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Introduction SN PP DO

Definition:
A hybrid vehicle uses at least two energy sources for its propelling, one of
them must be reversible

Some energy sources & storage

] ) [Toyota/
* Electric motor & batteries :
* Kinetic energy recovery system (KERS) erece
orscne
* Flywheel+CVT
* Flywheel + Electric machines
* Pneumatic
* Compressor + Pneumatic engine
/Peugeot/

e
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Hybrid vehicle

Let’s start by considering an actual conventional car:

~

‘\
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/ To be modified by hybridization
. O B 4
- Automated
% IC engine Tratl/[sanlz]ilsaslion
-
(AMT)
oy | E T N
Throttle pedal T T

'\ \ ECU «—> AMT-CU

- &

Human vision&

. Human legs
== prorioception

S. Delprat

ABS/ESP

Wheel speed

Built-in Systems
Interface (BSI)




Hybrid vehicle NPPC 20146

“Forward” modeling approach

Battery energy consumption

T,,, setpoint Electric

machine

Fuel consumption

Vehicle speed

T Clutch Gearbox Vehicle
ice
setpoint
Engaged gear

Energy Wheel torque,
power setpoint

Driving cyle : /Uj
Speed setpoint MWWW\/

management

elprat
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“Backward” modeling approach
Vehicle speed

(driving cycle)

WWWWMM

Well torque,
power setpoint

Engine+

Vehicle

Gearbox
controllers

Fuel consumption

Tice _
Actual wheel Clutch setpoint
torque Gearbox
Electric T,,,, setpoint

machine

Battery energy consumption




Quasi-static modeling

Energetic behaviour:

« Low bandwitdh : 0-5Hz typical, transients are not so important
* Nonlinearities are fundamental

A few dynamical models:

* Vehicle
« Energy storage

Often Too
complex

Many static components:

 Engine

» Electric machines

 Gears
e Clutches

Compromise
between
accuracy &
complexity

ack of
theoretical

properties &

explanation:

o
oo o ¢ . o ©
[ >
Physical Regression Maps
Equations models

e

S. Delprat Th———

Experimental data

e — 1 1~



Quasi-static modeling NPPC 201

Vehicle dynamics :
e Quarter vehicle mode
* No tire slip modeling but rolling resistance

traction
aero

dv

Mtotal ’ d‘;@h (t) = Eraction (t) - Eire (t) - Evlope (t) - Faero (t)
Mtotal - Mveh + Meq
Equivalent mass of rotating inertias
Vehicle mass
F;raction (t) - T;raction (t) / I/;‘ire
Fn.re(t)=cr(v(t),p(t),...)-Mveh -g-cos(ﬂ) _ .
\ Tire Normal Load ’ ’/;‘ire TI re radlus
F, (1)= % P S, Cy Wy, (t)2 T.... Powertrain torque

F;lope (t) = MVEH "8 Sln(lg(t))

S. Delprat ——— 7 : : | =



Quasi-static modeling VPPC 2014

Clutch modeling:

« Clutch slipping is complex (Friction, Stiction, Wear)
« Control is driving by comfort issues

« Slipping phases are limited (T° rise)

=> No need for a complex clutch model

Jma.)sze_Cel_Ce2_fma)m

Jpl,2a.)pl,2 - Ce1,2 N |:k1,2j‘(q1,2a)p1,2 - (()v) - 11,2(q1,2a)p1,2 - a)v)i|ql,2 B pu(()phz
Jva.)v = lkl,z_[(qu a)pl,z_a)v)_ /11,2 (qu Q> _a)v)l_ fva)v_Cr

+1

) /Iel,z(a)m_a) p1,2)+k €120 g1.2

Cel,z = CC1,2(x1,2)81,2
Ce12(x12)€12

o1 K1, A1 -l

I
Jpl l

Te » K2, 32 Cr
2
Jm I U {_‘ Jv

Jp2

S
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Quasi-static modeling

Clutch modeling:

« Clutch slipping is complex (Friction, Stiction, Wear)
« Control is driving by comfort issues

« Slipping phases are limited (T° rise)

=> No need for a complex clutch model

(@i Ti)| | (Wours Toue) ~ SlipRINg phase:

.

Widle_speed
1 e
Wout
Tout p foue = o
Tmax
" >
S —_.T Tin
= L\::‘:::\\;;\_Ct max
S. Delprat T —




Engine modeling:

» Fundamental for good energetic performance measure

» Static is often ok, air path dynamics may increase accuracy

» Take care of pumping & friction losses (negative torque, fuel injection cutoff)

« T°:fuel consumption depends on T°. Measurements ? => simple correction scheme

Equation from physics are not usable (combustion => finite elements)

In practice :
» Lookup table data : fuel consumption = f(Torque,Rotational Seed)

To measure a map :
« |C Engine test bench
* \ehicle additional sensors

(9

S. Delprat 15



Quasi-static modeling
4

O Measure a map . _‘ \

A|T

* Vehicle & additional sensors.

——

Side shaft strain gauges:

Fuel flow meter : m LsF45 |
(+ T° & Pressure) 3

MADE IN JAPAN

Manifold pressure, IC engine, Temperature, speed :

=> OBD and/or CAN J

S. Delprat

(3-4 hours)

16



To measure a map :
* \ehicle & additional sensors

Repeat for all speeds | | : |
0 50 100 150 200 250 300 350 400
(e.g. step 250 rpm) Time (5

Specific Fuel Consumption (g/kWh)

S. Delprat



2% error

800 900 1000 1100

700

|

Experiment (hot conditions) : 6,95 /100 km

Simulation : 7,09 1/100 km

Quasi-static modeling

Fuel consumption :
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Quasi-static modeling VPPC 2014

Energy storage

Quasi static energetic modeling # electrical circuit modeling

- Battery
State of charge : Soc(t) =

— I(7)-dr
Qah-3600£ ( )

Constraints :

- State of charge constraints: Soc(t [SOC SOC}

* \oltage constraint: v(r)elr V] [Toyota/
Supercapacitor
Voltage: U(t)zij](r) i

Energy : 1 0 2
gt

Constraints : B S
- Voltage: V(f)E[K,V] Maxwell

e

S. Delprat X«‘\v\~ — 7 = _19_,:



Quasi-static modeling PP 2o,

Electric machine + Power converters:
* No noticeable dynamics (Typ. torque response time <10ms vs 300ms for ICE)

