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ABSTRACT:

Introduction/purpose: The paper presents a systematic approach to the development of a series hybrid electric tracked vehicle
(HETV) including powertrain sizing and adequate energy management strategy (EMS) selection.

Methods: Powertrain elements were sized considering key performance requirements. Three energy management strategies
were proposed: Thermostat Control Strategy (TCS), Power Follower Control Strategy (PFCS), and Optimal Power Source
Strategy (OPSS). The evaluation of the powertrain configuration and the three proposed EMSs was performed in the Simulink
environment using a driving cycle containing significant acceleration, braking and steering.

Results: The results showed that the OPSS proved to be the best due to increased fuel economy and a low battery state of charge
(SOC) variation. Compared to the previous research of the same vehicle with a parallel hybrid configuration, significantly better
results were achieved. The investigation of the results indicates that the proposed powertrain and control strategy offer 53.79%
better fuel economy which indicates that the powertrain sizing was properly performed.

Conclusions: The results of this work are of great importance for understanding the effect of proper powertrain sizing on fuel
economy. Compared to the reference vehicle, the proposed configuration achieves significant improvement, most of which is
attributed to adequate sizing. The OPSS proved to be the best strategy, thus confirming the theoretical hypothesis. The series
hybrid configuration with the OPSS as the EMS proved to be a major candidate for use in HETVs.

KEYWORDS: tracked vehicle, hybrid electric vehicle, energy management, control strategy, fuel economy.
Pe 310M e :

BeeacHue/ueab: B AaHHOMN cTaTbe NPEACTABACH CHCTEMHBIN IOAXOA K PaspaboTKe CepHHHOrO MOPHAHOTO IACKTPHYECKOTO
rycennaHoro tpancroptoro cpeactsa (IOTC), Bkaloyas BHIGOP NPHUBOAA M COOTBETCTBYIOMIEH CTPATETHH YIIPABACHHS
suepronorpebaenuem (OMC).

Meroabr: PasMepsr 9A¢MEHTOB cHAOBOTO arperata GbIAM MOAOOPAHBI C YIETOM KAIOUCBBIX TPeGOBaHMI K IPOUSBOAUTEABHOCTH.
BBIAM IPEAAOKEHBI TPU CTPATETHH YIIPABACHHS SHEPTONOTPEOACHHEM: CTPATETUS YIPABACHHUS ¢ ToMombio Tepmoctara (TCS),
crparerus ynpasaexus nosroputesem momuoctd (PFC) u crparerns onrumaspsoro ucrounuka mutanus (OPSS). Onenxa
KOHQUIYPALIMU TPAHCMUCCUH U TPEX IIPEAAOKCHHBIX CTpaTeruil Op1aa BeimoaHeHa B cpeae Simulink ¢ ncnoassosannem espoBoro
LIMKAQ, BKAIOYAIOLIETO 3HAYUTEABHOE YCKOPEHHE, TOPMOXKCHUE U PYACBOE YIIPAaBACHHE.
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Pesyabrarsr: Pesyabrarsl mokasaau, uto OPSS oxasasace Ayumeii crparerueil, 6Aaropapsi 9KOHOMHUM TOIIAMBA U HH3KOMY
YpOBHIO H3MeH4HBOCTH 3apsiaa 6atapen (SOC). Haao nopdepkHyTh, 9TO IO CPaBHEHHIO C IIPEABIAYIIMMHU HCIIBITAHUAMH TOTO
K€ aBTOMOOHASI € MAPAAACABHON ITMOPHUAHOM KOHUIypanuei GbIAM AOCTHTHYTHI 3HAYUTEABHO AYYUINE PE3YABTAThl. AHAAM3
PE3YABTATOB IIOKA3BIBACT, YTO NPCAAOXKCHHAS KOHQHUIYPALMs NPHBOAA U CTPATErHsl YIIPABACHHS OOCCIICYUBAIOT CHIDKEHHE
pacxoaa TonAuBa Ha 53,79 %, 4TO CBUACTEABCTBYET O IIPABUABHOM BbIOOpE pasMepa IMOPUAHOTO IPUBOAR.

