And Control

Chen’s group
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Triple Step Design Technique for affine systems

Third Step: Error Feedback Control e ; —
Z . 'f s Steady State
i = Ao(y, p) + Ay, )9 + By, p)u T

U=Us+Uf+Ue ) e
:.Ej — y* o Al(yap) . (y* o y) + B(yap)uﬁ
Error dynamics (e = y* — y) J
¢ = Ai(y,p)é — B(y,p)ue
Define Lyapunov function V' : D — R
1 1 1
V=-e+= /edt P =¢”
2 2( ) 2
S~ state Key Laboratory of Automotive Simutatio And Gontro Chen's group
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Triple Step Design Technique for affine systems

Third Step: Error Feedback Control [Eyuyae
o . L eed-forward Uf
1= Aoy, p) + Ai(y, p)y + By, p)u [ sl Control

RS

Gain-scheduling - — —

5 —_ :
Reference T e - ”

i~

N ue

Gain-scheduling PID

ko k1 / ko + A1(y, p) .
Up = e + edt + e
B(y,p)  B(y,p) B(y,p)

fe(y,p)  fr(y,p) fp(y.p)

Closed-loop error dynamics

V<0 (V<0inD—{0})

e = —kope — ky / edt — kqe LaSalle's invariance principle

Chen’s group
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Triple Step Design Technique for affine systems

Final Control Law (Second order)

s s J

Yy 1

Y,y . Uf Ug Steady State
I Control

5> s Gain-scheduling —{ —>

Reference T i - —

T
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Triple Step Design Technique for affine systems

Final Control Law (Second order)

eea-rorwarc

i

]

|

! . fanUs Steady State
: - Control
| ‘

]

| te

]

]

]

]

]

]

]

]

]

5> s Gain-scheduling —{ —>

Reference T i - —

T
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Triple Step Design Technique for affine systems

Final Control Law (Second order)

]‘ yac . ‘41{y?j}) y*
B(y,p) B(y, p)

A !
: Yl forwarc Uf aUs Steady State i
> |f y* = const E =6 Control :
|
$ T :
y* # const | ,_, Gain-scheduling ___ YD
- PID o e
: Reference i
= L i
! |
| |

@y - L
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Triple Step Design Technique for affine systems

Final Control Law (Second order)

> Ife#0

> If y* # const

s s J

Yy 1

Y,y . Uf Ug Steady State
T Contro

. - € 1
¥ WA Galn-S(F:’lllSdullng | ] Y,pP
Reference T T _— —

@y - L
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Triple Step Design Technique for non-affine systems

Take SISO as example

First Step: Steady State Control

Steady State
Control

Let y=0 wap 0= f(y,p, u) =X S AV

—
@ Analytical solution can be obtained u, = f~'(y, p)

€ Solved numerically and presented in look-up tables
Ug = ﬂ:(llj{)(y?p)

ﬁf’_fz state Key Lahoratory of Aomotive Simulation And Control cnen’-"'_ roup

(@) Jilin University
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Triple Step Design Technique for non-affine systems

Second Step: Reference Variation Based Feed-forward Control

y:::f(yapau)

v

- %k
Y Ufgalls
Let u=u, +u; —>PRteh < a

?;/: j(y! P, us_{_ uf) | _y’p

, of
:{(.y,p,*u)%—% ?1f+(9
0
Let ﬁ ’UfZ’f‘ mp U= au.y with (aw?’éo)

\Ev
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Triple Step Design Technique for non-affine systems

Third Step: Error Feedback Control vy = f(y,p,u)
- v

7 Uu Ug
Feed-forward fI

Gain-scheduling

N - —_> dF >
Reference T Pl u\d_)“ P
e

T

Let v = u;+ up + ue

.

