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ARTICLE INFO ABSTRACT
Keywords: The problem of engine idling for heavy-duty trucks has been under study for decades with Auxiliary Power
Optimal energy management Units (APUs) and Truck Stop Electrification (TSE) as the most compelling solutions. With the electrification

Mild hybrid heavy-duty powertrain

of trucks approaching feasibility in terms of cost-effective technology, hybridization offers another “degree of
Electric hotel loads

freedom” to tackle the problem. This work aims at exploiting a battery pack of a 48 V mild-hybrid heavy-duty
truck to store sufficient onboard energy for powering the auxiliary loads during the hoteling. This problem is
not trivial, as the battery packs typically cannot recover the entire energy required through regeneration alone;
hence an optimal energy management strategy needs to be employed to charge the battery through the engine
during drive operation. This strategy optimizes powertrain performances among the four modes: (i) Engine of
Coasting (EOC), (ii) Regeneration by braking, (iii) Regeneration by engine, and (iv) engine idling. This paper
presents the development of a Dynamic Programming (DP) framework that employs a multi-objective cost
function to minimize the fuel consumption and maximize the regeneration using the above-mentioned four
modes. A typical heavy-duty truck drive cycle is used to represent the drive phase, with mandatory hoteling
stops as per regulations. A comprehensive powertrain model is developed using validated components’ model.
The DP employs two state variables: battery State-of-Charge (SOC) and engine mode, and three control inputs:
(i) the engine ON-OFF state, (ii) clutch engagement state, and (iii) power request at the Electric Machine
(EM) for calculating optimal SOC trajectory. The framework also tackles rapid engine ON-OFF scenarios to
avoid the challenges associated with DP and the compromises in fuel cost with those approaches. Finally, the
effectiveness of the proposed framework is tested for potential fuel savings on two different battery packs by
performing the full cycle simulations. The results show 6.47% of fuel consumption reduction as compared to
traditional APU-based heavy-duty truck.

1. Introduction rest overnight in the vehicle cab, leading to the staggering possibility
of fuel savings lost to power the auxiliary loads during the rest period.

Over the years, the inefficient practice of idling heavy-duty trucks Existing energy reduction technologies focus on fuel-powered APUs,

to power the cabin auxiliary loads has gained attention with solutions rest stations, fuel-fired heaters, etc [2]. APUs are fuel-powered gener-
at the Original Equipment Manufacturer (OEM) level, personal or or- ator set which offers reduced power consumption and lower emissions
ganizational levels. Moreover, a number of states have idling laws in compared to engine idle at a significant cost of equipment. Rest stations
place which limit the duration of idling through financial penalties for are alternatives that can either provide electrical energy to power the
violations, such as California [1]. auxiliary loads or provide ducts to supply cooled/heated air during the
The statistics behind idling reduction technologies are best summa- rest period. While the solution seems lucrative with no investment on

the truck and zero fuel consumption at the point of use, there may
be initial investment costs and payback periods for rest-area owners
that may last up to four years for 10% average occupancy (estimate
from [2]). As an alternative to the existing methods, the presented
approach aims at eliminating engine idling on electrified vehicles by
ensuring a sufficient SOC of the battery at the end of a trip. This

rized in [2]’s report. Although the exact figures are difficult to obtain,
it is estimated that the rest period idling contributed to annual fuel
consumption of one billion gallons of fuel with a cost of approximately
three billion US dollars. The term “rest-period idling” refers to the rest
period of drivers lasting of up to eleven hours on weekdays. Based on
the report it is estimated that approximately one million truck drivers
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requires two critical design decisions: (i) proper component sizing and
architecture to store sufficient energy and ensure efficient regeneration,
(ii) a proper energy management strategy to manage regeneration and
engine-based battery charging. The above tasks are implemented on
PACCAR’s SuperTruck 2 program using realistic drive cycles and time-
varying auxiliary loads through dynamic programming. While dynamic
programming is not an online implementable control strategy in most
cases [3,4], it would provide the framework to design an appropriate
supervisory control strategy and compare it against the best possible
solution returned by the DP solution.