» Dependence on T° : torque limitation
» Losses depends on energy storage voltage (therefore on Soc/Soe)
* Need to include the energy storage electrical model

PowerLosses = f(wem, Tom, - -)

R l l )
I
[ YWy DC
—T— E PelecT
DC
N Wems Tem

Pelec - a)em ) T;m + losses ()

Bec :E(SOC)-I—R(SOC)-I2 Finally :
Wi /= f(w,,T,Soc)
S: Delprat\\%\\—\;\\“\\,\ —— 7-— — «,’,4’4://20‘:’




Quasi-static modeling NPPC 20046

Hvbrid vehicles arrangement:

Power split, combined

O

X

Serial Parallel, front&rear

Wide range of vehicle architectures & sizing
= Generic optimization problem ?7?
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HEV energy management-

A few realistic driving cycles from the Hyzem or Artemis studies:

Urbain Fluide n°1 k

900

600

Temps(s)

Routier n°1 %

900

700

300

100

Temps(s)

Autoroutier n°1 %

900

700

600

500

400

=

Temps(s)

S. Delprat



HEV energy management A PPC 2014

Energy Storage System (ESS) state management:

* Simulation : No a priori on the best ESS usage

X Axiarget IS @ parameter to be fixed

0 \/\/\ / $Axmmet

N

T Temps(s)

#Axtarget =0 then :
* Propulsion energy is only provided by fuel
* ESS is used as a temporary energy storage
* Fuel consumption can be compared with conventional car

In general, the optimal state trajectory can be whatever is needed to optimize
the fuel consumption

S. Delprat ——— 7 : : | === 264;



HEV energy management A PPC 201

Energy Storage System (ESS) state management:
e Simulation : Why optimal control is important ?

By computing the optimal state trajectory for different Ax,, ., values, a
« global » analysis of the energetic performance can be obtained.

Fuel consumption Conventional car

Maximum fuel | = =
consumption

improvement

Minimum fuel consumption
in hybrid mode

Electrical energy consumption

S. Delprat — : 7 | =



HEV energy management PP 2014

Case study: Parallel single shaft vehicle, Full Hybrid

] (Tem' wem)

P, Upelt

R(k): .ugb

TICE'

1 arrangement = 1 set of algebraic constraints :

o) _ o) R0=m T REO) (1 (1) 90+ oo T, (1)

e (t) . 9(1) = Lan (t)) ;f////i

e —
e e




HEV energy management PP

Model parameters:
« Vehicle : Peugeot 308 SW 1837 kq. including battery
o Electric machine : 30kW

« ICE : 76kW EP6
« Battery Li-ion: 6,4 Ah, 320V, 55 kW

Specific Fuel Consumption (g/kWh)

1501 o0 0/ 2;/233
o 23

Tice (PM)

| ieen 1 \ mam | e
1500 2000 2500 3000 3500 4000 4500
O (PM)

!
1000

Electric Machine Efficiency

7, ()

S

0 2000 4000 6000 8000 10000
o, (1pm) — -

S De/prat/Heinzmann/ —



HEV energy management APPC 2014

Input data:

Inverse dynamics

NWMM[U [/\ Vehicle model >

Driving cycle w,, (t) Torque at the wheel T,, (t)

Step 1 : List all the equations

T
Fuel consumption: J = Imf(mice(t),ﬂce(t))-@(t)-dr
0

System dynamios: (1) = - f316001(m6m (e).7, (1), x(t))

Constraints: T,(t)=R(k(t))-(T.(1)-9(t)+p-T,, (1)) | Tc(t) e [&(r)i(t)]
R [T
We[x0x0]
S. Delprat T — e = ————~—"30



HEV management

Step 2 : Choice of the decision variables




HEV management NPPC 2014

Step 3 : Identification of the exogenous variables W (t):

Exogenous variables: variable that affect the energetic model, that
cannot be controlled and that is not affected by the energetic model.

X
Example n°1: Serial arrangement — p
w
’ | — F apu P eml | —
IC engine - CCtI.‘lc Electl"lc Transmission
g Machine Machine
P:
tce Preca

Auxiliary Power Unit

Exogenous variable choice depend on bus voltage:
« Constant bus voltage : P,y = f(Preca) == W (t) = Poppq (t)
« Variable bus voltage P.,;;1 = f (Pneca, X) => W(t) = Pjoca(t)

!

Depends on state

S. Delprat ~ ————— 7 7 =737



Step 3 : Identification of the exogenous variables W (t):

Exogenous variables: variable that affect the energetic model, that
cannot be controlled and that is not affected by the energetic model.

Example n°2: Parallel single shaft arrangement

Q J (T, ww) <a _

x=S0OC Ty
- (Tom, Wem) ::c:c:c:c:cq

| |l
{ P, Upert

; (Tice, Wice)
g 7

—l
ps’ “)m)

R(k)uugb
Exogenous variable choice depend whether or not the engaged gear is optimized:

Vehcule model: =v- R(k) w,, and @=[M+Jwe-R(kZ J -(R(k)- —ij
tire dt Rtl’re Rtire

« If kis fixed : W (t) = [Tys(t) wps(t)] -

« fkisoptimized: W(t) = —(t) v(t)]

S. Delprat
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Step 4 : Sets of possible values of the decisions variables
« IC engine fuel injection : on/off 9(t) € {0,1}

Pure electric mode possible if T, (t) < R(k) - T, (w,, (t) - R(k) - p)

— The set of admissible values is @4 (W (t))

9(t) € (W () < {{03,{13,{0,1}}

Pure electric mode only: Forced Hybrid mode: Non constrained mode:
ICE can not be used. ICE is necessary on. ICE can be on or off
@y (W (1)) = {0} oy (W (D)) = {13 oy (W (D)) = {0,1}
E.g. : Clutch slipping E.g. high rotational speed,
forbidden depending on the EM gear
set ratio

S. Delprat 34



Step 4 : Sets of possible values of the decisions variables
Discrete decision variables :

Engaged gear : k(t) € {0, --;ngb}

A gear can be selected if :