Y

et Nt
L . df of
U= fly,p,us +ur+u.) = f(y,p, ) + 8_? ’uJe + 50 ’ue + O
N L
0
“Jilin -t.-';n":"versity T‘;E_EZ State Key Lahoratory of Automotive Simulation And Gontrol Chen’s group rou
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Triple Step Design Technique for non-affine systems
of Define of
— "+ = uﬁnLOﬁ > = — ——| U —
J J a“ | > . € au Ue O
s e=y" —vy
Design o

ol

ue:% (]4}06+k1/€dt)

Closed-loop error dynamics

éz—kg-e—kl-/edt—o )
Final Control Law

- of| .. of
u=f l(y:}?)nt—j J+ o (k0'€+kl'/‘3dt)
du|, 3’31
s J_i.li'n.-t}n}v.ersity @"‘if}' State Key Laboratory of Automotive Simulation And Gontrol Chesgeasp rou
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Triple Step Design Technique

Engineering-oriented model-based controller design

All the procedure is algebraic operation
3 parts: steady state part, reference variation feedforward, error feedback
The gains of all parts depend on system states and varying parameters

Introduce the reference variation in the feed-forward

|
Nonlinear systems with ' y |
y YDR - T
” NS T B gl Control
3% look-up tables | I
' Ue
| £

. . I y.p
# time-varying parameters | — Gurines. @ —

Reference T T

[

% non-affine

\VE
PR

State Key Laboratory of Automotive Simutation And Control Chen’s group
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Triple Step Design Technique

# Closed loop stability in sense of ISS

« Tracking error is asymptotically stable if no disturbances

* Bounded tracking error for bounded disturbance/uncertainty

Nonlinear systems with

& look-up tables

variations ' QIPSE steady State
T

|
|
|
|
|
|
|
:
|
|
|
|
|
|
1

Gain-scheduling — _—

%t - i " —_——
s ime-varying parameters M eference T Pupmf:lnw AN
* non-affine

?352 State Key Laboratory of Automotive Simulation A Control Mﬂ




Case StUdy | : Vehicle Dynamics Control in EV
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J FRANKLIN I (2014)

Stability Control of In-wheel Motor Electric Vehicles - - - Sonlinear Controller
o S By
Y |
[')) . P_‘};‘f(ﬁ!‘ ]/5 (Sf) —i_ P_‘}-‘f (ﬁ! },) . Driver—é; Reference E T? T'B
H’IV }’ " L*zr_@‘?—’ Statfa—(lepel1'(l91}l i
. LeFyy(Boy, 0r) — LeFy (B y) + M- i Ir 1o
¥ = ] | S(B.7)
Z | * 7y
: -
2-Input-2-Output, 2"d Order, e nEEEEEE T
First step: steady state control
f:‘h-‘ : N f:‘lr‘.i' 3 i ¥ — fs\?[ilgl (}”V}/ o f:"r‘.F'( - }’))
i, poy) + F (ﬁ.}’)_y:(} 1 yfmap P
mV - . ,
Uy = _Lj'flmy'(iil_vnﬁn }') - er.\-‘r(ﬁn }')
LfF)-'f(Hl_ﬁ ﬁn }l) — LrF.vr(ﬁn }') T U —0
I. - e Implemented by look-up tables

\VE
POA

(=) Jilin University

State Key Lahoratory of Automotive Simulation And Gontrol

Chen’s group
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Case StUdy | : Vehicle Dynamics Control in EV

Second Step: reference variaiton feedforward

— : - ©ULf,
| " mV ()H] P U If = 0’
.3k % -
— — . s .
r T r T . af}f » kT
Lf ‘ ()M] 1) I N = A o

*® _ b s !

p*=0. 7 I

Third Step: tracking error feedback ( Define: es=p*—p, e,=7"—v,)

ep = — | * ) “Ules kEimV
mV (1-1{1 s ' Ure = aF / ’ eﬁ
y
oF ¢ du
Ly - 3 i cUle + U, » L,
&, = — ad ”i;n _ e = kol e, — ki LrmVeg

ﬁf’_fz state Key Lahoratory of Aomotive Simulation And Control cnen’-"'_ roup
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Case StUdy | : Vehicle Dynamics Control in EV

mEasEEEsssEEEEEsEEEEEEEEEEEEREREE TR EEEEEEEEsEEEEEEEEEEsEEEEEEEEEEEEREREEE SusssEEEssssEEEsssEEEsssEEEEssEEEEEeE

' |V Fi,;r}uap(”l‘/? — F‘y?(ﬂ f:))
fs(B, ) = o |
L —LsFys (8,7, u1s) + Lo Fyr (B, 7)