Optimization-based Energy Management Systems (EMS) are offline
strategies but especially effective in identifying trends for developing
rule-based simplified strategies for online implementation. Lee et al.
[5], Hegde et al. [6] calibrated a predefined torque split line based on
DP results, while Wu et al. [7] implemented an A-ECMS strategy with
equivalence factors returned through DP results. Even in sizing appli-
cations, Jung et al. [8] implemented a coupled approach of optimizing
the component selection process by selecting components and imple-
menting a DP approach for the best case fuel consumption. DP has also
been exploited for multi-objective optimization as presented in [9,10],
where fuel consumption and battery effective Ampere-hour (Ah) usage
is minimized by ensuring the best fuel consumption with minimum
battery wear. In the domain of heavy-duty trucks, Dellermann et al.
[11] employed a DP simulation for a mild hybrid heavy-duty truck, and
cabin temperature is also considered as a state other than the battery
states. With a temperature tolerance of +/ — 2 °C, the strategy was
able to attain a 10% benefit in fuel consumption with the P2.5 hybrid
system.

The focus of heavy-duty truck electrification can be divided broadly
into two main fields over the last few decades: (i) Accessory Electrifica-
tion, and (ii) Powertrain Electrification [12]. Accessory electrification
refers to system architectures where auxiliary loads are electrically
managed instead of being mechanically coupled to the engine. With
the additional flexibility of operating the auxiliary loads as per the load
demand without engine-based constraints, efficiencies can be improved
significantly for electrical components while removing loads that are
managed inefficiently by the engine; affording further downsizing op-
portunities [13]. In the context of engine-idling, accessory electrifica-
tion is the first step to ensure that components can be operated without
dependence on the engine.

Surampudi et al. [14] details a comprehensive effort where parasitic
loads on the engine are removed and are supported via a fuel cell APU
connected to a 42 V electrified system. The energy improvements were
substantial, for the HVAC system alone, the energy consumption of
4004 kJ dropped to 1761 kJ due to the electrified HVAC compressor.
Moreover, it also highlights the reduction in total power requirement
for auxiliary loads which means the APU can be downsized as compared
to an APU based on mechanical power requirements as presented
in [14,15]. More significant improvements can be seen in [16] which
follows a similar approach to Surampudi et al. [14] in terms of com-
ponent electrification with an APU. The simulation-based approach
using ADVISOR is demonstrated in [17], and shows the fuel savings
of 1300 gallons per year with a Solid Oxide Fuel Cell (SOFC) APU for
a six-hour idle period. The study also gives insight into reduced power
requirements from 2.7 kW average to 1.8 kW average and a drop of
2.1 kW from peak values through electrification. The idling numbers
quoted for comparison are comparable to [2], ranging from 0.53 to
1.25 gallons per hour for engine idling. The power requirements for
heavy-duty trucks were slightly different from [13], which reported an
average of 2.2 kW for the HVAC compressor alone with a 50% duty
cycle.

Surampudi et al. [18] reports further improvements for the electri-
fied components using multiple control strategies. Three different sets
of controllers were evaluated based on the logic for condenser fan and
compressor speed with energy consumption ranging from 1228 kJ to
932 kJ for a 900 second approximate cycle. This work also reflects that
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the average power can be calculated to be 1.36 kW. These numbers
for auxiliary loads and HVAC systems show a wide variation even
among the category of heavy-duty vehicles. Campbell et al. [19] reports
an average power requirement of 6.1 kW for HVAC alone in hybrid
buses, simply because of large cabin volume and air loss over the
operation cycle. Total auxiliary power consumption was reported at
11 kW on average in the absence of HVAC and 19.3 kW with HVAC.
These numbers could be dropped to 7 kW and 13.3 kW respectively for
HVAC OFF and HVAC ON cases by electrification alone.

In conclusion, the auxiliary power demands vary significantly de-
pending on the class of vehicles, geographic location, and level of
electrification. The summary of power requirements presented above
will serve as a good estimate for full-cycle simulation results.

