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BUSINOVA Project

BUSINOVA is a tri-hybrid electric bus. It consists of three

propulsion elements: Electric Motor/Generator (EM/G); Hydraulic
Motor (HM); Internal Combustion Engine (ICE).

Minimize Total Energy Consumption while .
Guaranteeing the Reliability of the Control ..-eo...

et de la Maitrise de I'Energie
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1. System modelling and Control strategy main objectives

2. Robust Energy Management Strategy based on Battery Fault
Management

3. Optimal Energy Management Strategy based on the Prediction of Bus'
Future States

4. Architecture validation

5. Conclusion and Future work
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\/ 1. SYSTEM MODELLING AND CONTROL STRATEGY MAIN
® OBJECTIVES
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weworinenne: — Dynamical model of the bus

ﬁt?‘ + ﬁTT + ﬁad + ﬁ:q + ﬁbr =M+ Meq)d) S >

With: ﬁtr traction force, ﬁrr rolling resistance force,

ﬁadaerodynamic force, ﬁ"g gravity force, ﬁbr braking
force, d acceleration, M bus weight and M, is the

equivalent mass given by:

M LgNpttrot
eq — r2
Distribution of the force components acting
With: i, gearbox reduction ratio, 71, powertrain on the bus
efficiency, J,,¢ inertia of the rotating parts, r wheels
radius.
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\9 1. SYSTEM MODELLING AND CONTROL STRATEGY MAIN
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OBJECTIVES

LABORATOIRE DY EXCELLENCE

weseiiei  Hybrid Bus Powertrain Architecture

BUSINOVA has a parallel-series
powertrain configuration. The following

“ HF main powertrain modes are possible:
=y  Only EM
' « HM via ICE
Mh”:m o e EM + HM via ICE
= Electrcal Connection * Regenerative braking
T MydreuleConnecton (EM as generator)

BUSINOVA powertrain. HP — hydraulic pump, P,cg,
Puwvs Pear Pems Prraciion respectively ICE, HM, battery,
EM, and traction power
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\g 1. SYSTEM MODELLING AND CONTROL STRATEGY MAIN
—~—— OBJECTIVES

LAl OIRE D'EXCELLENCE
M TE INNOVANTE

BORAT
OBILI

> Development of an optimal switching / fusion algorithm
dedicated to the control of the propulsion chain

= Management of the operating modes of the bus

= Managing power demand sharing

= Battery Fault Management

= Taking into account the intrinsic constraints of the actuators,
the constraints of driving and users comfort
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\\2 2. RoBUST ENERGY MANAGEMENT STRATEGY BASED ON

—
Mo BATTERY FAULT MANAGEMENT
IMOBS
ISSMBMC (Level 3) Intelligent Supervisory Switching -
Mode and Battery Management Controller Driver
Vehicle SpeedlC Driver g
Manage all of the possible bus operation modes: y Profile omman
Compensate the battery faults; Generate the optimal Driver Command Interpeter
mode and the Healthy SOC set-points for Level 2 —
IPDOC (Level 2): Intelligent Power Distribution and Battery Conyerter
e : Confro} BMFFTC
IOptimization Controller based on the neural fuzzy logic = :
attery Clrrent &
and Vol!age ‘ Healthy g
Manage and optimize the power distribution between the : sSocC l Y g
two different sources FSMC =
()
(S
LFPIDC (Level 1): Local Fuzzy tuning Proportional- Integral- Level 3: |33|MBMC &
Derivative Controllers v ls‘:/'lizt:d =
: . . > 2
To track the set-points of EM and HM via the ICE 4 —SovE ™ el e =
Command|| | [, 5 Vehiols i
Where: Torque leCE}SP lTEM!SP g
T jemang TOrque demand Vehicle |: Level 1: LFPIDC <2
T,ce sp is the ICE torque set point State §

Tensp is the EM torque set point

BMFFTC Battery Management Fuzzy Fault Tolerant Controller

FSMC Fuzzy Switching Mode Controller

PCVE Produced and Consumed Vehicle Energy

BUSINOVA Bus Dynamics

Schematic of the proposed Strategy for

BUSINOVA bus
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Mangament Controller

Level 3 consists of two main blocks pe— r—
BidAicr:ii'(eian:tI!:: ! loartfa Lithium-lon Vbat Voltage
(Aenuaton Battery Senser
1. BMFFTC (Battery Management Fuzzy Fault Tolerant Controller) ue | vml
Filter
1.1 Fuzzy Observer §|Zm
. f®
- Estimate battery states (current, volt and SOC (State Of it '
Charge) and the sensor / actuator faults at the same time T :
i Ci Agsﬁi}\fle =
1.2 FFTC (Fuzzy Fault Tolerant Control) | (| Qo
- Compensate the effect of the sensor/ actuator faults | . ;Mm
2. FSMC (Fuzzy Switching Mode Controller) | FSMC
Level 3:
- Select all the possible bus operation modes based ISSMBMC
on fuzzy Ioglc | ‘Lev:Iezz IPDOC ‘ l
Where: More details of Level 3

