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Combustion Engine
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The RGF: internal exhaust gas recirculation
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Physics: Stochasticity
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B Derivation of Optimal Control Policy
B Example i:

RGF control of Combustion Engines
B Example ii:

Energy management strategy design for HEVs






Stochastic Logical Networks: System Description

[ State space J { Control space }
([ 17 [ 0] 0 ) _ - _ _ -
0 1 0 ([ 1 0 0 1)
0 0 0 0 1 0
= < 0 ) 0 3 3 0 > —
S ol I 0 U= 8 : 8 SR 8 >
0 0 0
o] o 1] (L0 L0 1]
: | "'s | .
[ Dynamics J @ 0. : i-column of the identity matrix /s.
Tiy1 = f(Tk, g, wr) e ™
For example:
logical operator s=u={[s1.[¢]} | f(53,63,63) = 63
External random £(52,61. 63y = 51
disturbances \_ Sz, u,w) = (z A u-w) Y )
[1] D. Cheng, H. Qi, and Z. Li, Analysis and control of Boolean networks: a semi-tensor product approach. Springer, 2011.
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Stochastic Logical Networks: Optimal Control
B Admissible policy (reachable logical set )
II={po, 1, -+, uN_1," "} ug: S —Uk=0,1,--- ., N —1.
B Cost Index

N e
Je(wo) = B ) ofgleu),  per stage cost
k=0.1,-- k=0 s

B Finite Horizon problem

Find the optimal policy 7* € II s.t.
Joe(w) = J*(ax) & inf B Y3 gl up).

mell wki

k=0
M Infinite Horizon problem v
—1
A - . k
Jor(x) = T (xp) = HellfI MmN — oo Ek " g(Tg, ug),
T w
k=0,1,- k=0
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Algebraic Representation
For a control law p € {4, the transition probability matrix P, is defined by

pa(p(dy)) - ps(u(dy))
Py = : : : ;
Pa1 U"[ﬂg)} Pssw[ﬁg})
and the cost vector g,, 1s defined by g, = (H(fﬁa#(ﬁ]é})a‘ e 19(531#(55)))T-

‘ Proposition A

For any control law p € U, the transition probability matrix P, associated with control law p can be
calculated by

P, = M,P,
where the matrix M), € My (sr) is defined by Trawsition probabili+y matrix of
()T x (u(81)T \ “Closed Loop S‘»{S‘i’@W\ uwider
(62)T  (p(82))T Control Ymu” can be generated by
My = ! | multiplying a matrix
\ (07 = ()" )
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Optimal Control—Policy Iteration

Definition

We define a hyperplane D**! of R*T! as D**! = {(zg, 21, ,x,) € R**! : 1y = 1}. For any
control law u € U, we define operator @, : Dt — D5t as

_ 1 O s+1
Qﬂx—(gu aPM>x’ Ve e D, (1)

and define operator @) : D¥*t! — Dt as

Equivalently, this is wothing but mivimization of “one step”
n Bellman DP
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‘Optimality Condition

‘ Proposition B

For any control law p : Ay — A,, for any vector J € R®, the operator @, : D*! — D! and
the corresponding cost vector J, € R® of p satisfies

J\;lrl—I};o Qﬁr J= ju' (3)
‘ Proposition A
A stationary policy p is optimal if and only if
Qj* — Q,uj*a (4)

where J* is the vector form of optimal cost,
T = (J(6L), T (82), -, (62)

[2] Yuhu Wu, and Tielong Shen, A finite convergence criterion for the discounted optimal control of stochastic logical
networks, IEEE Transactions on Automatic Control, 2017.
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Optimal Control—Policy Improvement
Algorithm

The optimal control problem can be solved as follows.
Step 0. Initialization: Guess an initial policy u® € U.