From the above discussion, it is clear that there is a true need for
DP based framework for an optimal energy management system to
evaluate the feasibility and benchmark hybrid powertrain performance
in reducing the fuel costs for the hotel operation in a heavy-duty
truck. The P2.5 architecture considered is limited in terms of energy
flows since the EM would not be used for traction. Thus, this is a
stark difference from conventional power-split hybrids which have been
extensively studied in the literature for handling road loads only instead
of hotel loads. Hence, considering both road and hotel loads will serve
better representation of the typical drive cycle for benchmarking the
fuel economy in heavy-duty trucks.

Keeping in view the aforementioned discussion, a DP-based optimal
energy management strategy is proposed and developed to optimize
the engine idling in the mild-hybrid heavy-duty trucks. This strategy
maximizes the regeneration to charge the onboard battery pack while
minimizing engine fuel consumption. This ensures sufficient onboard
battery energy to meet the requirements of auxiliary loads during the
hoteling. The proposed DP-based optimal energy management strategy
is implemented using the realistic drive cycle to show its effectiveness.

The main contributions of the proposed work are:

+ This study presents a modeling and control of a unique 48 V
mild-hybrid P2.5 powertrain configuration where the onboard
battery is used for managing the energy demands of hotel loads
unlike in other electrified powertrain, where its primarily used
for propulsion.

A validated 0-D model for the powertrain is developed and its
performance is optimized for a composite road load and hoteling
load duty cycle for improved energy footprint and decreased
parasitic loads on engine.

An offline benchmark solution based on DP-framework is devel-
oped and evaluated for the design feasibility and optimization
of the powertrain performance among the four operating modes:
(i) Engine of Coasting (EOC), (ii) Regeneration by braking, (iii)
Regeneration by engine, and (iv) engine idling. As compared to a
traditional APU-based heavy-duty vehicle, a maximum of 6.47%
of fuel consumption reduction is achieved.

The rest of the paper is organized as follows: Section 2 presents
the mild-hybrid powertrain architecture for a heavy-duty truck and
mathematical modeling of different powertrain components. Section 3
gives the details of the proposed optimization framework for a mild
hybrid heavy-duty truck followed by the drive cycle processing and
gear shift strategy in Section 4. Section 5 lays out the parameter iden-
tification and calibration methodology. Section 6 describes the vehicle
specifications, details of simulations, proposed framework evaluation,
and result discussion. Analysis using Composite “Short” cycle based on
HHDDT Cruise cycle is presented in Section 7. Summary and concluding
comments are detailed in Section 7.
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Energy Path-2

Fig. 1. Mild hybrid powertrain architecture for heavy duty truck (e.g. ST-2) from [20].

2. Mathematical modeling
2.1. Powertrain architecture

It is imperative to explain the overall architecture of the mild-hybrid
heavy-duty truck under study. This would decide the constraints for
the dynamic programming problem and the approach presented in the
following sections.

A simplified mild-hybrid powertrain architecture for a heavy-duty
truck is shown in Fig. 1. The engine supplied the required torque to
the transmission through the master clutch. The transmission is an
automatic gearbox with twelve gear ratios and the appropriate gear is
selected through a predefined gear map with up-shift and down-shift
hysteresis. It means that the up-shift conditions are not the same as
the downshift conditions. The differential provides the final gear ratio
and the output torque is provided to the wheels. It is clear that the
architecture is a P2.5 hybrid, with the Electric Machine (EM) connected
to the input shaft of the transmission. There exists a constant gear
ratio between the transmission input shaft and the EM. Moreover, a
clutch exists between the transmission and the EM. A transmission
output shaft extends outwardly from the transmission and is driving
connected with vehicle drive axles, usually by means of a prop shaft.
Hence, torque can be transmitted in both directions but our present
control strategy is to not use the EM as a motor (other than for engine
starting). In the future, this work may consider motoring torque if the
SOC is higher than the desired target. Therefore, EM cannot provide
traction power to the wheels and can only be used for regenerating
the energy from the wheels and the engine to charge the 48 V battery
pack. The 48 V battery pack is used to meet the energy requirements
of the hotel loads. Hence, it alters the problem formulation for the
Dynamic Programming (DP) framework as compared to power split
hybrids available in the literature [5,7,21,22]. The E-HVAC compressor
is connected to the battery and has no mechanical connections to the
powertrain (Fig. 1). This helps to generate the auxiliary load profile
independent of the engine speed since there is no mechanical coupling.