Z(t) filtered version of the output V.(t)
X(t) observer state

f(t) estimation of the sensor / actuator fault f(t)
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Controller

1. BMFFTC (Battery Management Fuzzy Fault Tolerant Controller)

Takagi-Sugenos Fuzzy Plant Model with Sensor and/or Actuator Faults oo | [lmen | | yotae
p U[;clualor] " l
X(t) =¥ wi(q(t))[Aix(t) + Biu(t) + Eqi fa(1)] o [ o
i=1 o 20
y(t) = X ui(q(t))[Cix(t) + Eifs(t)] S el
i: 1 i X 3::5:11";
x(t) is the state vector, u(t) is the control input vector, y(t) is the output vector S’“"%’ZLZZ'E—ﬂ
U; is the weight (firing strength) of the rules e Lovald:
p is the number of rules of the TS fuzzy model e "soc”

| Level 2: IPDOC

A,B;and C,; are system input and output matrices, respectively
q(t) are assumed measurable variables and do not depend on the sensor faults the actuator faults
f,(t) and f,(t) are actuator and sensor faults vectors

E, and E  are predefined user matrix
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Controller

1. BMFFTC (Battery Management Fuzzy Fault Tolerant Controller)

lAcrua!crfauﬁt l Sensor fault
1.1 Fuzzy Observer Bidirectional Dual
. p Atgive Brrtidge oartta | Lithiumdon | Vesr | \;oliage
~ _— A —_— _— ~ onverter Ba[tery ensor
XW)= 2 1 [AXO+Bu®+E ft)+ K(Y(1)-Y(1)] T
l:]. Viar +fs
Filter_|
~ P —
Y() = X pu, C X(1) L e 20
i [
i=1 1

Fuzazy
- Adaptive
X(r)|_Observer

Nominal Controller

A D P _
0= 5 wLe, 0 re, )= £ wLELE (O re,0)

FFTC
B ~ _ J— BMFFTC
¢ (t) - Y_Y - Ciex (t) Reference
y Speed Profile
~ Taemand ™|
‘s (1)=XX FSMC
Level 3:
ISSMBMC
Selected Healthy
y Mode y SOC
Where: | Level 2: IPDOC

X(y) observer state

f(t) observer output vector

K, L, observer gains (to be designed)

f(z) estimation of the sensor and actuator faults f(t)
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Controller

2. RoBUST ENERGY MANAGEMENT STRATEGY BASED ON
BATTERY FAULT MANAGEMENT

1. BMFFTC (Battery Management Fuzzy Fault Tolerant Controller)

1.2 Proposed Fuzzy Fault Tolerant Control (FFTC)

Actuator fault

Bidirectional Dual

l Sensor fault

Active Bridge Ibat*fa _| Lithium-lon Vhbat | Voltage
Converter o Battery - Sensor
(Actuator)
A
U(t) Vbat+fs
\i
—
)4 ~ — A | Filter
u() =2 p G, X()-E_f(t)] : »
i=1 J 1 - 10
= - |
Fuzzy | —
Nominal Controller = — Adaptive |
X(t) Observer [T
Where G; is the controller gains —
BMFFTC
Reference
Speed Profile
Tdemand +  /
FSMC
Level 2:
ISSMBMC
Selected Healthy
¥ Mode y SOC
Level 1: Energy Management Strategy

-
)

—_— UNIVERSITE
. IMOBS3 Clermont Elkhatib Kamal, Lounis Adouane and Nadir Ouddah
PASCAL  jmrmmmne  AUvergne

Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles

11
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LABORATOIRE D'EXCELLENCE
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Controller

1.3 Controller and Observer gains calculations (G;, K, and L))

Theorem 1: The TS fuzzy of the battery system is asymptotically stabilizable if there exists
symmetric and positive definite matrix P (P>0), some matrices G, K; and L, (i=1,2, ...,p and
j=1,2, ...,q), such that the following LMlIs are satisfied

OA] +A0— (Biw;)" — (B;W;) < 0

Hi P+ PyHyi —(DiCi)" — (DiCi) < 0

Where

O=pP! G.=W.0~! R=P~'D. K. — [Kf]
1 Y ] s =15 i I\ LI' .

A, is battery system matrix, B, is the battery system input matrix, K, and L; are the observer gains,
G, are the FTC controller gains.

Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Controller

2. Fuzzy Switching Mode Controller (FSMC)

l Actuator fault l Sensor fault]

Select operating mode using fuzzy logic
Active Bridge batfa || iumeton Vhat Voltage
[Kamal et al. IFAC WC 17]* Converter | Baery ™ sensor
vo Vpa + s
 Calculation of control signals using the Center of [ Fie ]
Gravity (CoG) method. 0 0 20
./
Tablel: Some examples of fuzzy rules used by the strategy
Nominal Controller — Az:;f%l/e ~
number speed profile | operation T
High High Mode 1 s BMFFTC
High Low Low Mode 2 Speegdf::;gﬂ
High medium High Mode 3 e el
evel 2:
Low Low Low Mode 4 — oSBT
electel ealthy
¥ Mode SoC

................................... | Lovel 1: Energy Management Stategy

*Elkhatib Kamal, Lounis Adouane, Nadir Ouddah and Rustem Abdrakhmanov, Hierarchical and Adaptive Neuro-Fuzzy Control for Intelligent Energy
Management in Hybrid Electric Vehicles, 20th IFAC World, 9-14 July 2017.
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ISSMBMC (Level 3): Intelligent Supervisory Switching Mode and Battery Controller

2. Fuzzy Switching Mode Controller (FSMC) Tdemand SOC  Reference
speed profile
Select operating mode using fuzzy logic ! !
[Kamal et al. IFAC WC 17]* X\
 Calculation of control signals using the Center of _,,. e
Gravity (CoG) method. >& \/

Tablel: Some examples of fuzzy rules used by the strategy

Rule Tiemand Reference Mode of Mode _of
number speed profile | operation operation

High High Mode 1 Block diagram of the strategy
High Low Low Mode 2 AT TS . .
High medium High Mode 3 i | i
Low Low Low Mode 4 bl \ Ef

Mode 1 Model Mot 3 Mode d,

*Elkhatib Kamal, Lounis Adouane, Nadir Ouddah and Rustem Abdrakhmanov,
Hierarchical and Adaptive Neuro-Fuzzy Control for Intelligent Energy Management y ;
in Hybrid Electric Vehicles, 20th IFAC World, 9-14 July 2017. L W N gt o

Bagroe of Membership
) )
[
B
5

Dagres of Membership
= s 8
R P B o

Input / output variables membership functions
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2. RoOoBUST ENERGY MANAGEMENT STRATEGY BASED ON
BATTERY FAULT MANAGEMENT

IPDOC (Level 2): Intelligent Power Distribution and Optimization

Optimize the energy management

An integrated neuro-fuzzy system is proposed
in Level 2 which has the advantages of both:

systems.

* ANN are good learning but are generally
considered as black boxes

* Fuzzy system are:
= Simple to be implemented in real time
= Easy to model nonlinearities / uncertainties
but as main drawback fuzzy system alone
is not adaptive to large modification of the
system modelling

Actual

Artificial Neural Network (ANN) and Fuzzy Vehicle

Torque

Actual
Vehicle
Torque PCVE

Tdemmd

Node

Input Terms
Node

Learning
Adaptive
Algorithm
(LAA)
Equations
(10)-(17)

i
]
1]
[ ]
]
3
1]
1
[ ]
]
1 3
]
1
[ ]
1]
1 3
]
1y ¥ ¥
1
1]
]
1]
1
]
[ ]
]
[ ]
]
"
1]
¥
1]
]

Input Linguistic L

| £ l Selected Mode
.----$__..__-_ b kot Gl L ::‘.".';: “““““
' i : Input

Level 3: ISSMBMC

Reference
Speed Profile

L

L]

L]

¥ ?F Terms E
: = | —ond-—
H ii_i_inguistici
i MNode ¢
L ]
[ ] L]
] £
]

L] ]
L]

£

L ]

L

:

Output

Terms 1

i ' and :
! L . Linguistic ¢

[ ]
| - Node

E ~.__Defuzzifier _—" < - ode E
' Node FMC | :

; — :
Table 2: Some examples of the used fuzzy rules : :
g Y : LFPIDC LFPIDC :
RN  Mode Tiemanda SOC RS Temsp  Ticesp : == :
1 Mode 1 High High  High High Low : :
2 Mode 2 High Low Low Low High E Level 1: LFPIDC i
) ) Actual Tice ¥ Actual Tey ¥
27 Mode3  High  High High Medium  Medium Schematic of the proposed Level 2
g \g w.\ Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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\\?, 2. ROBUST ENERGY MANAGEMENT STRATEGY BASED ON
— BATTERY FAULT MANAGEMENT
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C c
2z
z_:1 ICE, j ICE ]1 ICE, ]2 , =1 EM ,j EM ,j1 EM ,j
r = EM c
ICE c > om o
Z . EM ,j EM , 2
— ]CE] ICE j2 j=1
Where: o

ICE, j1 GICE,j %ICE, j2 U[CE,]- are the mean and the standard deviation of the Gaussian
Membership Function (GMF) of the output variable for
the ICE and the EM, respectively

mICE,j "Em,j  are the inferred weights of the jth and it" output membership function for the
ICE and the EM, respectively; Cis the number of fuzzy rules.

