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Analysis of the strategies for managing extended-range electric vehicle powertrain
in the urban driving cycle

Introduction. An Extended-Range Electric Vehicle (EREV) is a type of electric vehicle that uses an additional internal combustion
engine (ICE) to charge the battery in order to provide the vehicle with a greater range than in electric only mode. Purpose. Analysis
and comparison of the performance of EREV powertrain managed according to three control strategies: pure electric mode, hybrid
mode with |CE constantly working, and hybrid mode with | CE working only at high power demand. Methods. The tests were carried
out using a laboratory test stand that represented the structure of EREV powertrain. Liquefied petroleum gas was used as a fuel to
supply the ICE. The test conditions were defined by a special driving cycle ssimulating urban driving. Results. Time series plots of
selected parameters of electric motor, electrochemical battery pack, range extender generator and active load system. Practical
value. Among the considered control strategies of EREV powertrain, the energy balance of the electrochemical battery is negative
for a purely electric mode, significantly positive for continuous range extenders (REXs) operation mode and moderately positive for
the mode with REX activation only in dynamic states. References 16, figures 22.
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Bcemyn. Enexkmpomo6ine 31 30invuenum 3anacom xo0y (E33X) — ye mun enekmpomo0ins, akuil 6UKOPUCIOBYE 000AMKOBUL OBUSYH
eHympiunbo20 3eopsanns ([IB3) 0 zapadocanns akymynamopa, wob 3abesnevumu mpancnopmuuil 3acié OiLibuum 3anacom xooy,
HIDIC Y pedicuMi Tuuie Ha enekmpuyromy xody. Mema. Ananiz ma nopisusanus egpexmusnocmi cunosoi nepedaui E33X, keposanoi
8i0N0BIOHO 00 MPbLOX cmpamezill YNPAGIIHHA. YUCTNO eNeKMPUUHULL pedcuM, 2iOpUOHULL pexcum 3 nocmitino npayroiodum B3 ma
2ibpuonuil pescum 3 /[B3, wo npayioe minoku npu 8Ucokomy cnodxcusanui nomyscnocmi. Memoou. Bunpobysanns npogoounucs na
1a00pamopHoOMy CmeHOl, wo npedcmasiic coboi KOHCmpyKyito cunogoi nepedaui E33X. Ckpannenuil 2a3 uKopucmogysascs sx
nanueo ons sscuenenus JB3. Ymosu eunpodyeans usHauaiucs cneyiansHuM Yyukiom 800IHHA, WO IMImye 600iHHA 8 YMO8AX MiCma.
Pesynomamu. Ipapicu uacosux psoie eubpanux napamempis eneKmpoosucymd, eieKmpoximiynoi axymyaamopnoi 6amaperi,
eenepamopa-po3umupiosaua Oianazony ma cucmemu axmuenoeo nagaumadicenns. Ilpaxmuuna winnicms. Ceped posensnymux
cmpameziti  KepysanHs cunogorw ycmanoskow E33X, 6ananc ewepeii enexmpoximiunoi 6amapei necamueHuil 0N UYUCMO
eNeKmPUIHO20 PedrcUMy, Cymmeso NOUMUGHUIL 0 pexcumy pobomu pozwupiosayie dianasony (PL) ma nomipno nozumusnuii ons

pedcumy 3 akmugayicio P/ nuwe y ounamiynux cmanax. bion. 13, puc. 22.
Kniouosi cnosa: enexTpoMoo0iib 3i 30lIb1IEHNM 3a1aCOM X0y, aJIbTEPHATHBHE NAJIUBO, CKPAINJIEHUH ra3, HUKJI BOAIHHS.

Introduction. After over a century of domination of
internal combustion engine (ICE) as the basic energy
converter in vehicles, there is currently a dynamic
development of electric propulsion systems in the
automotive field [1, 2]. The latest powertrain solutions
improve the performance, efficiency, safety and
sustainability of electric passenger cars, commercial
vehicles, buses, off-road utility vehicles, motorcycles etc.