BoiBoabl: PesyAbTaThl AAHHOTO HCCACAOBAHHS IPEACTABASIOT OOABIIYI0 S8HAYUMOCTb AAS HMOHMMAHUS BAWSHUS IIPAaBUABHOTO
BbI6Opa pasMepa PHBOAA HA SKOHOMUYHOCTb TPAHCIIOPTHOTO cpeAcTBa. [To CPaBHEHHIO C CePHITHBIM TPAHCIIOPTHBIM CPEACTBOM,
npeasaracMasi KOHQUIypauus obecrednBacT 3HAYUTEABHOE YAYULICHUE, B 9aCTHOCTH, 0AAroAapsi COOTBETCTBYIOLIEMY BhIGOPY
pasmepa. CoraacHo BHIABUHYTOH THIIOTe3e, HauAy4weri crparerueii okasaaace OPSS. Cepuitnas rubpuasas koHpuUrypauus c
OPSS B xauecrBe IMC okasasach AyYLINM KaHAMAATOM AAst ucrioabsoBanust [DTC.

KnwdueBuo e CJ OB a: T'yCCHHUYHAasl MalllMHa, I‘I/I6PI/I,A,H3H MalluHa, 3HCP1"OHOTPC6ACHI/IC, CTpaTerusl yIpaBACHHUS
3HCPFOHOTPC6ACHI/I€M, pacxoa TonAMBa.

ABSTRACT:

VBoa/1um: Y paay je IpeACTaBAEH CUCTEMATCKU HPHCTYII Pa3BOjy PEAHOT XHOPUAHOT €ACKTPUYHOT I'YCCHHYHOT BOSHAR (XETB)
yKaydyjyhu AuMeHsnoHucame norona u u36op oarosapajyhe crpareruje ynpasmana eneprujom (EMC).

Meroae: EAeMeHTH ITOTOHCKOT CKAOIA Cy AMMEH3HOHHCAHH, ysuMajyhu y 06sup kaydre saxtese nepdopmarcu. [Tpeasoxene
Cy TpM cTpaTeruje ynpasmata cHeprujom: Tepmoctarcka crpareruja (TLIC), crpareruja ynpasmamwa npahemenm ontepehema
(TIIOLIC) u crpareruja ontumassor ussopa exepruje (OITCC). Epasyanuja xonurypauyje norona u tpu npeasoxene EMC
usBpLICHE ¢y y OKpyxerwy CHMyAHHK KOpHIIhemheM LUKAYCa BOKIbE KOjH CAAPXKH ACAOBE Ca 3HATHUM yOpP3amHUMa, KOYCHUMA U
YIPaBoABEM.

Pesyararu: Pesyararu cy moxasaau pa ce OITCC mokasaaa xao Haj6oma crparernja sbor nosehane ymreae ropusa u Hucke
BapHjauyje crama Hanymenoctu 6arepuje (COLL). V nopebemy ca NpeTXoAHUM HCTPaXUBabEM MCTOI BO3HAA Ca [TAPAACAHOM
XUOPHAHOM KOHQUIYPALMjOM, MOCTUTHYTH Cy 3HATHO 0OMM pe3yATaTH. AHAAM3a PE3yATaTa NOKasyje Ad CE IIPEAAOKCHOM
KOHQUIYpal[MjOM IIOrOHA M CTPATErHjOM YIPaBAakha IMOTPOLIMA IOpHBA cMamyje 3a 53,79 %, mro ykasyje Ha TO aa je
AUMCH3HOHHUCAKHEC XI/I6PI/IAHOF IIOrOHa HpaBI/IAHO HU3BCACHO.

3axmydak: PesyaTaT oBOTr papa Cy Op BEAMKOr 3HAuaja 3a pasyMeBAE YTHIIAja IPABHAHOT AMMECH3HOHHCAIA ITOTOHA HA
CKOHOMMYHOCT Bo3uaa. Y nopelyemy ca pedepeHTHIM BO3HAOM, IPEAAOKCHA KOHPUIYpALIMja IIOCTHIKE 3HAYAJHO TO6OMIIIALbE, OA
Kojer ce Hajsehu Aco npunucyje apexsatHoM AuMensnonucarmy. OITCC ce nokasaaa kao Hajbosa cTpareruja, ynme je norsphena
Teopujcka xumnotesa. [ Toxasaso ce pa je peaHa xubpupna kondurypanuja ca OTICC kao EMC Hajbosa 3a ynorpeby y XETB-y.