Average objective function is given by

=3 Z{yj

Where: y; and Y are the jih calculated output and desired output, respectively, N is the number of
training iterations.

" \! M Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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\?, 2. RoBUST ENERGY MANAGEMENT STRATEGY BASED ON
N BATTERY FAULT MANAGEMENT

Theorem 2: Fuzzy control outputs are optimized by the proposed LAA (Learning Adaptive Algo.), if the
mean and the standard deviation of the GMF satisfy the following:

t+s N

k+1 _ _k k k . k .
Tij1 = Tgj1 — ¢ Z Z (ecatted,ij + Eeff“-fff..tj)
k=t+1 3=1

t+= N

E+1 k k L I-
Tijz = Oiy2 =G Z Z (ecatted,ij + ecyrheff.ij)
Where: k=t+1 j=1

e.q and e are the error functions for the torque demand and the vehicle total efficiency
i ith ‘th « .
'utd, ij 'ueff, ij are the weights of the it" rule for the j*" training pattern

5 is the learningrate

Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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IMOBS3

wawereksine  LFPIDC (Level 1): Local Fuzzy tuning Proportional- Integral-Derivative Controllers

Actual

Reference .
Vehicle Timms  SOC  Speed Profile Level 3: ISSMBMC
Torque PCVE
| Selected Mode

""""'"""""""::.’:£Z.'.'.‘::: inpugupetetutuufut fufufufupubelufutuputer siefutuuiuini ]
[ [ H '
: Input Linguistic § v ‘ v Input 1
H Node HER ¢ b . i Terms
H H N .I N / \ M and :
' Input Terms o ./ W 4 L RPN Lolv o Y
' Nade >OQ0 D00 SRORS] OO0 LII’IQUIStIC:
! ' - Node
! Rule Node—:—p;j}i.’:‘;. I & & E
'Y VY ¥ : '
E Learni_ng E E
| Adaptive ‘oo '
' . To Update ; AU Output ¢
: Algl_c’;\';hm the Weightsi . Terms |
| (LAA) Equations ~and 3
i| Equations | (), (7) Linguistic s
L(10)-(17) Node £
' Level 2: IPDOC tcccceceocceee o 208 o 200 ;

Tice se (Equations (4), (5)) Tew.se(Equations (4), (5))

AR ERe e ee e e e m s can e R T R R H

: prr——, j:\u I :

' ol

: d y E

[ ]

: il LFPIDC :

: :

E [EE ::]EM E

[ ] ]

:+ Level 1: LFPIDC :

Actual Tice ¥ Actual Tey ¥
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e BATTERY FAULT MANAGEMENT

[MOBS?

LABORATOIRE D'EXCELLENCE

sonnirtivownts | FPIDC (Level 1): Local Fuzzy tuning Proportional- Integral-Derivative Controllers

To track the set-points of EM and HM via the ICE generated at the second level

& \ Fuzzy Seff-tuning PID -
120
XHX = 100- _—

80-

* Compared to the works done on fuzzy PID controllers &0-
given in [1], the proposed LFPIDC gives better
performance for special processes (nonlinear, highly
uncertainties and unsteady behavior).

Setpoint
PID

40 -

20—

——  Hybrid Fuzzy PID
2

 This level (LFPIDC) corresponds to an adaptive PID -13: Fuzzy seif-tuning PID
controller, based on fuzzy logic inference system to 23 4 25
compute its parameters. Fig. 7

“ 0 0.675 0.25 2.15
0 0.325 0.25 0.5
0 0.325 0.25 2.6
0 0.25 0.2 0.525

[1], J.-X. Xu, C.-C. Hang, C. Liu, Parallel structure and tuning of a fuzzy PID controller, Automatica 36 (2000).
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3. OPTIMAL ENERGY MANAGEMENT STRATEGY BASED ON THE

PREDICTION OF BUS' FUTURE STATES

Prediction Strategy (Level 3): based on ANFIS
(Adaptive Neuro Fuzzy Inference System)

To predict SOC of the battery for the whole Driving
(SOCpred ) and the power consumption of the vehicle
over a given prediction time horizon ( P

hev

The prediction optimal efficiencies of EM and ICE are
predicted ( 77z 0y and T1cE opt )

Optimal Energy Management Strategy (Level 2):

Manage and optimize the power distribution
between the two different sources based on new
proposed formula.