Vehicle electrification takes different forms,
depending on the purpose and conditions of use of
vehicles, users' needs as well as availability of charging
infrastructure. Common solutions include: Hybrid Electric
Vehicles (HEVsS), Plug-in Hybrid Electric Vehicles
(PHEV ), Battery Electric Vehicles (BEVS), and recently
also Extended-Range Electric Vehicles (EREVS) [1, 3, 4].
This paper focuses on the last of the above approaches.
In essence, EREV is an dl-electric vehicle with wheels
driven solely by an electric motor, but equipped with a
small ICE that provides energy for charging a battery
and/or supplying the electric motor [1, 5]. In the literature,
this arrangement is often classified as a PHEV [1, 5, 6].
Regardiess of the definition, the man purpose of
introducing EREV to the market was to beat the range
limitation that isinherent in EVs.

A reliable control of power flow and energy
management is of great significance towards the
performance enhancement of EREVs. The main goal isto
find the optimal control strategy for different powertrain
operating conditions which would yield the minimum fuel
consumption. There are many methods used for designing
optimal EREV control strategies, among which several

are based on estimating the battery State Of Charge
(SOC) and vehicle speed.

Dynamic Programming (DP) has been particularly
successful in this scope and can be considered as a
benchmark method for control of hybrid powertrains [7].
Pontryagin’s Minimum Principle (PMP) has aso been
widely applied and has been proven to provide near-
optimal solutions [8]. A traditiona PMP-based control
strategy becomes a practicable and effective solution
when combined with an adaptive concept for balancing
SOC of a battery [9]. Other EREV control strategies are
usually an extension of the DP- and PM P-based methods.

For example, the charge-deplete-charge-sustain
strategy [10] has been developed via Power Split Ratio
(PSR) from simulation of Extended-Range Electric Bus
(EREB) using DP algorithm. Obtained results show that
the overall energy efficiency can be improved and
operating costs can be reduced to a great extent. Other
research works[11] utilize even more factors affecting the
system costs and performance, ranging from fuel
consumption to noise emissions up to battery aging and
engine start-up costs.

However, most EREV control strategies may not be
as highly effective in practice as they are in theory, unless
the future driving conditions are known. In order to solve
this problem, paper [12] introduces an energy
management strategy based on driving cycle
identification. The results of simulation show that this
strategy is effective in terms of reducing fuel consumption
and pollutant emission from EREV. Finaly, an energy
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management strategy that can adapt to the driving
characteristics of the driver and adjust the control
parameters on-line is proposed [13]. It has been verified
in simulation, achieving good fuel-saving and emission-
reduction results.

Extensive research on electric vehicles has been
carried out at the Faculty of Automotive and
Construction Machinery Engineering of the Warsaw
University of Technology. Recently, much attention has
been paid to EREVs, which results in publications
[14-16]. Current paper presents the results of testing
extended-range €electric powertrain  in laboratory
conditions. An important aspect is the use of alternative
fuel — Liquefied Petroleum Gas (LPG) to supply the
ICE, which is very rare in commonly used range
extenders (REXS).

The goal of the paper is to analyze and compare
the performance of EREV powertrain managed
according to three control strategies: pure electric mode,
hybrid mode with ICE constantly working, and hybrid
mode with ICE working only at high power demand.

Materials and methods. The tests were carried out
on a laboratory test stand shown in Fig. 1 and Fig. 2. It
consisted of a traction electric motor powered by an
electrochemical battery pack. The battery pack was
controlled by a master control unit that managed its energy
flow — discharge to provide power to the electric motor and
recharge using REX. The range extender was based on a
spark-ignition |CE supplied with LPG. The traction electric
motor was connected by the gear transmission to the shaft
that drives the inertia disc, simulating the inertia of the
vehicle. The electric motor was loaded by an active load
system, alowing for better representation of rolling and
agrodynamic resistance, depending on the vehicle speed.
This system consisted of a DC generator, which excitation
circuit was connected to a controllable power supply while
the main circuit — to an eectric load, i.e. resistors cooled
with external forced air circulation. The DC generator was
connected to the shaft with inertia disc through a belt
transmission. An external measuring system connected to a
computer recorded the operating parameters of the
components of laboratory test stand.
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Fig. 1. Schematic diagram of laboratory test stand