« Speed constraintis ok : w,, (t) - R(k) < W,
« Torque constraint is ok: ZW(—;? < Tipo(wy, (1) - R(K))* Ty (w0, (8) - R(K) * p)

As a result, the set of admissible values for the engaged gear is
defined:

ke (W)

S. Delprat

35



Step 4 : Sets of possible values of the decisions variables

S. Delprat

Discrete decision variables :

Combining both sets, the set of admissible values for discrete variable is
defined

9(t) € dy(W (1)) c {{0},{1},{0,1}} and k€ o (W)
= uy () =00 kO € d(W (D))
With &4 (W (8)) = @5(W (1)) x @ (W (D)

Most of the programs need to start with the computation of
this set

36



HEV management APPC 2oL

Step 4 : Sets of possible values of the decisions variables

In practice, available gear should be limited to avoid driving comfort issues

140 T ) T T

e —_ BB———————SG_i B ey
80 ‘ | e o b
60+ . ./g’ . ..‘n';. . / \ .
40+ ,_\ ,j{_\"x_'.‘ i /_\r f/_\j‘ ; - - Kf.'_\_‘.. (_\ .r‘,-".—\_\. 'J S |
0 fl'i !j \ f \'1 lp | / ‘lk ?{{ \ l“l i \ [ tk'; nﬂ { \ J'/ M"L l{ | \;

0 200 400 600 800 1000 1200
Time (s)

Mode Autorisation

|
= 0 200 400 600 800 1000 1200
S' Delpra ;%—k\\:f*;—*’: — = - ———— ——— —— —— === 37



HEV management A PPC 2014

Step 4 : Sets of possible values of the decisions variables

In practice, available gear should be limited to avoid driving comfort issues

140
R \
R e R R e :
B0 R S .
B0 e I .
ST WA 2 W S o o SR |
SN on N Y s O A Y O S W 0 A 7 A . -

Time (s)

Mode Autorisation

theta=1
theta=0

theta=1
theta=0 HHHHH

Il Wil B IN NN D
tooofly NN NN D OGN DN N W W HHH
. |

::::_1 T il e I

= theta=1
= theta=0
= \ \ \ \ |

Sl 200 400 600 800 ——4000—————— 1200 — /;
S. Delprat N e == , =38




\ WY 2 12 Vol Val W PV

Step 4 : Sets of possible values of the decisions variables

S. Delprat

Continuous variables:

1 algebraic constraint : T, (t) = R(k(t)) - (Tice(t) + p * Tomn)

+ variables limitations: Tic.(t) € [Tice (t), Tice (t) | ad T (t) € | Tem (8), Tom (8]

= Interval algebra

Rewrite the constraint in the other ways:
— Tw (8)

Tw () m—

Ty (t)
© S Ti(t) = Ric) P Tem (t)

T l Ty, (1) T
Tem = p R(k(®)) Tice (t)

1 Ty () ™
Tem = o Rl — Tice(t)

_ 1 T,()

em = S R(k) Tice(t) ©

- N s | F B ¥ W4 Fa

39



Step 4 : Sets of possible values of the decisions variables
Continuous variables:
1 algebraic constraint : T, (t) = R(k(t)) * (Tice(t) + p * Tom)

+ variables limitations: Ty (t) € [Tice (t), Tice (t) | and Te (8) € | Tom (6, Tom (0|

= Interval algebra

R(k) =5,p=1,T, = 1000 Nm ? Tom = 200 N |
Tree = 80 N [l 7 Ton =150 Nm
_, Tl T, =120 Nm
Tice =50 Nm| T,, = 1000Nm

Tice = 0Nm T —100Nm
S De\p\ ice Tem /40
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Step 4 : Sets of possible values of the decisions variables

S. Delprat

Continuous variables:

1 algebraic constraint : T, (t) = R(k(t)) - (Tice(t) + p * Tomn)

+ variables limitations: Tic.(t) € [Tice (t), Tice (t) | ad T (t) € | Tem (8), Tom (8]

= Interval algebra

Tice (t) = min

T (t) Tw() p'Tem(t))
"R(k()) Tyo (£) € [TLe'(t)'m’(t)]

T, (t) = min

Tige'(6) = max< (O Fse P -n_m(t))

Tom () € [Tom(6), Tem' (6)]

1 Ty
em(t) pR(k(t)) lCe(t)>

T, (t) = max( m (), 1 RT(v’v(Eg) Tice(t)

41
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Step 4 : Sets of possible values of the decisions variables
Continuous variables-

150
| — Vehicle speed (km/h)
100—----- Maximum tOrque avallableconslderlng 777777777777777777777777 ~ Gearx10 A . -

EM max torque MaXJmum que

50— - er torquerequest 1T
N Yo S

0 200 \ 400 600 800 1
2007’””””””””””””’i”” "””””””””””””’i ”””””””””””””” h max
100 ”””” : ‘ '

0 ,M : n max
_2000‘;»‘?;\’4 h min
200 1 : : : : y o ice max
150*{””?”* [ s iy v Sty St Y ¥/ N S S b TR T '
ool - s e P e P i

4 . H,,J\, L A N 1 ‘ ice min
50 ( }> \‘T T | | ‘ | '
00 L] 200 \ Ticemin
200——
Finaly :

uc(t) = o, W ®) with &, W ®) = [1,,,'®), T, ©)]
S. Delprat 42



HEV management A PPC 2014

Step 4 : Sets of possible values of the decisions variables

Continuous variables: uc(t) = @ (W(t))

a

o Set of possible control values

u®) = [ug(t) u ] € (W)
With @(W (1)) = P4(W(t)) x @ (W (1))

. 4

=



Step 5 : Rewriting the energy management as a classical optimal
control problem

=> Algebraic constraints are removed

T
Fuel consumption: J = Imf(wice(t),ﬂce(z‘))-@(t)-dt
0

Exogenous variables: Algebraic constraint :

w(0)=[1,() o) 0. (1)=,(1)-R(K(1)
O(tu(e). (1)) =i, (o, (1) R(k(1)). .. (1)

Fuel consumption:

