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Abstract

A new strategy to control the power split in hybrid electric vehicles is presented. The strategy is proposed for a parallel
hybrid vehicle where the internal-combustion engine and the electric machine are coupled by a planetary gear system.
This low computational burden strategy is designed to operate the internal-combustion engine at the maximum effi-
ciency most of the time, in a similar fashion to serial hybrid electric vehicles, and to keep the state of charge of the bat-
tery on a desired level by an easy-to-tune proportional—integral controller. Although the strategy is not formally proven
to be optimal, it is inspired by optimal control theory and has the advantage, when compared with optimal strategies, of

requiring almost no a priori information about the vehicle or the route.
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Introduction

Global warming and shortage of fossil fuels, with all
their socio-economical impacts, have made a reduction
in energy consumption in human transportation an
important goal for today’s society. This reduction has
been a challenge undertaken by governments, industry
and researchers over the last few years.'

Hybrid electric vehicles (HEVs) are an option for
helping to solve these problems. They use a combina-
tion of two or more power sources, usually an internal-
combustion engine (ICE) and an electric machine
(EM). HEVs can reduce fuel consumption and pollu-
tant emissions, compared with conventional vehicles,
owing to the extra degree of freedom added by the EM,
which allows a more efficient use of the ICE and
because of their ability to recover energy through
regenerative braking. All these benefits should be avail-
able without sacrificing a vehicle’s conventional attri-
butes such as the performance, the safety and the
reliability. The extent of the benefits depends on the
fuel economy performance of HEVs which, in turn, is
strongly related to the power-split strategy that decides
at any time how much power must be delivered by each
power source.” >

HEVs may have different architectures that require
the use of diverse energy management strategies. The
main architectures, as presented by Millerin,® are series,

parallel or series—parallel. A comparison of these was
presented by Ehsani et al.,” together with their advan-
tages and disadvantages.

In the literature, several design approaches have
been proposed to control the power split on HEVs.
Some of these are based on heuristics approaches, such
as fuzzy logic,>® fuzzy logic tuned with genetic algo-
rithms’ and rule-based strategies optimized with
dynamic programming (DP).>!° Approaches based on
optimal control theory were given, for example, by
Delprat et al.'"'? and Kessels et al.'"* The equivalent
consumption minimization strategy (ECMS), an opti-
mization strategy based on assuming an equivalence
between the electric energy and the fuel energy, was
presented by Sciaretta et al.’> and Paganelli et al.'"* A
proposal based on predictive control, a local optimiza-
tion strategy, was described by Borhan et al.'> There
are also approaches based on DP or which use DP to
tune a proposed strategy, such as those presented by
Lin et al..® Johannesson et al.'® and van Keulen et al.'”
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A problem at the core of all power-split strategies
for HEVs is the trade-off between the computational
burden and the real-time implementation. On the one
hand, optimization-based strategies have very high
computational loads, which increase with increasing
complexity of the vehicle models used for calculation.
This prevents their real-time application and, therefore,
calculations must be made offline using standard driv-
ing cycles as the basis for the computations. The
changes in the driving conditions with respect to those
used for the optimization are such that, in practice,
optimality is lost. The optimal strategy that is most
used in the literature is DP, the solution of which is not
suitable for online implementation because of its
dependence on the future driving conditions and owing
to the high computational burden inherent in its solu-
tion construction.

On the other hand, strategies that are real time
implementable are not optimal and must resort to sim-
plified (static or dynamic) models of the HEV compo-
nents. The two features that are most important to
measure the success of a given non-optimal strategy are
their overall performance in terms of fuel consumption
when compared with normal non-HEVs and the ease of
tuning.”'® The ECMS,>'* one of the most popular stra-
tegies, is easier to implement than optimal strategies;
however, its performance may degrade if the driving
conditions differ from those used to tune its parameters.
An adaptive version of the ECMS was presented by
Musardo et al.,* which partially alleviates this limita-
tion. Rule-based strategies are mainly used for produc-
tion vehicles, since they are easy to implement.
However, for a given driving cycle, the performance is
poor, compared with the DP solutions. The perfor-
mance may depend on the driving cycle, and the state
of charge (SOC) of the battery cannot be guaranteed.'®