LFPIDC (Level 1): To track the set-points of EM
and HM via the ICE generated at the second level

Tgemang TOrque demand
Tice.sp is the ICE torque set point

Tew.sp is the EM torque set point

GPS | | Radar ---| Other
| Driver |
Vehic'eﬁpee” Diver Command Red Tme T
Profle Information
Extended Driver
. . 0
Interpretation | |o
% \ /
Driveabity F Prediction EM | | Prediction ICE | | Prediction Battery | | Prediction Vehicle
Constraints Tdemandz Model Strategy | | Model Strategy || Model Srategy Model Strategy
i
0| [level3: |Predic1ion Strategy
2 " n n
W
s
‘ OEMOPJ ﬂICEOPt pred P I
) Level 2: Optimal Energy Management Strategy
é T EM g T ICE 5
HHN Level 1 LFPIDC
>
0
g
0| L]
g BUSINOVA Bus Dynamics

2D

Parameters,

Vehicle States (Torque, Speed,

Schematic of the proposed Strategy for BUSINOVA bus.

Battery States (Current, Voltage, Parameters)
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\: 3. OPTIMAL ENERGY MANAGEMENT STRATEGY BASED ON THE
IMOBS? PREDICTION OF BUS' FUTURE STATES

L BORATOIRE D'EXCELLENCE

~~~~~~~~~~~~~~~~ Prediction Strategy (Level 3): Predicted Energy calculation unit

* This unit is used to calculate the energy exchange in the vehicle according to following equation.

* AE is the amount of energy needed to propel the vehicle at the predicted speed for a given
distance around the working day.

* A negative E corresponds to where the vehicle is expected to regenerate energy. This energy
change is calculated for all prediction samples.

* The calculations include changes in potential energy, air drag, friction and auxiliaries.

AE(k) = (mgAh(k).sin(O(k)) — # Ax(k) —mgC,, COS(O(R)).Ax(K) — Eop (),

Energy
Calculation
CAN .
Unit
System
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\g 3. OPTIMAL ENERGY MANAGEMENT STRATEGY BASED ON THE

IMOBS? PREDICTION OF BUS' FUTURE STATES

menteeaNt - prediction Strategy (Level 3): Predicted Energy calculation unit

2

AE(K) = (mgh(R) Sin(0(0) = Ax(k) - mgC, GOS0 A(K) ~ E i (),

e k:index of predicted samples m: vehicle mass
e g:gravitational acceleration C, : rolling resistance
e A:area of vehicle front side v : speed prediction

e C,,. Rolling friction coefficient

Ah(k) : Height between each predicted sample

Ax(k) : Distance between each predicted sample

@ (k) : Road slope between each predicted sample

AE

wuxiliaries (K) * Auxiliary energy demand in the vehicle between each prediction sample

d; :Distance driven from point j to point j [km]

distance.

AE is the amount of energy needed to propel the vehicle at the predicted speed for a given
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IRE D'EXCELLENCE
E

wonli Prediction Strategy (Level 3): Predicted SOC calculation unit

Regenerative mode

AE (k)
k-1)+———". rati
rnode( )+ E nw%l/batralosanqﬂe
battery

k) =
SOCReg_mode() S0¢

Reg
k: Index of samples

Nwhibar- Efficiency of the conversion of energy from wheel to battery

AE : Energy change between two prediction samples

AE,q1rery - Total capacity of the battery

ratio sample : Ratio of how far the vehicle has passed between two samples.

Pure electric accelerations mode
;m.vz 1
SOC - .
EM
—ace Ebatterjy T\ohi | bat

m : The bus mass v : The actual bus speed prediction 1y, /pq¢: Efficiency of the
conversion of energy from the battery to the wheels.
SOCgy acc: Variation in SOC due to changes in kinetic energy in pure electric mode.
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Optimal Energy Management Strategy (Level 2):

Theorem: Based on the predicted battery SOC, the power consumption of the vehicle for the whole

driving day and the current optimal efficiency of the ICE and EM, the torque split between the ICE and
the EM is obtained as following.

A~ A -~ A~ 1/2
T _ anEM,opt )T . 77EM,0pt 771CE,0pt a})hev
EM,sp — ~ ~ demand ~ ~
AN 10k 0p T Ert opt O] e opi T Bt ope P
TvICE,sp = Tdemand o TEM,sp

Where:
7 Ert.opt Nicron  CUrrent optimal predictive efficiency for EM and ICE.

&  the weight which depend on the current SOC value and the predicted SOC value at the end of the day
P, the current predictive power of the vehicle

Tiemang (Torque demand) which is required to drive the vehicle and is defined by the global torque set point

) the speed of the ICE or EM
£ =0.0001 is constant

g \g M Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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Optimal Energy Management Strategy (Level 2):