J = ]:Q(t,u(t),W(t),x(t))dt

S. Delprat
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HEV management N PPLC 201

Step 5 : Rewriting the energy management as a classical optimal
control problem

=> Algebraic constraints are removed

System dynamics: i(t)= o ._316001(0)%0),72”1(l‘)ax(l‘))
ah

Exogenous variables: Algebraic constraints :
VO-In0) o] | 0= OREDs 0 o)
_ LT ()
L, (tu(r),w(1),x(t)) = I(mw(t)-R(k(t))-p,p-{R(k(t)) —Zce(t)],x(t)]
N

[System dynamics:

U ye——————
S. Delprat L — 7 : , ————— 45
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Step 5 : Rewriting the energy management as a classical optimal

control problem

Fuel consumption:
T
J= jn‘qf(a),.ce(r),Tice(r))-S(t)-dt
0

System dynamics:

46



Theoretical limitations:
« State constraints

» Possible but quite complex /Herman 2009/
Application to Hybrid Vehicle /Fontaine 2013/

> lterative algorithms: /Kulen & al. 2014/ /Rousseau 2008/

» Penalty functions: /He & al. 2012/ /Zhang & al. 2009

« Binary & integer variables

» Theoretical work : /Riedinger 2003/
Application to Hybrid Vehicle /wei & al, 2007/ /Delprat & al. 2014/
» Approximated solution : /Fan & Quin 2006/

Modeling Hypothesis:

« System dynamics and criterion are state in-dependent
=> to be discussed later

£(tu(t)w (8),x(1)) = £ (Lu(e). 7 (). %) O(tu(t),w (£),x(1))=O(t.u(t), W (¢),x,)

S. Delprat 47



Pontryagin Minimum Principle =verc z2oizs.

Thunder Power eXtreme Series - HIGH RATE CHARACTERISTICS

Voltage Curves at Different Discharge Rates Capacity : 5000mAh 1.0CmA = 5,000mA

Charge  : CC-CV, 1.0CmA(5,000mA), 4.2V 0.1CmA Cut-off @23 T +3T
Discharge : CC, 5CmA [ 10CmA { 16CmA / 20CmA / 22CmA | 25CmA, 2.8V Cut-off @23T +3T

35 4.4
3 42 — 5 {25A )
— 10C (504 )
= {itae
pe—— 4 — T
=) —— 1 L1
38 R —
515 = 36
o I @ L
(=]
- 1 g 34
2 3.2 I I I I ™~
0.5 L | | |
3.0
0 v v v v - \ - - t f t f 1 ]
0 500 1000 1500 2000 2500 3000 Tl | | | | ] —
26 —
Capacity (mAh) 0 1000 2000 3000 4000 5000 —

Capacity(m Ah) 7

==

/LiFePO4 from K2 Energy/

e

S. Delprat




Hypothesis and theoretical assumptions
» There exists at least one optimal trajectory

System and criterion are state independent

Continuity & convexity assumptions
Q and I, should be at least convex in u

Engaged gear and IC engine state are fixed and known

Driving cycle is known

S. Delprat
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e /FPFDEL _PARER A\
¥ "= = E = - = BB 4|

Hamiltonian /Pontryagin 1962/

Co-state

T
H(t,u,x,W,2)=0(t,u,W,x,)+ A" - f(t,u,W,x)
Fuel con\sfumption Electrical c\cf)nsumption

=> Physical interpretation

« Equivalent consumption

« ) represent the cost to convert electrical energy into fuel
« ECMS paradigm for real-time control
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w /AP S “DAAD /

il
]

Hamiltonian
C(')_-Jsglte
H(t,u,x,W,2)=0(t,u,W,x,)+ A" - f(t,u,W,x)
" Fuel consumption ’ Electrical c;nsumpti;n

=> Optimality conditions along optimal trajectories (x*, u*, A*)
. OH \ o * :
o X (t)=(aj => System dynamics x (t):f(t,u (¢).W(¢),x (t))

. /i*(l‘)=——*(f,u*(f),x*(f)»W(f),i*(f)) => Co-state dynamics  A(¢)=0

ox

o H(tu' (6),x" (0).W (0), 4 (1)) < H(tu(t),x" (£).W (), 2 (1))

Under (strict) convexity assumption
u (1) =arg minH(z‘,v, x (1),W(1),A (t))

ved(17 (1))
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How to use these optimality conditions:

Fix an (arbitrary) intial costate value A(0)

For each time t € [0, T]

Hamiltonian minimization u (t) = argminH(z‘,v, X (t)’W(t)’/I* (t))

ved(17 (1))

_@ﬂ(

Integrate the co-state dynamics: A (f ) T o

Integrate the system dynamics: X ()= f(f,u*(f),W(t),x*(t))
=> The final state x(T)

If x(T) # x¢ then adapt .(0) (shooting algorithm)

(6 (2),x7 (0), 7 (1), 27 (1))
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Pontryagin Minimum Principle =verc z2oizs.

Shooting algorithm: aa—Hzo
X

Hamiltonian minimization : T1(#,2")=argmin 7 (1,v,x"(¢),W ")

ved)(W)

Final state : x(1) = x, +f £ (), (1)), (1),x" (1)) -t

g(4)=x, +T AT (2),4)). (2),x" (t)) - ar

:“:\\\\\\

——— = .

S. Delpra




« Implementation consideration :
save computation at the expense of memory

« Load driving cycle

* Inverse dynamics =>T,,(i,k,9) = N X N,,,,4. matrix

« ICE and EM limits : =>T;..(i,k,9) = N X N,,,4, matrix
=>T,.(i,k,9) = N X N,,,4, matrix

- Effective control domain: T;.. (i, k,9), T;ce (i, k,99) = N X N, 540 matrix

« Sample enough values in the admissible interval and
« Compute fuel at each sampling instants and control values
« Compute current at each sampling instants and control values

=> All the complex calculus are pre-computed
H(t,u,x,W,2)=0(t,u,W,x,)+ A" - f(t,u,W,x)

o v o J

.
Pré-computed Pré-computed

S. Delprat
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 Typical results :

300
250
200

< 150

> 100

50+
0
3

00 -1000 -800 -600 -400 313.568 1200 0




Pontryagin Minimum Principle svrec 2oz,

xo = 50% x¢ = 50% A(0) = —313.5681 => x(T') = 50,02%
Fuel consumption : 6.851/100km (vs 7,061/100km < 4,1% improvement)

150 — Speed (km/h)

1001 - Cdi..........L  |T—Engaged Gearx10/\\

'f:,;‘f?}i—é;:>>;;i?;\;;?:\:ﬁ I Demo n 02 I r /7 : / /:E
S. Delprat T ——— = — —————— — 56



Pontryagin Minimum Principle =verc 2oi2.

xo = 50% x¢ = 50% A(0) = —327.15=> x(T) = 50,04%
Fuel consumption : 9,36 | /100km (vs 10,11 [/100km < 7,4% improvement)

) 100 200 300 400 600

50.5

50

49.5

49

S
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Pontryagin Minimum Principle =verc z2oizs.