The approach undertaken in this paper is heuristic.
The goal is to propose a strategy which requires little
information, which can be implemented in real time
and whose functioning is inspired by optimal strategies.
However, the strategy proposed in this paper does not
achieve the global minimum fuel consumption. It tries
to close the gap between the performances of optimal
strategies and the performances of heuristic strategies.
This new strategy tries to recover the high-efficiency
benefits of an HEV series configuration, by constrain-
ing the ICE to operate most efficiently, while keeping
the advantages of an HEV parallel configuration. The
strategy does not optimize the use of the EM, which has
to accommodate its power and efficiency to the require-
ments of the driving cycle and the battery’s SOC. This
use of the EM does not normally have a great impact as
the levels and sizes of the regions for high-efficiency
operation of the EM are much larger than those of the
ICE.

This paper extends the results of a strategy proposed
by Becerra et al.'® for parallel HEVs, which takes
advantage of the kinematic and dynamic constraints of
a planetary gear system (PGS) used as the mechanical

coupling between the ICE and the EM. These con-
straints yield one more degree of freedom for the power
split. Although the proposed strategy is not formally
proven to be optimal, it is inspired by the cost functions
of some optimal problems that propose a trade-off
between maintaining the SOC of the batteries and
using as little fuel as possible.

The strategy presented in this work has the advan-
tages of being easy to implement in real time and having
low computational requirements when compared with
optimal strategies. The ICE performance is represented
by a curve that is obtained offline with a static map
available from the ADVISOR database.”® The extra
degree of freedom provided by the PGS which couples
the ICE and the EM is used to keep the ICE operating
in its most efficient conditions almost all the time. The
EM delivers or receives the lack or excess of power
required by the driving cycle. Regulation of the battery’s
SOC to a reference value is achieved by means of a
proportional-integral (PI) controller, which guarantees
smooth changes in the operation of the power-split strat-
egy. Regenerative braking is also accommodated by the
strategy in a natural fashion, although in this case the
efficiency of the EM cannot be optimized, as the power
to absorb must satisfy the driving cycle constraints.

The rest of this paper is organized as follows. In the
second section, the configuration and the models used
for simulations of the HEV are presented; in the third
section, the problem of the power split is formulated
and the virtual serial strategy is presented; simulation
results of the proposed strategy over several driving
cycles and its parameter robustness are analysed in the
fourth section; finally, conclusions and future work are
presented in the fifth section.

Parallel hybrid vehicle model

The HEV configuration selected in this work is a paral-
lel configuration, where the ICE and the EM are
coupled via a PGS (Figure 1), as proposed by Becerra
etal.’

Vehicle model

The power P, requested by the power train is calculated
by modelling the vehicle as a moving mass subject to a
traction force F,, provided by the two power sources.’
The velocity dynamics v(¢) of the vehicle are given by

dv(r) 1

m— = =Fp—> p.Cada[v(1)]* — mgC, cos[y(1)]

— mgsin[y(1)] (1)

where p, is the density of air, Cy is the aerodynamic
drag coefficient, A, is the frontal area of the vehicle, m
is the mass of the vehicle including the mass of the
cargo, g is the acceleration due to gravity, C, is the roll-
ing resistance coefficient of the tyre and +y(¢) is the slope
of the road.
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Figure I. Parallel HEV configuration.
ICE: internal-combustion engine; EM: electric machine.
The torque 7, and speed w, demanded by the power- 1ty = f (@ice» Tice) (5)

train are

W, = %R(z)v(z) (2)
and

R, 1
T = EWFIF (3)

respectively, where R(?) is the gearbox ratio, Ry is the
final drive ratio and R,, is the radius of the wheels.

Finally, the power required at the output of the
powertrain is

Pp(t) = wp(t)Tp(t)

= V(I)Ftr(l) + Pyee (4)

where P, is the power required by the vehicle acces-
sories. The sum of the required power v(¢)F,.(¢) to accel-
erate the vehicle and the powerP,, demanded by the
vehicle accessories yields the power w,(#)7,(¢) that the
powertrain must provide.