Proof. The proof can be given as the following. The overall optimization algorithm consists
to maximize the efficiency of the hybrid vehicle which is given by,

_ h
nhev - =
Where Prep + oy,
The consumed EM and ICE power ( PP ) are given by,

Peyv = aPrejee = LpatVoar @ Prop = Qring

Where P, is battery power  I,,,V,,  are battery current and voltage

i, Is the fuel flow rate, the lower heating value of the fuel (Q = 43MJ/kg)).

a = ktanh(dSOC +b) — ktanh(dSOCpred b)
k
d= soc.-SoC.), b= -80C,,.,
05236 i) 05235~ SOC k=—r co8(dSOC,,.,, +b)’
k max —k min A
kp =%abs(SOCpred _SOC)+kp|min

k  the controller gains
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PASCAL

N”Optimal Energy Management Strategy (Level 2):

If the efficiency of the EM and ICE are given by
Iepywenm S ITrcrwicE
Lpat Viat ’ Qring

Where @, Wg,, isthe speed of the ICE and EM

NEM —

The overall efficiency of the hybrid vehicle is given by

- _ .Phe*r_l
”h-E'L‘ - T[QE“"[EE+QTEHI°"E'}I
NrcE MTEM

Considering that, ) 1 ‘\ )
NICcE = NicE,opt = C1 1 NMEM = NEM,opt = C2

TicEsp=XC1 7 TEmsp =Yy

The objective is thus to define how to find X and Y to maximize (optimization) the
overall efficiency of the by studied HHEV?
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\2 4. SIMULATION AND VALIDATION BASED ON IPG TRUCKMAKER
S SOFTWARE

IMOBS?

LABORATOIRE D'EXCELLENCE

vomirtnsonst - High fidelity simulation test design on TruckMaker software

TruckMaker software main features:

e Precise simulation of heavy vehicles and their
actual operating conditions,

e Customizable model and powertrain

o

configurations, ot o

1!

e Easy Graphical User Interface (GUI) for model

parameters tuning,

e Easy evaluation of power consumption,
emissions, and vehicle drivability,

* Simulation of a single component and/or
component in the loop,

e Software in the loop, and hardware in the loop
validation tests.

Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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SOFTWARE

4. SIMULATION AND VALIDATION BASED ON IPG TRUCKMAKER

High fidelity simulation test design on TruckMaker software

Simulation tool developed under TruckMaker software:

1. Implementation of the
drivetrain control functions
in C code,

2. Building multiple test
scenarios for different
operating conditions of the
bus (road types, driving
cycle, mass of the bus).

( Eower taincontol )
. A~ opeantonste 8 Ve T Brakecontol |
I _Key| Brake pedal position !
ke position
| s, PR [
. . | i .
Vehicle "~ Actual regenerative brake torque per wheel
| LN state ! bsen i Repartition of |
. Clutch control, | (CPoweroft J » (Sl braking torques .
| S e N e |
Brake | 5 |8 Maximumand actual |
. — i oweron ) | S 3 © | regenerative brake torque N
[ Nl E &2 g e |
Y ‘ L E s P ‘
. Gp start o @ |
I selectorCtrl | - i S g E | ( Max regenerative EM max. regen. torque |
> | ——Dlwe 2 = 3 brake torque estimation M max. regen. current
O A N, / 3 g | model Wheel rotv .
| return value for e . I |
. | _emorsdetecton s ! (" actalregenerative M regen. torque .
| H | | brake torque estimation 4—EM ’e"t-vc“”e"‘ |
< model Wh rot
. Ed | . -
)
I 3 — = — |
I Energy management Interpretation of gas pedal I
Lttt S st T T T T position
Strate, d lect
| ‘ rategy mode selection 1 Gas pedal pos. |
. e it it i .
. - Max. T_demand at full gas
| | Vehicle speed | Start/Stop ! Pedal position [* |
50C 1 | | Desired I . . Min. T_demand at zero gas
. | - — e .
" . @egeneratlve brakmé i torque b .
| ‘ Desired torque Prioritization | model Characteristic curve |
. Electric drive | .
. ‘ Gas pedal pos. function i | Normed target torque
| Brake pedal pos, | Hydraulic drive i |
. | Clutch pedal pos. ! Hybrid drive i N
.
I { - T - /‘ Battery management !
| Actual @ |
. strategy| .
I mode |
. [ Torque distribution A\ Electric & .
ectric torque
I ! : Desired torque ! I
. B Target electric torque osired torque Regen. torque .
| : i sec !
3 arget hydraulic torque Optimal torque HV total power
. 3 e harti Total power .
& . distribution
| g Target electric currect control loop | LVtotal power |
. E_ i .
| g Control factors |
| @ : oo ’ |
S
| 2 |
P ) P (P P A S S g g
MCU ECU BCU

[Electricmotor] [ Engine ] [ Battery J

Brake system
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\2 4. SIMULATION AND VALIDATION BASED ON IPG TRUCKMAKER

— SOFTWARE
IMOBS’
