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Abstract

Because of more and more stringent vehicle emission standards, Hybrid Elec-
tric Vehicles (HEV) are developed. Gasoline-HEV are equipped with 3-Way
Catalytic Converter (3WCC). So the energy management systems of such ve-
hicles, which must reduce not only fuel consumption, but also vehicle pollu-
tant emissions, have to consider the 3SWCC heating. A pollutant constrained
energy management strategy is presented. A 3WCC multi-0D model is built
from physical equations, with a good complexity-performances compromise.
An off-line optimal strategy allows the joint minimization of pollution and
fuel consumption with only one parameter to tune, while considering all
the standardized pollutant emissions. This strategy reduces significantly the
vehicle emissions for a minor fuel consumption increase and leads to define
3WCC smart heating. Thus an on-line smart heating strategy is implemented
in a HyHIL (Hybrid Hardware In the Loop) test bench, reducing the pol-
lutant emissions of the classical charge sustaining strategy by 30 % for CO
and 10 % for NOyx.

Keywords: Hybrid vehicle, pollutant emission, catalytic converter (3WCC)
modeling, energy management, optimal control
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Introduction

The electrical hybridization of a conventional car powertrain can decrease
the fuel consumption by various means, namely recuperative braking, Stop
& Start or energy management. However, the energy management strategy
impacts the Hybrid Electric Vehicle (HEV) operation particularly in terms of
pollutant emissions. Thus, a strategy aiming at reducing fuel consumption
while respecting pollutant emissions standards has to consider the 3-Way
Catalytic Converter (3WCC). For a gasoline engine, the 3WCC temperature
dynamics plays a key role in pollutant emission.

Historically, the optimal energy management strategies were built to en-
sure a minimal fuel consumption, for a trip known a priori, most often a driv-
ing cycle. Usually this is done by using either Dynamic Programming (DP),
derived from Bellman’s principle, [2], or the Pontryagin Minimum Principle
(PMP), [3], from quasistatic HEV models. The only dynamics considered in
these off-line strategies concerns the battery State Of Charge (SOC).

More recent off-line strategies take into account additional considerations,
such as pollutant emissions. Optimal strategies are developed with the PMP
to minimize a tradeoff between engine pollutant emission and fuel consump-
tion flow rates with the PMP method, see [4] and [5] for diesel-HEV. PMP
and DP approaches were compared in [6] to solve the minimization problem
for gasoline-HEV, with similar results. Due to the crucial influence of the
3WCC temperature on the conversion, strategies consider the 3WCC tem-
perature as a second state and minimize trade-offs between fuel consumption
and vehicle pollutant emissions. Such strategies are obtained with the PMP
[7, 8, [6l, O 10l [TT], the deterministic DP [12, [13] or stochastic DP [14]. Using
the PMP, previous works [0, [0, [11] show better results by minimizing vehicle
pollutant emissions instead of engine pollutant emissions.

The present work proposes an energy management strategy optimizing
both fuel consumption and vehicle pollutant emissions. The strategy is tuned
with a high-fidelity model, used by PSA Peugeot Citroén to evaluate HEV
fuel consumption. As the pollutant constraint has only recently been consid-
ered in energy management, this model does not include the 3WCC. Thus,
this latter has been considered through a control-oriented model, simultane-
ously accurate and computationally inexpensive. Simulations results identify
an attractive compromise between fuel consumption and pollutant emissions.
Then, a heuristic strategy is deduced from the results and experimentally val-
idated with a HyHIL (Hybrid Hardware In the Loop) test bench.
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The main contributions of the present work are the use of a multi-0D
3WCC model with conversion maps instead of a 0D model with conversion
functions as in [7, 8, 12], the introduction of a one-parameter performance
index in the optimization making it possible a simple minimization of all the
pollutant species defined in the standards [I], the proposition of a 3WCC
heating strategy reducing pollutant emissions for a gasoline-HEV, which can
be on-line implemented.

