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Issues and Facility at SOPHIA

Projects

Industrial projects

® Advanced control technologies for the next generation of
combustion engines,'05~, Toyota.

® Energy management strategy with traffic information
‘11 ~, Nissan

® Optimization algorithm for ECU Calibration, ‘12~, Hitachi

National projects
B Engine efficiency improvement by transient control with

dynamical boundary control KAKENHI(B), ‘14 ~

B Model-based transient control of combustion engines,
KAKENHI(B), No. 23360186), ‘11-"13

B Development of high efficiency engines, JS7 JKC Project,
"13~
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Issues (engine)

-- CPS-based engine management

-- Real-time optimization

-- Probability-constrained optimal control

-- Statistical method for boundary detection

-- Stochastic logical control of Residual Gas Fraction
-- Knock probability control with likelihood estimation
-- Cycle-to-cycle behavior

-- Extremal seeking

-- D-optimization for calibration

Background: Transient and Hardwar in Loop

-- Controller model + Real Engine
-- ECU + Engine Model

-- ECU Calibration based on Engine Model

Actuators £
! : ModJl

P
"
% Sensors

ECU

B To get engine physics right, engine-in-the-loop system is effective

B Real-time operating is always in Transient operation.

B Controller calibration at static modes does not satisfies real-world.
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Engine-in-The-Loop System
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Real-time Optimization (RHC)

1
Model-based Optimal Control
® Model of system dynamics under control
R(z,u)
dx
—= = flz,u), x(0) =g
® Cost functi | trajectori J(TL)
ost function along trajectories Area: Functional
T f=0
J(u) = R(x,u)dt .
0 = T‘ | ) T
® Control Constraint u € U \ \ e
T ] ™

Optimization problem with dynamical constraint

. '}.‘I'
min J(u) subjectto - — flz.u). 2(0) =z
min J(u) swiecto = = f(z,u),  2(0) = o
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Pontryagin’ s Maximum Principle

® Cost function
T
J(u) = f R(x,u)dt + g(x(T))
0

® Constraint condition
= f(z,u), x(0) =z
ueld

Lev Semenovich Pontryagin - @ |f 4*(t) € I/ is the solution, then
1908-1988

& =Hy(z", p"u"), 27(0) =z
Pt = —H(a", p" ), p(T) = g(x(T))
H(z*, p*,u*) = max H(z*, p*,u), Vi <T

Mapping : ¢ — H(z",p",u*) constant
Hamiltonian

H(x,p,u) = flz,u)p+ R(z,u), z,pe R", ueld

Real-time Optimization: Receding Horizon control

T Rz, u)
minJ = [ R(x(7), u(r))dr
i . !

Area:J (u)
Functional

Subject to :

{ ‘j—: = flz,u)

uel, reX
*1 x(t) N

Control Period \/\
Signals §
SRast | Futuk, L
T
Reference /-' —
"

Horizon T

t tl t+ T A

AT g Vot 1o
T e T R L L] L : ;
[ = Y 4 =
J.nq W

1

t
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Numerical Solver: Iterative Algorithm

Discretization of the optimality condition (N-steps NAT = 7)
Thy (O =250+ fl27(0), wp OIAT, 23(t)=2()
X =)\E+1(t)+H_3" [408), 7, 0), 103, (), N, (O] AT, M= 5527

Clei®), ) =0

[ () rd,\() LD N @), O] =0 (k=0,1,2,,N)

H = Llz(t), mq(t), u(t)] — ru(t) + XT(0) (D) ult) + u” (O)Clx(t), u(t)]
Find: C/GMRES Algorithm, by T. Ohtsuka
Ur(f) lum\ .

CASE Study 1:
Torque Control of Gasoline Engine

Thanks to M. Kang (Candidate PhD)
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Motivation:Transient Behavior

B Intake path, fuel path and mechanical
dynamics cause transient phenomenon

B Transient behavior presents imbalance
of mass, thermal energy, etc.

B With uncertainties such as nonlinearity,
stochastic properties, etc, due to the
stochastic characteristics in combustion
event.
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Transient Behavior in Combustion Events
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Physics and Control-oriented Model

Manifold

Spark
v n —
Throfl : i S
rotle, glr Inlet Path Air Cogwpr. T
ynamics 5
Crankshaft | Speed
b.
L %r?ue Z —>| Rotational >
FuelInj. | Fyel Inj. Path|  _| Gener. T Dynamics
Dynamics ~| Proc. 5
/ Fuel 4 Torque

Mean-value Transient Model

OAir path dynamics(MVM) =

. — jl'?‘]l"” ol ol
Pm = ‘—-m‘{f??-m — eyt }

"iri‘”"'-'J =Cq - ‘f'l(d)) W 3;‘0 * A Pin — Pout

. } 1
Meyt = P * /\ : _f?.,_

ORotation speed dynamics

w=—=(T.—7f—7L)

J
OTorque Generation Model (Static)
Te = g1(w) + g2(wW)pm
g(w) = p1w2 + pow + p3 PORIE T