Engaged gear & IC engine state (on/off) must be optimized

===

——— = .

7 7?7:?:\\'—7\"‘3'7 = = ———— /7”;;7;;1:/:7é}:;;’if;;;:if 7:::"*///»;/_;_,
S. Delpra —
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Pontryagin Minimum Principle =verc 2oi2.

Choosing a mathematical model for the fuel consumption & current
Polynomial approximation

Assume there exist a polynomial model for fuel consumption and current:
Q(u,W) = a(W(t)) w4 b(W(t)) U+ c(W(t))
f(u,W) = a'(W(t))-u2 + b’(W(t))-u + c'(W(t))

Convexity assumption :  a(#(¢))>0 &' (W (¢))>0

H(t,u,x,W,Z)=(a+lT-a’)-u2+(b+/1T-b')-u+c+/1T-c'

~(b+2"b) 5

’2 , ’
2'(a+/1T-a') 5:(b+/1T.b) _4'(a+ﬂ“T'a)‘(C+ﬂT-c)

argmin H =

S

S. Delprat \\\”\‘“\\\ — —— -60



Choosing a mathematical model for the fuel consumption & current
« Polynomial approximation

Specific Fuel Consumption (g/k\Wh) Elec. Mach. Efficiency

1000

150 100

900
80

80(P0

40

=700
20

100
-16000

- 500

50

AT
(LS

4000 6000 8000

Ogrp (1P)

2000

4000

2500 3000 3500 4500 0

;e (TPM)

0
1000 1500 2000

=> Actual engine data, with some “strange” behavior
S. Delprat .

10000

0.88

0.86

10.84

10.82

10.8

10.78

0.76

0.74

0.72



Pontryagin Minimum Principle =veec2

Choosing a mathematical model for the fuel consumption & current
« Polynomial approximation

300 [
‘ ‘ ‘ | Polynomial
200 ---------- B S Maps |
£ w0 e N
< | | | | |
OF e S Gt St .
-100 | | | | |
-1200 -1000 -800 -600 -400 -200 0
1(0)
€ 20
X
8 | | | | | |
SABL . -
5 S R -l
‘g. 10F- e o ! Polynomial
2 ‘ l i i | Maps
s S — S e S RRRREEE I :"""" n
9 | | | | | |
g 0 \ ; \ \ \ \
w  -50 0 50 100 150 200 250 300
X (%)
N = Fast and quite accurate approximation
———~ = Works better with “smooth” engine maps e
S. Delprat | L — = =———— —— ;;;—,;,' ,:;;;:g;;,;—i?:;;;;;};fﬂ:f“ti!i* )



Pontryagin Minimum Principle =verc z2oizs.

Choosing a mathematical model for the fuel consumption & current
* Linear Interpolation over lookup table
=> Piecewise linear models

O(u, W)= al.(W(t))-u +b, (W(t)) Vuelu,u,,| ie {0,..,n,—1}

fu,w)= cl.(W(t))-u +d. (W(t)) Vuelu,u,,| ie {0,..,n,—1}

Q(u,W)




Pontryagin Minimum Principle

Choosing a mathematical model for the fuel consumption & current

Linear Interpolation over lookup table
Hamiltonian is also piecewise linear H(tu,x,W,2)=| a,+ 2" -c

-

S (AW)>0
H(:)
Ui Uiy
u* =u

u+b +A"-d

i

—_—
S; (A7)

b

S, (4,W)<0 \
H{()

Hamiltonian is not strictly convex, an infinite number of solutions
can be constructed !! /Delprat & Hofman 2014/




Pontryagin Minimum Principle =verc z2oizs.

The control is said to be singular: several control can be optimal if
a, (W)
c,(W)

S (AW)=0A=-

Remember, final state as a function of the co-state:

multi—valued function

May be a scalar or a set ————
May also be a scalaroraset
e

H(@=aggQ?;VgnH(f»vax*(f%Wf) () xo+jf[rn <>z),W<t>,x*<r>}-dr




Pontryagin Minimum Principle =verc z2oizs.

The function g(2.(0)) is discontinuous

g(n(0))

A

===
=== e 00
t

S. Delpra




Pontryagin Minimum Principle

Example: Serial arrangement

Auxiliary Power Unit

- e o - - . o o oy,

/ \
| \
» | '
: ) I
: T I
: |
I G, |
| ,'
% ,

_— . . . . . e . . e

Auxiliary Power Unit : 25 kW
ESS max Power : 10 kW
ESS capacity : 40Ah, 300 V

Fuel consumption = f(APU power)
;14 measurements, lookup table

s 1:\:5&\

==
S. Delprat e —

als

umption

el cons

L _ 1 - _ 1 S r*"ﬂ/r//:,,//
—0——15 _——20 _—35—  ——

—  APUpower(kW)



Pontryagin Minimum Principle =verc 2oi2.

x=57.03 % . =-1.248e-004

150 | | | | | —— Vehicle speed (km/h)
100 3 ‘ ‘ =
sol A A A S A _
AIVAVA VAW
0 200 400 1400
gzo ”””””” T - - - - - - - - -~ L - - - - - - --- -~ r--——~~"~"~>""~""~"""~"""~“""~“""“""“"71°" " ~“"“~“"~"“"~"~""7>" 7" "7 77 °7/"7 |
4 | | | |
I R 1 - | o
3Lt s I | R R R I | B etk | At Y S I | B o S R o S tnn898s
el T e e N A B (i R {  a SRR SRR R N (R IR B -1 ——PWM o =0.50
-] v
z o | | | | | | ‘
< 0 00 0 0 1400
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 ;{7.7;7078
min
-t =898s
min
——a.=0.50
\'
+ X (%)

