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Abstract—Supervisory control systems (SCSs) are used to man- However, hybrid vehicles have changed since these SCSs
age the powertrain of hybrid electric vehicles (HEV). This paper were introduced. More processing power is available (t lit
presents a novel SCS called Exclusive operation strategy (XOS) cost and weight), so optimization based solutions are more
that applies simple rules based on the idea that batteries are . !
efficient at lower loads while engines and generators are efficient attractive. Start-stop systems (SSS)_ have become a s@hndar
at higher loads. The XOS is developed based on insights gainedcomponent and are much more efficient now, so the objective
from three conventional SCSs for series HEVs: Thermostat con- t0 minimize engine-start events is not as important anymore
trol strategy (TCS), Power follower control strategy (PFCS) ad  The hybridization of the powertrain has tended towards more

Global equivalent consumption minimization strategy (GECMS). gectrification, meaning that it is no longer sensible teekol
Also, recent technological developments have been considered to '

make the XOS more suited to modern HEVs than conventional focus on optimizing t.he engine-generator set. All O,f these f .
SCSs. The resulting control decisions are shown to emulate tors have been considered, to propose the Exclusive operati
the operation of approximate global optimal solutions and thus strategy (XOS) in this paper. It uses the principle of usimg t

achieve significant improvement in fuel economy as compared pattery at lower loads (where its efficiency is high) and the
to TCS and PFCS. In addition, the generally linear relationship engine-generator set at higher loads (where its efficiescy i

between required power and engine power for the XOS provides . . .
auditory cues to the driver that are comparable to conventional high). It will be shown that the fuel economy delivered by the

vehicles, thus reducing barriers to adopting HEVs. The simplicity XOS is significantly better than the TCS and PFCS.
and effectiveness of the XOS makes it a practical SCS. More recently, it has also become common to benchmark
the performance against a global optimal controller, comigno
implemented with dynamic programming [15], [16]. Although
such SCSs are impractical for real-time applications due to
Across the world, there are growing concerns regardimgmputational burden, they serve an important role to atdic
climate change, air pollution and the finite supply of fossthe bound of performance that is realizable. This approach i
fuels. This has led manufacturers, regulators and consumieowever only realistically feasible for simpler vehicle dedts
to push the whole automotive industry through a historic#that can be solved quickly (either analytically or numédhga
transition towards an electrified vehicle fleet. A significaiep For more complex models, it is more effective to employ
in this process has been the wide range of launches of hybaigproaches such as a Global equivalent consumption mini-
electric vehicles (HEVs) that is improving the fuel econoafly mization strategy (GECMS), that has been globally tuned to
vehicles on the road. It is estimated that approximately 8% perform practically like a dynamic programming solutior]1
new vehicles sold in Europe in 2020, and 7% in the US, willhe XOS has taken inspiration from the control decisions of
be HEVs (the estimates are 8% and 2% respectively for puhe GECMS in forming its own simpler control rules, and is
electric vehicles) [1]. It is therefore of great intereststody shown to be only marginally inferior in terms of fuel economy
how the benefits of a hybrid powertrain can be maximized. The next section introduces the vehicle model used in this
Researchers have therefore been studying the energy maaper. Section 1l describes, designs and implements four
agement problem, which involves determining the optimdlistinct SCSs that are simulated to evaluate results inst@fm
power share between multiple sources in a hybrid powertrapower profiles, state of charg&&@C) and fuel economy in
This is the responsibility of the supervisory control syste Section IV. Finally conclusions are drawn in Section V.
(SCS) of the vehicle. A vast range of SCSs have been proposed
in the past, ranging from rule-based to optimization based c
trol strategies [2]-[9]. The former are often based on tstigs
while the latter use a more sophisticated approach to theThe vehicle model described in [18], [19] is used to design
control design. However, whenever a new SCS is designed @l simulate the SCSs presented in this work. The model
proposed, it is often compared and evaluated against eertegpresents a general-purpose passenger car and consists of
benchmark systems. For series HEVs, the Thermostat conto$eries hybrid powertrain arrangement as shown in Fig. 1.
system (TCS) and the Power follower control strategy (PFCShis dynamic model is capable of realistic transient respon
are the two most conventional SCSs that were proposed almiosthe frequency range appropriate for standard drivinge Th
two decades ago and have since remained the default conp@lvertrain of the vehicle comprises three branches: thpuro
systems for benchmarking purposes [10]-[14]. sion Load (PL) which is an inverter driven Permanent Magnet
Synchronous Motor (PMSM), mechanically connected to the
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I. INTRODUCTION