Internal-combustion engine model

The ICE is modelled through a static non-linear map,
taken from ADVISOR,? which relates the fuel rate
consumption sy of the ICE to the torque 7. at the
crankshaft and the engine speed w;..or, in other words,

Using the lower heating value of the fuel, the ICE effi-
ciency map can be generated. Figure 2 shows the map
for the ICE used in this work. From the efficiency point
of view, it is desirable to operate the ICE on the most
efficient points of this map.

Electric machine model

In an HEV, the EM can function as a motor or a gen-
erator depending on whether it is required to give or
receive power. The EM is modelled also by a static non-
linear map which relates the EM speed w,,,, and the EM
torque 7, to the efficiency n,,, when the EM works as
a generator, and another map which relates the EM
speed w,, and the EM torque 7., to the efficiency 7,,,,,
when the EM works as a motor.

In other words, if the EM works as a motor
(Tem =0), then

Py = nmol(Tema wem)Pbut (6)

or, if it works as a generator (7., < 0), then the electric
power Py, is given by

Py = ngen(Tema (Uem)Pem (7)

with P, = Tom®em.
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Figure 2. The ICE efficiency map.

ICE: internal-combustion engine.
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Figure 3. The equivalent circuit of the battery.
SOC: state of charge.

Battery

The battery is modelled as a voltage source v,. with an
internal resistance R;,, which depends on the SOC.?
The equivalent circuit is shown in Figure 3, where v, is
the battery’s open-circuit voltage, iy, is the bus current
and vy, 1s the bus voltage.

Using the Kirchoff voltage law, i, is found by
solving

Rint(soc)ilzyal - Vocibar + Pbm =0 (8)
and vy, is given by
Vbar = Voc — Rint(soc)ibat (9)

Finally, the SOC is obtained from the expression

SOC(1) = min{ 1, max lo, 0o — W] } (10)
T

ring gear ~_

planet gear —

Figure 4. The PGS.

where Qy is the initial charge and Q7 is the total charge
that the battery can store.

Planetary gear system

A PGS is used as the mechanical coupling between the
ICE and the EM, as proposed by Becerra et al.'” A
schematic diagram is shown in Figure 4. With this cou-
pling, the ICE output shaft is connected to the sun gear,
the EM is connected to the ring gear and the gearbox is
connected to the carrier shaft.

Defining k = R,/R,, with R, the radius of the ring
gear and R, the radius of the sun gear, the angular
speeds on the PGS satisfy

o k
k12 k1

(11)

W,

and the balance of power is given by
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TWe = Tyws + Tyw,

(12)

where w is the angular speed, 7 is the torque and the
subscripts s, ¢ and r refer to the sun gear, the planet car-
rier and the ring gear respectively.

Virtual serial strategy

The problem to be solved, from the optimization point
of view, is to minimize the fuel consumption over a
desired driving cycle according to

1%

min J = [y @20 72.(0) (13)

0

subject to
Wice min < wice(t) < Wice max (14)
Tice min < Ti(fe(l) < Tice max ( 1 5)
w(’m min < w(’m(t) < w(fm max (16)
Tem min < Tem(t) < Tem max (17)
Pbat min < Pbat < Pbut max (18)
SOCmin < SOC(I) < SOCmax (19)

Rewriting equations (11) and (12) in terms of the ICE
and EM variables, the two equations that constrain the
demanded power are

Pp([) = Tp(l)wp(l)
= Tice(t)wice([) + Tem(t)wem(t) (20)
= Pop(1) + Pice(2)
and
wp(t) = ;wice(l‘) + L(J‘)em(l‘) (21)

k+1 k+1

where the subscript ice is associated with the sun gear,
the subscript em with the ring gear and the subscript p
with the final drive coupled to the carrier gear. The sub-
scripts min and max mean the minimum value and the
maximum value respectively for the constrained vari-
able and 7, is the duration of the driving cycle.

When the ICE is used, a feasible solution to the
power-split problem would be to operate it in only the
regions where it spends less fuel per power generated,
i.e. at the most efficient operation points. Considering
this, the problem stated in equation (13) can be rewrit-
ten as

Ie
max J = JICEeff (wice(1), Tice(1)) di
0

(22)

subject to the same constraints as the problem from
equation (13) and where ICE,; is the ICE efficiency.
The strategy proposed in this work is based on this
consideration, and it is called the virtual serial strategy
because, in a serial HEV configuration, the ICE is
always operated at it most efficient points.

