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Abstract. This paper proposes a new Power Management Strategy (PMS) for parallel
hybrid electric vehicles equipped with Continuously Variable Transmission (CVT). The
proposed PMS is established on the basis of Electric Assist Control Strategy (EACS) and
Equivalent Consumption Minimization Strategy (ECMS). This control approach is based
on maintaining the battery energy within a recommended range, considering the CVT
efficiency in selecting the engine operating point, and finding the best power split between
the engine and electric motor at certain moments of the driving. In order to evaluate
the effectiveness of this scheme, it is compared with EACS, a modified version of EACS
and ECMS. It is shown that, in all of the studied driving cycles, the proposed PMS is
superior to the considered rival strategies in terms of fuel consumption and, also, HC and

(© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

Vehicles are one of the main energy consumers and
important producers of airborne pollutants in the
world. Hence, researchers have implemented many
studies on the methods that reduce vehicles’ Fuel
Consumption (FC) and emissions. In this way, ve-
hicle hybridization is recognized as one of the most
promising technologies. In this technology, besides an
internal combustion engine, another power source is
employed to propel the vehicle [1]. One class of hybrid
vehicles is Hybrid Electric Vehicle (HEV), in which an
Electric Motor (EM) is used as the additional power
source. The strategy of power split between HEV
power sources is considered to be a major contributing
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factor in the vehicle performance, its FC, and emissions
levels. Power Management Strategies (PMSs) can be
categorized into three types:

(i) The methods based on heuristic techniques, such
as rule-based [2,3], and fuzzy logic [4,5]. One
of the conventional heuristic methods is Electric
Assist Control Strategy (EACS), which is cur-
rently employed in Toyota Prius [2] and Honda
Insight [6];

(ii) The methods on the basis of instantaneous op-
timizations are of another type in which the
electric energy consumption is converted to fuel
consumption and an overall FC function is de-
termined [7,8]. At each moment of the driving,
this function is minimized and an optimal power
split between the power sources is calculated.
Equivalent Consumption Minimization Strategy
(ECMS) is the most popular method of this
group [9,10];

(iii) The methods based on global optimizations are
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of the third type by which the global optimum of
the controller is found. These methods can be de-
veloped on the basis of different global optimiza-
tion tools, for instance, Dynamic Programming
(DP) [11-13], Simulated Annealing (SA) [14,15],
and Particle Swarm Optimization (PSO) [16,17].
It is notable that, due to the heavy calculation
burden, the latter type cannot be used for real-
time power management calculations. This type
is only used to evaluate the effectiveness of the
other strategies [9].

In the case of PMS optimization, some studies
have been implemented. Hu et al. [18] proposed a
convex programming method to minimize the level
of COy in a plug-in hybrid electric vehicle. Hu et
al. [19] employed a convex multi-criteria optimization
method to find the optimal tradeoffs between the
fuel-cell durability and hydrogen economy in the bus.
Delkhosh et al. [20] optimized the powertrain and PMS
in a parallel hybrid electric vehicle equipped with an
infinitely variable transmission.

Besides the PMS, the power transmission is an-
other factor that impacts the vehicle performance and,
also, its FC and emissions. Recently, applications
of Continuously Variable Transmissions (CVTs) as a
power transmission system have become common for
non-hybrid and hybrid vehicles, especially for Parallel
HEVs (PHEVs) [21,22]. Contrary to a series HEV,
in parallel one, an Internal Combustion Engine (ICE)
is mechanically connected to the wheels and, there-
fore, cannot operate in optimal working regions unless
a CVT-type transmission is used. The PMS of a
PHEV equipped with CVT and the CVT speed ratio
control are among the major concerns of researchers
in this field [2,4,23]. As opposed to conventional
transmissions, CVT’s efficiency is highly sensitive to
its operating condition [24,25]. Therefore, the PMS
should take into account its efficiency in determining
an optimum ICE operating point.