Il. VEHICLE MODEL
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Fig. 1. Overall structure of the series HEV powertrain. Thedtion of the arrows shows the direction of the power arfdrination flow. [18]

mechanically coupled to a Permanent Magnet Synchronoubere Ppg,, is the most power efficient point of operation
Generator (PMSG) which is electrically connected to a threef the PS. This mode of operation is valid until tisC
phase rectifier; and the Secondary Source of energy (SShwhieaches its upper threshold@Cy), at which point it enters
contains a lithium-ion battery connected to a bi-direciona mode of SS-only operation. This mode quickly depletes the
DC-DC converter. Regenerative braking is possible by ttf&5 and once th&OC hits the lower thresholdJOC}) it
PMSM behaving as a PMSG while capturing the Kkineticeturns to operate the PS at its optimal point. This logic is
energy from the wheels and converting it to electrical epergmplemented byS(¢), which is the state determining whether
which then gets stored in the SS. The PL is powered by ttiee PS is generally activeS(¢) = 1) or not (S(¢t) = 0):

PS and SS, all connected to a common DC bus through which 0 SOC(t) > SOCy
energy transfer takes place, giving S(t) = 1 SOC(t) < SoC,, 4)
Pps + Pss = Ppy, Q) S(t_) SOCL < SOC(t) < S0Cy

where Pps and Pss are the output powers of the PS and s@hereS(¢™) is the stateS in the previous time sample. Note
respectively, and’p, is the load power requested by the PLthat the PS will be requested to supplement poweit¥aj =

The paper will use the power share factgrdefined as Ppsopt) if the load power exceeds the capability of the SS
(Ppr > Pssmaz), Without changings(¢) to 1. For the purpose

u = %, (2) of stable operation an additional rule is also introducée: t

. . L SPL ) PS reduces its supply of power to a lower level (tuned to be
giving a single decision variable to determine bdths and Ppsmin = 7 KW) during the event of regenerative braking, to
Pss for a given Ppr. Both the PS and SS are constrainegyqiq overcharging the battery.
to operate within upper bounds, which are dgflned to betq determinePp.,:, the efficiency of the PS is studied as a
Ppsmar = 34 KW and Pssma: = 30 KW respectively. The yhole (essentially the product of the ICE, PMSG and rectifier
SS also has a lower bound sy, = —30 kW. For all  efficiencies). This efficiency map is obtained in [18], andit
SCSs presented, th€OC' is constrained to operate betweeRoynd that the point of highest efficiency occurs at 22 kW. The

S0CL = 50% and SOCy = 80%, and is initialized at the jmplementation of this two-state SCS is best fulfilled using
mid-point betweenSOC, and SOCy (SOCinitiai = 65%).  state machine.

The vehicle also includes a start-stop system that enakes t
ICE to be switched off to reduce idling losses. Also, for alB. power Follower Control Strategy
SCSs, the engine speed is controlled optimally for any given
PS power asv;cr(Pps) by a separate engine control, as i's_,
often done for series HEVs. Thus, the SCS does not need
control the engine speed.

The second most conventional SCS for series HEVSs is the
ower follower control strategy (PFCS). Rather than ushag t
1&E at its most efficient point of operation, the PFCS gemgeral
has the PS follow the load of the PL, with some deviation to
correct and consider the varyingOC'. When the load from

) ) the motor Ppr) is low and SOC is high, the SS is selected
The role of the SCS is to determine the power share fagtor,, yajiver the power to the vehicles(t) = 0). Conversely,

given the power requiremetitp;, and theSOC. This section when Pp;, is high orSOC is low, the PS is selected to meet
presents the design and implementation of four differer8SC the load G(t) = 1). These states are defined as follows:

t
TCS, PFCS, GECMS and XOS. )
0 SOC(t) > SOCU and Ppr, < Ppsmm
1 SOC(t) < SOCL or Ppr, > Pssmaz -
S(t_) SOC(t) > SOCL and Ppr, < Pssmax
(5)