In addition to keeping the ICE in its most efficient
region when it is used, the vehicle must follow the driv-
ing cycle. In consequence, the problem to be solved is
to meet the power P, on the output of the PGS, while
the ICE operates in its most efficient region. This prob-
lem of providing the power P, has multiple solutions,
since many combinations of the torque and the speed at
each power source can yield the demanded power P,.

The approach presented in this work is based on the
following assumptions.

1. The strategy meets the required power to perform
the driving cycle, if it is feasible.

2. The ICE operation is optimized in order to operate
the ICE at its highest efficient power, when
possible.

3. Once the ICE power has been set, the EM is used
to generate or absorb the lack or excess of required
power.

4. A PI controller adjusts dynamically the use of the
ICE in order to keep the SOC near a given refer-
ence value SOC,..

A block diagram of the proposed strategy is shown
in Figure 5 and will be detailed in the following
sections.

Power of the internal-combustion engine

When P, >0, the first step of this strategy is to deter-
mine a pre-value for the ICE power P;... The final value
Pi.. could change later, if necessary to guarantee track-
ing of the driving cycle. In most cases, however, Pico will
be the final ICE power.

There are two cases when the ICE should operate
away from its maximum efficiency operation point
ICEj imax, and they are as follows.

1.  When the required driving cycle power is very low
or very high, the ICE should be off or should com-
plement the lack of power respectively.

2. When the SOC is not at its given reference value,
the ICE must try to charge the batteries by giving
more power than that required for propulsion if
the SOC 1is below its reference value, or to

Pern(Pem)

v

Piee(P,, SOC)

Figure 5. The power-split strategy diagram.
SOC: state of charge.
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discharge the batteries by giving less power than
that required for propulsion if the SOC is above its
reference value.

A bang-bang type of solution®' would be to saturate
the ICE power when the previous cases occur, but
instead, as in the work by Becerra et al.,'”” a soft curve
is proposed on the basis of the previous observations.
This means, for example, that, when the SOC is below
the reference value, instead of giving all the available
ICE power Pj.. iy, the extra power given by the ICE
will be limited by a soft curve. In consequence, this
curve depends on the required power and on the SOC
according to

Pice(Py(1),SOC(1) = al(Py(1), SOC())Pice pax ~ (23)

where Pp(z) is the normalized value of P,(¢) defined as
Py(t) = Pp(1)/ Pice max and a(P,(1), SOC(?)) is designed
to make the ICE work at its most efficient power as
much as possible. This means that a(f’p(l), SOC(1))
should remain at P,»(;e_eﬁv/ Pice max for a wide range of
f’,;(t), where Pj._o; is the most efficient power of the
ICE. When the SOC is at its desired value, i.e.
SOC(f) = SOC,,, the shape of a(ﬁp(t), SOC(¢)) versus
f’p(t) should be like the plot in Figure 6.

The structure proposed here to generate the function
a(ﬁp(l), SOC(¢)) is a seventh-order polynomial of the
form

a(P,(1), SOC(1))
= {2, =1 + & + SOCmy(SOC®)] + p}y
(24)

where the parameters &, u, y and SOC,,,, (a value pro-
duced by a PI compensator) are described later. The
design of a(P,(1), SOC(r)) was focused on an increasing

a(P,,SOC,,)

0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 6. Plot of (P, (t), SOC(1)).
SOC: state of charge.

value function, which is symmetric and has a wide flat
portion over most of its range. A seventh-order polyno-
mial was chosen because its calculation is easy.
Different choices, such as a hyperbolic tangent, could
also be used as long they have a similar shape. The
function a(ﬁp(t), SOC(1)) ranges between 0 and 1, and
the rationale behind its design is described below.