The rest of the paper is organized as follows. Sect. [1| proposes a multi-0D
3WCC model, which is accurate but sufficiently simple to be included in the
HEV model. In Sect. [2| the 3WCC model is parametrized and validated
from test bench experiments. Next, Sect. [3| describes the energy manage-
ment strategy optimizing both the fuel consumption and wvehicle pollutant
emissions. This optimal strategy considers the SWCC temperature dynamics
and minimizes a one-parameter performance index. Then, Sect. {4| describes
the HyHIL test bench and two heuristic strategies deduced from the off-line
optimal strategies results. The heuristic strategies are on-line implemented
and results are presented before giving some conclusions.

1. 3IWCC model

The 3WCC model is a multi-0D model based on the physical equations.
This modeling choice ensures a good simplicity/accuracy compromise to be
implemented in a high-fidelity HEV model with the number of zones to tune
the compromise. A one-zone equivalent model [7], [ [I3] could be an interest-
ing simplification but the multi-0D modeling choice follows from the instru-
mentation of the 3WCC parametrization experiments (Sect. 3) ensuring to
measure directly the zones model temperatures.

Basically, the physical phenomena are described by partial differential
equations involving the three space dimensions. These equations are sim-
plified by considering only the longitudinal dimension and discretizing this
variable. Thus the model includes several zones that exchange heat with one
another. A zone represents a radial slice of the 3WCC monolith which is
assumed to be cylindrical. The zones are numbered in increasing order, with
index x € N, from the entry zone 1.

The model is based on the following assumptions:

e the heat transfers between the solids and the ambient air are negligible
compared with the other transfers,
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e the same gas flow rate goes through the 3WCC and its zones, the
exhaust gas flow rate .

The model equations are first presented, before summarizing the variables
and parameters and their type.

1.1. 0D modeling

A monolith zone is considered as a solid mass containing exhaust gas.
From the heat equation, the evolution for the current zone x of the solid T,
and gas T, temperatures can be deduced as:

AQ(.
AT, = 2200 o )
Mz Cy
wnd > AQ
(s)(g)
AT,,=—=——"">1>1, 2
g9 mgxcv T = ( )

where @ (4)(g) are the heat transfers, m,, and m,, are the solid and gas masses,
respectively, and C), and C, are the specific heat capacities. Assuming that
the gas is ideal, the mass mg, can be given by:

_ TOp‘/gx
Mgy = T—a

gx

r>1, (3)

where p is the air density at 0°C', V,, the gas volume in the zone and Tj is
273K.
Different types of heat transfer @), influence the evolution of the temper-
atures:

e convection between solid and gas inside the zone x:
ng$ - Ssgcconv(ng - Tsac); X Z ]-a (4>

where Sy, is the surface between solid and gas and ¢, the convective
coefficient,

e conduction between the solids of two successive zones:
Sx,erl)\

dx,x—f—l

st,a:—‘rl - (Tsx—i—l - Tsx)wr Z 1a (5)
where S; ;11 and d, ;41 are respectively the surface and the distance
between the centers of the solids of the zones x and z + 1 and ) is the
monolith conductive coefficient,
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e gas mass transfer between two zones:
Qg:r:,erl = mng(Tngrl - Tgx)yx >0 (6)
with T, = T}, the engine exhaust gas temperature.

1.2. Conwversion of pollutant emissions

The solids of the zones can receive heat from the exothermic chemical re-
actions of pollutant emission conversion. For each zone x and each pollutant
species i€ {CO, HC, NOx}, the conversion reaction heat is given by:

Qui = i Myini Nri(Tsz) Ny(tre), > 1, (7)

where a; is the conversion heat coefficient, 1, ;,; the entering pollutant flow
rate (with, for the first zone, 714, = MMeqn ), and ny; and 7, are conversion
efficiency functions depending respectively on the temperature and residence
time t,., = rf.rfg””. As represented on Fig. , the hotter the 3SWCC is, the better
the conversion efficiencies are, and, at low residence times (high exhaust gas
flow rate), the conversion falls.