I1l. SUPERVISORYCONTROL SYSTEMS

A. Thermostat Control Strategy S(t) = {

The Thermostat control strategy (TCS) is a simple, robust
SCS that achieves a good fuel economy and is the mosg, S(t) = 0, we always havePpg = 0. For S(t) = 1, the
conventional control strategy for series HEVs. The baSBberation of the PS is defined as
principle is to run the PS at its optimal point and have the

SS act as an equalizer, as Ppgmin S0C(t) > SOCy

> 5
Pps(t)={ Pn(t) SOCL < SOC(t) < SOCy (6)
Pss = Ppr — Ppsopt 3) Pp$maz S0C(t) < SOCY,



where P, (t) is given by
Pp(t) = Ppr + Pen (SOCipitia — SOC(1)) . (7)

It can be understood that the PS power is essentially fotigwi
the load Pp;, when the SOC is at the midpoint between%f
SOC, and SOCy, but biases the operation in favor 01;;
charging or discharging the SS in the cases of low and hi~ o 0 o o 0 o o o
SOC respectively. The bias is scaled By, to achieve charge Power requirement, Pp; (kW)

sustaining operationH,;, = 0.5 in this work). In general, ) _

Pss # 0 when S(t) = 1. The implementation of the rules?giz}of?%"r’gg Z?f?;feﬁcaﬁgfﬁgfz;ge?“ﬂs for varying power requirement
is done with the Stateflow tool in Simulink. Note that the PS™ ™ '
is constrained to operate withiRpg,,;n < Pps < Ppsmax | I SOC

(Ppsmin = 7 KW is determined through tuning) when it's on.
SOCy
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C. Global Equivalent Consumption Minimization Strategy

The equivalent consumption minimization strategy (ECMSj©¢«
has been widely described in the literature, both as a pszpos
SCS as well as for benchmarking [20]-[22]. There are many
variants, but the present work implements a globally tuned =
ECMS (GECMS), based on [21]. It has been shown that such + P maa
a GECMS is able to realize operation almost identical tg. 3. The XOS operates in three main modes, depending on @6
the global optimal solution as determined through dynam@@d£’pr: SS-only, PS-only and hybrid-mode.
programming [17]. This makes the GECMS a very suitable

benchmark, as it provides a close to optimal solution tv(\)/here Primas = Ppsmas + Pssmas. Thus, for any given

benchmark any proposed SCS without needing to emploxsmve power requiremenPp;, an optimal power share

dynamlc_: programming. AS the_ prmmples_ Of. ECMS, and it actoru,,; can be defined for each set of equivalence factors
foundation on Pontryagin’s Minimum Principle, have been

discussed previously in the literature, this section witds >¢ and s . Using a map of fuel consumptioh(Pps),

1 Ppsmax
on its implementation, and insights informing the XOS dE;sig‘j;,WeeéJ [Ba; be p?{grmﬁlﬁ; ggn) ;vTihmil [géntfol mL ar[lgg]
The objective of a GECMS is to minimize the total equivs, 2% < [V 4 PLmaz] 10 P P P 1=ol,

alent fuel consumption (EFC), which is defined as [24]. This process is repeated for each candidate sef;of
and s.. For m number ofs; values andn number of s,

. — i i dt @) values investigated, there ane x n number of control maps
“a ), T produced. Finally, each of these control maps are appliékto
. ris(Pps) — $q szs;v Pss > 0 vehicle model for different driving cycles to identify thed
Meq = ) P p , (9) combination ofsy; ands. to minimize m., for each driving
my(Pps) — sc Qruv ss <0 cycle. The resulting optimal control maps are shown in Fig.

whereri is the fuel consumption rate of the ICE in the PS and. The GECMS is implemented in Simulink through a simple
Qv is the lower heating value of the fuel. The two constanteok-up table that uses the produced map and the requested
sq and s, are equivalence factors that translate the enerdipr to select the optimal power share factor, that is then
discharged/charged by the SS into a corresponding amouomiltiplied by Ppy, to provide the optimaPpg.

of fuel consumed/stored. The values of these constants can

pe dgtermined py trial-anq-error or n_umerical optimizafim Exclusive Operation Strategy

identify the optimal selection of equivalence factors facle

driving cycle being tested. Although such tuning can be time Similar to the TCS and PFCS, the Exclusive operation
consuming for complex vehicle models, it is likely to be &ast strategy (XOS) is based on heuristic rules. It uses insights

and simpler than implementing alternative global SCSs.  9@ined from TCS and PFCS, and attempts to emulate the
The optimization problem is first reduced to a local minioPeration of optimization-based SCSs, such as the GECMS.