Step 1. Policy Evaluation: For given stationary policy ;*, compute the corresponding Sk
from

Q’ukj#k = j‘uk. (1)

Step 2. Policy Improvement: Obtain a new stationary policy pgy1 by pfti(z) =
Oz, Ve A, where the structure matrix ®,.; of pf*1 is calculated by

(I)k+1:LT[quF[C+17 T 7Qf+1], with 7 = 1, Lo LS,
¢ =t {1 Gy + (0T X (8) P}

If jpk = Qj“k, then the process is terminated; otherwise return to Step 2 and repeat the
process.
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‘Short Summary on Algorithm Developing

Y Trawnsition Probability matrix of CLS
multiply a policy-associated matrix M +o basis vector

Y% Bevefit from the definition of Q_Ywmu matrix

found that the optimal cost I is a “fixed-point” of Q!
provides a condition “policy evaluation” which enables us
to construct a policy iteration algoritim,
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Testbench: getting the physics

Enginetype | 2ZR-FXE _

Displacement 1797ml

Compression ratio  13.0
Maximal power 72[kW]
Maximal torque 142[Nm]
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_Testbench: Measuring and controlling
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‘Modeling as logical system

The statistic properties of RGF displayed in Fig. 3 VVT can be regard as the control input
implies VVT evidently affects the distribution of RGF. with three discrete degrees 0, 8,16,24, 32.
| | I | | | I I I | Mean Standard
401 . Value Variation
= VWT=0 00628  0.0086
S 30r 1
° VVT=8  0.0707 0.0098
8 2o - VVT=16 00849  0.0146
o
N | VVT=24  0.1069 0.0205
VVT=32  0.1316 0.0260
0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 |

RGF

The probability density of RGF under various constant VVT.
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‘Modeling: Quantization & Logical System Representation

The range of RFG is divided into seven intervals ALA?, - - - /A7, where
I I I I I I I
50 |- Al A, A, A, A, A, 1 A, _
VVT=0
2 “r VVT=8 i
= VVT=16
O o} VVT=24 |
= VVT=32
o)
3
o) 20 -
o \
10+ / -
0 0.046 0.062 0.077 0.092 0.107 0.122 0.2
RGF
The values of RGF are quantified in following identification way:
Yt EAZth:(S%, 1=1,2,...,7.
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Fitting Transition Probability under Control
V'V
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Fitting Transition Probability under Control

The conditional probability density for Residual Gas Fraction

{YE,t = {Yrt1|7t € Ai,’U»t = 55’?}7}
)

=1,2,---, 7, k=1,2,,---,5.

S 25~ P . ’_“

Maximum
Likelihood
Estimation

Probability density

A4

[EﬁNNWmﬂﬁ)J

P(yes1ly: € A'\fJur = 03)

Then the transition probabilities can be calculated

1 (y — pig)?
Py(6%) = ] exp [~ Hik)] ) g
g Xj vV 27T0—i,k 20?,2,16
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‘Formulation of Optimal Control Problem
Control design for RFG

P -/ 2 2 2 )
4 ) 05 p11(05) p12(6g) -+ p17(d3)
TranSIt!qn P52 p21(08) p22(d3) -+ p2r(dZ)
probability P = = _ . . .
matrix : : : : :
\_ J 2 2 2
i p71(55) p72(55) T p77(55) |
REEPAG _/
Per-stage cost function ] [ g(z, ) = A\id(z, 67) + Xod(u, 52)]
- V4
J(xp)= E Ti, Up), Reduce the Less change of
7r( ) t:k,jt-l]-t,k+L ; g( ) variance of RGF VVT degree

\ _J

Discrete distance function is defined by d(d%, 87) := |i — j
The weight coefficients is chosenas A1 = 1, Ao = 0.25.
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Experimental validation for GRF control

Table 1: Engine Specification

- IntakeVVT RGF
Engine type V6 type 3.5L » ECU » Eingine
Fuel system Port & Direct injection
Bore X Stroke (mm) | 94 x 83 T I .= _
Compression ratio 11.8:1 : Optimal
Max Power (kW) | 228 @ 6400 rpm o e[| Logicalisation| <
Max Torque (Nm) 375 (@ 4800 rpm |
Displacement (cnr’) | 3456 o