100
75t
50
25¢

Conv. eff. (%)

0 1

100 150 200 250 300
3WCC monolith temperature (°C')

100

Tlq

Conv. eff. (%)
o
S

o

0.02 0.04 0.06 0.08 0.1
Residence time (s)

o

Figure 1: Conversion efficiency functions with respect to temperature (up) and residence
time (down)

The flow rate of pollutant ¢ leaving zone x, My 0w, can be computed
according to nr,; and n, with:

M outi = mzmz(l - nTz(Ts:c))(l - 77q<trx)) (8)
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But this modeling is not sufficient because of the complexity of the chemi-
cal conversion mechanisms and the flow rate/monolith temperature crossing
effects on conversion. To overcome this problem, global 3WCC conversion
efficiencies 13 cc; are mapped with respect to the monolith temperature at
the center of the 3SWCC, Ty, and the exhaust gas flow rate, 7, from test
bench experiments. Fig. [2| shows the C'O conversion efficiency map, where
the inputs have been normalized for confidentiality. This conversion map is
more precise than the two functions nrco and 7, used in , represented in

Fig. [

1

E 1/ %o

E 70

£ 08510 70

g

o6t a7 ana o

£ 720 O — 80/ 80

2 04f 60/

8 04t 44 95

g 8(?_#/—\907907

= 0.2} /

E /90

E 60 (

3 0 — /ﬂmoMmo , 100 —
0.2 0.4 0.6 0.8 1

3WCC monolith temperature (normalized)

Figure 2: Test bench experiments-based CO conversion efficiency map

Then the flow rate at the SWCC exit for pollutant i, sy ccs, can be
estimated by:

mswec: = Meghi(1 — Msweci(Tsx, my)). 9)

Note that @ and are used to determine the evolution of the 3WCC
temperatures T, particularly 7T,x, which in turn is used in @ to compute
the 3WCC conversion efficiencies.

1.3. Variables and parameters

For i€ {CO,HC, NOx} the standardized pollutant emissions, = € N the
zone number, we now summarize the variables and parameters involved in
the 3WCC model presented above, the rest of the variables being internal
states:

e model inputs: engine erhaust gas temperature 7T,, flow rate m,, and
pollutant flow rates mp,
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e model outputs: monolith temperature at the center of the SWCC, Ty,
3WCC exit pollutant flow rates mswcoci,

e number of zones, chosen as a compromise between model simplicity
and accuracy of the results,

e model parameters deduced from the 3WCC physical characteristics: my,
%xa Ssga Sxx+17 dacz-i—la

e maps: global efficiencies of the 3SWCC conversion nswccq, built from
experiments, two conversion maps 7r; and 7y, deduced from the liter-
ature,

e two groups of free model parameters which are to be determined from
different experiments: on one hand, the thermal coefficients, i.e. the
specific heat capacities C,, C,, convective coefficient copn,, monolith
conductive coefficient A; on the other hand, the conversion heat coef-
ficients a;. The thermal coefficients are not directly identifiable from
experimental data, insofar as they appear in ratios, such as %, fogaz

or Cip, in the thermal equations of Sect. .

The next Section describes the procedure for determining these free param-
eters.

2. Model parametrization

The test bench includes a 3-cylinder gasoline engine with its associated
3WCC. The monolith is a one-block ceramic substrate. The most important
measured variables are: engine exhaust gas temperature 7}, fuel consumption
and Air-fuel Ratio (AFR) allowing engine gas flow rate 7, to be estimated,
engine pollutant flow rates 1e.p;, SWCC exit pollutant flow rates mswcci,
and 3WCC monolith temperatures at different points. Two types of experi-
ments are carried out:

e cooling phases applied on the hot 3WCC to determine the thermal
coefficients,

e driving cycle-like phases to determine the conversion heat coefficients
a; and to validate the model.