The previous studies on HEV control strategies
demonstrate that the PMS has a significant impact on
the vehicle performance, and a further investigation
is still required in this area. The aim of this paper
is to introduce a new PMS inspired by ECMS and a
modified version of EACS (M-EACS, presented in [26])
to reach lower levels of FC and emissions. In this
strategy, the power split is determined with regard to
the battery State Of Charge (SOC). If SOC is below
its recommended range, the ICE operating point is
determined considering its optimal operating region
and the CVT efficient working area. This method has
been proposed in M-EACS. If SOC is within this range,
an optimal power split between the power sources
is determined using the instantaneous optimization
method (which converts the electric energy usage to

equivalent fuel consumption). This method is the same
one used by ECMS to determine the optimal power
split. This paper is structured as follows: First, the
control method of a PHEV in a backward manner is
described. Next, M-EACS and ECMS strategies are
introduced briefly. Afterward, the proposed strategy
is presented. Then, the considered baseline PHEV
characteristics and the vehicle simulation model are
explained. In order to investigate the proposed PMS,
the FC, and emissions of the baseline vehicle in the
case of using a devised strategy are compared with the
cases of using EACS, M-EACS, and ECMS. Finally,
the variations of the ICE and EM powers, the battery
SOC, and the control parameters during a given driving
cycle are exhibited.

2. Power management strategy of PHEVs

As stated before, the control strategy plays an impor-
tant role in the performance of a given PHEV. The
block diagram of the control system architecture for a
PHEV equipped with CVT is shown in Figure 1.

The control system architecture exhibited in this
figure employs a backward strategy. According to this
diagram, the required power is calculated regarding
the vehicle speed and acceleration obtained from the
driving cycle. With regard to the battery energy level,
the required power, and the vehicle speed, the control
system defines the operating points of ICE and EM
and, also, the speed ratio of CVT. It should be pointed
out that, in the forward strategy, the required power
is calculated according to the vehicle current speed
and the driver’s pedal displacement. The rest of the
power management calculation process is similar to the
backward type.

The proposed PMS in this study is a combination
of ECMS and M-EACS. Hence, these techniques are
described in the following.

2.1. Modified EACS (M-EACS)

EACS is one of the most popular PMS techniques
among the existing rule-based control strategies for
HEVs. According to this strategy, the ICE is the
main power source, while EM is employed to propel
the vehicle at low speeds and powers. This strategy
attempts to maintain the battery SOC between its
upper limit (Hsoc) and lower limit (Lgoc). This
range is defined to prolong the battery service life and
is presented by the battery manufacturer. The EACS
strategy includes seven parameters to determine the
operation points of ICE and EM [27]. The rules of this
strategy are fully described in [20].

As discussed in [26], the EACS strategy has some
shortcomings. The main shortcoming of EACS is the
large number of its parameters, which increases its
sensitivity to the driving behavior [16,28-30]. The op-



M. Delkhosh and M. Saadat Foumani/Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 3245-3254 3247

CVT efficiency

CVT speed ratio, Hatalui 1"""' H
Input torque & speed 7 1 1
___________ CcVT b >
! model ' !

|

1

cVT i
I__
1 |
1

ICE

Clutch

1cn ovr —] =

}
}
}
| 1
[ i >
} | :
[} |
! ! Fuel
: : tank
} |
| F N, p-mmmmmm-o- .
! Control | MG power i MG E_ _
1 unit ! controller 1
1_ —-— _l [ H
£
| |
1 : Battery
| " T
| e e e e e e — - = J
! soc

MG GB { }J %

Figure 1. Block diagram of a PHEV’s control system architecture.

timal values of these parameters should be determined
by an optimization process for a predefined driving
cycle. The optimization of different drive cycles may
result in different optimal values and, therefore, the
strategy optimized for a given drive cycle may be non-
optimal for another driving cycle. If a CVT is employed
as the vehicle’s transmission, there will be another
shortcoming: the EACS does not take into account the
transmission’s efficiency in the process of defining the
ICE’s optimum operation point. The CVT’s efficiency
depends on its operating condition (contrary to the
conventional transmission) [31-33]. Therefore, it is
possible that, for the selected ICE operation point (by
EACS), the CVT efficiency is low, which results in
the poor overall efficiency of the vehicle’s powertrain.
Moreover, in this case, the operation point of ICE is
determined regardless of the limitations on the speed
ratio range of the transmissions.