KEYWORDS: TYCEHUYHO BO3HAO, XI/I6PI/IAHO BO3HAO, YIIPaB,ambe eHeerjOM, CTpaTerHja yhnpaBmama CHCPI‘I/IjOM, MOTPOUIHA
ropusa.

INTRODUCTION

Hybrid drive is the most practical and realistic alternative to conventional transmission at the moment
(Jimenez-Espadafor et al., 2011; Ehsani et al., 2018). In the field of wheeled vehicles, hybrid propulsion
systems have been very common for many years (Hannan et al., 2014). On the other hand, due to different
technological and economical reasons, the research of hybrid technology for tracked vehicles has not been
the focus of many researchers. However, in the last decade, the defense industry started showing interest in
the military vehicle hybridization (Rizzo, 2014) and hybrid electric tracked vehicles (HETVs). Hybrid drive
for HETVs offers advantages such as better fuel economy, additional onboard electric power, silent watch
capability and decreased noise and thermal signature (Khalil, 2009).

In (Galvagno et al., 2012), the authors presented a mathematical model and a dynamic analysis of a single-
drive series hybrid tracked tank, while in (Zou et al., 2012a) the authors developed bi-level optimization
consisting of two nested optimizations, one for optimal powertrain sizing, and the other one for optimal
power management of the HETV. In (Liu et al,, 2015; Zou et al., 2016), a control-oriented model of
an HETV was developed and the EMS based on reinforcement learning was proposed, which achieved
results comparable to dynamic programming, while the authors in (Randive et al., 2019, 2021) presented a
systematic approach to powertrain sizing which reduced transmission weight by 16% and proposed a novel
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rule-based strategy which achieved over 30% better fuel economy when compared to the previous original
powertrain.

Research on the topic of hybrid propulsion has also appeared in Serbian military circles. Driven
by the idea of achieving better performance and less fuel consumption with minimal changes to the
original conventional transmission, in (Milicevi¢ & Muzdeka, 2021) the authors proposed a conceptual
hybridization model of the Serbian infantry fighting vehicle BVP M80A. In this paper, the performance
of the vehicle was analyzed, and the later research (Milidevi¢ et al., 2021) proposed an energy management
strategy (EMS) based on the Power Follower Control Strategy (PFCS) which achieved 12.8% better fuel
economy than conventional transmission, and even better result (23.2%) was achieved with introducing
additional generator in the powertrain. These two research studies laid the foundation to hybridization of
the BVP M80A, the former focusing on conceptualization of hybrid powertrain and the latter focusing on
improving efficiency of the designed powertrain. The constraints set in the first research study led to the
complex powertrain and very complex multi-mode EMS designed in the second one. The motivation for this
work stems from the mentioned fact. The aim of this paper is to design a series hybrid powertrain which
would be eflicient and simple by considering key performance requirements, proper sizing of all powertrain
elements and adequate selection of an EMS.

PROPOSED POWERTRAIN CONFIGURATION

The most common configuration in HET Vs is series (Zou et al., 2012b; Zhang et al., 2020; Randive et al.,
2019; Qin et al., 2018; Randive et al., 2021; Zou et al,, 2016). The lack of shafts, gears and other mechanical
elements is very important from the aspect of reliability and better utilization of space. The increased power
rating of battery offers more onboard electric power. These advantages and the possibility of increased fuel
economy were the main factors for the proposed series configuration. The major components of the proposed
configuration are (Fig. 1):