The modeled mild-hybrid powertrain for the heavy-duty truck has
four operating modes:

(M1) Engine of Coasting (EOC): defueling the engine while the
vehicle is moving based on vehicle operating conditions and routes
rotational energy.

(M2) Regeneration from braking: while the vehicle is moving and
depending on the route.

(M3) Regeneration from engine: if energy from the braking is not
sufficient to achieve the desired SOC of onboard battery pack during
the drive phase.

(M4) Engine idling: operates the engine while stopped to maintain
the accessory functions such as ‘hotel loads’ if the onboard battery pack
has SOC less than 20%.

2.2. Vehicle longitudinal model

The DP framework assumed that the velocity profile is not violated.
Hence, a longitudinal model similar to the one used for gear profile
estimation is used for calculating the propulsion torque requirement
from the tractive force.

Ftotal =F + F,

inertia aerodynamic

+ F,

roa

d+Fg

rade
dv 1 ) ) (€)]
= mE + EpCdAfronmlU + C,.mgcos(a) + mgsin(a)
where F,,, is total propulsion force, p is air density, C, is drag
coefficient, A, is frontal area, v is vehicle velocity, m is vehicle mass, g
is gravitational acceleration, « is grade angle and C, is rolling friction
coefficient.

These correlations can be then used to evaluate the power and
torque at the wheels and given as:

Tw = ertotal (2)

P, =F,0=T,m, ©)

where T, is torque at wheel, r,, is wheel radius, P, is power at wheel,
v is vehicle longitudinal velocity, ®,, is wheel rotational speed.

2.3. Gearbox

The system employs a 12 speed AMT with a final reduction using a
differential. The gearbox input shaft torque is determined as:

T,

T, = —% @
NgViV f
Tyn

T, = _ws (5)
YivVy

where T, is torque at wheel, T, is torque at transmission input/engine
output shaft, y; is gear ratio y, is the final drive reduction and 7, is
overall transmission efficiency including final drive. 5, is constant in
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all cases at 95%. Egs. (4) and (5) are for positive torque and negative
torque, respectively.

The clutch is modeled as discrete event an ON-OFF switch with two
discrete possible values with discrete input as control variable. This is
explained in Section 3 (Control Inputs). The purpose of the clutch is to
ensure the correct behavior of engine and clutch while positive tractive
force and is used for defining mode in-feasibility constraints as shown
in Section 3. An ‘ON’ or ‘1’ position shows that the engine is disengaged
with the transmission and a value of ‘OFF’ or ‘0’ represents an engaged
position. There are no dynamics or fuel costs associated with clutch due
to the following reasons:

» The transients associated with clutch shifting are high frequency
events and they have minimal impact on the fuel economy.

» Moreover, the base cycle has minimal gearshifts due to being
a cruise cycle, the impact on fuel consumption with shifting is
negligible.

With these assumptions, the model shows good agreement in terms
of fuel consumption with the manufacturer data for the cycle.

2.4. Engine

The engine model is implemented as 2D lookup table from manufac-
turer data, similar to [9,23]. It calculates the fuel flow rate (ni,) based
on the operating conditions of the engine (7,,, and o,

ng eng ).

nip = f(Tongs Depg) (6)
Component constraints on the engine are expressed as:

0 < Teng < Tmax(weng) (7)

30
RPMENG,min <o — < RPMENG,max (8)

eng

where RPM G min @d RPMEg G . are the engine speed limits in
Revolution Per Minute (RPM).

2.5. Electric machine map

The EM is also implemented as a 2D lookup table. The table relates
the operating points of the EM, the torque T},, and speed wg;, with
the motor energy efficiency ngy,.

nem = FTep ©em) (C)]

The motor torque and speed are further constrained by physical limits
expressed as:

0<Tgy < Tpax(®pn) (10)

30
0<wEM; < RPM g max an

where 0 and RPM ), ., are the minimum and maximum EM speed in
rotations per minute. A point to consider is that the EM always operates
in one quadrant, unlike conventional power-split hybrids. The positive
torque in this case is for generating. The torque Tj,, is appropriately
modified in its sign to account for this limitation.