The modifications proposed in [26] attempt to
overcome these shortcomings. According to the mod-
ified strategy, at the moments when the ICE power is
different from the required value (namely, the instants
at which the ICE provides higher power that is used to
propel the vehicle and charge the battery and the in-
stants at which both ICE and EM provide the required
power), the parameter that determines the operation
point of ICE is the CVT speed ratio (toyr). Based on
this modification, the CVT speed ratio changes from its
lowest value to the highest amount. The speed ratio for
which the FC and emissions of the ICE are the lowest
and also the CVT efficiency is the highest is identified
as an optimal speed ratio. Then, the ICE rotational
speed is determined according to the selected speed
ratio and the vehicle speed. Finally, for the selected
rotational speed, an optimal ICE power in terms of the

ICE’s fuel consumption and emissions is found.

In summary, for M-EACS, the operation point
of ICE is determined by the CVT speed ratio. As
discussed in [26], three parameters of the EACS can
be eliminated by applying the proposed method.

2.2. Equivalent Consumption Minimization
Strategy (ECMS)

The ECMS strategy is on the basis of converting

electric energy consumption to FC and minimizing the

overall FC function. This function is calculated as

follows:

J(t,u) = AErop(t,u) + s(t) AEpnm(t, u), (1)

where AFE;cp and AEg) are the fuel and electric
energy uses at the considered time interval, respec-
tively. w(t) is the control parameter, which is defined
as follows: Tgp/Treq (the EM torque divided by the
required torque). In Eq. (1), s(¢) is the equivalence
factor used to convert electric energy to fuel energy.
This parameter is the key element of this strategy. At
each moment of the driving, different values of u(t)
(which are within a predefined range) are considered,
and some candidate operating points for the ICE are
defined. For each candidate point, s(¢) is computed
according to u(t), the required energy at the wheels
at this moment, the required energy (calculated from
the driving beginning to this moment), and some fixed
parameters (Schg, Sdis, A) obtained from considering
the vehicle in some predefined drive cycles. For
calculating the equivalence factor for each candidate
point, the cost function (J(t,u)) is computed, and
the value of the control parameter for which J(¢,u) is
minimal is considered as the optimal control parameter
(uopt(t)). Therefore, an optimal power split between
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the power sources can be determined at each moment
of driving [34].

ECMS has some downsides. For instance, its per-
formance strongly depends on certain fixed parameters
(Schgs Sdis» A). These values are unknown a priori
and, also, they are dependent on the considered driving
cycle and may have different values in different drive
cycles [34-36]. In addition, as discussed in [34-36],
these parameters are the functions of the efficiencies of
electrical and thermal paths in charge and discharge
modes. If these efficiency values remain essentially
unchanged for different driving schedules or the driving
pattern is similar to the driving cycle considered in
determining these parameters, their average over the
considered drive cycles can be used in the ECMS
strategy. If their values in various drive cycles are
not close together, using their average may degrade
the resulting performance. Another shortcoming of
the ECMS is that it is a local optimization method.
The optimal operation state of the HEV is determined
regardless of the whole driving cycle, and the chosen
state is a local optimal state. Therefore, the vehicle
performance through this method may not be the best
performance [11,37].

2.3. Proposed strategy
In the proposed PMS, three cases regarding the battery
SOC are considered for the vehicle:

1. SOC > Hgspc- In order to prolong the battery
service life, it is necessary to maintain its energy
level in the given recommended range. For this pur-
pose, in this case, the EM should propel the vehicle
until the battery SOC falls within the recommended
range. If the required power exceeds the maximum
electric power, which can be transferred (limited
by the battery maximum discharge rate and the
maximum EM power), the EM provides maximum
allowable power and the ICE provides the rest of
the required power. If the vehicle is in the braking
mode, the battery is not charged and the mechan-
ical brakes dissipate the vehicle kinetic energy;

2. Lsoc < SOC < Hgope. In this case, different
modes can be applied: pure thermal, pure electric,
and charge and discharge modes. In the charge
mode, the ICE provides a power more than the
demanded value, and additional power will be used
to charge the battery. Similarly, in the discharge
mode, the EM is used to propel the vehicle. Ob-
viously, in order to compare different modes and
select the optimum one, it is necessary to convert
the electric energy to the equivalent fuel energy.
This aim is achievable using the technique employed
by the ECMS strategy. This method was presented
in the previous section. At any moment of driving,
tentative values of the control parameter u(t) in its

allowable range are applied, and the values of func-
tion J(¢) are computed; as a result, an optimal con-
trol parameter (uqp(t)) is found. By determining
Uopt (t), the optimum driving mode can be defined,
and the values of ICE and EM powers can be found.