All the solution have exactly the same fuel consumption : 2,68 1/100km
, - | Demo n°l | D~
S. Delprat ~——————(Serial VPPCJ =————————-"68
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Pontryagin Minimum Principle =vrec 2oz

Binary & integer variables optimization
=> Focus on binary variable optimization

u(t)=[u(r) ()]
Pontryagin Minimum Principle requires continuous variables
Solution : Relaxation 9 € {0,1} = 9 € [0,1] /Riedinger 2003/
Requires a careful analysis of optimal conditions

Implementations issues : drive cycle sampling

S. Delprat — : 7 | = 70,,:,,
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Binary & integer variables optimization

Driving cycle : piecewise constant data

50

— Vehicle Speed (km/h)]
| |

v(t):vl. ‘v’z‘e[i-s,(i+l)-s[

Other solutions (linear interp) requires
advanced (Order 2 min) solver:

1) does not works well with binary
variable switches (need adaptive steps)
2) Are not suitable for real-time
extension

Time(s)

In many papers it is assumed that if the driving cycle is piecewise constant,
then the control should also be piecewise constant... This assertion need to

be checked... 2
u(z‘):ui ‘v’te[i-s,(i+1)-s[

S. Delprat 71



Pontryagin Minimum Principle =verc z2oizs.

Case study: Parallel single shaft vehicle, Full Hybrid

9 XAy Power L.lc
(TW’ wW)

x=S0C

(Tem' wem)

P, Upelt

R(k), :ugb

TICE'

S Del;;;t . > :J/;jé,/,;




Suboptimal solution: Assume the previous PMP optimality conditions holds:

Co-state
Hamiltonian: H(t,u,x,W,1)= Q(f,uc,W,xo)-uﬁf+ Al f(l‘,u,W,x)
Fuel con\srumption Electrical ggnsumption
Optimal Control: [, 9]T = H(W,/l*) = argminH(t,v,x* (t),Wz*)
ve(D(W)
T
S F|na| state: g(/lo) =Xyt J‘f(t’H(W(t)’/IO )’W(t)’x (t)) -dt

S. Delprat e—— 7 : : | == = 73



Pontryagin Minimum Principle =verc z2oizs.

Fir;(%l state as a function of initial co-state:
[ [ [ \ \ [

250

200
Xy
150

—_

X

~—
“—

>
100

50

. | | | | | | | | |
§800 -580 -560 -540 -520 -500 480 -460 -440 -420 -400

—— //////
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Pontryagin Minimum Principle =veec 2o

Binary & integer variables optimization
Driving cycle : piecewise constant data
v(t)=v, Vte[i~s,(i+1)-s[ SW(t)=W, Vte[i~s,(i+1)-s[

Original Optimization Problem Relaxed optimization problem:
9(t)efo.1) (1) e[0.1]
J=[0(tu(t)w(£),x(t))- 9(t)-dt J=[0(tu(t)w(£),x(t))- 9(t)-dt
x(e) = f (tu(0). (1), x(1)) x(1)= 1 () 9(1)+(1-9(1))- £, ()
u(t)eCD(W t)) u(t)eCD(W(t))
x(0)=x, x(T)=x, x(0)=x, x(T)=x, ’ [
If the solutions of the Relaxed problem are bang-bang in 9,
| then they are also solution for the original problem

S. Delprat —— 7 = : : — 75



Pontryagin Minimum Principle =vrrc z2ar2c:

Binary & integer variables optimization

1) Continuous control u,. optimality condition (does not depends on 3]) :

Let u,. be the Hamiltonian argmin (without saturation)

oH :OQ(aQ(r,u_,W,xo)MT.@f__(')),g
Ou. Ou. ou.

H is assumed to be convex

u, :w(t,x,W,/l)

@ N\ H

Assuming convex Hamiltonian: 5
u, =y, (t, x,W,/l) = Sat(l//(t,x,W,ﬂ),g(W),u(W))

=> The continuous control is fixed

\ - / t//(t,x,V:V,/i) | : : u

S. Delprat ——— 7 : : | = 764;
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Pontryagin Minimum Principle

Binary & integer variables optimization




Pontryagin Minimum Principle =veec 2aizc.

Binary & integer variables optimization

===

==

Delprat. ——————




Pontryagin Minimum Principle =veec2

Binary & integer variables optimization
Remark : if A € @, then :
Sg(t, A, w;))=0 for some w; Sy(t, A, w;))#0 for some w;

1=-4.4594e+002

150 | | | | |—Veicle Speed (km/h)|
L e e U 7
L I A — :
% 200 400 500 800 1000 1200
Time (s)
%.=-4.4594e+002 —T
100 ! .
80 : : : _Tice »
60 | l l 0 Singular
40 | : : 0=1
20 | ! | 0=0
| | | ]
% 200 400 600 800 1000 1200
Time (s)
|
0 200 400 600 800 1000 1200
Time(s)
Inonpes = {840..890,980..1030}
= —=_ = the other samples index
wellDe p
S. Delprat fooem T =



Pontryagin Minimum Principle =veec 2o

Binary & integer variables optimization
Driving cycle is piecewise constant: Sy(t, A, w;)) is also piecewise constant

Let us define the set of time t with well defined control:
Lyciiperon =i = 0..ny, — 2:55(, A, w;) < 0}
Lyenperors = {i = 0..n, — 2:Sy(t, A, w;) > 0}
Lionper = {i = 0.1y, — 2:S5(6, 4, w;) = 0}

L . Liftel)|i-s(i+1)-s
Activation function: C(1,1) = U[ [

0 otherwise

Now : all the possible optimal state trajectories can be defined

S. Delprat T — 7 = 7 7 — . 804



Pontryagin Minimum Principle =verc 2oi2.