Due to the operation in only one quadrant, the electric power output
from the EM can be expressed as:

Py =Tem®emMEm 12)

where 7, is a function of the torque T,, and speed wg ;.
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2.6. Battery model

The battery model is implemented using a zeroth order battery [23-
26]. This model condenses a cell to an Electro-motive force (EMF)
source in series with a resistance. The resistance and EMF following
a nonlinear relationship with factors such as State-of-Charge (SOC),
temperature etc. For ST-2, the mathematical formulation for the battery
pack is represented as:

R = f(SOC, sgn(I)) 13

Voe = F(SOC) 14)

where R, is the cell resistance, SOC is state-of-charge, I is cell
current, V,. is open circuit voltage. These nonlinear relationships are
implemented using one-dimensional (1-D) lookup tables in the sim-
ulation. The change in the SOC state is based on coulomb counting
which requires a calculation for current. These calculations are based
on solving the quadratic equation as given:

V,. —\/V2 —4RP,
I 15
T (15)

npd
SOC,, =SOC,+6 (16)

where I, V,., R, n,, O and P, represent the pack current, pack open-
circuit voltage, pack resistance, efficiency, pack capacity and pack
power respectively. These values are either inputs or derived from cell
level values based on the number of cells in series and parallel. The
discharge efficiency is 99% and the charging efficiency is 95%.

3. Proposed optimization framework for heavy duty truck
3.1. Problem statement

Mild hybrid power-train configuration is deployed in heavy duty
trucks (i.e. SuperTruck 2) to only fulfill the power needs of the hotel
loads. The aforementioned configuration is not adopted for the traction
purposes. The 48V on board battery pack is used to supply the hotel
loads. Therefore, the objective is to minimize the fuel consumption
keeping in view the eHVAC and hotel loads and maximize the regenera-
tion to meet the power requirements for the hotel loads without engine
idling over the entire period of hotel operation.

Therefore, there is a genuine need for the optimization framework
to achieve the solution for the above mentioned problem. The approach
taken in this manuscript is to implement a DP based optimization
framework to identify the optimal control strategy for minimizing
fuel consumption over the entire cycle which includes the drive and
hotel phases. Optimization based energy management systems have a
crucial role despite their inability to be implemented online in most
cases [3,4]. Fig. 2 depicts the details of proposed dynamic programming
based energy management system for heavy duty truck keeping in mind
the unique powertrain configuration of SuperTruck-2.

3.1.1. Assumptions
The following assumptions are taken for the realization of the DP
approach:

1. The vehicle meets the traction torque demand at all times. This
eliminates the necessity to add velocity as a state variable and
simplifies the formulation drastically.

2. The physical component constraints are not violated at any
point. To achieve the minimal intervention with the gear map
for drivability concerns, the gear profile presented in Fig. 6 is
strictly followed.

3. The framework does not account for emission or other con-
straints. In this manuscript, only the global fuel consumption is
optimized while operating the EM at high efficiency zones and
minimizing the number of start and stops.
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Fig. 2. Dynamic Programming based energy management system for heavy duty truck.

3.2. Cost function

The multi-objective cost function is formulated to achieve the ob-
jectives for this work and is expressed as Eq. (17). It weighs multiple
targets through user defined weighing parameters.

m T,
J= [a <m £ ) + (1 — ZMEEMTEM > + (mf',m)] a7
f.max EMmax

a+p=1 18)

where a,f are weighing coefficients for fuel cost and regeneration
in-efficiency.
niy

£, max

a weighing factor «. This normalization enables the researcher to
make a multi-objective function with the ability to skew the results as
needed. The term (4 (1 - TE’”}’,“’M )) represents the regeneration in-
efficiency and is a term that enables the researcher to operate the EM
at points which results in a high energy absorption. The term (m; )
is a user imposed start-stop cost which is implemented only when the
engine is switches ON from and OFF position and when the vehicle is
in neutral. The implementation of this cost only during stops is to allow
the engine to coast in OFF position freely while in drive phase.

