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Abstract: More and more stringent emissions and fuel consumption regulations are
stimulating an interest in the development of safe, clean, and high-efficiency transportation. It
has been well recognized that electric, hybrid electric, and fuel cell-powered drive-train
technologies are the most promising solutions to the problem of land transportation in the
future [1]. The hybrid electric vehicles (HEVS) or simply hybrid vehicles use both electric
motors (EM) and an ICE for delivering the propulsion power [2]. This power depends on the
ICE and EM torques, which must be distributed and mixed in correct proportion and work
sequence. The main attention is paid to the EM and battery (B) control which ensures the HEV
ecological drive modes. The aim is these modes to be prolonged and thus the HEV electrical
energy efficiency becomes the main factor for its economy, ecology, and drivability. The base
components of this efficiency are the HEV electric consumption and battery regeneration which
are factors for evaluating and improving the energy efficiency. HEV electric consumption is
connected to the battery discharge during electric motors operation and control, and
regeneration is linked to the battery recharge during regeneration braking. The electric
consumption and battery regeneration can be measured by special equipment and evaluated by
certain method and criteria. The physical measuring of these gives the accurate results, which
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are essential for the correct conclusions. This paper considers the method for determining the
HEV electric consumption and battery regeneration.

INTRODUCTION

The methodology for evaluating the HEV electric consumption and battery regeneration is

subdivided into the following modules:

. Choice of a HEV and driving modes.

. Choosing a route of travel.

. Determination of a driving distance.

. Recording of a travel time.

. Selection of a measuring equipment.

. Setting up the measuring equipment.

. Measuring and recording of experimental results.

. Selection of a criteria for evaluating the HEV electric consumption.
. Selection of a criteria for evaluating the HEV battery regeneration.

10. Analysis and evaluation. Recommendations. Trends.

METHODOLOGY

According to the analysis of the existing various solutions in the structures and the
propulsion layout of the HEVs, a representative configuration of a HEV of mixed (series-
parallel) arrangement type was selected [1,2,3]. The series-parallel HEV block diagram is
presented in Fig. 1 and the propulsion scheme is presented in Figure 2.

When the HEV is moving in urban traffic, the stop-and-go driving pattern applies. In this
case, the primary power source PPS, which is ICE or B, is used too often. With frequent use of
B energy, it must be recharged quickly. In this case, maintaining a high state of charge (SOC)
of the B is necessary to provide the HEV power. Thus, the battery maximum SOC may be an
appropriate control condition [7].
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Fig.1. HEV block diagram Fig. 2. Hybrid propulsion layout for determining

energy efficiency

The operating modes of the HEV are selected respectively [4,5,6]:

EM Drive Mode: This mode is performed at an HEV low speed, which is understood as the
minimum velocity characteristic under which the ICE cannot operate steadily. In this case, the
EM provides power to the driving wheels while the ICE is off or idling. The power of the ICE,
the EM, and the dilution of the B can be determined by the following dependencies [8]:

) R=0, @) =1t (3) Py =on,
t,m m

where: Pe is the ICE power, KW;
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P —tractive or braking power, KW;

nym — efficiency of the transmission from the EM to driving wheels;
Pm— EM power, kW,

Ppps-d — consumed power from B, kW,

nm — EM efficiency.

Hybrid Drive (EM + ICE) Mode: When the load is greater than the power that the ICE can
provide, in this case the ICE and the EM must both provide power to the driving wheels. This
mode is called hybrid drive mode. In this case, the ICE is adjusted to the optimum operating
mode by adjusting the throttle to obtain power Pe. The required residual power is provided by
the EM. The power of EM is determined by (4) and the power consumed by B is according
previous (3):

(4) P — I:)L _Pent,e

t,m

where: 7t is the efficiency of transmission from ICE to driving wheels.

Battery Charge Mode: When the load is less than the power that the ICE can provide under
optimal mode, and the SOC of the B is less than the maximum, then the ICE continues to
operate in optimum mode, producing Pe power. In this case, the EM is controlled by its
controller to operate as a generator, driven by the residual power of the ICE. The power of the
EM and the charging power of the B are determined by:

P
(5) I:)m = {Pe __Ljnt,e,mnm’

te

6) P, =P

pps—c m?

where: ntem is the efficiency of transmission from ICE to EM.