Gasoline Internal
supply combustion
engine
Electric
generator

Fig. 2. General view of laboratory test stand: a —range extender; b — electric vehicle powertral n with active load system
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The main parameters of the laboratory stand
elements are given below:

e Traction motor: Permanent Magnet Synchronous
Machine, 3-phase, rated power 15 kW, rated rotationa
speed 3600 rpm, air cooled, manufactured by KOMEL;

e Electrochemical battery: Li-ion battery pack
consisting of 36 prismatic cells (MGL-SPIM23300260)
90 Ah in series connection, nominal voltage 144 V, air
cooled;

¢ Range extender:

— ICE: Honda 1GX440 - four-stroke, single-
cylinder, spark-ignition, OHC, displacement volume
438 cm®, cylinder bore/stroke 88 mm/72.1 mm, max
power 9.5 kW at 3600 rpm, max torque 29.8 Nm at speed
2500 rpm, carbureted, air cooled;

— Generator: Permanent Magnet Synchronous
Machine, 3-phase, rated power 15 kW, rated speed 3600
rpm, air cooled, manufactured by KOMEL;

e Active load: DC generator manufactured by
KOMEL, rated power 3.5 kW, rated speed 2850 rpm,
separately-excited (from electronic power supply);

e Data Acquisition Unit: ESAM PP/SP in/out signals
compiler box with filtration;

e Inertiadisc (fly wheel): moment of inertia 6 kg-m?;

e Gear transmission: ratio 1:2.7;

e Bdlt transmission: ratio 1:3, belt type 8M-20.

The ICE of the REX worked at a single operating
point, selected taking into account the two-dimensional
efficiency characteristic (map) determined earlier [14].

The tests were carried out according to the special
driving cycle developed by authors (Fig. 3). The cycle is
based on ECE 15 and represents city driving conditions.
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Fig. 3. Special driving cycle used for testing

REX control strategies. In this research three REX
control strategies are eval uated:

o dtrategy 1: Pure electric mode;
o strategy 2: Hybrid mode ;
e strategy 3: Hybrid mode Il.

The strategies govern the two states of the REX:

o OFF state, where REX is disabled and no power is
delivered to the powertrain from the REX;

e ON state, where REX is enabled and constant power
of 2.5 kW isdelivered by REX to the powertrain.

These strategies are tested in isolation, meaning for
each test only one strategy is used. No switching between
the strategies is evaluated.

The first strategy results with pure electric driving.
The REX isin OFF dl the time during the drive with this
strategy scheduled for operation. In real driving
conditions, such strategy is suitable when traction motor

demand is low and it is critica to not generate any
emissions by REX engine. This includes city traffic
driving and no pollution zones driving.

Scheduling the second strategy for operation results
with hybrid driving, with REX always in ON state. This
helps avoiding overcharging and excessive battery
charging current. In real driving conditions, such strategy
is suitable for high motor power demand and for areas
where pollution restriction is not critical. This strategy is
suitable for times when battery SOC is running low.
Then, it is critica to provide additional energy to the
battery, even by running REX when vehicleis stationary.

The third strategy, when scheduled for operation,
results with REX changing the state between ON and
OFF as requested. In this research, this request is
triggered when power demand by the traction motor is
greater than zero. In real driving conditions, such strategy
is suitable when traction motor demand is moderate to
high and SOC is not enough to provide demanded vehicle
range in pure electric mode. The driving conditions
suitable for this strategy include mixed city (without zero
emissions zones) and motorway driving.

Results. Overview. This section presents time series
plots of selected operating parameters of the tested
powertrain. For AC current and voltage, the measured
signals are marked in blue, while the effective values
(RMS) — in red. Time series plots of rotational speed,
power and current of the traction electric motor were
almost the same for each analysed variant of the control
strategy, therefore they were presented only in the first
case. The power of active load generator (DC generator)
results from the resistance to motion, which in turn
depends on the speed of the vehicle (i.e. the rotational
speed of the traction motor). Hence, for each analysed
variant, its time series plot was very similar.