mization problem as follows: But most importantly, investigation of the power-splitween

the PS and SS in a powertrain shows that the optimal selection

PGECMS{ - (10) is often to operate with the SS at lower powers and the
0<u< —gmes PS at higher load requirements. This agrees roughly with

However, as the EFC at any given time instant is determinBffViously developed control systems [23] as well as the

by the power requested by the PL and the power split betwe@,'ﬁCMS presented here. Thus, the principle of XOS is quite

PS and SS, the optimization problem can be reformulated S&NPIe: operate with only SS at low load requirements or if
(SOC > SOCy), and operate with only PS at medium loads.

Pepcnrs mjnmeq(PPLvu) VPpr, € [0, PpLma] The two energy sources are only used together if the load
0<u< % ’ power exceeds the maximum rating of the source in operation
(11) (or SOC < SOCL). These rules are shown visually in Fig. 3.

min g (t, u) Vt € [0, ]
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Fig. 4. Efficiency profiles for PS and SS (correctedrpy). The intersection Fig. 5. Power share factar,,; for XOS for varying loadPp;, and SOC.
between the profiles is marked by a checked line, correspgrtdit®;, .

vided by a hybrid powertrain remain a significant challenge i
The XOS is inspired by the PFCS as can be seen by itgms of drivability for adopters of HEVs. The XOS addresses
“power following” behavior during PS-only mode. Howeverthis particular issue, but the switching between PS and SS
the XOS does not adjust PS power to corr8QC deviation mode remains a challenge in terms of drivability. However,
as done byP,, with the PFCS. Instead th6OC correction drivers are increasingly becoming familiar with this sdimsa
is performed by makingPps..., @ function of SOC, such as start-stop systems are introduced in conventional keshic
that the use of SS is encouraged for highh&?C'. Unlike the or mild hybrids. The XOS therefore helps in making the driver
TCS and PFCS that operate in two distinct states, and thus exgerience for a HEV more similar to a conventional vehicle.
implemented with state machines, the XOS has a single statét is interesting to compare and contrast the operation of
of operation and can be implemented with simple logic gatahe GECMS and the XOS. Each SCS has the same task: to
The XOS requires three parameter®pgs,,:,(SOC), determine the optimal power split of the load request betwee
Ppsmaxz @and Pggmae. The two latter are readily available forthe PS and SS. This task is reduced to the selection of the
any powertrain, but the former needs some further attentiggower share factou, as shown for the GECMS in Fig. 2. The
The thresholdPpg,,:» (SOC) is the load at which the SCSequivalent chart for XOS is presented in Fig. 5, for operatio
switches from using the SS to PS, and is defined as with SOCL, < SOC < SOCy.
It can be seen that the XOS has three simple stages of
Ppsmin(SOC) = P + Xesi (SOC = SOCinitiar) - (12) operation: the first stage (Io#p) is SS-only; the second
whereP,;, is the power threshold anll,.,; regulates the charge stage (mediumPpy) is PS-only; and the third stage (high
sustaining intensity of the SCS (f6lOC € [SOCL, SOCy]). Ppyr) is hybrid mode with the PS delivering maximum power.
To determine the optimal value fd®,;,, the efficiencies of the The transition between the first and second stage is dependen
SS and PS should be compared. However, as the SS efficieapgn theSOC, such that battery use is encouraged at high
by itself does not consider the PS losses required to regilenSOC and discouraged at loOC. This type of transition
the SS, a correction factoy.. is included, which is similar to is also visible in the same region for the GECMS in Fig. 2.
the average operating PS efficiency. This has been foundAithough the latter is not sensitive t60C' directly, it can
ben,. = 33% in [23], but could be tuned for any powertrainbe seen that the transition occurs at higligr;, for NYCC
Figure 4 shows a comparison of PS and SS efficiencies basedncourage the use of the SS during urban driving, while
on the components used in this work, but similar shapes wotit transition is at lowePp;, for EUDC where PS operation
be found for most series HEVS. As expected, the SS efficienisypreferred for highway driving. In the second stage, where
is high at low loads and drops for higher loads, while th§OS appliesu = 1, the GECMS is slightly higher towards
PS starts with a lower efficiency and moves towards a highéae start of this stage, and slightly lower towards the end of
efficiency (peaking at 22 kW). Thus the threshold at which tHbe stage. Operation above the= 1 line can be considered
PS becomes more efficient than the SS if found to be betwderbe SS-charging operation while operation below this igne
8.5 and 9 kW depending oSOC. In this work, P;;, = 8.5 SS-depleting. Thus, the operation of XOS can be considered a
kW was found to deliver optimal fuel economy results. smoothened version of the GECMS operation, to balance out
Lastly, X.s; needs to be determined to make the contreharging and depleting operations. Although not optintas, t
system charge sustaining. A larger value results in mosénplified control policy of XOS emulates the general bebavi
intense charge sustaining operation, meaning thatSth¢' of the GECMS, and can thus be expected to perform well.
profile is less likely to diverge frombOC;,;1:41, but at the