It should be noted that if the vehicle is in the
braking mode, the braking energy is stored in the
battery by the EM, which functions as a generator.

Obviously, the goal of the PMS (for instance,
reducing the FC, emissions, or both) should be
considered in formulating the cost function. In
the present study, the aim of the proposed PMS
is to minimize the vehicle FC and emissions,
simultaneously.

In some studies, besides electric energy
consumption, the FC alone is considered in the
definition of cost function [34,38]. In some other
studies, in addition to the FC, emissions are
considered in the formulation of this function
using a weighted summation method [35,36]. This
method is used to convert different objectives
into a single scalar function. As demonstrated in
several pieces of literature [39-41], the weighted
sum method is sometimes unable to reach the
global minimum point, especially for non-convex
spaces. Another method for this aim is Global
Criterion method (GC). In this method, first,
the minimum of each objective term is calculated
without considering other terms. Then, a scalar
objective function is defined as the sum of the
normalized FEuclidean distances between each
objective and its minimum value [42]. This method
does not have the disadvantages of weighted sum
method and is able to reach the Pareto front [43].

Due to the above-mentioned reasons, the cost
function is defined using the GC method as given
below:

Jao(t,u)= {wl (‘W)

s (€O 1) = COmin(t) ?
2 COmin (t)

n HC(t, U) — chnin(t) ?
w3 HCmin(t)

)

NOXmin (t) 2)

(NOx(t, ) = NOXpin (1) ) 2}
Wy

(
where NOx, CO, and HC denote different pollutant
emissions in gr/kWh, and the ‘min’ index means
the minimum of each function regardless of the
other objectives. Moreover, w; means the relative
importance of the ith function. In this study, the
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FC and emissions are of the same importance.
Therefore, the related weights have been considered
to be equal. By minimizing the function Jg¢
at each moment of driving, an optimum control
parameter, which results in the lowest levels of FC
and emissions, can be found;

3. SOC < Lgsoc- In this case, since the battery
energy is below the recommended range, it is
necessary to charge the battery by the braking
energy or ICE. If the vehicle is in the braking
mode, similar to the previous case, the battery
is charged by the EM. Otherwise, the ICE will
provide both the required power and charge power.
For this case, the M-EACS approach presented in
the previous section is used.

According to the mentioned rules, the proposed
PMS has fewer parameters than that of EACS. There-
fore, its sensitivity to the driving cycle will be lower
than that of EACS. Furthermore, in contrast to EACS,
the transmission efficiency is taken into account in
determining the ICE operation point. On the other
hand, the proposed PMS uses an instantaneous opti-
mization to find the ICE and EM working points only
in certain conditions. As discussed in the previous
section, ECMS has some predefined parameters (Scpg,
Sdis, A), which are the functions of the driving pattern
and the efficiency of thermal and electrical paths. Since
the proposed PMS uses the ECMS approach partially,
its sensitivity to the driving cycle will be lower than
that of ECMS.

3. Application of the proposed PMS

In this section, the proposed PMS is used to control
a baseline PHEV and, also, the results are compared
with those of other strategies.

3.1. Vehicle characteristics

The control system architecture of the baseline vehicle
considered in this study is the same as that shown in
Figure 1. The characteristics of the vehicle components
are also presented in Table 1.

In order to simulate the vehicle behavior in
different conditions, the model presented in [26] is used.
This model was developed in MATLAB for the baseline
vehicle when it is equipped with CVT. The vehicle
simulation model includes a look-up table to represent
the EM efficiency, a model of full-toroidal CVT, the
battery efficiency data, and some empirical maps for
the ICE’s FC and emissions, as well as the used power-
split control strategy. In [26], this model has been
verified by comparing its simulation results with some
experimental data.