145

155

2.1. Thermal behavior

Cooling phases are applied when, after regular operation, the engine is
operating without combustion. The hot 3WCC is crossed by a cold air flow
rate without pollutant emissions to convert (Q),; = 0 in (7). A seven-zone
model is chosen and thermocouples are regularly positioned along the longi-
tudinal axis of the 3SWCC, at the center of the radial zones, measuring the
temperatures, noted in this Section T,,(t), = € {3, 3,2}, at 1/4, 1/2 and
3/4 of the monolith length. Two zones are considered between the zones
equipped with thermocouples to simulate the monolith thermal dynamics.
Fig. shows the measured and estimated temperatures during a cooling
phase with parameters tuned as in Table [I} These results show that a sim-
ple parametrization for the 3SWCC multi-0D five-zone model is sufficient to
obtain the main monolith thermal dynamics.

5 700
600 f
500
400
300 f
200 f
1000

Monolith temperature (°C

50 100 150 200 250 300 350 400
30
N ~

_30 1 l
0 50 100 150 200 250 300 350 400
Time (s)

Error (°C')

Figure 3: Measured and estimated temperatures T, (t) at 1/4, 1/2 and 3/4 of the monolith
length during a cooling phase

C, 1000 J/m3.K
C, | 1070 J/kg.K

Coonw | 4000 W2k
) 1 Wmn/k

Table 1: Thermal coefficients tuned during cooling phases experiment to define the SWCC
thermal behavior (1)) to @
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2.2. Conversion heat coefficients

Now, the 3SWCC is crossed by the engine exhaust gas of a vehicle placed on
a chassis dynamometer. A real driver follows a Worldwide harmonized Light
vehicles Test Cycle (WLTC). A five-zone model is chosen. For pollutant heat
conversion coefficients tuned as in Table [2| Table |3 gives the relative errors in
% between measured and estimated pollutant emissions, cumulated over the
cycle. The model gives estimated pollutant emissions slightly smaller than
the measured.

anoy | 40.000 kJ/kg

Table 2: Pollutant conversion heat coefficients a; tuned during parametrization WLTC-
like phase to define the 3WCC conversion reaction heat

CO HC NOx
-2 -6 -18

Table 3: Pollutant emission relative errors (%) at the end of the parametrization WLTC-
like phase

The corresponding Root Mean Square Error (RMSE) for the main tem-
perature Tyy (the monolith temperature at the center of the 3WCC) is 47°C..
Fig. {4 shows the measured T,x and simulated T.x temperatures, and the
cumulative pollutant emissions, expressed in percentage of the total over the
cycle. It can be noted that the main trends are kept by the model. Particu-
larly, the temperature is accurately estimated during the SWCC heating, at
the driving cycle start, what is important because, from simulation results of
the 3WCC heating (Sect. , on-line heuristic strategies will be finally built
(Sect. [)).

Other WLTC-like phases (Valid.1 and Valid.2) were carried out to validate
the model. Results are given in Table [d] Globally the model can predict the
pollutant emissions. Final pollution deviation results between —50% and
50% can be considered as acceptable results considering the simplicity of
the model which remains the main constraint. A solution to increase the
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Figure 4: Measured Tsx (t) and simulated T} x (t) temperatures (°C)(top) and cumulative
vehicle pollutant emissions mawcci(t) (%) (CO, HC and NOx from top to bottom)
during a WLTC

model accuracy and find better parameters could surely be obtained with
more WLTC-like phases which are hard to perform and expensive due to
the instrumentation complexity especially for the pollution analysis. The
deviations are due to different ambient conditions and different drivers, who
have a strong impact on pollutant emissions flow rates 1., ; by stressing
differently the engine. The model pollution deviations are not problematic
because the model will be used in simulation with an “ideal” driver model,
to compare different energy management strategies with a reference and to
evaluate the potential pollution reduction of pollution constraint integration.