ICE Drive Mode: When the load is less than the power that the ICE can provide under
optimal mode, and the SOC load rate of the B has reached its maximum value, the propulsion is
by ICE only. In this case, the EM is switched off and the ICE provides all the power to move
the HEV. ICE power, EM power, and B power can be represented by [8]:

(M R=-t, (8) P,=0, (9) P, =0.

t.e
Regenerative Braking Mode: When the HEV stops and the required braking power is less
than the maximum regenerative braking power that the EM provides, then the EM is switched
from the controller to operate in generator mode and produces brake power that equals the set
brake power. In this case, the ICE is off or idling. The EM power and the B charging power
are:

(10) I:me = PLnt,mnm’
(11) P, . =P

pps—c mb *

Hybrid Braking Mode: When the required braking power is greater than the maximum
regenerative braking power provided by the EM in generator mode, the mechanical braking
system must be applied. In this case, the EM must be controlled by the controller to produce
maximum regenerative braking power, and the mechanical braking system must provide the
remaining braking power. The EM power, the B charging power, and the braking power of the
mechanical braking system are:

(12) P, =P

mb,maxnm !

(13) Ppps—c = Pmb '
It should be noted that for better braking performance, the braking forces to the front and

rear wheels must be proportional to their normal loads.
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Start-Stop Mode: This mode can be used at low travel speeds and low acceleration values.
When the ICE is running, the algorithm maintains a maximum SOC of B. When the SOC level
of the B reaches its maximum value, the ICE is switched off and the HEV is driven only by the
EM. When the SOC level of B reaches the minimum allowable value, the ICE is started and the
algorithm is repeated.

The route of travel is selected as a representative run between two endpoints on a
pendulum or a roundabout route in each urban area. For this purpose, a city map and the
corresponding GPS navigation are used. At this step must be selected the traffic period, i.e. the
clock time of driving the route of travel.

The driving distance is calculated by the selected route of travel according to the map or
GPS data. The distance is verified by the HEV board or trip computer.

The travel time is recorded from the beginning to the end of the journey along the specified
route. The distance traveled and the travel time are recorded by the on-board gauges of the
HEV and compared with the readings of the GPS navigator system data.

The measuring equipment must meet the conditions for mobility, measurement accuracy
within + 1%, HEV compatibility, pre-test, set up and adjustment with calibrated equipment,
placement of displays and monitors inside the HEV, recording of measured results. To measure
the electricity consumption and battery regeneration, it is suitable to use wattmeter, but it is
recommended that a current clamp meter must be used to non-interrupted measurements.

The criteria for evaluating the HEV electric consumption [9] is related to the amount of
the energy consumed by the EM. Three criteria are proposed: 1) distance criterion for
estimating the electricity consumed Qp. (14) relative to the HEV driving range; 2) mass
criterion for estimating the electricity consumed Qwmc (15) relative to the HEV mass; 3)
combined criterion for estimating the electricity consumed Qpwm, (16) relative to the both HEV
driving range and HEV mass.

(14) Qp, = —Qdisihogfmh  KWH/L00km,  (15) Q,,, = 2uer Qeen kg,
HEV

(16) QDM = Qdisch +Qrech , kWh/kgkm
’ GHEV L

where: Quisch IS the electricity consumed in drive (traction) mode, kWh;

Qrech — electricity consumed in network recharging mode (in case of plug-in HEV),
KWh;

L — driving distance, km;

Ghev — HEV mass, kg.

The criteria for evaluating the HEV battery regeneration is related to the amount of the
energy regenerated to the B. Three criteria are proposed: 1) distance criterion for estimating the
electricity regenerated Qo (17) relative to the HEV driving range; 2) mass criterion for
estimating the electricity regenerated Qwm, (18) relative to the HEV mass; 3) combined criterion
for estimating the electricity regenerated Qom, (19) relative to the both HEV driving range and
HEV mass.