vomirrmvonvte High fidelity simulation test design on TruckMaker software

Simulation tool developed under TruckMaker software:

* Vehicle operation state management (block n°® 1)

» Estimation of the curent operating state
» transition between the operation states (by executing startup sequences of each

state) in order to reach a desired operation state

* Energy management (block n° 2)
» Determination of the current strategy mode of the drivetrain
» Spliting the torque demand up between the motors

* Interpretation of the gas pedal position (block n° 3)
» Reading in the current gas pedal position and translating it into a desired torque

Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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\2 4. SIMULATION AND VALIDATION BASED ON IPG TRUCKMAKER
= SOFTWARE

LABORATOIRE D'EXCELLENCE
BIL

7 High fidelity simulation test design on TruckMaker software

Simulation tool developed under TruckMaker software:

e Regenerative braking management (block n° 4)
» Estimation of the current maximum regenerative braking torque
» Calculating of a target regenerative braking torque based on maximum
regenerative torque
» Transformation of the target regenerative torque into target torques for the
motors

e Drivetrain’s elecltric power management (block n° 5)
» Control of the batteries’ state of charge
» Management of the energy transfer between the electric circuits of the power
supply model

g \g M Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles
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4. ARCHITECTURE VALIDATION

To show the effective of the proposed Hierarchical strategy we designed PMS based on

State Flow (SF) strategy.

Vehicle Speed Profile| Driver
Command

Driver Command Interpeter

Tdemand

Tdemand SOC TEM ’ TICE Mode of Explanation
operation

Tsemand >0 SOC >60% Tyemand Mode 1 When the battery SOC is
<=Tem high (more than 60% as
example) and, the torque
demand is less than or equal
the EM torque. In addition, If
Tgemang>0, this means driver
intends to accelerate the
vehicle therefore EM can

drive the vehicle..

Level 3: Switching Strategy Based on SF

I SOC<30%  Tymma<=  Mode 2
TICE

, | Level 2 Ps || EPEL SOC>60%  Tyenue>Tew  Mode 3
TlCE,SP TEM,SP or
Vehicle ] T, >T
State | Level 1: LFPIDC | cEmEme I
/'y ¢
SOC<30%  Typang <Tie  Mode 4

1f

5f

f—
> il
=
E— e
—»

THM,actuaI
Tewm actual

SOocC

BUSINOVA Bus Dynamics

Power Management Strategy (PMS)
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4. ARCHITECTURE VALIDATION

Simulation 1:The Control Surface and the Torque Distribution

Motor Torque (%)

Torque SetPoint (Nm)

T 20

Motor Torgue (%)

—~ 60
40

SOC (%)

(a) Proposed strategy

Torque Set Point (Nm)

S0C (%)

(b) StateFlow strategy

Control surfaces of EM torque set-points with global torque set-point (T,,,,..q) and SOC

(4]
(5]

Average objective function is given by

';'50
w 1 N
g4 k k aky2
B = = C
2 0} E 2 Z (yi" y.i' }
2 j=1
3
H where yj and 1, are the jth calculated output and desired output,
30+ . ! L. .
g respectively, N'is the number of training iterations.
<
25 ' : R .
0 o [5120] 150 : Average objective function error for the proposed strategy
ime C
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4. ARCHITECTURE VALIDATION

Simulation 2: Fault Detection and its Effects on Battery SOC Estimation

25 -

= =—Estimation

Fault T

= Y N
=] o o

Current Sensor Fault [A]

4]

1000 2000 3000

Time [Sec]

4000

Voltage Sensor Fault [V]

e
-
N

°
-

0.08 -

0.06 |-

:

0.02

— =—Estimation

Fault

1000

2000 3000
Time [Sec]

4000

(Left) battery current sensor fault and its estimation; (right) battery voltage sensor fault and its estimation.
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Healthy: Experimental

=Faulty Estimation With FFTC

Fault - 20A Estimation Without FFTC
Fault + 20A Estimation Without FFTC

1000 2000 3000

Time [Sec]

4000

Effects of current fault on battery SOC estimation;
(left) SOC estimation results in the current sensor faulty conditions with FFTC (Fuzzy Fault Tolerant Control) and without FFTC
(right) SOC estimation errors in the current sensor faulty conditions with FFTC and without FFTC

SOC Error [%]
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4. ARCHITECTURE VALIDATION

Simulation 3: Proposed Overall Control Architecture For Complete HHEV Simulation

Bus Speed [Kmlh]

Fig.