Binary & integer variables optimization

Final state: %(r)= £ () 9()+ (1= 4(1))- £, ()

T
x(T) = %) fo 551 (e, ) 1) zi)jfozﬁ))cl‘ )+ £l | e
0 P, (1.7 1) J
T
_[Pon(t,x,W,/i)iT(Iwmfonaf)'df Fixed amount of energy for 9(t)=1
0
T
_[P (£:x.7,4)-0-T(1, ypyop-t)-dt Fixed amount of energy for 9(t)=0
0
(T

[P, (t.x,7,2)-9(1)-T(L,,,,.t) - dt ] => Fixed amount of energy to ensure x(T)=xf
with 9 € [0,1]

\ Constant and known
S. Delprat L — = 81



Pontryagin Minimum Principle =verc z2oizs.

Binary & integer variables optimization

x0+j (t,x,9,2)-9(1)-T(1,,,,t) - dt + h( )

Piecewise constant driving cycle: W(t) =w; i =0..n,, — 1

HA)= X B(txI )5+ 3 ()

I wellDefOn

Final state constraint :x(T) = x¢

=~

S Delprat
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Binary & integer variables optimization




Pontryagin Minimum Principle =verc 2oi2.

Binary & integer variables optimization X =50% A= —4459426

1=-445.9426

150 | | T T r —— Speed (km/h)
100 -~ S i el A /—;:7J\ — Engaged Gear
50 | 1 : y ' - ‘ \

O0 : "

1 i \[ i i — 0 tmin=1
05H --{----- 1 | Q| R 1 — [ | IR | | | & i | S ——_ . L _| —— O tmin=881
0 | | | |

0 200 400 600 800 1000

Time(s)
10 ‘

" [—x (tmin=1)-x(tmin=881)

- | ——xtmin=1
— xtmin=881

S

Fuel consumilption : 3.95 I/100 km/h for both trajectorie
x(T) — xp = —2.7756 - 1071* %

—

S. Delpra




Pontryagin Minimum Principle =verec

NEDC Optimization results (Gear + IC engine optimized)
Fuel consumption = 3,75 [/100km x¢ = 50%

150

Spee d (km/h)
Engaged Gear x 10

| |
T e e B B e e e

,,,,,,,,,

o gﬁﬁgﬁﬁﬁﬁﬁ *****

0 200 400 600 1000
Time(s)

30 ‘
0

Time(s)
T'{';::;Z_\i\
——— — ——
S. Delprat —_— ——— == —_—



c tional vehicle - Hybrid vehicle:
onventional venicle . « 3,75 1/100km (gear + ICE State)
« 7,06 /100 km (gear fixed) Spoctc Fuel consumption 9K

* 6,77 1/100 km (gear optimized)

Specific Fuel consumption (g/kWh)

1000

900

1000

150 800

900
700

800 600

100 1700 500
- 600
Ty
oo+ e L 4500 . Rendement machine dlectique . |
50 ek +j¥ﬁf f@#ﬁ#

N T 400

300

L+
||

0 1l T | 2
1000 00

0 2000 4000 6000 8000 10000
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Pontryagin Minimum Principle =verc z2oizs.

NEDC Optimization results (Gear + IC engine optimized) xr = 50%

Most interesting feature : hybrid + ICE on/off

4.1% 3% 7,8 % 42,8 % 53,1 %

100%

Convnetional car

Convnetional car + gears
Hybrid + gear

Hybrid + ICE

am
o
g
)
S8
=
+
5=
—
=
o=




Pontryagin Minimum Principle =verc z2oizs.

Focus n°3 :

State constraint — «x

S. Delprat




Pontryagin Minimum Principle =vrec 2ai2c.

State Constraints
Most of the Energy Storage System have technological limits:

Supercapacitors :

« Voltage € [0,V 4]

» Power Electronics often requires Voltage > V,,in,
= Voltage € [Viyin, Vinasl

— Energy € EC : Vminz,%C . Vmale

Li-ion batteries:
=> Voltage € [Vinin, Vimax]
=> Soc€ [SOC,in, SOCr0x]

— / -~ -~y
X 7 N
7 \
—-— e - - \ —————————
\?\:\‘\\A ' = ;//Z:i/ﬁ’:/;///'
S. Delprat L —— = =—————————————89



Pontryagin Minimum Principle =verc z2oizs.

State Constraints : Penalty functions
Simplest approach: increase the fuel cost when the state exceed limits

p(x) . o _
Modified optimization problem:

J = IQ(r,u(t),W(t),x(t))+a-p(x)-dt
i(t)= 1 (tu(r),w (1), x(t))

X

S.D

el

rat




Pontryagin Minimum Principle =verc 2oi2.

State Constraints : Penalty functions
Simplest approach: increase the fuel cost when the state exceed limits

p(x) » L _
Modified optimization problem:

J= ;‘:Q(t,u(t),W(t),x(t))+a-p(x)-dt

u(t) e d(w (1))
x % ¥ % (0)=x,
/Penalty function: ) x(T)=x;
f(x—§+5)2 if x<x
p(x)=10 if xe [;,}]
(x+6-x) if x>x




Pontryagin Minimum Principle =verc 2oi2.

State Constraints : Penalty functions
Optimality conditions  H(t,u,x,W,2)=0(t,u,W,x)+a-p(x)+ A" - f(t,u,W,x)

' v '
Fuel consumption Penalty Electrical consumption
o /

Modified fuel consumption

u ()= argminH(t,v, x (8),W(t), A4 (t))

vea(() .
. ap Z*(f):—a[{*:—ag_a.a_p_ﬁT.gi
,1(;):_0[._ ox Ox, ox ox
Oox =0 =0

Considering the co-state as an equivalence factor between the fuel
and the electric power, the cost increase when state reaches the
limits

S

S. Delprat ::;\7;’{{%:kx&y\\“‘*\f\ﬁ,, = — = == = 4 92~/



State Constraints : Additional dynamics /D. Kirk 2004/

 Idea : Consider a new state which final value should be reach a

given value if and only if the solution comply with the state constraint
(x—g)2 if  x<x
p(x)=40 if xe[g,ﬂ

(;—x)2 if X>x

Additionnal dynamics : %:p(x)zo

Associated trajectory: y(t)=y, + j p(x(1))-dt
0

y(T) =), & x(t) e[g,ﬂ Vt e [O,T]

So y(t) can only reach a prescribed final value y; = y,

if the state trajectory is admissible with regard to the
constraint.