1. Traction motors,

2. Simple two-stage transmission,

3. Engine-generator unit, and

4. Energy storage.

The proposed powertrain adopts a dual-drive variant of the series configuration. Two traction motors
independently drive the two sprockets, a generator is driven by the diesel engine which is a primary source
of energy (PS) while the battery pack supplies or absorbs energy when needed and acts as a secondary source
(SS). Between the electric motor and the wheels there is a simple two-speed transmission. Compared to the
reference vehicle and the parallel configuration designed in (Mili¢evi¢ & Muzdeka, 2021), this powertrain is
much simpler. It has no planetary gear sets and no complex gearbox. Lack of the engine-sprocket mechanical
connection enables the engine to work at the optimal operating point which is the main advantage of this
configuration.
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Sprocket
FIGURE 1

Proposed powertrain configuration
Puc. 1 — I'lpeasaracmast KoH$UIyparus THOPUAHOTO IPUBOAA
Cauxa 1 - ITpearoxena koHGUryparuja XMGPUAHOT IIOrOHA

COMPONENT SIZING

The main rationale of the hybrid drive concept shown in (Mili¢evi¢ & Muzdeka, 2021) was as few changes
to the transmission as possible. Therefore, the authors of the aforementioned research retained numerous
parameters of the initial transmission, and the parameters of the battery and the electric motor were
adapted to the initial system parameters. Such approach to sizing certainly results in an unbalanced and
disproportionate powertrain. Due to their specific purpose, tracked vehicles have unique requirements,
such as high gradeability, off-road mobility and satisfactory skid-steering and acceleration performance. The
design of the HETV powertrain should be made based on a critical performance analysis, something that is
rarely done in literature (Randive et al., 2019). Based on the analysis, the adequate sizing of the components
can be done to achieve satisfactory performance.

Power and torque demand

Movement resistances have a complex nature and depend on the type and slope of the terrain, pressure
distribution, turning radius, etc. For this paper, the simplest case of movement on hard terrain will be
considered. To propel the wheels of the HETV in a straight-line motion, traction force Fy, has to be equal
to the sum of various resistances as follows:

FI:' = Fi'r,lf + RIH'U + Fyf'f“ff-' + Fi'”‘ (1)

where Frol, Facror Farade> Fin are rolling resistance, aecrodynamic resistance, road grade resistance and inertial

force, respectively. These forces are given as follows:
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F

ol = [mygcosa
1
-F:’I{-.'J"l:’} = 5(1{;’1 p-i;-g

Fyrudc—: = TN COS ey

Fy, = omya 2

where f is the coefhicient of the rolling resistance, my is the vehicle curb weight,  is the road slope angle,
Cy is the acrodynamic resistance coefficient, A is the vehicle frontal area, p is the air density, V is the vehicle
speed, 3 is the mass coefficient and a is the vehicle acceleration.

During turning, the vehicle needs to overcome additional turning resistances which are obtained as
(Wong, 2022):

1
Mp = —pumygL
4 3)

where p is the coefficient of the lateral resistance and L is the contact length of the track. The coefficient
wis calculated as:

W= fmar(0.925 + [].15R/B}—1 .,

where pmay is the maximum value of , B is the vehicle tread and R is the turning radius. The turning radius
can be calculated from the equation:

B ws +wq
R=—_—-——

2 we — W 5)

where w1, w; are the sprocket angular velocities.
Power demand is obtained by multiplying the sum of the resistance forces with the vehicle velocity:

Pr'f.'t; - FLT 1’; + *1'{”““‘; (6)

The maximum power is required during the maximum acceleration. Assuming acceleration on the level
ground, the power required is given as:
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P.rrm.r — (f”?t!.{)r }

where V¢is the final vehicle speed.

1 .
E(-_-Tdfiﬂ?.-‘z Fomya)Vy,

(7)

The maximum torque is determined based on the gradeability requirements. On a slope, at a constant low

speed, the vehicle must overcome road grade resistance and rolling resistance as follows:

Fyramazr = (fmygcosa + mygsina).

The required torque is expressed as:

.THH.IJ' — Oro,Trid.r = [fn?i'g COS ¥ { r?ll'y Hlllﬂ} T

where r is the sprocket radius.

The performance requirements and the vehicle parameteres are given in Table 1.