—
~h
N
o
]
]
S
- 1
D
- p—
. ()
~
I
| ——
~
—_——
™
&)
T
RS
Il
—
N
Cen
=
.JU
& Bl
| L
= H =
- &
S @
&
-5
I — |

» Coupled Non-affine System: » De-coupled Closed-loop Error Dynamics

B _ F}ff(ﬁaﬁf?(sf) + ﬂrr(ﬁ:’}/) —
mV Decoupling
5 = Libste(8,7,05) = Lo Fe(B,7) + M

Fﬁ:_kl’?ﬁ (k1>0)

ey = —ke, (k2>0)

"
N B 3
S -""Il.tfllllfersﬂy PR State Key Laboratory of Automotie Simulation And Control cne,,r.._ roup
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Case StUdy | : Vehicle Dynamics Control in EV

Cornering maneuver : ( Initial velocity 60km/h )

Slips nnple 5 .
o.02 S = ! Frout wheel steering angle fiom controller
-0z 0.2 T T T T T T T T
<o P70 V- N S NSRS USSP S OO S 4
crence
O 0 t control )
- — proposed control L §
0.0 T g g e T ST T . et T e 0.05
— b - — 0 L 1 N I 1 i I I 1
P e P S 8 10 o 1 2 3 1 kS & ] 8 w 1
Time (=}
o5 W rate oy Direct yvaw moment input from controller
-E s reference 4000 T T T v T T
== = ayvithout control
= 0.6 —— proposed control 2000
= 0.4 o
- 02 . 2000
o 4000 i i i i i
(i) 2 E o = 10 i ) 4 5 a 7 & o 10
Taime (=) Time (s)

Double lane change:

Slip angle — 3 Fromt wheel steering angle from controller
o1 P e 0.2 T T : : . : + : .
= = =without contral H H H H H
0.05]--- | —proposed control
z2
= E
5 —o.0s
= :
—0.1 - H
—0.155 . i ( 3 10 - ;
< = 5 . 3 3
Ilme (s) 0 ! = - N & 10
Time (5}

e rare . .
Drivect yaw moanent input o controller

SO00

]
= o
=
= = =without control SO00
—— proposed conrol | i i H i i H H i H
(&) 2 -4 [ -3 10 o 1 2 3 4 s & 7 8 @ 1o
: (%] Tune (s)

& T’;E_EZ State Hey Laboratory of Autometive Simutation And Control

(&) Jilim Unﬂive.rsity
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Case study Il: Vehicle Control After a Tire Blowout

Vehicle Control After a Tire Blowout: IEEE CST (2016)
Ensure driving safety:

€ Maintain vehicle directional stability Y1 = ¥
€ Follow the center line of the road o = Y

1
.9'1 p— fz(ﬂ' ul) + I—(u-z + un

ijo = agsinyy + f1(p,u1) - cosyy + wo

_#_
—»—-

Without control: go to the side of the failed tire %) = yaw angle Y = lateral displacement

2 Input 2 Output, 4t Order, o ol R e

Uy =! fu?s(yl p) + Sfuzy (Y1, G759, p) + fuze(Y1, 0, €1, €2, €1, €3)

Steady State Control Reference variation based FF Gain-scheduling PID

3‘5’_5,;7 state Key Lahoratory of Aomotive Simulation And Control cnen’-"_ roup




Case study Il: Vehicle Control After a Tire Blowout
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Simulation Results

Y/(m)

10k
oo without control
= = =steering—alene control §
Bll-.- hraking—alone control
coordinated control
6 -
4 Pl
.-
I-l'
L
-
--l'
xr L -
v Lt
a -
" L
i e e
& 1Lk 12 14 16
t/s
1 — ;
8 R
6 S e G e T
i
i [}
4 HE
2 il :' »
B B el S T P —
il e | - 1 = L
yi Yo
-2 it Ll
Ill ------ without contral
-4 '“ = = =sleering—abome conbrol
& = = braking—alomne control
coordinated controel
-
& 1n 12 14 16
Lfs

» Test 1: Left front bursts: straight road

W/ideg)

prideg)