3.2. Evaluating the proposed PMS

In order to evaluate the performance of the proposed
PMS, it should be compared with other strategies. In
this section, this strategy is compared with the EACS,
M-EACS, and ECMS strategies. As discussed before,
EACS and M-EACS techniques have some parameters
that impact their performances. Hence, the parameters
of these methods should be firstly optimized to find
the optimum PMSs before comparing them with the
proposed PMS. In order to implement the optimization,
Particle Swarm Optimization (PSO) is used with the
aim of minimizing the function introduced in Eq. (3):

Fodw (FC=FCmn\",  (CO=COmn\"
- ! chin 2 COmin

+w HC - Hcmin 2
° HCmin

1
n NOx — NOxpin 2]’
b NOXmin .

(3)
As can be seen, the GC technique is employed to define
the objective function, similar to the previous section.
Minimizing this function leads to an effective PMS in
terms of emissions and FC criteria. In this function, FC
is the vehicle fuel consumption (L/100 km) for a given
drive cycle. Moreover, CO, HC, and NOx are emissions
in gr/km. Similar to the previous section, the ‘min’
index denotes the minimal value of each objective term
obtained regardless of the others.

In the case of running ECMS, it is necessary
to assign an average value to its constant parameters
(Schg» Sdis, A)- To this end, different driving cycles are
considered and these parameters are calculated [34].
Then, their averages over the considered driving cycles
are regarded as their optimal values and, then, used in
the ECMS method.

The considered driving cycle to compare the
above strategies is SC03. The reason for selecting this
cycle is its aggressive accelerations and decelerations,
meaning that the hybridization aspect can be evaluated
accurately.

Table 2 shows the results of using the pro-
posed PMS, optimized EACS, optimized M-EACS, and
ECMS as the controllers of the considered vehicle in the
SC03 drive cycle.

According to Table 2, for this driving cycle, the
levels of FC, CO, and HC in the case of employing
the proposed PMS are lower than those in the cases of
employing the optimized EACS, optimized M-EACS,
and also ECMS. The NOx levels for the proposed
PMS and the optimized M-EACS are approximately
equal, while these values are more than the those
corresponding to the optimized EACS case. This is



3250

M. Delkhosh and M. Saadat Foumani/Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 3245-3254

Table 1. Specifications of the HEV subsystems.

Element

Characteristics

Internal combustion engine [44]
Volume

Maximum power

Maximum torque

Peak efficiency

Electric motor/generator [45]

1.3L
53.2 kW at 5200 rpm
113 Nm at 2800 rpm
0.34

Asynchronous induction motor/generator

Maximum power 30 kW
Maximum torque 300 Nm
Maximum speed 6000 rpm
Peak efficiency 0.9
Minimum voltage 60 V

Battery [46] Lithium-ion polymer rechargeable
Number of modules 96

Nominal capacity 10.05 Ah

Nominal voltage 148V

Internal impedance 15 mQ

Maximum allowable current

Vehicle [44]

10.05 A (charge), 120 A (discharge)

Light passenger car

Frontal area 1.94 m?
Rolling resistance 0.014
Drag coefficient 0.46
Wheel radius 0.264 m
Cargo mass 136 kg
Total mass 1224 kg

Power train [47]
Efficiency

Differential speed ratio and efficiency

Torque coupler

Continuously variable transmission
Variable with respect to input torque, speed and speed ratio
3.778, 97%

One-speed gear mate

Table 2. FC and emissions during SC03 cycle for different control strategies.

Control strategy FC (L/100 km) CO (gr/km) HC (gr/km) NOx (gr/km)
Proposed PMS 4.25 3.29 0.66 1.39
Optimized M-EACS 4.33 3.44 0.66 1.38
Optimized EACS 4.48 3.80 0.70 1.25
ECMS 4.54 3.91 0.74 1.42

because, in the ICE emissions map, the NOx-optimum
operating points are in the high power area (Figure 2),
where the CVT efficiency is a low value. Therefore,
by applying the proposed PMS, the ICE will operate
at lower powers where the CVT unit is efficient and,
thus, the NOx emission is at a high level. In order
to decrease the NOx level of ICE in the case of using
the proposed PMS, one solution is to increase the

importance weight of NOx (w,) in the formulations
of Jgo function (Eq. (2)). For example, if wy = 0.5
and w; = wy = ws = 0.167, the vehicle FC and
emissions in the case of using the proposed PMS will
be as follows: FC =4.38 L /100 km, CO = 3.65 gr/km,
HC = 0.70 gr/km, and NOx = 1.24 gr/km. As can be
seen, by this approach, the NOx level decreases, while
the values of other functions will increase.
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Figure 2. Optimal regions of the vehicle ICE in terms of

FC and pollutant emissions [20].