expense of fuel economy. In this work.,; = 10 was found IV. RESULTS
to be suitable, meaning th#&pg,,;,(SOC) ranges from 7 to  The four SCSs can now be tested on the described vehicle
10 kW (for SOCy, and SOCy respectively). model to investigate operation and performance and assess

A particular benefit of driving with each energy sourcéhe effectiveness of the XOS. Simulations are run for three
exclusively is the linear correlation between PL power esqu different driving cycles: the NYCC is low-speed urban dniyj
and PS power supply. Drivers have developed a sensetlod EUDC is European highway driving; and FTP-75 combines
intuition with regards to the speed and acceleration of theban and high-speed driving. As a single iteration of these
vehicle based on auditory cues from the ICE in a conventiordidiving cycles is quite short, some will be repeated to allow
car. The unfamiliar, and sometimes counterintuitive, qu&s investigation of features exhibited over longer time-femmn
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A. Power Profiles power requirements in excess of the maximum ratings of the

To investigate the realized power split for each SCS, tl&S (34 kW). The PS power profile is essentially following
power flow through the PS, SS and PL are measured for batle PL power, but there is an offset (that is proportional
urban (NYCC) and highway (EUDC) driving. Figures 6, 7, 80 the SOC deviation) that decreases with progression into
and 9 illustrate the power time histories (for tii%®s, Pss the driving cycle. It can be noted that the SS power has
and Ppy) for TCS, PFCS, GECMS and XOS respectivelpscillations whenever there are sudden changes to the load
for two iterations of the EUDC driving cycle. The doublepower. Independent of the SCS, the SS will act as an equalizer
iteration allows the two distinct states of the TCS and PFA8 balance the power load between the PS and the PL during
to manifest themselves. Similarly, Figs. 10, 11, 12 and I8st transitions, as the PS has much slower dynamics. During
illustrate the power time histories for TCS, PFCS, GECMS andban driving, in Fig. 11, the same pattern emerges which
XOS respectively for the first half of the NYCC driving cyclebegins with SS-only operation followed by the PS being
As urban driving involves more frequent changes in drivingonsistently on. However, as the power requests are géneral
operation, it is sufficient to study five minutes of driving tovery low, the PS ends up operating at its defined minimum
observe the essential features of the SCSs. Also, it allbe/s pperating point (7 kW) until the next change in state.
charts to be clearer and less crowded with data. The GECMS on the other hand uses the SS much more

The first 280 seconds of the EUDC driving with TCS areonsistently. For the EUDC, during cruising at low speeds
powered fully by the SS, requiring close to the maximurtaround<6 kW) the SS is completely powering the vehicle,
power of the battery. Thereafter the PS is switched on amdhile during accelerations and high-speed cruising, the PS
provides 22 kW constantly, which is its optimal point ofnds up providing almost all the power apart from during §me
operation. There are occasional dips in power from the PS dof fast transitions or high power requirements26 kW). For
ing regenerative braking, to ensure the SS is not overloadedample, betweert = 250 s andt = 340 s the GECMS
During this second stage of operation, the battery is almasgerates the PS at a different power level than the required
always being intensively charged, apart from the occasiopswer Pp; to allow the powertrain as a whole to perform
where the required powePr;, exceeds the optimal point of optimally. Similarly, for urban driving it can be seen ardun
operation of the PS. The urban driving in Fig. 10 on the other= 200 s that the two peaks i’p; are met in hybrid mode
hand remains in SS only mode in general and only requiras opposed to purely with the PS. This not only allows fuel
the PS when the load power exceeds the capability of the $Sicient operation, but also avoids sudden loading of the PS