The term «

reflects the normalized fuel consumption with

3.3. Control inputs

Since the EM is not able to share a traction load, a power split
(found in conventional Hybrid Electric Vehicle (HEV) literature) is not
applicable to the problem statement. Due to the limited energy flow
paths, the choice of control inputs is:

u(r) = {TEM > Sclutch> Seng} 19

» Tgys is the torque of the electric machine. The speed of the
electric machine is determined by the engine speed. Therefore,
to define the power absorption, EM torque is required which is
now a control input.

Sciuten 1S @ discrete variable with a value of either 0 or 1. This
represents the engagement status of the clutch. A value of 0 means
the engine is connected to the transmission and a value of 1
indicates that the engine is disengaged from the transmission.
Seng is another discrete variable with a value of 0 or 1. It indicates
the status of the engine; i.e., whether the engine is OFF (0) or ON
n.

3.4. State variables

The three state variables are the battery SOC, the engine mode and
clutch state. At every instant, the choice of the control inputs affect
the battery pack’s SOC. The engine state is a discrete variable and is

fundamentally the state of the engine (0 or 1) at the previous time-step.
This enables the framework to compare the control input for the engine
at the current time-step and decide whether or not an engine start-stop
penalty has to be applied.

3.5. Constraints

The constraints for the DP formulation can be segmented into three
main sub-sections.

3.5.1. State constraints
The SOC of the system, by design is not allowed to cross a value of
0.9 or drop below 0.2. Therefore,

50C €1[0.2,0.9] (20)

The engine state is a discrete variable and is determined directly by
the engine state in the previous time-step. Hence it does not require an
explicit constraint.

3.5.2. Component constraints
These refer to the physical limitations of all powertrain components.
Thus, for the engine:

O < Teng < Tmax(weng) (21)

RPM g G min <

30
wf‘"g; < RPMENGA,max (22)

On similar lines, there are torque and speed constraints on the electric
machine defined as:

0<Tepy <Tgy(wpy) (23)

30
0 <oy - < RPM gt max (24)

Lastly, the battery is not allowed to violate the peak charging or
discharging current values. These current limits depend on the number
of parallel cells.

For the battery pack-1 (14.256 kWh),

0< |1batrery.di5| < Imax (25)

0< “battery,chl < ]max (26)

For battery pack-2 (21.384 kWh), the limitations are modified to:

0< |lbattery,di5| < lmax (27)

0< |Ibuttery,t‘h| < Imax (28)
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Fig. 3. Base velocity profile for heavy duty truck (e.g. ST2).
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For both the packs, the constraint on voltages remains the same,
thus:

Vmin < Vcell < Vmax (29)

The above constraint is based on a single cell and are modified based
on the cells in series for both battery pack-1 and battery pack-2 config-
urations.

3.5.3. Mode in-feasibility constraints

The DPM function is implemented in three distinct segments based
on the torque request at the wheels. At all these three conditions, it
is necessary to define a set of constraints such that the underlying
assumptions are not violated. Fundamentally, in the traction phase, it
is not allowed to disengage the clutch or switch the engine OFF. These
situations might be deemed allowable if not explicitly constrained as
the DP would only focus on minimizing the fuel. Thus, to ensure that
the drive cycle is followed correctly, following two mode in-feasibility
constraints are adopted.

+ Case 1: T, > 0: With a positive traction torque requirement, clut-
ch disengagement and engine switch OFF modes are not allowed.

lmode = (Tw > 0)&(sclutch == 1) + (Tw > O)&(s == 0) (30)

eng

This condition ensures that the clutch is not disengaged and the
engine is always ON while propulsion.

Case 2: T,, < 0: With a negative torque, the maximum allowed
power request at EM should not exceed the power available at
the wheel, hence:

Imade = (Tw < 0)&(|PEM| > |095 * Pwheell) (31)

4. Drive cycle processing and gear shifting algorithm

Drive cycle pre-processing and gear shift strategy are crucial for the
proposed DP based optimal energy management system as shown in
Fig. 2.