11} x .
S withowt control
2| = = —steering—alone cowutrol
8- == braking—alome conteol |
coordinated control
6 ; :
H o
: =
4t Ee . . _'____..--"'
: -
- -
5 L
20 ; o
l.._.r
P 2™ o e o — — —— — — —
':. £
8 L0 1X 14
Lfs
1.5 T !
o without control
1 = = =steering—alone control (-
== hraking—alome control
st coordinated contrael
i —.ﬂlo\'__‘_ _________________ = v b RSN
i, Y o,
0.5 LR R B Rl
iy,
-1} ‘_" L
—1.= -
. ] - - .
X L 12 14 15
LS

Path
Following
Performance

Improve
Directional
Stability

Chen’s group




32

Case study Il: Vehicle Control After a Tire Blowout

Simulation Results > Test 2: Left front bursts: curved road
1 sn- 0 without control () ;
= = = slevring—nlone + wilhoul conlrol
i i ] == broking-ulone = = = gtcering—alone control
W 40| | = eoordinated eontrol 40 == brukKing—aluns conirosl
—1 : ',‘ I". reference romd coonrdinoted control __.-"
- \ A =
E _2 ) -‘|~| . - ) -'-E-\-I:I M . . . . ,-‘-‘--- . - Path
E v | E ; = Following
g g - H =
[+ "tl - N :.‘ = 0L e e .'.:;.- e I ] Performance
—arLateral & Ny Ha
<| Displacement 3 W 10}
Deviation T AN S
i i P i
_63 1 12 14 16 ﬂU LiM} e 11} R uﬁ i} 12
/s xfim) tfs
10 T 1.5
Crowwilhaul comibral
8 R P 1H = = =steering—alone control
. T - = braking—aloie conitrol
i 0.5} — voordinaled conbrol
_a N, : ] ' Improve
) L Bl L . e —— 4 : :
S oo r‘!'T":"*'-‘f-;r-~-~--'~---'—---'—-----—-' 3 "———4.,:{_; -------------- - ; Directional
al - | et ] | -y
% of——— '|T"|: P B = -0 |“| '\" R i | Stablllty
L] 1]
-2f y 't 1 i v S T |
:,* o without control -1 .
—4 Y - = - steering—alone control | =
_al . c= = braking—alonc control | -1. e
= coordinated control _a . |
X 10 12 13 16 " 1 12 14 16
t/s t/s

Chen’s group




33

.« Rai : : IET CTA (2014)
Case StUdy Il : Rail Pressure Control in GDI Engines ACC (2012)

e Rail Pressure System > System description

B Control output: Rail Pressure Y=,
B Control input: Inlet flow of the high
pressure pump U =(,

/ ’ -ai - P
w Mw rail pressure sensox fuel rail

7/ : -
¥ ECU 41:]_" ".l
rﬁ injector = %] jﬂ%ﬁ %.]\ {F

ank | ] limitin
tank pressure v‘%l‘-’e

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I {}
: , \ = 5
P\ .
: pressure —
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

» Detalled control specifications

W Settling time: within 100ms

check valve

control valve high pressure

pump

M Steady state error: <1 bar

= _I™~1low pressure
] pump

B Maximum fluctuation: <5 bar

cam

S‘:,f State Key Laboratory of Automotive Simulation And Control Chen’s group
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Case Study Il : Rail Pressure Control in GDI Engines

g ........ High Pressure Pump ................................................................................................................................................ .§
! Pressure Dynamics in HPP:

5 Kiwy) (dV,(6)
PTTVO) \ dt

4, inpu

— Gu + Qp-r + q{))

Control Motion Dynamics of Plunger:

Valve

Wo®) . dhy
dt IR ¢
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Case Study Il : Rail Pressure Control in GDI Engines

— Injector —
Injecting Pressure
. K Pik )
Dik = ];/(—k) (qri,k — q@,k’,) k=1,2,3.4
|
%.2‘5- J
:
Neglecting the transient dynamics : Ari (p?") $ 15
E 1t = |dentified Result
‘ FaSt SUbsyStem g : | | ' | *ISimulaﬂ?nData
® Reduced order system T E T

y = Aoy, p) + Ai(y, )y + By, p)u
» Control Output : Y = Pr » Control Input : © = —q,

> Time-varying Parameter: p = [wWyym, Py, 0]