3. Optimal energy management

The multi-O0D five-zone 3WCC model is integrated in the high-fidelity
gasoline HEV powertrain model which is able to generate the SWCC model

10
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Cco HC NOx Tsx

rel.val. (%) RMSE in °C
Valid.1 | 0 43 3 49
Valid.2 | -10 6 -30 57

Table 4: Validation results of the validation WLTC-like phases Valid.1 and Valid.2

inputs. High-fidelity vehicle models are forward looking models used to sim-
ulate operating and evaluate accurately the fuel consumption of innovative
powertains [I5, [16]. Such models ensure the powertrain sizing and the en-
ergy management development [I7, [I8]. In this paper the high-fidelity HEV
model is a model developed by PSA Peugeot Citroén.

The HEV is a parallel mild-hybrid vehicle with the electrical machine con-
nected to the engine by a belt (Fig. [5)). This architecture allows regenerative
braking, hybrid and zero-emissions vehicle (ZEV) modes. Due to architec-
ture, during the ZEV mode, the engine injection is cut off and the electrical
machine produces power, keeping the engine rotating. Then, during the ZEV
phases, a gas flow rate enters the 3SWCC and cools the monolith.

| Vehicle H Gear box Engine H 3wcc ‘
Electric
machine H iRy ‘

Figure 5: HEV parallel mild-hybrid architecture

Belt

3.1. Torque split control

The driver tracks the driving cycle speed by the accelerator and brake
pedals. The requested torque Ty(t) at the input of the gear-box can be
deduced from these requests, by taking into account different gear-box and
transmission ratios and efficiencies. In this work, the gear-box ratios are
imposed and not optimized. This requested torque can be supplied by the
engine or by the electrical machine:

To(t) - Telec(t> + Teng(t>7 <1O>

where Tp..(t) and T,,,(t) are respectively the electrical and engine torques
expressed in the crankshaft referential. So, the energy management strategies

11
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use a torque split variable u(t) representing the electrical part of the traction:

u(t) = TTZO—(X) (1)

Depending on the values of the torque split u(t) and requested torque Tj(t),
the vehicle is operated in different modes: electrical traction (Zero Emissions
Vehicle), boost, pure thermal traction, and recharging mode.

The goal of the energy management strategy is to determine the control
variable u(t) firstly by minimizing only the fuel consumption, secondly by
adding a pollutant constraint.

3.2. Fuel consumption minimization

The HEV model is simplified by considering a simple internal resistance
model of the battery State Of Charge (SOC) dynamics:

SOC(t) = f(SOC(t),u(t)). (12)
The off-line strategy has to minimize the performance index:

Jruer(SOC(t),u(t)) = ¢(SOC(ty), tr)
(13)
/ mfuel )dt

where 1y, is the fuel consumption, given from a map, and ¢ is a final
battery SOC sustaining constraint:

o50C() 1) = { 0, B 00 =500, (1)
The Hamiltonian
H(SOC(t),u(t), \(t),t) = mypye(u(t),t) 5)

+)1(1)SOC(1)

is introduced, where A;(t) is the co-state associated to the SOC state, re-
specting

DH(SOC(t), u(t), M (1), 1)

o
Ar(t) = 9S0C

(16)

12
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According to the Pontryagin Minimum Principle (PMP), the optimal control
u*(t) minimizing is found as

u*(t) = argmin H(SOC(t), u(t), A (1), 1), (17)

uel

where E is the admissible control space taking into account the constraints
on the HEV components.

Assuming that the variations of the battery internal resistance and open
circuit voltage are negligible compared to those of the SOC leads to:

M) =o, (18)

in the case of a HEV, for a given driving cycle [19]. Thus, A, is taken
constant and a simple binary search yields the value that minimizes HEV
fuel consumption while ensuring charge sustaining.