4.1. Cycle inputs

A heavy duty truck drive cycle differs significantly from a conven-
tional drive cycle. Specifically, the driving behavior over an entire day
becomes the point of interest since the average distance traveled per
day is over 600 miles for such vehicles. To develop a composite cycle, a
base cycle shared by the manufacturer on a highway drive was utilized
and presented in Fig. 3. The composite cycle is developed by repetitions
of the base cycle shown in Fig. 3 with two short breaks (i.e. 0.5 h each)
in between and one long idle period (i.e. 10 hours) representing an
overnight resting situation. The composite cycle is shown in Fig. 4. It
is based on driver behavior data compiled by the manufacturer. The
drive phase is approximately 10.5 h.

With the knowledge of the composite drive cycle, a composite
auxiliary load cycle is developed and shown in Fig. 5. The drive phase
has a nominal accessory load of 7kW which is based on approximations
from literature (non HVAC drive load from [19] for electrified systems
since HVAC power consumption for heavy duty truck (e.g. ST2) is
relatively lower) and manufacturer specifications. The nominal auxil-
iary load while idling varies from 1 kW to 2.5 kW in steps of 500 W.
There are four different cases which form an envelope of possible
nominal auxiliary loads. The nominal loads also reflect the variance
in literature when it comes to HVAC loads [13,18,19]. Moreover,
additional loads of 500 W or 800 W (such as lights, microwave oven, etc.
operations) are added at different parts of the short or long breaks to
the nominal loads while stops. With the absence of accurate hotel loads,
these driver patterns and subsequent composite drive cycles show the
close representations of hotel loads for an aggressive operation. This
forms the inputs to the development of DP framework to minimize the
fuel consumption and maximize the regeneration to meet the energy
consumption for the hotel loads over the entire period of operation.

4.2. Gear selection pre-processing

Fig. 6 shows the gear map with the down-shift and up-shift hys-
teresis. Conventional gear selection maps are based on engine torque
request and vehicle speed. However in heavy duty truck (e.g. ST2), the
gear map is based upon the vehicle velocity and the power requirement
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Fig. 7. Gear map for the velocity and altitude profile.

at the engine. A dedicated velocity and altitude profile are provided by
the manufacturer which are then used for tractive force at the engine
using the formulation presented in Eq. (32):

1 . dv
Fheet = [Epairchfv2 +mgC,cosa, + mgsina, + mE ] (32)
N————— g
Aerodynamic Rolling Grade Inertia

where p,,, is air density, C, is drag coefficient, A, is frontal area, v is
vehicle velocity, m is vehicle mass, g is gravitational acceleration, a, is
grade angle and C, is rolling friction coefficient. The values of C;, A,
M, and C, are specific for ST-2 from the manufacturer, whereas the
slope a and velocity v are determined from the drive cycle and altitude
data.

4.2.1. Algorithm for gear shift identification

The gear shift identification was done in sequential way (i.e. the
algorithm to determine the appropriate gear requires the gear informa-
tion at the previous time-step to determine the up-shift and down-shift
line). Following steps are adopted for the gear shift identification.

1. Identify velocities at current and next time-step v, and v,,; and
power requirements P, and P, ;.

2. Determine the appropriate up-shift and down-shift line. An up-
shift and down-shift line is an array of values relating power to
velocity.

3. Find the threshold velocities v,,;, and v,;,; these are points on
the up-shift/down-shift line for the power requirements P,, and

Py

4. The conditions for up-shift and down-shift are summarized be-
low:
Upshift =v, < v,y ANDv, | > vy (33)
Downshift =v; > v ANDU,,| < Uy (€2)]

The resulting gear map for the velocity and altitude profile is shown in
Fig. 7.

The engine operating points highlight the feasibility of the above
gear profile and verify the fuel consumption error to be under 3.5%.
Fig. 8 outlined the flow of steps adopted in the proposed scheme for
the energy management system.

5. Parameter identification/calibration

The choice of cost function makes it necessary to decide the values
of two parameters, («) and (m Fa58)- These parameters were found using
two studies which vary the parameters between extremes and analyze
the results to draw a conclusion.