Same Hamiltonian expression as before

Co-state
H(t,u,x,W,1)=0(t,u,W,x)+a- p(x)+ :1? - f(t,u,W,x)

Vo Vo
Fuel consumption Penalty Electrical consumption
. J/

Modified fuel consumption

S. Delpl at
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State Constraints : Additional dynamics /D. Kirk 2004/
Many problems:
» Does an optimal solution exists with the state constraint?

= Need a careful analysis of the optimization problem & energetics models
* Need to compute the max&min feasible state trajectory

140 | | ‘ ‘

1920 A A .+ |—Vehicle Speed (km/h) |

T e T T T I e e e
80l - Do s P e L A e Lo e P —
| T e L A e A T et EECEEEEE R EE SRS —
40 L -
20 —
0O 200 400 600 800 1 0‘00 1 2‘00 1400 1600 1800 2000

Time (s)

0.75 ( I | \ ( l \ 1

0.7 VW VYWV v v’vﬁ vV—yVv Y ﬁ VYWV VWV VvV ﬁv vV

0,85~

0.6 --- - - b V max
051 s oo ;"""""T ********** ;"""""if* _X'max

S e R R R s .

S. ngffa[ 280 480 680 880 10‘00 12‘00 14‘00 16‘00 18‘00 2000 94




Pontryagin Minimum Principle =verc 2oi2.

State Constraints : Additional dynamics /D. Kirk 2004/
Many problems:
* Implementation : requires careful choice of sampling perdiod

x=50.0 %

0.25 \ T T { {

02( ,,,,,,, e e A 1 o i‘ ,,,,,,,, |
B S R S ~ Discontinuities
T R R I S I A I S i

0‘05,,,,,,,,,4: ,,,,, ;:ec:::“‘ ,,,,,, 37777777774: 777777777 i ,,,,,,,,, 1 i,,,,,,,,,il ,,,,,,,, _

0 ‘ \C:::::::;:::::::::::::::A::::43-3-3-::-:9*:::::::::::::::::::::::::::
0 0.1 0.2 0.3 0.4 0.5 0.6 q.7 0.8 0.9 1

4 ; ; ; ; ; | ; | | =
= 7145\60\ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09— —1  —

S. Delprat ;:{{%:7>76§K\\\“"\*~—7rr = = ? = — — 4 f’,95"~~/:"
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State Constraints - Penalty functions
Benefits:
« Implementation is quite simple

- May generate admissible trajectories such that : x(t) € |x, |
 May be used in real time

Difficulties:

« Variable co-state: less source code optimization

« Tuning of the Penalty amplitude coefficient o
=> sensitivity to the driving cycle

« Basicidea : increase (decrease) the costate when state reach
the boundary

=> Does not allows decreasing (increasing) after

« Solution is NOT optimal with respect to the original problem
with x(t) € |x, x|

S. Delprat
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State Constraints : Theoretical framework
Theoretical framework : /Bonnans & Herman 2006/

Constraints modeling: x<x(t)<%x usu@®) <ue gx(@) <0

9(x(®) €0 & go(x(D)=%-x(t)  I:(x(D) <0 & gs(x())=u- u(t)
0.(x(®) <0 g (x(®)=x() —x  94(x(O) <0 & ga(x(6))=u(®) —u

Junction point Boundary arc

x(t)
| | | |
| | | |
I | 1 |
x | : 17 | |
| | 1 | | I
t | 0 T '[I ? tl T '[I t
1 2 3 4 5 6
u(t) |
_ L,
u | |
== 7/} t
;i\':;i:?:_ - \ i/ t9 tl 0 \
. u ,
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State Constraints : Theoretical framework
Theoretical framework : /Bonnans & Herman 2006/
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State Constraints : Theoretical framework
Important points:

« Co-state is discontinuous at the entry point of a boundary arc (not on
the exit)

* From the convex model:

« State of charge derivative is null at entry and exit point of a
boundary arc

« Control can be obtained at the entry and exit point from the state
derivative

» /Fontaine 2013/=> then the co-state can be also computed

= Optimal control is quite complex to derive
= lterative algorithms are required
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State Constraints : Theoretical framework
Algorithm from /Van Keulen 2014/ & /Rousseau 2008/
{ Step 1 : Locate the maximum error. Update (x; € [x,X], tf)]
A
— I
X | 1
I |
I \‘
‘\ / |
| I
| |
| I
| I
X [ ]
| I
| | >
\\ i‘:; ~ tQ} tf | | tf t|me
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State Constraints : Theoretical framework
Algorithm from /Van Keulen 2014/ & /Rousseau 2008/

[ Step 2 : lterate until the trajectory is admissible, J

A . /G\ .

=|

<
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State Constraints : Theoretical framework
Algorithm from /Van Keulen 2014/ & /Rousseau 2008/

—

Step 2 : A part of the optimal trajectory is obtained
=> |terate to construct the remaining parts of the optimal trajectory
A
X 1 + 1 T
I : I I
| |
I I I #
I I I I
I I I I
I I I i
I I I I
X 1 J T ]
I I I I
I I I I >
= *\ —tme—
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State Constraints : Theoretical framework
Algorithm from

Benefits:
* Provide an optimal trajectory

Limits:

* Does not explicitly take into account boundary arcs

« Boundary arcs are obtained by iteration, not very efficient algorithm
=> improvement in

S



Conclusion

PMP algorithm requires convex models
Basic version is very simple, efficient

Integer & binary variables optimization is possible but leads to
singular control

State constraints can be handled

DP is much straightforward (no need to modify the algorithm to cope
with some model’s detail)

BUT PMP can be adapted for real time control

S. Delprat 107



A few theoretical open problems

« Non convex models

No generic results with PMP for non-convex modeling

In general, approximated solutions can be found using specialized
numerical software (e.g. BMI solvers), but no guaranty of convergence

 Pollutants

If statics maps are assumed to be valid => straightforward

A few emission & exhaust gas after treatment system models available
Dynamics measurement of emission is difficult

Requires a careful modeling : T° model => high order system

« Binary & integer variables

S. Delprat

Reducing the number and frequency of the switches is necessary
Suboptimal approaches with penalty function => singular variables?
Need for a “good” mathematical formulation
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Part 2 : real time control
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