3.3. Pollution consideration

To consider pollution, we define an augmented performance index [1]:
Tmizea(SOC(t), yult)) = o(SOC(ty), t)

19
/ mmmed TSX (t) ) t>dt7 ( )
to

where 1Myizeq 18 @ mixed pollution/fuel consumption flow rate defined by:

mmimed(u(t>v TsX (t)’ t) = mfuel(u(t)7 t)

L Z m3wccz‘(us(ttc;; Tsx(t),t) ’ (20)

i

where the msycc; are the flow rates at the 3WCC exit for pollutant 1,
i€ {CO,HC,NOx} @D, the std; are the acceptable pollution limits of the
Euro V standard, and « is the single, global, trade-off tuning parameter.
To minimize ([19), in addition to SOC, with dynamics (12)), the monolith
center temperature T,y is considered in the PMP resolution, with dynamics:

Ty (t) = 9(Tux (t), u(t)). (21)

13
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This dynamics can be analytically calculated from , , and @, but,
to reduce the computation time, a simplified form is chosen. The Hamiltonian
is now:

H(SOC(t), Tux (£), u(t), M (), Aa(t), 1)

‘ . . (22)
= tmizea(U(t), t) + M (H)SOC(E) + () Tx (1),

As previously, A (t), taken constant, is determined by binary search to ensure
charge sustaining. The second co-state Ay(t) evolves as:

DH(SOC(t), Tyx (), u(t), Ai(t), a(t), 1)

() = - 23
40 e , (23)

according to the PMP, giving a closed form:
Ao(t) = Agpe/1(Tsx B u®)t) _ fo(Tux (1), u(t)) (24)

where f; and f> are two functions deduced from the simplified form chosen
to approximate (21)). Finally, the optimal control «*(¢) minimizing can
be found by minimizing :

u*(t) = argmin H(SOC(t), Tsx (1), u(t), A1 (t), Aa(t), t). (25)
uelr
with Aa(¢) computed with (24).

The strategy is tuned with 2 parameters: « and Ao . In [9] 111 ],
it was shown that tuning o with \yy = 0 gives better results than tuning Ayg.
Choosing Aoy = 0 implies constraining pollution, without any constraints on
the SWCC temperature T,x. All results presented below were obtained with
/\20 =0.

3.4. Simulation Results

The fuel consumption minimization strategy is implemented in the HEV
model supervisory control and the corresponding optimal control w*(t) ({17])
is applied to the HEV model. Next variations of « in make it possible
to explore trade-offs between pollution and fuel consumption when applying
u*(t) to the HEV.

The simulation results are charge sustaining constrained, with a binary search
of the constant A;. Table |5 gives, for different fuel consumption/pollution
compromises «a, the relative variations in % of the fuel consumption and pol-
lutant emissions, cumulated on a WLTC, w.r.t the reference, where only the

14



o | Fuel Cons. | CO | HC | NOx
0.2 0.06 17 | -1.4 ) -3.2
0.4 0.17 -11.4 | -3.2 | -94
0.5 0.18 -11.8 | -4.1 | -10.3
0.6 0.25 -12.1 | -5.6 | -10.8

Table 5: WLTC simulations relative variations (%) of fuel consumption and pollutants

fuel consumption is minimized. Good results are obtained with the pollution
constrained optimal energy management strategy. As the trade-off parameter
« increases, the pollution decreases with little impact on fuel consumption.