(5)) it tniversity Yy sute ey Lanoratory of Automiothe Simulation And Gontrol Chen’s roup
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Case Study Il : Rail Pressure Control in GDI Engines

Control law for rail pressure control:

u = us(y, p) + us(y, 0, 0, i) + fely, p)e + fi(y, p) [ edt + fp(y, p)é

dh V. (0) vV (6)
us(y! p) = Apa)rpm d_9p+ i/ qri(y)_qo _( i/ +1)771\[ pp -Y,

r r

VL0V, . K

Implement according to
ECU computational resource

i i
: :
| |
| |
: uf(y’ p’y*’y*):_z pp_y 2 (pr + f qu(y) pt)! :
I K:n, V., [ .
| ey | @ neglect less-dominant terms
— p r
i fe (¥, P)=2yPp —Y K2, (ko). I e.g. 2. order derivative of reference
| |
l V. (O, l
) =2,y ki, i
| i1
I ! . 5
I V. (O)V, K, ]
Lt =-2/mp pr%(kﬁkz_v_qn(pr», i € implement with lookup tables
| 1 r
e e e ————————————
S‘:,f State Key Lahoratory of Automotive Simulation And Gontrol cnen*_--_ roup
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Case Study Il : Rail Pressure Control in GDI Engines

High Pressure Pump-

Injectrs. Flectronie Throfte Engine speed : 1000,2000,3000,4000, 5000,
' : A (%) ,

Engine speed : 1000-3500 rpm

Load : 15-75 (%)

operating | ] _
conditions S - e W

..................

Rail pressure

L8 M

-
-
Q
Q
Ev‘l
=
3 |l
D |
3 |
S |i
= |

S - 1)

~ High Pressure Pump

Dynamometer GDI Engine

GDI Testbench

g‘f’_i,? state Key Lahoratory of Aomotive Simulation And Control cnen’-"_ roup
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EXtendEd App“cation S : Transmission Actuator Control and SCR Control

Clutch

Transmission Actuator Control

 Improve the performance of the position
tracking control for a novel electric clutch

urea-SCR Control

* For simultaneously achieving high NOx
conversion efficiency and low ammonia slip

I
I
1
I
I
|
actuator IEEE TIE (2014) 1 o
Diaphragm Spring : NO ! :_ff_:i] (!-')-'\'-H!- SCR Substrate NO
1 *‘- _-'\."I-!-'_,:[q;:;l::h:“‘ N, ,I:' o IJ-—-
Thrust Bearing 1 _ B e
I 1 . = = A
<—| L _ I *"\'H_:I,i.-,- H (ads) SCR Substrate "|\"li_‘|’3.t"-'f-r
Enei Ball Screw :
to Engine
Motor ! Mass flow of Ammonia Ammonia coverage ratio
Screw shaft
screw nu 1 — o . ==
i ' I u NH;. in Y ®NH3,m
Fly Wheel

U= PWM duty rate /- Displacement of Screw nut ' P = [CNHy.m CNHys T Ts Cno, Mpg ONHLLs

31 Order System S el

Gain

y — AO(y:p) =+ Al (yap)y - Ag(yap)y + B(y:p)u ) SChedU“ng

P | A

LAt 1 Aayp).. Aiyp) 4 4 ko k1 / ky + Ay.p), | ks 4 As(y,p) . |
U= - i+ vy — it — 1 — e+ edt + 2T L

' B(y,p)i 1B(y.p) B(y.p)”  Bly.p) ! i B(y,p) ~ Bly,p) B(y. p) Bly.p) |

S oooooas S . H
Steady State Control Reference variation based FF Gain-scheduling PIDD

\Ev
POR

Chen’s group

State Key Laboratory of Amtomotive Simulation And Control



39
Conclusions

Nonlinear systems v with lookup tables
v with time-varying parameters

LA [l RS CIoNe L [o[aR I laI[s[I[W v* may be non-affine

Engineering-oriented model-based controller design

3 parts: steady state, reference variation feedforward, error feedback
The gains of all parts depend on system states and varying parameters
Introduce the reference variation in the feed-forward

Tracking error stability in the sense of ISS

v" rail pressure control, shift control (2"9 order, affine)
ase stu . :
4 vehicle stability control (MIMO, non-affine)

v" actuator control and SCR control (3" order, affine)
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