Table 3.2: WORKING CONDITIONS

'y (s ('3 C'y (s Ce
Engine speed (rpm) | 900 | 900 [ 1200 | 1200 | 1500 | 1500
Load torque (Nm) 90 | 150 | 90 150 | 90 150

The experiment is carried out on the test Engine speed is 1500 rpm
bench for the 5-th cylinder Water temperature is 353.15 K

Throttle stochastically change from 6.4-10.4 degree
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Experimental validation for GRF control
Experimental Result with VVT

0.2
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Experimental validation for GRF control
Experimental Result with VVT

0.2 I
0.15 Fixed VVT —

01| | [l .

0.05f

RGF

0 500 1000 1500 2000 2500 3000

0.2 |

0.15- — Optimal VVT without filter -

0.1 J“ "

RGF

0.051 -

0 500 1000 1500 2000 2500 3000

0.2 |

0.15 — Optimal VVT with filter —

0.14

RGF

0.05- =

0 | | | | |
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[5] Yuhu Wu, Tielong Shen, Policy iteration approach to control residual gas fraction in IC engines under the framework of stochastic logical dynamics,
IEEE Transactions on Control Systems Technology, 2016.
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Experimental validation for GR

F co

ntrol

04
—legd VVT ' . 0351
20k — Optimal VVT without filter | |
— Optimal VVT with filter 0.3}
2 '
0
G 15} 2025
© =
> S
% _fés 0.2
@ 10} a
-5 0.15
(ol
0.1
5 -
0.05
o l l l l l L O
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0

RGF

Table 3.2: WORKING CONDITIONS” ™\

' C ('3 C'y Ch \ @
Engine speed (rpm) | 900 | 900 [ 1200 | 1200 | 1500 {| 1500
Load torque (Nm) 90 | 150 | 90 150 [\ 90 150

B Fixed VVT
Il Optimal VVT with filter
Il Optimal VVT without filter

Logical RGF
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&>
Example of Energy Management of

Hybrid Electric Vehicles



‘Fundamental Issue in HEV

m Constraint b f Inverter
Y Speed — ineel
power demand S
B Limited SOCEIIE =
m Inertia of powertrain | -
and environment JPower Demand g @1
T V t Fuel tank  Engine Motor
/ my (w, T )dt
0 /-;)Qeme efficienpy
. . 48 2 NEmi/a
m f(w, 7)[mg/s] g \‘lﬂ/ : 2 \
< Motor assist < 2
‘CE» driving zone UEJ’ 5 -
& Moto) efficipncy § 95,) 0
o 8891
Thermal Efficiency
Engine/Motor Speed Engine Speed Motor Speed
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T-1

win =3 [rem(0) + o (S00) ~ $0C,.p)’]

[Te (£) we (8)]T t=0 i atte
SoC(t) + At - ASoC (7 (), wn(t)), S0C(0) = SoCy ﬁ I@'I
|
l e
|
|

Inverter

-l—l-

Wheel
[
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Energy Management
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- Uncertainty
- Stochasticity
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Modeling by Quantization

Finite disjoint interval of state range:

§" = [S0Cumin + (i = 1) - 0, SoCpin +1i-0.) i =1,2,-++ . ny

Define X,, = {z!,--- 2"}, and Uy, = Uy x Uy, Up = {ug, -

2" = SoCmin + (i — 1oy

u{ :wemin+(j_1)aula g=12-- m

u%:Temin+(j_1)o'uza J=12-- ,mo

0. quantized value of state

oul, Ou2: quantized value of control variables

IEEE CDC 2023, December 12
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vuTl}a Uy = {’LL%,

S0Cmaz — S0Cmin

Ny =

mi1 —

mo —

O

Wemaz — Wemin

Oul

Temax — Temin

Ou2
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‘Formulation of Optimal Control Problem

Approximate optimal control problem Quantified dynamical system:

SoC(t 4+ 1) = SoC(t) + ASoC (T, (1), wm (1)) ) L
{ SOC(O) — SOCO ‘ (QS) { Cl?n(t + 1) — fm(ajn(t)a um(t))

a Problem (AP)" ™
Given the quantified dynamical system (QS) fo(@,u) = g (f(2,qn(w))), Vo € Xn,u € Uy,
find an optimal control input sequence u,, 0u(z) = % il (z), Ve X
n _ 7n S;‘I )
such that the corresponding cost functional =l
reaches the optimal cost Ls(z) = { 1, z€8
J*(Aﬁb,xo): inf J( A%,xo,um) i 0, ¢S5

\ Um€Um /

Remark: Solving the problem (AP)” obtains an approximated solution of the original problem.

The demonstrations on the quantitative analysis and convergence of the approximated solution to the accurate
one are omitted here,
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Problem representation

Proposition——
a V nméeE N,

d a unique logical matrix f)?n € Lyuxm

such that quantified dynamics given by (QS) can be expressed in the following
linear multi-valued logical dynamics

En(t+1) = L X G (t) X Zn(2)

\_ J

Restrict the per-step cost function g on X,, x U,,, then it can be expressed in the form

glz,u) =2"Gu, Vrel,, ucl,,
G = (Gij)r.xr,, with Gi; = g(d;, 7).

Hence, V x( € 9,,, the objective function becomes

f7 Lo, U Zilf TGU
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‘Simulation Results

Driving route data

100
80

v[km/h]
=N
=

1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200
Time][s]
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Weighting factors:

v =1
Yo = 800
SOC,,;ef:Of)

SoC € [0.4,0.6] w, €

Control period:
At = 1]s]
Horizon: 17" = 200

1000, 4500] [rpm]

7, € [10,150][Nm|

TSal Twe|Tpm] Ore|NM]
case 1 3.1x 10— 218.75 8.75
case 2 3.1 %1073 109.375 4.375
case 3 T.812 x 104 109.375 4.375
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Quantization values of state and control variables



Validation Results
S0Cp=0.55

80 T T T
—case | 150
60 [-==-- case2 | f \ : Aok 1 120
=) ----case 3 t i PN : . — )
2 40 F i it i I G A 1 . = %0 &
> i i il - f B i ! T Ei, 60
" 20 I RN HELEEER T -
\i i B B ii% 30
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3500 T T T T T T T T T
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£ 20001
S 1500+
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0-56 T T T T T T T T T

0.54 |
Z 0.52 | 9
v [.8]

05

0480750 40 60 80 100 120 140 160 180 200 0482080100120 140 Te0 1%

0 20 40 60 80 100 120 140 160 180 200

180 ' | | ' ' ' ' ' ' 180 : : . ; : . .
< 120 Value function =t | S 120_COSt function e |
=) S
= 607 1 = 60f |
- =

Y020 40 60 80 100 120 140 160 180 200 00720 20 60 80 100 120 140 160 180 200

Time[s] Time[s]
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Validation Results

SoCp € {0.4:0.02: 0.6}

SoC

SoC — S0C,e s, ¥S0C, ‘ ________;;&5&00

Time[s]

Each solution guarantees
the constraints

Engine speed[rpm]

If SoCy is closed to SoC,.¢
engine provides more power

otherwise,
motor provides the most
demand power

Engine torque[Nm]
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Validation Results

50C0 Fuel Electricity Cost Computation
[L] [kWh] time [s]
case 1 (01636 | (.2947 (166.952 33.9
055  case 2 | 0.1596 (0.2981 164.597 123.1
case 3 (0.1461 0.356 155.1753 304.5

case 1 ( 0.2388 0.0078 1771273 339
0.5 case 2 | 0.2299 0.0111 1739524 123.1
case 3 (02144 ) 00736 J62.349] 504.5

When take smaller quantification factors in terms of both the state and control
variables, less cost is achieved, moreover, the fuel economy is improved.
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