Fig. [6] shows simulation trajectories of the SOC(t) and T,x(t) states for
the reference, = 0.2 and o = 0.6 compromises. a = 0.6 is the largest

600

1200

0
Time (s)
Reference
— - — - Compromise a = 0.2
Compromise o = 0.4
— — Compromise a = 0.6
9 1200
o
Z 900 F
3
ig)q 600
g
O 300 f
=
« 0 600 1200 1800
Time (s)

Figure 6: States SOC(t) (%) (top) and Tsx (¢) (°C) (bottom) trajectories

240

admissible value. Greater values drain the battery and get the SOC to cross
the health boundary. In Fig. [0 it can be seen that the larger the trade-
off parameter « is, the more slowly the 3WCC is heated at beginning while

15
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reaching the same temperature at 300 s. This can be expressed as smart
heating: at the beginning of the driving cycle, to produce less pollution when
heating the 3WCC, the electrical machine (7. > 0) helps the engine to
produce the requested torque Ty. The decrease of the battery SOC' is caught
up later during recharging phases. The corresponding reduction of pollutant
emissions during the 3WCC heating can be seen in Fig. [} From these ob-
servations, online heuristic strategies are derived and described in the next
Section.

700 12
S 600 — 10
< S
4 S 8
2400t [ S r
= &) -
= O 4
2 200 =
& ® o2
0 0
80
X 60 =
S )
T 40 =
O
S 3
:
0 0
0 200 400 0 200 400
Time (s) Time (s)

Figure 7: Temperature Tsx (t) (°C) (top left), CO (top right), HC (bottom left), and
NOx (bottom right) cumulative vehicle pollutant emissions flow rates mawcc i (t) (%)

4. Experimental validation

4.1. HyHIL test bench

The HyHIL test bench, shown Fig. [ is composed of an engine con-
nected to a high-dynamics generator with a transmission. Similar HyHIL
experiments have been described in [7), 10, 20]. The engine is equipped with
the 3WCC modeled in Sect. [I} A vehicle model, similar to the one of the
previous Section, is implemented in the test bench supervision software and
simulated in real-time (see Fig. [J). A driver model controls the vehicle speed

16
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Figure 8: Test bench with the high-dynamics generator (left, in white) and the engine
(right) on the chassis (right, in pink)

to track the WLTC speed set-point. The requested torque Tg(t) (L0) is de-
duced from the driver demand and on-line energy management strategies
calculate the torque-split command u(¢) (L1)), and then the electrical Tp.(t)
and engine T,,4(t) torque commands from and . The engine torque
is measured with a torque-meter on the transmission and used by the vehi-
cle model to compute the engine speed set-point. The supervision software
ensures the engine speed control.

4.2. On-line heuristic strategies

Two on-line heuristic energy management strategies are defined: a Charge
Sustaining (CS) strategy and a Smart Heating (SH ) strategy. The CS strat-
egy determines the engine stop/start from the requested torque Ty with a
map Mon/orr depending on the engine speed weng, according to:

o if Tg(t) < Mon/off(weng), u(t) =1
e clse u(t) = Mcs<SOC(t>>,

where Mcg(SOC(t)) is a second map ensuring the battery sustaining at
60 %. The first objective of the CS strategy is to ensure to use the ZEV
mode, from the map Mo, o7y, when the engine efficiency is low [19]. A
second objective is to sustain the battery SOC from the map Mgg. If the
battery is discharged, u(t) < 0 (Ttn,(t) > To(t)), and the engine recharges
the battery. If the battery is overcharged, u(t) > 0 (Teny(t) < To(t)), and the
electrical machine takes part in the traction.
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Figure 9: HyHIL test bench of a HEV parallel mild-hybrid architecture
The SH strategy ensures smart heating of the 3SWCC, as observed in Sect.
3.4 with the rules:
o if Tyx(t) < 160°C
— if To(t) < Tutee max(t), u(t) =1

Telec max (t)

— else u(t) = (R0

o elseif 160°C' < Tyx (t) < 500°C'

— if To t) < MOn/Off(weng)a u<t) =1
— else u(t) =0

e clse (CS strategy)