TABLE 1
Overview of the vehicle parameters

Pararmeter [Walue Fararmeter [Walue
Mehicle mass m 13350 Sproclet radius v [0.2577
[#4] [1]
Tracl contact 3.3 fWehicle tread B [m] [2.526
lernigth L [m]
Fehicle frontal  [5.4 Crag coeff. C,0-1 1.1
brea A[m]
lLir density o 1.2258 Rolling resistance [0.07
[kg,/mB] coeff. F£I-]
IiEkebugibingl 50 baximum speed  B5
iEradeability [#5] Vmax [km/h]
Ifazirnurm 0- Silent watch 25
RCceleration S2km/h putonormy [km]

in 2s

Tabanna 1 — O630p xapaKTepUCTUK MaIIHHBL

Tabera 1l - I'peraea mapamerapa Bosuaa

Transmission

(8)

Most of electric and series electric hybrid vehicles have a single-stage transmission between the traction
motor and the wheel (or the final drive) due to high efficiency and a favorable torque curve of the electric
motor (Wuetal.,, 2013). However, with HET Vs, the required power and torque performances are in relative
disproportion, so it is difficult to find an electric motor with a sufficiently broad operating range. In addition,
it was shown that the dual-stage transmission for HETVs is significantly more efficient than single-stage
(Randive et al,, 2021). The adopted gear ratios depend on the maximum torque and the maximum required
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speed of the vehicle, and have a direct impact on the sizing of the traction motor. The minimum gear ratio
must meet the condition of gradeability, that is:

: 1 Fgrudf-.'.nm;r T
bmin = E

.Tru.pf_uk (10)

where Tm, peak is the peak torque rating of the two traction motors. On the other hand, the maximum
gear ratio must meet the condition of simultaneously achieving the maximum speed of the traction motor
and the vehicle, that is:

< WEM max

'imr_u: = rr
1'-’Imu.'.r/(l'r‘ (11)

where WM max is the maximum speed of the traction motor

Traction motor

The maximum power and the torque rating of the two traction motors need to satisty performance
requirements expressed with Eq. (7) and Eq. (8). The combined maximum power of the two traction motors
should be equal to or greater than the maximum power required P, The maximum and rated torque
must be suflicient to satisfy gradeability performance and to enable continuous and smooth motion at the
maximum speed, respectively. Adopting the data from Table 1, and substituting into Eq. (7) and Eq. (8),
the maximum required power of P..q = 227.34kW and the maximum required torque of 20113Nm are
obtained. The torque required to maintain the maximum speed is obtained from Eq. (1) when acceleration
and road grade resistances are ignored and amounts to 3062.3Nm. The maximum sprocket speed is calculated
as 670rpm. In accordance with this data, two electric motors of a maximum speed of 9000rpm, a maximum
torque of 600Nm and a rated power of 120k W were considered in this study. After adopting gear ratios of i;
=12and i, = 18, itis confirmed that the combined torque-speed characteristic of the motor and transmission
satisfies the required performances as shown in Fig. 2.
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12000 T T T T X I
------ - = = =Peak torque
TQOQOQ ferrmsrammasmmessrsiessmesquenssnsiss s s e Rated torque |
* weesseeses Rpguired torgue
T 8000
=
% 6000
= 4000
2000 ....oeisisemsssnsessssssrsssassmnsimssmsmsssssssssasssassasss
{' | 1 1 1 I |
a 100 200 300 400 500 600 700
Speed [rpm]
FIGURE 2

Combined torque-speed curve of the traction motor and the transmission
Puc. 2 — O61was XapakTepUCTHKA JACKTPOABUTATEAS U TPAHCMHCCUH
CAHKa 2 - 3ajCAHI/I‘iKa KaPaKTCPHCTHKa CACKTPOMOTOPa u TPaHCMI/ICI/IjC

Engine-generator set

In (Randive et al., 2019) engine sizing is based on the condition of meeting the required power for constant
speed operation. However, in this work, an identical engine as in the reference vehicle will be adopted for the
reason of achieving the validity of the comparison with the existing parallel hybrid configuration. Therefore,
an engine with the power rating of 235kW is adopted.