Considering SOC,,, = 0, which corresponds to
SOC(7) = SOC,,y, the parameters &, u and y must sat-
isfy the conditions

a(Py(1), SOC,p)|p, — o =0 (25)
a(Py(1),SOC,)p, -y = 1 (26)
and, for a certain P, € [0, 1],
5 Pice_e ]
a(Py(1),80C,p)lp, - , = 5" (27)
fa =0 (28)
0P|,

Solving equations (25) to (28) for &, u and vy yields

{/Pice max/Pice,e[f_ 1-1

(29)
\7/Pice mux/Pice_eﬂ - 1 + 1
1 — Pj(,’e_()f Pice ax
- 1t/ e m (30)
1+4
Pice_e
y = Preear (31)
YPice max

and Py = (1 — &)/2.

Figure 7 shows a(P,(1),SOC,e) fOr Pice ofr/ Pice max
= 0.5, which corresponds to the efficiency map from
Figure 2 with SOC,,,;, = 0.

The role of SOC,,, € [—1,1] is to move the power
calculated in equation (24) at time ¢ according to the

af P,,. S0C)

osf ‘,““-
08
07
06
¢ 05} e —
04
03
02 ‘,«""

o1}

0 02 04 06 08 1
F

Figure 7. Plot of a(P,(t), SOC(1)).
SOC: state of charge.
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Figure 8. Plot of a(lA’P(t), SOC(t)) for several values of SOC,p.
SOC: state of charge.

difference between SOC(7) and its reference value
SOC,s. In other words, if SOC(f) is below SOC,,
more use of the ICE is expected to recharge the bat-
teries and, if SOC(¢) is above SOC,,, less use of the
ICE is expected, as there is an excess of energy in the
batteries.

Figure 8 shows the plot of a(f’,,(t), SOC(¢)) for sev-
eral values of SOC,,,,. It can be seen that, to bring
SOC(?) to the desired SOC,.s value, positive values of
SOC,omp are expected when SOC(¢) is below SOC,,
and negative values of SOC,,, are expected when
SOC(#) is above SOC,r.

To keep the value of SOC(¢) at its desired reference
value SOC,,y, the calculation of SOC,,,,, is based on a
PI controller. This controller is necessary because, with-
out it, a(ﬁp(t), SOC(1)) tends to fill up or to deplete the
battery, depending on the driving cycle. SOC,,y, is
defined as

SOC mp(SOC(1)) = k, [SOC,¢r — SOC(1)]
!
+ k;J [SOC,,Q/'— SOC(T)] dr
0
where k; and k, are the tuning parameters of the PI con-

troller. The value of SOC,,,, is saturated to guarantee
that SOCeopp € [—1,1].

At this point, a first proposal for the ICE power
Pi..(7) is calculated on the basis of equation (23). The
final P;..(¢) is set after the EM power is determined, to
assure meeting the requested power, as illustrated in
Figure 5. Setting of the EM power is explained later.
The final value for P, is

Piee(t) = max [Pice(t)a Pp([) - Pem(t)] (32)

which is saturated between 0 and Pj.. ... Note, from
Figure 8, that the curve a(f’,,(t),SOC(t)) has abrupt
transitions in 0 and Pje. ;4. To avoid these, a low-pass
filter is applied with a critical frequency of 1.25 Hz,
which eliminates the sudden changes in the required
power P;.. and helps to reduce the acceleration spikes.
Once P;.. has been set, w;. and ;. need to be deter-
mined. Taking advantage of the kinematic relation of
the PGS expressed in equation (20), w;,. can be set to
obtain the maximum efficiency for the ICE at a given
power. This is achieved with the help of the curve shown
in Figure 9, which, for a given Pj.,, yields the value of
wj.e where the ICE operates most efficiently and where
the calculation is based on the algorithm presented in
Appendix 1. Finally, the ICE torque is set with

for wjc.(f) =0

for w;..(t) >0 (33)

0
Tice() = { Pice()

Wice(1)
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Figure 9. ICE power versus efficient speed.

Power of the electric machine

It is expected that the EM compensates the difference
between P, and P, in order to meet the required
power, although it is limited by the maximum power
Py max of the EM and the minimum power P, i Of
the EM. As shown in Figure 5, a pre-value for the EM
power is

Pem(t) = PP(I) - Pic'e(t) (34)
and the final value for the EM power is
Pem(ﬁem(t)) = maX{Pem mimmin I:Pem maxs ﬁ(’m(t):l} (35)

Finally, from equation (20), the EM speed and tor-
que are calculated as

k+1 Wice
wen() = = @) = (0] (36)
and
[0 for we,(t) =0
Tem([) - {% for (I)em([) 7é 0 (37)

respectively.