—if T0<t> < MOn/Off(weng)a u(t) =1
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— else u(t) = Mcg(SOC(t))

where the 3WCC temperature Ty x () is measured or estimated and Tpiee maz(t)
is the maximum electrical torque. The main objective of the SH strategy is
to make maximum use of electricity when Tsx(¢) is under a 160°C' threshold.
When Tix(t) is between 160°C' and 500°C', the engine start is decided with
the CS strategy map Moy off(Weng) but the charge sustaining objective is
not activated. This rule is used because the 3WCC is not fully lightened
and the wvehicle pollutant emissions are higher if the engine is overloaded to
recharge the battery (u(t) < 0). When Tyx(t) > 500°C', the battery charge
is sustained and the CS strategy is totally activated. The battery will be
recharged by using the engine (u(t) < 0 and T.,, > Ty(t)) with a good
3WCC conversion efficiency.

The thresholds 160°C' and 500°C' have been chosen to obtain a signifi-
cant pollutant emissions decrease and a SOC evolution representative of the
simulations results (Fig. [6). The first threshold (160°C)) is the most sen-
sitive. A higher threshold leads to a non-representative battery discharge
and a smaller threshold gives non-significant pollution decrease. The second
threshold (500°C') is chosen to prevent high pollutant emissions occurring
at engine overloads. A higher threshold inhibits the battery recharge and a
smaller threshold increases the pollution due to overloads.

4.3. Fxperimental results

CS and SH strategies are implemented on the HyHIL test bench. Fig.
shows simulated SOC, measured temperature T,x and cumulative pollutant
emissions flow rates Mme.p,; and msweoc;.

CS strategy is able to sustain the SOC around 60 % as expected. Both the
heuristic strategies heat the 3WCC at the same temperature at 300 s, but SH
strategy uses more electricity at the cycle start to reproduce the smart heating
observed in simulation (Sect. [3.4). During the first 300 s, the measured
temperature Tx is lower because the ZEV and hybrid modes are often used.
The engine is less often operated and engine emissions 1., ; are lower. It is
worth noting that the CO and NOx wvehicle emissions mswcc; with the CS
strategy are reduced respectively by 30 % and 10 %. Besides, HC' wvehicle
emissions are increased by 15 % because of a pipe wetting phenomenon during
the injection cut-offs, caused by the prototyping engine control. The problem
is well-known [211, 22] and is corrected in production vehicle engine control.
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Figure 10: From top to bottom, simulated SOC(t) (%), measured 3WCC temperature
Tsx (t) (°C), cumulative engine (left) megni(t) and vehicle (right) msweci(t) CO, HC
and NOx pollutant emissions flow rates (mg) with CS (green) and SH (pink) strategies

If the cut-offs HC emissions are removed, a HC' vehicle emissions reduction
by 5 % can be expected.

Conclusion

A 3WCC multi-OD model has been built from physical equations, inte-
grating the 3WCC temperature dynamics and a pollutant emission conver-
sion map. The validated model, with suitable complexity and performances,
was included in a high-fidelity gasoline-HEV powertrain model.
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Next, a pollutant constrained optimal energy management was derived
from the Pontryagin Minimum Principle. The approach allowed the joint
minimization of pollution and fuel consumption with only one parameter to
tune, by considering all the standardized pollutant emissions. In simulations,
the proposed strategy reduced significantly the vehicle CO and NOx emis-
sions for a minor fuel consumption increase. Analyzing the HEV operation
ensuring these results permited to define a SWCC smart heating.

Thus a HyHIL was used to implement two on-line heuristic strategies:
a classical charge sustaining strategy and a 3WCC smart heating strategy.
The HyHIL allows to simulate the vehicle driving in real-time with the real
engine and its associated 3WCC. The smart heating strategy showed good
results and can reduce the charge sustaining strategy pollutant emissions.
30 % CO and 10 % NOx pollutant emissions reduction have been measured.
To conclude, the 3WCC smart heating has been validated with the HyHIL
experimental test bench, what confirms the modeling and optimization ap-
proaches used to build an on-line energy management strategy including a
pollution constraint.
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