Energy storage sizing

Considering the size of the engine-generator set in this case, the energy storage has the role of meeting
required vehicle performance in the electric only mode. The power of the storage is calculated as (Arikan,

2019):

Rmu:
Pﬁ.‘r‘ e ——

n (12)

where P,y is the maximum power needed in the silent watch mode and # is the efficiency of transmission

and electric motors.

The battery energy required to satisfy the performance of the silent watch mode is calculated as (Borthakur

& Subramanian, 2016):

S
E. = JP&'I&' ) V.
ele (13)
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where S is the required silent watch autonomy, Vele is the vehicle speed during silent watch (35 km/h)
and P is the power needed to drive the vehicle in a pure electric mode defined as

1 1 I
Pee = —(mygf 4 aCdp;ﬂf ) -V,
1 - (14
Using Eq. (12) and Eq. (13) with the desired performance parameters from Table 1, a battery with

the power rating of 105kW and the energy rating of 75kW h is selected for this work. The summary of
component sizes is given in Table 2.

TABLE 2
Overview of the powertrain specifications

[term Specification

[T ransmission Dual-stage with ratios: 11 = 12, &2 = 18
[Traction rmotor Bdas poweer: 1205W, Max. spead: 2000rpm,
Bas Torgue: G00Nm

Engine-generator Masx power: 235 kW @2500rpm

et
Erergy storage Max. power: 105 kW, Energy capacity: 7SkW A

Tabauna 2 — O630p XapaKTEPUCTUK rHGPMAHoro MIPUBOAA
Tabera 2 — I'lperaea mapamerapa XI/I6PI/IAHOF IIOrOHA BO3UAQ

ENERGY MANAGEMENT

The most common rule-based strategy in hybrid vehicles is the Thermostat Control Strategy (TCS). Other
frequently represented strategies are the Power Follower Control Strategy (PFCS) and the Maximum SOC
of Peak Power Supply (Max.SOC-of-PPS) (Ehsani et al., 2018). However, some more advanced rule-based
strategies such as the Optimal Primary Source Strategy (OPSS) (Shabbir & Evangelou, 2019) have appeared
in recent times. These strategies have a simple implementation, are robust and achieve good results, which
makes them adequate candidates for implementation in military tracked vehicles.

1. Thermostat Control Strategy is based on on/off switching of the PS depending on the battery state of
charge (SOC) value. The battery SOC can vary in a predefined range [SOCy, SOCy]. Then, when the SOC
reaches the lower limit, the PS turns on and recharges the battery up to the SOCy value, when it turns off
again. The PS is typically set at the most efficient operating point Ppgop.. The mathematical implementation
is based on the state S(t) which determines if the PS is active:

0, SOC(t) > SOCy
S(t) =<1, SOC(t) < SOCy,

S(t7) S0CL < SOC(t) < SOCy (15)
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where SOC| and SOCy are the lower and upper limits of the battery SOC, and the S(t—) is the state S in
the previous time sample. The PS will also supplement power if the power demand exceeds the power rating
of the SS without changing the state S(t).

2. Power Follower Control Strategy employs the power-following approach which means that the PS
follows the load with some deviation in order to correct the battery SOC. The PS power follows the load
when the SOC is between SOC; and SOCy but biases the PS operation in favor of charging or discharging
the battery when the SOC leaves the predefined range. Mathematical implementation is similar to the TCS:

s

0, SOC(t) = SOCy; and Pp, < Ppgmin
S(t) = ¢ 1, SOC(t) < SOCy or Pr, > Pssmax
o S(t7) SOC(t) > SOCL, and Py < Pssmax
b (16)

where Py is the power demand, Ppgpin is the tunable minimum power of the PS and Pggpnay is the maximum
power of the SS. For S(t) = 0 the PS power is always Pps = 0, while for S(t) = 1 the PS operation is defined as:

PPSm-i-u-. SOC(t) = SOC{
Ppy(t) = Pm(i:l._ SOCT < SOF(T:I < SOCY
Ppﬂmuu' Sfﬂc(f;) < ‘-QOCL