. L 2 Mean value : 0.0047 g/s
92(w) — dw = py” — dw + pg Variance : 0.6935
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Real-time Optimization: Torque Tracking

W Control objective

b+
u*(t) = argmin J(u") = arg min {f [ru(ra(7) = 7e(7))* + rgu{r)?]dr} ,
t

subject to
a) Dynamic equations
Pm =g W+ P+ b (1 -
C=T4—T,
¢ = rse +ryu
b) Torque output equation

Te = f(Pu:w) = ni(w)pm + golw)

c) Necessary constraints

Prmin = Pm = Pmomax
Ui S U S Uy

cos(¢)

cos(dp )

_} A Pin = Pm

Predictive period: 0.01s

Torque Tracking
- o= SetPoint | | | Hi o N
2 | Original I I I ) LA O Original RHC parameters:
% 100 Improved | | | b)) TR,
5 | | | | |
% sl | N e Predictive time: 0.3s
2 : ! : : ! : : ‘ | Control period: 0.01s
| .

Throttle[deg]

Engine Speed[rpm]
5 B
s 8
s 38
R
§
‘ 2

Tracking Error[Nm]

Time[s]

Predictive steps: 30

Improved RHC parameters:

Predictive time: 1s
Control period: 0.01s
Predictive period: 0.01s
Predictive steps: 30
Integral Gain: 0.6
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Experiment (Speed Tracking)
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Driving cycle tests

——— Veh.Spd.Ref K]
—===== Veh.Spd.Actl [Km/h]

Tracking error
B Mean value:
-0.0783 Nm
B \ariance:
23.9715

Traddng Error  Dxiver. Inputs & Throttle  Engine Speed

CASE Study II:
Energy Management for HEVs

Thanks to Dr. J. Zhang, Shunichi Hara(M.S.)
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Energy Management Problem

—| Engine

Goal of Energy Management: Minimizing Consumption

Demand Decision Tengines Tmotor mill/ my(s)ds
Energy Management Problem L

Off-line (Here-and-Now) Total power must satisfies the
- I demanded power by driver

Fu i I\

o %L >< Environment E
‘ ‘_,'2 ] ‘ !
i

i

)
1
¥
Tengine

Wheels Torque Energy
Request Manag.

Powertrain 1—>
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Rule-based and Optimization

ORule-based approach
High efficiency operating point of each power device
under the constraint of total power demand
OOptimization-based Approach

POWET engines POWET motor IIlill/'mf(S)ds
L

--Off-line optimization

--Fuel or Equivalent Consumption

--Prior Route Information  pyior information Slope
1

Brief Review

Rule-based Approach

Based on efficiency property of the devices
Ref. L. Serrao, S. Onori, G. Rizzoni, ASME JDSMC, Vol133, 2011

Optimization-based Approach
[A] Dynamical Programming

Off-line optimization (DP, Stochastic DP, Pontriyagin’s Principle)
Global optimal solution regarding to a priori known driving cycle
Ref. 0. Sundstrom, et al,0il&Gas ST, V65,2010; S. Moura, et al., IEEE CST, V19,2011

[B] ECMS ( Equivalent Consumption Minimization Strategy )
Ref. G. Rizzoni, IFAC Workshop EPCSM, 2012, C.Musardo et al., EJC, V11, 2005

[C] Real-time Optimization

Look-ahead optimal control, Receding Horizon Control
Ref. H.Borhan et al., IEEE CST, V20,2012

2015/5/29
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Modeling
Input INV
Te engine torque INV
Tm motor torque 1
T —| Engine
g generator torque
Tb braking torque
Output
O power balancing
v Speed
SoC WoRs + wm Ry = we(R, + Ry)
f Fuel Consumption
Dynamical Model in Nonlinear State Equation Form
[ :l, j| = fler, w2, u,p1,p2)
) T 1 o
’};—FI’] — Mg, cosps + sinps) — E,r:_-l(',;_a';
B —Upe(a) + Jt’ 12 (15) — 4Ry (a2) (r;f‘,’,l’;’;[.rl)%,rl + rlf_f'{"]f;;[,rl.pl].;;_,'{[.r.. r:))

2Qmax i (0a)

state Variable: 2 = [v, SoC]T
control input: 4 = «
external constraint: _p"— [T, . . ()]T

e W
“{m o jmmu.a*{’i"’t‘;ﬁ! j >

* fd) W
W, = QWemaz, @ € (U. l]

2015/5/29
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Real-time Optimization

t+T
minJ = f g (a(t), u(t'), pr)dt’
t

Subject to : ,
&= f(x,u,p) T t
P A LLLLLT]
Umin(21) S u <1
L2min S g E L2max [¥] ]
o fi',--i—;’?,”_ R, gy 5
u‘l — '{.h:, maz T o Vs “'Il.'JJIJJI
! I, s Ryive
Parve Bcking/Stonping
Constraint of power split Mode |EV Mode
by driver-demand has — ) L“:;':‘“" Emergency T
been embedded performance | MMax I . .
Characteristic HEV Mode wer T
Balancing [ ‘g
lil'f_;, Relation [T
4
iy
9
vs l Receeding .
Sol Horizon g
Control