Regenerative braking

In the case of braking (P,(7) <0), it is necessary to
recover as much energy as possible, taking care not to
damage the batteries.'” In this case, Pi.(t) =0 and
P, (2) is given by

P(SOC(1)) = max [Py(1), BSOC()Pemmax] — (38)

with

B(SOC(#)) = 0.5(tanh{A4,[SOC(#) — SOCpa]}) — 0.5
(39)

where A4, is a design parameter. Figure 10 shows the
plot of B for A; = 0.8 and SOC,,,x = 90%.
Finally, the required power at the friction brakes is

Pf (l) = P[)(t) - Pem(t) (40)

Note that optimization of the EM during regenera-
tive braking cannot be attained, as in this case the EM
is the only power source and the driving cycle demands
must be met.

Simulation results

In this section, the results of simulations on the vehicle
and the strategy presented in the previous sections
using ADVISOR?**? are shown. ADVISOR was used
as a simulation platform as it makes it possible to
reproduce the results easily. To obtain an idea of the
strategy performance, it is compared with a rule-based
strategy,”* available in ADVISOR as the default strat-
egy, with the same vehicle parameters, with a normal
parallel configuration and with the ICE and the EM
connected through a gear with a different ratio for
each. (More details have been given** about this rule-
based strategy and can be consulted by interested
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B(SOC) for Pp <0
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Figure 10. The regenerative braking power as a function of the SOC.

SOC: state of charge.

Table I. Main parameters for the simulated vehicle.

Total mass 912 kg

Peak power of the internal-combustion 41 kW

engine

Peak power of the lithium-ion battery (6 A h; 25 kW

Viom = 267 V)

Peak power of the electric machine 25 kw

Gearbox Five speeds

Table 2. Power-split strategy parameters.

SOC,¢ 70%

SOC, 0 85%

A I

k (PGS ratio) 5
ice_eff 20 kw
ice max 41 kW

kp I

k; 0.01

SOC: state of charge; PGS: planetary gear system.

readers.) The main parameters for the simulated vehicle
are shown in Table 1.

The strategy parameters are shown in Table 2. The
ICE map was taken from the ADVISOR database.

The simulation results for the virtual serial strategy
are shown in Figures 11 and 12, and the results for the
rule-based strategy are shown in Figures 13 and 14. In
the simulations of the new strategy the same tuning

parameters were used for both driving cycles. This
shows the robustness of the strategy, contrary to
EMCS-based strategies that must be manually or adap-
tively tuned for each cycle.* The simulation results for
the strategies are summarized in Table 3 which shows
the fuel consumption values for both strategies and
driving cycles.

Note that, from Figures 11 to 14, even though in
terms of the velocity the driving cycles are apparently
smooth signals, the power demanded in both driving
cycles has abrupt changes, as indicated by the corre-
sponding plots. It is clear that the virtual serial strategy
eliminates most of these spikes on the demanded power
in the ICE and that the power peaks are absorbed by
the EM.

It is convenient to emphasize that the initial SOCs in
the simulations were set, after several trials, to coincide
with the final SOCs. Taking this into consideration, the
fuel consumption is only due to the power-split strategy
used to move the vehicle; it is not affected by the elec-
trical energy in the storage system and gives a clear pic-
ture about the strategy performance. It is evident that
there is a great improvement with the proposed strat-
egy, especially for urban driving.

As can be appreciated in Figures 11 and 12, the ICE
works mostly around its most efficient power, 19.7 kW.
This is confirmed with the help of Figure 15 and Figure
16, which show the ICE efficiency histograms (P;.. > 0)
for the UDDS cycle and the HWFET cycle respectively.
It can be seen that the ICE functions at the maximum
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Figure 11. Virtual serial strategy on the UDDS cycle simulation results.
UDDS: Urban Dynamometer Driving Schedule; Veh.: vehicle; ICE: internal-combustion engine; EM: electric machine; SOC: state of charge.
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Figure 12. Virtual serial strategy on the HWFET cycle simulation results.
HWEFET: Highway Fuel Economy Test; Veh.: vehicle; ICE: internal-combustion engine; EM: electric machine; SOC: state of charge.
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efficiency about 50% of the time and that the very-low-
efficiency points of operation are virtually eliminated.
This has a clear impact on reducing the fuel consump-
tion and, most importantly, the pollutant emissions.