(17)
where Ppgmax is the maximum power of the PS and P, (t) is given as:
SOCy + S0CT
P (t) = Pr + R:h( 5 —~ S‘O(.T-’{t])._ "
18

where P, is the charging factor

3. Optimal Primary Source strategy employs the load-leveling approach using a threshold changing
mechanism instead of state changingas in the TCS or the PFCS. In that way, a charge sustaining mechanism
is obtained. The strategy design is strongly based on solutions gained via optimization strategies and by
utilizing effectiveness of modern start-stop engine systems in HEV's (Shabbir, 2015). The threshold value for
the activation of the PS is defined as

SOC — S0Cinitia
PPS'”E-'E-H(uqOC) = By, + P’Ih( %Y OCinit E)‘

Sfo Cra-ugf: (19)
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where Py, is the threshold value that needs to be tuned to achieve the best results. Applied to a small
passenger vehicle, this strategy managed to achieve fuel consumption only 1% lower than the optimization
based Equivalent Consumption Minimization Strategy (ECMS) (Shabbir & Evangelou, 2019).

RESULTS ANALYSIS

Based on the mathematical model, a backward-looking model of the series HETV was created in the
Simulink environment. For the evaluation of the model and EMS, a drive cycle was artificially constructed
using the data available. The drive cycle contains the speed profiles for both tracks moving on the hard ground
(Fig. 3).

It includes significant acceleration, braking, and steering. The average vehicle speed is 18.5km/h, and the
travel distance is 11.12km. Since the drive cycle is assumed to be known, gear shifting is also predetermined
such that the vehicle meets the required performance. Three proposed EMSs were evaluated with the same
initial data on the same driving cycle. The power profiles are shown in Fig, 4, and the SOC change over time
is presented in Fig, 5.

(=]
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| | I | IHI

wn
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\ M "I"'"—v' \ 1l | ,
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Time [s]

FIGURE 3
Created drive cycle for the EMS evaluation

Puc. 3 — PaspaboTaHHbII €3A0BOI LIUKA AASL OLICHKH CTPATErHH YIIPABACHUS SHEPronoTpebacHueM
Cauka 3 — Kpenpanu IHKAYC BOXIbE 32 €BAAYALIHjy CTPATErHje YIPABAAEa CHEPIHjOM

The power profiles of the PFCS and the TCS are very similar (Fig. 4). Although the PFCS should follow
the load, in this case it does not happen due to the specific vehicle exploitation conditions causing the
elements of the powertrain to be oversized in order to achieve the required performance. Therefore, it seems
that the PFCS is not a good choice for use in HETVs. Instead, the TCS would be a more adequate choice
for HETVs due to its simplicity. On the other hand, the power profile of the OPSS is significantly different
from those of the PFCS and the TCS. The loadlevelling approach is noticeable and the PS always works
at the optimal operating point. Also, the SOC varies significantly less than in the PFCS and the TCS,
thus extending the battery life. Despite the significantly less SOC variation, with the OPSS, the engine is
active about 6% time less compared to the other two strategies (Table 3). This fact directly reflects in fuel
consumption, which is lower than in the other two strategies (Table 4).
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Power time histories of the tested EMS
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FIGURE 5
Charge profiles for the TCS, the PFCS, and the OPSS

Puc. 5 — Auarpamma usmenernst sHadernit SOC orHocuteasto crpareruii TCS, PFCS u OPSS
Cauxa 5 — Aujarpam npomene Bpeanoct SOC za crparernje TCS, PECS u OPSS

The OPSS proved to be the best of the tested strategies. In addition to the best fuel economy, the small
SOC variation reduces battery voltage fluctuation and increases the battery life. A constantly high battery
SOC ensures the availability of electric power for auxiliary loads on or off the vehicle. In comparison with
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the reference vehicle from (Milidevi¢ et al., 2021), the proposed configuration with the OPSS achieves a
significantly better economy of as much as 53% (Table 5).