Similarly, the PFCS opens the highway driving by operatinjom zero to close to maximum power requests. Also, it is
with SS only, but soon enters its hybrid mode. During crgsinrworth noting that the GECMS operates identically for each of
at lower speeds<(7 kW) the PS operates steadily at minimunthe two iterations of the EUDC. The TCS and PFCS operate in
power, while during accelerations and high-speed cruisingstly different ways due to the non-linear effects of chemng
the PS ends up providing all the power apart from durinig statesS as well as variations iI$OC.
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, Lastly, the XO,S power profiles show that highway drivin%f the battery is very rapid when the PS produces 22 kW,
is performed quite similarly to GECMS. The PS is used le?ﬁ‘oducingSOC profiles looking more like sawtooth waves.

often (e.g. around 90 s andt 220 s) than with . . -
GECMS and at different magnitudes. Thus, even more th?n8|m|larly, the PFCS also tends to behave in an oscillating

. ' ashion due to its operation in two distinct states, where 0
the GECMS, either the PS or the SS power profile Oﬂ%ﬁen leads to discharging patterns similar to the TCS (for

exclusively follows the power requirements of the PL. Thi R . .
demonstrates the previously made point that the XOS mal%egDc and FTP-75 in particular). However, the charging at

driving the HEV more similar to a conventional car in term or:Eluls)él%r::gcg?rté)i?lzs\?vr?ggeriisewsoi)selsof ?l;g:glaglr);f\i/lslble
OLI".ikued;ﬁrt{];g?ﬁe:rggstgetr:gi'ogls:é 'érls S\,,(:(;rtnenstsmt% ::T]as guite low during charging operation. However, for NYCC
uni . . e veru . s — 1 operation will result in significant charging of the

the SS directly, but instead it relies on regenerative ko

avoid depletion. This is not an issue for urban driving thgug
as shown in Fig. 13, where significant regenerative braking * o
combined with small bursts of using the PS. This requiresg
significant number of ICE switching, but modern SSS allown g,
this to be done in a fuel efficient manner. The XOS is alséf 70
sensitive to variations iI$OC but to such a limited extent as™®

to not be visible in the presented results.
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B. State of Charge Profiles

In a(_mitipn _tO StUdying the power profiles_for the_diﬁerenhg. 14. SOC profiles for the NYCC for the four presented control systems.
SCSs it is insightful to compare thetOC' profiles, which are
presented in Figs. 14-16 for the three driving cycles.S&xC'
is a quite slow dynamic, results for repeated driving cyclez

have been presented (28lYCC, 8<xEUDC and &« FTP-75). ¢

)
Z 70

The signature zigzaggingOC profile of the TCS is ap- £
parent for all three driving cycles as the SS is charged a® ¢
discharged alternately between the lower and upgéxC
boundaries. The high-speed driving of the EUDC product ,, ‘ ‘ ‘ ‘
almost a triangle wave as the charging and discharging mow ~ ° e (5000
are quite persistent and balanced. However, as NYCC and
FTP-75 are often operated at zero or low powers, the chargirigs 15. SOC profiles for the EUDC for the four presented control systems.
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Fig. 16. SOC profiles for the FTP-75 for the four presented control system&ig. 17. Comparison of equivalent fuel consumption for TCSCBFXO0S
and GECMS for repeated iterations of the three driving scle

gi:frggftg S%ir;ﬂi?%ég%ncd gr]s pzt?é? :fsahoitC(;)J]rt;ggirextension of the ECMS. Using simulated results allows the

before the occasional surge in power requirements will maldgntification ofsy g andse, pre, such that
the PFCS entleﬁ = .1 mode again, causing.a cycle of charging My + Sa.ErC - Asoc% Asoc >0
and discharging with a much shorter period. MEFC = Qo Vi )
: - . o mys + Se,prc - Asoc="522<  Asoc < 0
The GECMS typically finishes close 8OC = SOC;pitial- ; QLuv (13)
The 4% deviation for the NYCC is in fact an exceptional .
occurrence due to limited precision in tuning. The equivate WNereAsoc = SOCinitiat = SOCinat, Qmaa 1S the battery