Conclusions

In this work a new strategy for HEV power flow con-
trol was proposed, which is based on an innovative

way to couple the power sources introduced by Becerra
et al.'” The new strategy resembles hybrid serial archi-
tectures, where the ICE operates at the maximum effi-
ciency at all times. Although it is not proven to be
optimal in terms of the fuel consumption, the strategy
is inspired by the optimal control theory. As it requires
little information and has low computational require-
ments, compared with other optimal power-split strate-
gies, it is suitable for real-time implementation.

Downloaded from pid.sagepub.com by guest on August 12, 2015


http://pid.sagepub.com/

306

Proc IMechE Part D: | Automobile Engineering 229(3)

Required Power [kW] Speed [km/h]
14,
o o

ICE Power [kW]
n
o

68
0

UDDS driving cycle — Rules based strategy

— — — Desired Speed

g NAM A

e VAnWAN

Veh. Speed

avawa

0 200

400

600

800

1000

1200 1400

:J”me ﬁw A i P oy b P\ PP P e D R

0 200

400

600

Time [s]

800

1000

1200

7MMJVNN\ h#ﬁWM. VMJ\ \}h /MM £, NM »Mw MAMWV"W’MMMWMM )“MWM ﬁleAM}L\M !

0 200 400 600 800 1000 1200 1400
= 20
g \ \ \ \ \ \
]
I 21 e e A & e VA L VA VA LIV Tt VA L 0 ¥ e 2 e et U | A 00 R R L T A
g 50 \ \ \ \ \ \

0 200 400 600 . 800 1000 1200 1400

Time [s]
72 \ \ \ \ \ \

&
o 70
o
3

1400

Figure 13. Rule-based strategy on the UDDS cycle simulation results.
UDDS: Urban Dynamometer Driving Schedule; Veh.: vehicle; ICE: internal-combustion engine; EM: electric machine; SOC: state of charge.
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Figure 14. Rule-based strategy on the HWFET cycle simulation results.

HWEFET: Highway Fuel Economy Test; Veh.: vehicle; ICE: internal-combustion engine; EM: electric machine; SOC: state of charge.

Table 3. Fuel consumption in the simulations.

Cycle Strategy Initial SOC (%) Final SOC (%) Fuel consumption (I/100 km)
UDDS Virtual 71.14 71.14 5.31
uDDS Rules 69.66 69.66 6.12
HWEFET Virtual 70.72 70.72 432
HWFET Rules 715 71.5 4.75

SOC: state of charge; UDDS: Urban Dynamometer Driving Schedule; HWFET: Highway Fuel Economy Test.
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Figure 15. ICE efficiency histogram when the ICE is used in the UDDS cycle.

ICE: internal-combustion engine.
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Figure 16. ICE efficiency histogram when the ICE is used in the HWFET cycle.

ICE: internal-combustion engine.

The strategy attains operation of the ICE in its most
efficient region most of the time, similar to what hap-
pens in serial configuration HEVs. A PI controller was
designed to compensate the deviation of the SOC from
the desired reference value. This compensator provides
a smooth power split and is easy to tune since since it

depends on only two parameters. Although in this work
a PI controller was used, other types of controller could
be employed.

The virtual serial strategy exploits the fact that, in a
modern injection-based ICE, combustion is very effi-
cient. In this way, when this new strategy is used in
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combination with normal fuel injection control tech-
niques, the overall result is very positive. One the one
hand, the virtual strategy reduces global fuel consump-
tion while, on the other hand, the fuel injection control
techniques optimize the pollutant emissions during
acceleration. Therefore, the combination of the two
techniques is complementary and helps to reduce the
total emissions.

The steps to implement the strategy can be summar-
ized as follows.

e Offline

1. Using the algorithm shown in Appendix 1, calcu-
late the function that relates the required ICE
power to the most efficient speed. This step is car-
ried out only once. If no efficiency maps are avail-
able, the curve can be calculated by direct
measurements.