In order to accurately compare the proposed
PMS with EACS, M-EACS, and ECMS techniques,
these strategies should be evaluated in other driving
cycles, too. Hence, Urban Driving Cycle (ECE), Urban
Dynamometer Driving Schedule (UDDS), IM240, and
Federal Test Procedure (FTP) cycles are also consid-
ered. The vehicle FC and emissions in these cycles
in the case of using each of the mentioned strategies
are shown in Figure 3. In this figure, the results are
normalized with respect to the proposed PMS case. As
can be seen, for these driving cycles, the results are the
same as before.

Figure 4 shows the variations of the vehicle speed,
ICE and EM powers, battery SOC, control parameter
(u(t)), and 7oy in the first 70 seconds of the SC03
cycle for the proposed PMS.

The figure reveals that, during the braking, the
engine is turned off, the CVT speed ratio is unchanged,
and the battery SOC increases. Furthermore, all of the
required power (braking power) is supplied by the EM.
At these moments, neither u(t) nor the CVT speed
ratio is the control parameter. Furthermore, while
the vehicle is at the standstill, the ICE and EM are
turned off, the battery SOC and the CVT speed ratio
are fixed, and u(t) = 0. In the first 43 seconds of
the considered driving cycle, the battery SOC is lower
than Lgoc. According to the rules of the proposed
PMS, at these times (except for the braking and stop
times), the control parameter is the CVT speed ratio
and u(t) = 0. In the rest of the considered simulation
time, since SOC > Lsoc, u(t) is the control parameter
and, also, the CV'T speed ratio is determined according
to the operating point of ICE, which is determined
with regard to u(t). According to the figure, while
u(t) < 0, the EM is in the generator mode (negative
power). At these moments, the ICE provides a power
amount more than the required power in order to
charge the battery by the generator. Moreover, as can
be observed, while u(¢) > 0, the EM is in the motor
mode. At these moments, both ICE and EM propel
the vehicle (discharge mode). Therefore, the battery
SOC decreases at these times.

For a major portion of the moments when u(t)
is the control parameter, the absolute value of w(t) is
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Figure 4. Simulation results with the proposed PMS for
the first 70 seconds of the SC03 cycle.

lower than 0.5, which means that the ICE power is
more than the absolute value of the EM power. This
is because the ICE is inefficient at the low powers and,
therefore, it is reasonable to use it at the high powers
(see Figure 2).

4. Conclusion

In this study, a new PMS for PHEVs equipped with
CVT was presented and, also, its effectiveness was
demonstrated by some simulation results. Based on
this strategy, in some conditions, the best working
point of the ICE was determined by changing the
CVT speed ratio and, also, the battery was charged
by the ICE. Moreover, in some occasions, a control
parameter was used to determine the best power
distribution between the ICE and EM. For a given
baseline PHEV, the comparisons between the proposed
PMS, the ECMS, and the optimized versions of EACS
and M-EACS revealed that, in all of the considered
driving cycles, the proposed PMS was superior to the
other rival strategies in terms of FC, HC, and CO.
Further, it was shown that the vehicle NOx in the
case of using the proposed PMS was more than that
of the EACS and M-EACS techniques. For example,
the reduction percentage of FC, CO, and HC with
respect to the optimized EACS in the SCO03 drive cycle

included 5.4%, 15.5%, and 6.1%, respectively, while
the NOx growth was 10.1%. As shown earlier, if the
importance weight of NOx in the formulations of cost
functions (Jgo (Eq. (2))) increased, the level of NOx
would decrease, while the amounts of FC and the other
emissions would increase. Hence, the best importance
weight of NOx should be determined according to the
designer goals.

Nomenclature

J Cost function

Hsoc Upper limit of battery recommended
SOC

Lsoc Lower limit of battery recommended
SOC

Preq Required power

Pregmax  ICE maximum power

s(t) Equivalence factor

U Control parameter

w Importance weight

Vi Lunch speed

AErcE Fuel energy use

AFEgy Electric energy use

TOVT CVT speed ratio

fcvT CVT efficiency
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