Q
17 =—90 kWh/100km, (18 =
( ) QD,r 1OOL m ( ) QM,r

Qre en
(19) Qo =5 " KWhikgkm,

HEV

Qregen

HEV

, KWh/kg,

where: Qregen IS the electricity regenerated in regenerating or generating mode, kWh.
The HEV electric consumption and battery regeneration can be calculated for a given mode
of motion, a given section of motion, for a specified time, for a given cycle of motion [10], for

IX-4



two or several HEVs. In this way, the indicators of several HEVs can be compared and a
comprehensive assessment of their efficient use for a given territory can be made.
TRENDS

The vehicle's electric consumption can be estimated by measuring the voltage and current in
the on-Board power grid. The most promising trend in current measurement today, in addition
to the well-known current sensors on the Hall effect, is the use of current sensors on the
magnetoelectric (ME) effect. Previously, the paper [11] showed the capabilities and technical
characteristics of the current sensor. The sensor operates on the ME effect and can measure
current in the range up to 500 A. The sensitive element of such a sensor is materials based on
magnetostrictive-piezoelectric composite layered structures. The ME current sensor can operate
in different modes, in resonant and non-resonant modes. It is assumed that the use of ME
current sensors in the measuring of the HEV electric consumption and battery regeneration will
optimize these measurements and improve the method accuracy for their determination.
CONCLUSION

A methodology for determining the hybrid electric vehicle electric consumption and battery
regeneration is proposed.

A distance criteria, mass criteria and combined criteria of electricity consumption and
battery regeneration are proposed as quantitative characteristics of one or more HEVs.
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Pe3ztome. Bce no-cmpoeume pecyrayuu 3a emucuume U pasxooa Ha 20pUBO
cmumynupam uHmepec KwbM pazgumuemo Ha 0e30naceH, uucm U 6UcOKoepexmueeH
mpancnopm. H3zeecmuo e, ue enexmpuyeckume 3a08UNCEAHUSA, XUOPUOHUME 3A0BUNCEAHUS U
3A08UINCEBAHUAMA C 20PUBHU KIemKU, ca Hal-obewjasawume peuieHuss Ha npodrema 3da
cyxonvmuusi mparcnopm 6 o0voewe [1]. Xubpuonume enekmpuuecku nNpesosHU CPeocmea
(HEVs) unu npocmo xubpuonume asmomoobunu (XA) uznonzeam kKaxkmo enekmpooguecamenu
(E/]), maxka u oOsueamen c eévmpewno copene (/IBI) 3a ocucypsseane na 3adsudceawama
MowHocm  [2]; me3u npegosnu cpedcmeéa umMam HNO-HUCKU eMUCUU 6 CpaBHeHue ¢
KOH8eHyuonanen asmomooun c J[BI' cvc cvwus pasmep, koemo 600U 00 NO-MAIKO
samvpcsasane Ha oxoanama cpeda. /[BI" 6 komounayus ¢ EJ] u 610k 3a cvxpanenue Ha enepeusi
(6amepus b) ocueypssam paswupen ooxeam 3a XA u namanasam zamvpcaearnemo. XA cuyicu
Kamo KOMNPOMUC 3a NpoOieMd CbC 3aMbPCABAHEMO HA OKOIHAmMA cpeod U o2paHuyeHamd
CNOCOOHOCM HA OHEUWHOMO YUCMO eleKmpUiecKko npeeo3Ho cpeocmeo. Koncymayuama Ha
elleKmpoeHepausl U peceHepupaHemo Ha Oamepuume ca eOUH Om OCHOSHUmMe akmopu 3d
oyeHKa u noodobpseane Ha enepeutinama epexmusrnocm. Koncymayuama na enekmpuyecka
eHepeusi om XA e cevpzaHa ¢ paspedcOoanemo Ha bOamepusma no epeme Ha paboma u
ynpasienue Ha elekmpoogueamenume, a peKynepayusma e C8bp3aHd CbC 3apericOanHemo Ha
bamepusma no épeme Ha peKynepamugHo cnupane. Koncymayuama na enexmpoenepausi u
pecenepayuama Ha Oamepusma mo2am 0a 0vOam usMepeHu U OYeHeHU C NOMOWmda Ha
cneyuanno ooopyosane. PuzuuecKomo um usmepsane 0aga MouyHume pe3yamamu, KOUmo ca
oM CvbUeCmseeHo 3HaueHue 3a npasuInume 3akiiouenus. Tazu cmamus pazenexicoa mMemoouxka
3a omnpeoensive HA KOHCYMAyuama u peKynepayusma Ha eileKmpoeHepeusi Ha XUOpuoHu
aemomoounu.
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