Online (if P, > 0; otherwise the section on regen-
erative braking is used)

1. With the demanded power P,(f) and the SOC, cal-
culate a pre-value of the ICE power, as shown in
section on the ICE power.

2. With the demanded power P,(f) and the pre-value
of the ICE power, calculate the EM power P,,(f)
in order to meet equation (21).

3. Using the EM power P,,(t), calculate the ICE
power P;.(f) to assure that the demanded power
P,(t) is met, in case the EM power achieves its
maximum power.

4. With the ICE power P;.(f) as the input, for the
function calculated on the offline step, calculate
the most efficient ICE speed w,.(¢) for that given
power.

5. Using equation (20), the demanded speed w)(7)
and the ICE speed w,.(7), calculate the EM speed
wem(t)‘

6. Once the power and the speed for the ICE and the
EM are set, calculate the torque for each.

The simulation results show a better performance of
the strategy than a rule-based strategy based on
ADVISOR. The results indicate that the ICE is, effec-
tively, operated with high efficiency levels most of the
time and that the speed and the power demanded by
the driving cycles are accurately met. The results also
demonstrate that this strategy is robust, from the driv-
ing cycle point of view, since it shows good perfor-
mances for the UDDS driving cycle and the HWFET
driving cycle for the same set of tuning parameters.

Ongoing and future work

There are several topics on this work which still need to
be investigated:

(a) comparing the strategy with the DP solution as a
way to evaluate its distance from the optimal
performance;

(b) studying the effect on the performance of the strat-
egy of using a priori information on the driving
conditions;

(¢c) optimizing the size of the HEV power sources (the
ICE, the EM and the battery) and the design of
the manual transmission to improve the overall
performance;

(d) testing the performance of the strategy with other
controllers for the SOC compensator instead of
the PI controller;

(e) testing the strategy on a real vehicle with the same
powertrain configuration.

Investigations into all these points are ongoing.
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Appendix |

Optimization of the speed of the internal-combustion
engine

In this section an algorithm to find the most efficient
ICE speed for a given power using an efficiency map is
presented.

Most efficient speeds
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Figure 17. ICE power versus efficiency at constant speed.
ICE: internal-combustion engine.
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Once P;.(t) has been set, it is necessary to determine
the ICE speed wj.(t) in order to find the solution to
equations (20) and (21). In the work by Becerra et
al.,"wi(7) is found using information given by the
ICE manufacturer. This information is not always
available; instead, efficiency maps presented as a table
are used by most simulation tools.?**?

Given a table which maps wj.(¢) and 7;.() to an
ICE efficiency ICE; (wice(?), Tice(t)) (i.e. an ICE effi-
ciency map in table form), the following algorithm can
be applied.

Step 1. Start with the lowest P,., (and its corresponding
minimum w;., and 7;.,) in the ICE efficiency map table,
and take it as the base power P, (and its correspond-
INg wWpase and 7p450) for the first iteration.

Step 2. Search on the ICE efficiency map table for the
largest neighbour to Py, (by increasing wpqse OF Tpase)
which offers the highest AICE,; /AP, with respect to
Ppu. The size of the search depends on the ICE and

on the map, but it should be performed for neighbours
within 10% of the maximum power.

Step 3. Add the power found in step 2, and its corre-
sponding speed, to the table w;c, o

Step 4. Take as the new Py, the power found in step
2, and its corresponding wp,s. and Tp 0.

Step 5. Repeat from step 2 until the maximum power
from the ICE efficiency map table is reached.

Step 6. The table generated in step 3 maps a given
power to its most efficient speed; in other words, it gen-
erates Wjce efr (Pice) (D).

Figure 17 shows the plot of Pi.(f) versus
ICEy (wice(?), Tice(?)) at a constant speed for the speeds
defined in the ICE efficiency map table. The upper con-
tour is the plot of the table w;c. o (Pice)(f) found with
the previous algorithm for the ICE that was chosen for
simulations in this work. The plot of P,..(f) versus
Wico off (Pice)(?) 1s shown in Figure 9.
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