Strategy 1. Pure electric mode. Figures 4-10 show
the results obtained for the first control strategy, where
REX is turned off during the entire cycle (i.e. «zero
emission» mode).
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Fig. 4. Electric motor rotational speed for 1% control strategy
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The battery current corresponds to the current of the
traction motor. The battery power is higher than the
power of the traction motor due to energy transmission
losses and power eectronic converter efficiency, which
are variable and depend on the actual operating points.
The battery voltage throughout the entire cycle is
relatively constant, instantaneous voltage drops are
caused by the higher instantaneous current load on the
battery. As the battery discharges, the voltage at its
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terminals decreases dightly. The power, current and
voltage of REX generator equal zero, due to the principle
of the first control strategy in which extender generator is
turned off. Current peaks occur in dynamic states, i.e.
when the vehicle accelerates or when it brakes
regeneratively. The battery current peak is positive for
acceleration and negative for braking. This means that
during acceleration, energy is drawn from the battery,
while during recuperative braking the battery is charged.
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Fig. 5. Electrochemical battery current for 1% control strategy
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Fig. 7. Electrochemical battery power for 1% control strategy
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Fig. 8. Active load power for 1% control strategy
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Fig. 9. Electric motor power for 1% control strategy
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Fig. 10. Electrochemical battery voltage for 1% control strategy

Strategy 2: Hybrid mode |. Figures 11-16 show
the results obtained for the second control strategy, where
REX isturned on during the entire cycle.
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Fig. 11. Electrochemical battery current for 2™ control strategy
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The surplus power, in relation to the demand
resulting from the cycle, recharges the battery. The
instantaneous battery current is the sum (excluding losses)
of the REX generator instantaneous current and the
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traction motor current. In the case of regenerative braking,
the battery is charged with current from both the traction
motor and the REX generator. In this case, it must be
ensured that the maximum battery charging current is not
exceeded (depending on the capacity of the battery) or
that it is not overcharged, as this may result in permanent
damage. The REX generator current and voltage have
positive and negative values, which means that AC is
generated.
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Fig. 14. Electrochemical battery voltage for 2™ control strategy
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Strategy 3: Hybrid mode I1. Figures 17-22 show
the results obtained for the third control strategy, where
REX is activated in situations of high power demand,
determined by the driving cycle.
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When REX isturned on, the graphs for battery pack
show that the instantaneous current and power values are
negative. This means that the power required by the
traction motor, necessary for the vehicle to follow the
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driving cycle, is lower than the power supplied by REX,
hence the battery voltage ends up being higher after the
considered driving cycle. If similar test would be carried
out, but using a different driving cycle with higher energy
demand, expected results would show higher energy
consumption, and therefore battery energy staying closer
to the same level before and after driving cycle.
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Fig. 21. REX generator voltage for 3 control strategy
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Fig. 22. REX generator power for 3" control strategy

Conclusions.

The control strategy applied to EREV powertrain
should ensurefirst of al:

e avoiding overcharging and excessive battery
charging current;

e reduction of battery current in dynamic states with
REX support.

Appropriate selection of powertrain components
alows for proper choice of control strategy. The
selection of components should take into account the
power, voltage and current of the traction motor, battery
and REX.

The energy balance of the electrochemical battery
for the considered control strategiesis:

e negative for a purely electric mode, i.e. the SOC
level of the battery at the end of the cycle was lower than
at the beginning;

e significantly positive for continuous REX operation
mode, i.e. the SOC level of the battery at the end of the
cycleincreased significantly;

e moderately positive for the mode with REX
activation only in dynamic states, i.e. the final battery
SOC level increased (the battery SOC level at the end of
the cycle), athough to a lesser extent than for the case of
continuous REX operation — the SOC levels of the battery
at the beginning and the end of the cycle had close values.

It should be noted that when analyzing the energy
balance of the whole powertrain, it is necessary to take

into account the fuel consumption of the ICE and its
correspondence to the SOC level of the battery. This may
be one of the directions for further research.

Furthermore, the energy balance of the whole
powertrain largely depends on the proper selection of
operating parameters of the primary power source
considering the driving cycle. The relationship between
the parameters of individua components of the
powertrain also plays an important role. For the
considered laboratory test stand, the REX power was
significantly higher than the average demand for the
power of the driving cycle (traction electric motor) itself.
The authors see this as limitations to the results obtained
so far. It is assumed that further research will take into
account the optimization of the parameters of the test
stand.
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