Simulations Validation with GT-Simulator provided
by JSAE-SICE benchmark problem

*Parameter from Y. Yasui, JSAE-SICE Benchmark Problem 2
Standard city driving cycle

¥ . . g Regular Driving slope 6=0;
g of @ emax=4000[rpm],
Un 300 600 Tlme]‘] ubo 1500 gmm_zooo[rpm]
- ™ Jam Drlvmg S0C(0)=0.9;
E 40 SoC! . =0.4, SoCH. =0.5
: MMWMMn AL ﬂm
2100 2400 2700 3000

el T=5[s], 6z=0.01[s];
. . . . (or:Control Period)
Driving cycle with part of hlghwav drlvmg

100

] mrﬂﬂf”\m NWML

o 1200 1500
T| me[s]

wn

vikm/h]

Thanks to IDA/ for supporting GT-SUIT

2015/5/29
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ngine-in-The-Loop HEV
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m Standard city driving cycle (Jam driving)
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O Testing Results on GT-SUIT

Receding Horizon Control

Example Algorithm

Algorithm
Final Fuel o Final Fuel o
SoC[-] | Consumption[g] Sql%] SoC[-] | Consumption[g] Sql%]
Standard City | Regular | 0.4942 398.95 92.7 | 05203 570.5
Driving Jam | 0.4858 496.78 96.5 | 0.5066 909.6 100
Driving with Highway 0.4709 567.7 91.8 0.5087 764.8
O Realtimeness Testing on dSPACE
MicroAutoBox 1I DS1104
Processor 900 MHz 250MHz
ot = 0.01 real-time execution fail real-time execution fail
- real-time execution success; . . .
ot = 0.02 e ; real-time execution fail
| FElssm= 112
S —0.05 real-time execution success; | real-time execution success;
T = LU . 1 ~
Flmoz= 185 [|F||lmaz = 1.85

CASE Study llI:
Real-time D-Optimization

Thanks to Mitsuru Toyoda (Mater Course)

2015/5/29
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Model Identification: Least-Squares Estimation
O Model: linearity
y(k) = @T(k)0, @ (k) = [fi(k),-- , fulk)]
fi(k) = fily(k), y(k = 1), y(k —=m),u(k = 1),--- ,u(k = h))
O Parameter Identification y(k)
v . u(k) >[ Plant >
J(0) =" (k) - @"(k)0) ()
( ) k=1 ( ) Model >J >
0 = argmin .J (0) Ta‘
LSE [«
O Solution
Phi®(1) ?EB
§=(eT(N)B(N)) T (N)Y(N), o(N)=| ®T2) | ,v(k) = "':
(DT:“.‘) y(k)
Experiment Design: D-Optimization
W With the estimation
y(k) = 2" (k) + (k)
W Statistical property
E [0] =E [(tb'lkb)_' (DO + 1(} =0 Expectation

var [9] =E {(6 - 6)) (9 - 9))? =0? (@'1'(,-\-’)@(.-\-'))_1 Variance

I (k) = [€(0) €(1) --- e(k)]T o = var{e(k)}
B D-Optimality

[ max ||[®(N)®(N)|| = min{var [6}} J

Wald(1943), Kiefer, Wolfowita (1959).
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D-Optimization: Find optimal input for identification

B Fisher information matrix

M(k,0,u) = i { (W)] RYG) (W)}

i=1

f(z,i,0) = 27 (k)0

cov (é) =M

B D-Optimality
to reject covariance of estimated parameter, design optimal input signal in the
sense of

u(k) = arg max (det(M)), k=1,2,...,N

u(k)eQ

Example: Linear Second-order System

O Plant
i(t) = ary(t) + aoy(t) + bou(t) + v(t)

O Discretization

N 4 = 1.04,
y(k) =ay(k — 1) + ay(k — 2) + bou(k — 2), {ﬁz = —0.9408,
by =4E —4

O Real-time D-optinization)

max .J(u) Withconstraint  y(k) = 6yy(k — 1) + Oay(k — 2) + Ggpulk — 2)
(k)| < 200,
Iy (k)| = ‘.f,r[f-'+ 1) — (k)

< 200,
o
[u(k)| < 50

n, 2T, + (1)
Jiun) = — Z .r';[.(ﬂ'fr').u 1(:A'Il.f'p[’{+-"?* [.rr.(i.' + g )M ]{.L'].rr,(lf.' + H,,): g 1 TP = ay ()
i=1 u(t)

2015/5/29
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2 25 s 3 3 a5 5
- T T =
(@ =1.9361, i = 1.4, B
flq 0.9369, e 4 2 (.9408,
by = 30081F — 4 by =4E—4
L

Concluding Remarks

OStochastic property
OModel-free control strategy
OReal-time Optimization with constraint

OMulti-core ECU

2015/5/29
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