TABLE 3
Engine usage time as the percentage of the total drive cycle time

ERMS  [Engine ON time as % of total drive
Iy cle tirre

TC5 [50.5%

FFCS [50.51%

[OF55  |44.09%

Tabauna 3 — Bpemst ncnioassosanust asurareas CYC, BbIpakeHHOE B IPOLICHTAX OT OOLIEIO BPEMEHH €3A0BOTO LIUKAQ
Tabeaa 3 — Bpeme aktusupanoctu motopa CYC H3pakeHO Kao IPOLICHAT YKYITHOT BpEMEHA TPajarba LIAKAYCa BOKEbE

TABLE 4
Fuel consumption comparison for the tested EMSs

EMS  [Relative fuel Improvement
consumption [-] [%]

TS 100 -

FFCS |97.86 2.14%

[OPSS |92.02 7.98%

Tabanua 4 — ComocTaBACHHE PACXOAA TOIIAUBA IIPOTECTUPOBAHHBIX CTPATEIHI YIIPABACHHSL
Tabeaa 4 — ITopeheme noTpousse roprBa TeCTHPaHKX CTPATErHja YIPaBAatsa CHEPIHjOM

This result is a consequence of much better powertrain sizing and a simple and adequate EMS. The initial
hypothesis for the reference vehicle to change the transmission as little as possible, and then to optimize the
operation of such a transmission, proved to be very unsuccessful, which showed that when hybridizing a
vehicle, one must take into account the proper sizing of the powertrain elements.

The reference vehicle ended up with a slightly oversized engine and undersized electric motors and battery,
which caused the engine to be active during most of the drive cycle. By switching to the series configuration
and with proper sizing, significantly better results were achieved. The main reason for this is a much larger
battery and more efficient operation of the engine due to the absence of a mechanical connection between
the engine and the wheels. In this work, the engine was left unchanged for the purpose of comparison with
the reference vehicle; however, as Fig. 4 shows, it is clear that excess energy is created and that the engine
should be downsized, which would also achieve additional fuel savings.

TABLE 5
Comparison between the reference and proposed powertrain configuration and the EMS

Engine ON Felative fuel Improvement
tirme Consurmption [-] [%]

Reference [32% 100 -

Froposed |44 09% 46,21 53.79%

Tabauna 5 — ComocraBaeHUE CEPUMHOTO U NPEAAATAEMOTO I‘I/I6PI/IAHOFO MPUBOAA U CTPATETUH YTIPABACHHUS 3HCPFOHOTpC6ACHI/ICM
Tabeaa s — Hopcf)cmc PedepeHTHOT U IIPEAAOKEHOT XI/I6PI/IAHOF IIOrOHA U CTPATETHj€ YIIPABAAbA EHEPTHjOM
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CONCLUSION

This paper presents a systematic approach to the development of a series configuration hybrid electric tracked
vehicle. All powertrain elements were systematically sized based on the key performance requirements
except the engine, which remained of the same size as in the reference vehicle with the parallel hybrid
configuration. Three energy management strategies were proposed, namely the TCS, the PFCS, and the
OPSS. The evaluation of the powertrain configuration and the proposed strategies was performed in the
Simulink environment using a driving cycle containing significant acceleration, braking and steering. The
results showed that the OPSS proved to be the best due to the best fuel economy and a low battery SOC
variation. The load-leveling approach enabled this strategy to have an engine usage time of 6.4% less than the
other two EMSs relative to the total drive cycle time. In comparison with the same vehicle with the parallel
configuration where the sizing was constrained in the sense of harnessing hybrid drive advantages with as
little change of the powertrain as possible, the proposed powertrain configuration achieved a significantly
better fuel economy of 53.79%. The main reasons for improved fuel economy are proper sizing, a much
simpler powertrain and therefore a much more efficient EMS which enabled the engine to be active only
44.09 % of the total drive cycle time compared to 92% of the time of the parallel configuration. The main
conclusion of this work is that proper sizing of powertrain elements must be taken into account when
hybridizing a vehicle. Potential fuel savings and increased efhiciency outweigh the cost of radical powertrain
changes. Also, the series hybrid configuration presented itself as a major candidate for use in hybrid electric
tracked vehicles.
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