factors were tuned for a single iteration of the NYCC, and arﬁ?g‘_f’m'tﬁ' ?nd‘/l”ocltls :he ttf:attferyl open-cwcwtfvtcr)]lta?e. .
minor imprecision is scaled significantly after 16 repetis. imulation results for the fuel economy of the four inves-

ted SCSs are presented in Table | for repeated itemtion

Nevertheless, the GECMS is the most charge sustaining offﬂf?? h drivi le. Th tual fuel tion is i
SCSs tested in this paper, which suggests that fuel econo ach driving cycle. 1he actual fuel consumption IS given

in fact generally benefits from charge sustaining operation together with the finalkOC' value, and these data points are

. . ed to calculate the equivalent fuel consumptiopyzc. The
Similarly (and in contrast to the TCS and PFCS), the Xo#zal row of the table gives the relative performance of each

operates quite steadily and has neither extreme charging B2S i terms of fuel economy in relation to the GECMS

discharging. _For_ .NYCC’ theOC" is gradually_ drifting _hlgher which operates close to the global optimal solution. The fue

due to the significant amount of regenerative braking. How- . R
. L economy results are also compared visually in Fig. 17.

ever, this corresponds to a deviation of 7% fr&f0 Cinita, TCS and PFCS prefer urban and highway driving respec-

which is not much considering the vehicle has performed 2 P ghway g resp

hours and 40 minutes of urban driving. TB®C' deviation tively, but are quite similar in their fuel economy performea.
) L ; o However, they are fully 27.1% and 35.5% worse than the
is more significant for the highway driving of EUDC, where

- . 7 . BECMS during urban driving with NYCC. The results are
the limited amount of regenerative braking combined wit . )

. 2 ; . somewhat better for FTP-75, and the relative gap is smallest
occasional low-speed cruising result in a gradually demet

. for highway driving with EUDC. This inferior performance
pattery. Although the .XOS has some inherent charge SUSta(':rc1)uld have been attributed to the simplicity of these SCSs, i
ing features Ppgmin IS @ function of SOC), they are not

. : it was not for the stark counter-example provided by the XOS
sufficient to prevent5OC to reach its lower bound3OC. results which are just 2-3% behind the GECMS. The results

However, once it reaches the lower threshold it starts usin . : . ;
. . of'the XOS are in fact impressively close to the global optima
the PS more to keep th8OC in an acceptable region. As L e
S . L results, considering the extreme simplicity of the rules.
the vehicle is tested for more mixed driving in FTP-75, the o .
There are many factors contributing to the XOS being more

charge is sustained very close $6)Ciniviai, S the elements g .o today than it would have been in the past. The core
of regenerative braking and low-speed cruising balancé eac

other quite well. This is similar to the GECMS (with somé)rInCIpIe of the TCS is to optimize the ICE operation, which

e SOC devaton), sgain refecing the fac tat X0 ooy Y4 WIET 1 (eahe el cos of e e
operation emulates the behavior of the GECMS. Y q ' ' y

become more efficient with time, it has become increasingly
common to connect the battery to the powertrain through a
DC-DC converter, which adds another source of loss in the
SS. Both of these factors increase the importance of looking

To evaluate the fuel economy it is useful to apply the cotpeyond just the ICE when determining the desired power.split
cept of equivalent fuel consumptieng ¢, which is similar to  Additionally, both the TCS and PFCS operate conservatively
meq Used for the GECMS. It allows comparison of the overaWith regards to switching the state of the ICE between off and
fuel economy by considering the actual fuel consumption as. This switching was historically associated with sigmifit
well as the shortage/surplus of fin8lOC. Many analytical fuel and emission costs, which have been drastically retluce
methods have been described in the literature to define suchthe past decade. However, high amount of switching still
an equivalence betweefOC and fuel consumption [25]-[27]. remains undesirable due to its impact on drivability. The
For the purposes of analyzing the results in this work, the-li presented rules for the XOS take these developments into
chart approach described in [27] is adopted as it is a natucansideration to deliver improved performance.