Reference Speed
——— IHHCS Strategy
70| —— OFLC Strategy
SF Strategy

130

120

L I
60 80 100 120 140 160 180

Time [Sec]

11: Reference speed and actual vehicle speed [Km/h] for the proposed IHHCS strategy w.r.t. OFLC and SF.
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2 .~.125 130 135
= = :
= o T
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=
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Reference torque and actual vehicle torque [Nm] for the proposed IHHCS strategy w.r.t. OFLC and SF.
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4. ARCHITECTURE VALIDATION

Simulation 3: Proposed Overall Control Architecture For Complete HHEV Simulation

SOC [%]

Consumed Energy By Engine [KJ]

| ——IHHCS Strategy T
— OFLC Strategy
SF Strategy

0 ©
Qooon
oVols |
oo-0N
Q=ORG

20 40 60

I
80 100

Time [Sec]

L
160 180

Fig. 13: SOC [%] profile for the proposed IHHCS strategy w.r.t. OFLC and SF.
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Consumed energy by ICE [KJ] for the proposed IHHCS strategy w.r.t. OFLC and SF.
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Simulation 3: Proposed Overall Control Architecture For Complete HHEV Simulation

5000 T T
IHHCS Strategy
4000 | —— OFLC Strategy
= SF Strategy
=,
— 3000 -
=
=
w 2000 —
=B
E 3840
Z 1000 3820
] 3800
2 o 3780
E 3760
-1000 — 3740
160 170 180
_ZDDD 1 1 1 1 1 1 1 1
[v] 20 40 60 80 100 120 140 160 180

Time [Sec]
Total energy consumed by the vehicle [KJ] for the proposed IHHCS strategy w.r.t. OFLC and SF.

Table: Comparison of results for proposed IHHCS, OFLC and SF strategies.

OFLC 3800 95~95.03

IHHCS 3732 95~95.1
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Simulation 4: Proposed Optimal Energy Management Strategy znf IHHCS Control
Architecture For Complete HHEV Simulation

50 - Reference Speed 5000 Torque Demand
== =|HHCS = = =lHHCS
sisseisd 4000F |
40 Proposed Strategy Proposed Strategy
2 3000
= Q
£ ! S i
= 30 = 2000
- = 1000
B 20} g
Q i
=3 5 0
n o
5 10! & -1000
m o -
o
£ -2000
0 =
-3000 |
-10 : : : : : -4000 : : : : :
0 200 400 600 800 1000 1200 200 400 600 800 1000 1200
Time [Sec] Time [Sec]
Output vehicle speed [Km/h] (left) and actual wheel required torque [Nm] (right) for proposed energy
management strategy and IHHCS.
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wenirtnevivt  Simulation 4: Proposed Optimal Energy Management Strategy znf IHHCS Control
Architecture For Complete HHEV Simulation
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! g 2000 |
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200 400 600 800 600 800 1000 1
Time [Sec] Time[Sec]
SOC profiles (left) and total energy consumed [KJ] (right) for proposed energy management strategy
and IHHCS.

Robust and Predictive Energy Management Strategy based on Neuro-Fuzzy Approach for Hydraulic-Electric Hybrid Vehicles

—
TTTTTTTT 3 Clermont
PASCAL !%onﬁsm Auvergne

MOBILITE INNOVANTE

Elkhatib Kamal, Lounis Adouane and Nadir Ouddah 38




PASCAL LAioRAroi X Auvergne

7 I
S R—Epep— KMOBILITE

\é, 4. ARCHITECTURE VALIDATION

—

IMOBS3

LABORATOIRE D'EXCELLENCE
MOBILITE INNOVANTE

Validation based on precise simulation using IPG TruckMaker software

Construction of several test scenarios (standardized or not) for different bus operating
conditions (road type, speed cycle, bus mass, etc.)

1P S | cisptay Qesntty  RebCuantty  Halp

IPG TruckMaker Software User Interface
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IMOBS? 5. CONCLUSION AND FUTURE WORK

Conclusion

v" Proposition of robust and online energy management strategy for the studied hydraulic-electric
hybrid vehicle

v' Appropriate design of systematic BMFFTC (Battery Management Fuzzy Fault Tolerant Controller)
scheme is proposed to estimate and compensate the battery faults

v Sufficient conditions for robust stabilization of the TS fuzzy model were derived for a Lithium-ion
battery and were formulated as an LMI (Linear Matrix Inequalities) format

v' Proposition of global energy consumption minimization (increasing thus the total distance
traversed between refueling of the studied hybrid vehicle)

v' Design of Real-Time Energy Management based on the Prediction of Hybrid Vehicle’s Futures
States

Future Work

» Implement the overall proposed control strategy on the actual BUSINOVA platform (work
under progress)
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