C. Fuel Economy



TABLE |

COMPARISON OFFUEL ECcONOMY

\ 16xNYCC \ 8xEUDC \ 4xFTP-75

| TCS PFCS XOS GECMS TCS PFCS XOS GECM§ TCS PFCS XOS GECMS
Fuel [kg] 0857 1110 0783 0745 2144 2109 1711 1817 63.92150 1771  1.725
SOC [%] 6146 80.02 7144  69.07 8004 7650 5267 6595 543237 63.62 6459
mppe [kg] 0897 0963 0720 0706  1.990 1970 1838  1.807  208607&. 1784  1.730
Amppo [%]  +27.1  +365  +2.1 0 +10.1  +9.0  +17 0 +20.6 +20.0 +3.1 0

V. CONCLUSIONS [8]

Based on recent developments in hybrid powertrains, start-
stop systems and ICE performance, a novel rule-based tontie
strategy has been proposed in this paper, namely the XOS.
The XOS development has also used insights from the des'[%]
and operation of three popular series HEV SCSs: TCS, PFCS

F. Salmasi, “Control strategies for hybrid electric vahs: Evolution,
classification, comparison, and future trend€€EE Transactions on
Vehicular Technologyvol. 56, no. 5, pp. 2393-2404, Sept 2007.

X. He, M. Parten, and T. Maxwell, “Energy management stiate for

a hybrid electric vehicle,” invehicle Power and Propulsion Conference
(VPPC) Sept 2005, pp. 390-394.

N. Jalil, N. A. Kheir, and M. Salman, “A rule-based enemggnagement
strategy for a series hybrid vehicle,” iimerican Control Conference,

and GECMS. The three SCSs have also been presented, to 1997. Proceedings of the 199Vol. 1. IEEE, 1997, pp. 689-693.

benchmark against the XOS in terms of design, operatioi,
SOC variation and fuel economy in simulations with a diverge2]
range of driving cycles.

It has been shown that the XOS achieves better fuel ecopn;
omy and healthier battery operation than the conventional
rule-based control systems, despite using simpler rulss. |
performance is not claimed to be better than other real-timg,
feasible optimization SCSs, but the XOS delivers remaskabl
fuel economy considering its simple nature and ease of implé®]
mentation. Furthermore, the exclusive operation of eaevepo
source allows more intuitive auditory feedback for the elrjv
improving drivability. However, this simplicity comprosgs [16]
the charge sustaining nature of the SCS, as it is not rigbrous
charge sustaining if exposed to particularly monotone and]
aggressive types of driving (although a high&,;, would

guarantee charge sustaining operation, but at the expefige

11] M. R. Cuddy and K. B. Wipke, “Analysis of the fuel economgnefit

of drivetrain hybridization,” SAE Technical Paper, TecrefR 1997.

C. Anderson and E. Pettit, “The effects of apu charasties on the
design of hybrid control strategies for hybrid electric iodds,” SAE
Technical Paper, Tech. Rep., 1995.

J. Gao, F. Sun, H. He, G. Zhu, and E. Strangas, “A comperatudy
of supervisory control strategies for a series hybrid electehicle,”
in Asia-Pacific Power and Energy Engineering Conference (ABCE
March 2009, pp. 1-7.

M. Ehsani, Y. Gao, and A. EmadiJodern electric, hybrid electric, and
fuel cell vehicles: fundamentals, theory, and desig@RC press, 2010.
R. M. Patil, Z. Filipi, and H. K. Fathy, “Comparison of seivisory
control strategies for series plug-in hybrid electric wbhipowertrains
through dynamic programminglEEE Transactions on Control Systems
Technology 2014.

C.-C. Lin, H. Peng, J. W. Grizzle, and J.-M. Kang, “Powesinagement
strategy for a parallel hybrid electric truck|[EEE Transactions on
Control Systems Technolagyol. 11, no. 6, pp. 839-849, 2003.

L. Serrao, S. Onori, and G. Rizzoni, “A comparative asayof energy
management strategies for hybrid electric vehicldsyirnal of Dynamic
Systems, Measurement, and Contral. 133, no. 3, p. 031012, 2011.
S. A. Evangelou and W. Shabbir, “Dynamic model for the eatibn

of fuel economy). Nevertheless, the XOS control has been of powertrain, transmission and control of hybrid electrahicles,” in

demonstrated to be charge sustaining for extended perfods_o
typical driving. As such, it appears an appropriate cho@e E

benchmark further control strategies or energy management
systems, together with global optimization controllers. (20]
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