5.1. Weight parameter

Eq. (17) is a normalized cost function with two primary parameters:
(i) the fuel consumption and (ii) efficiency of electric machine during
regeneration. The parameter « is the biasing parameter that decides
if the optimization prioritizes fuel consumption or electric machine
efficiency. It is expected that as the value of « is increased, the fuel
consumption during the drive cycle will drop at the cost of electric
efficiency. At the extremes, it is also clear that the benefit of an a value
near 0 or at 1 will stagnate the benefits of one of the objectives and in
between these two extremes will be a trade-off point of interest.

Initially, a coarse run was simulated and it was found that beyond
an a value of 0.8, the gradient of fuel consumption undergoes signifi-
cant changes. With a finer simulation sweep of «, it was observed that
the rate of decline of fuel consumption is significant in this region.
This behavior is expected, as an increase in a will prioritize the fuel
consumption more aggressively as shown in Fig. 9. However, beyond
a value of 0.9 there is no noticeable increase in fuel economy as the
gradient stagnates, but the electric machine efficiency still shows a
rapid decline (shown in Fig. 12) since the algorithm will prioritize even
a minimal increase in fuel economy at the cost of significant drop in
electric machine efficiency. This region is therefore critical to the bias
factor selection and it is clear that a value beyond 0.88 — 0.9 will yield
no tangible increase in fuel economy but will increase the potential
of electric machine inefficiency. A value of 0.88 is therefore decided
as the bias factor to prioritize fuel consumption (beyond which fuel
consumption improvement is minimal) without massive compromises
with motor operating efficiency.

5.2. Start-stop cost

In the most fundamental implementation, the start-stop cost is
a fuel penalty incurred when the engine switches ON from an OFF
condition and has the potential to limit the number of engine start-stop
over the complete drive cycle. While this is a desirable trait for the hotel
phase, a start-stop cost in the drive phase leads to an increased in the
fuel consumption. From the powertrain characteristics, it is possible to
switch the engine OFF during a negative torque request at the wheels.
This is a condition referred as Engine OFF Coasting (EOC). As the
start-stop cost is increased, it becomes infeasible for the DP to switch
the engine OFF for short duration and thus the opportunities for EOC
are lost. This is shown in Fig. 10. Fig. 10 shows that as the fuel cost
increases to 5 grams, the EOC loss is maximized and stagnates. The
increased fuel consumption is shown in Fig. 11 and shows the same
stagnation at 5 grams.



S.P. Singh et al.

Start

v

Problem formulation (Sec. 3.1)
-

Drive cycle pre-processing (Sec. 4.1)

!

Gear shifting algorithm (Sec. 4.2)
i
Define the cost function (Egs. 17-18)

.

Define the state variables and
control inputs (Eq. 19)

4
Define the constraints (Egs. 20-31)

B

Weight parameter and start-stop cost
(Sec. 5)
|

Maximize the regeneration

Check for optimal
SOC trajectories

Fig. 8. Flow diagram for the proposed scheme.

To overcome this EOC loss, the penalty is implemented only during
the idle phase and is conditioned on the transmission gear being
neutral. This implies that the system is free to enter EOC even for a
small duration but is limited by the DP framework during the hotel
phase to limit the number of engine start-stop.

Figs. 13 and 14 show that if the idle start-stop cost is implemented
only during vehicle stops (hotel period), the penalty on fuel consump-
tion is minimal. However, it is a powerful tool to control the number of
start-stop as seen in Fig. 14. For the full cycle evaluation, the results are
presented with a start-stop cost of 5 gram as the number of start-stop
is constant beyond this value.

6. Performance evaluation

This section will elaborates the SOC trajectories for different loads,
SOC based torque request results and battery power segment simulation
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results. The term “Segment” refers to a specific part of the drive cycle.
These segments help to quantify the outcomes of this work in Section 6.
The three segments are shown in Fig. 15 and can be describes simply
as:

» Segment 1: Start of Drive cycle to the beginning of first short idle
period (representing a short break during the trip in Fig. 4). This
is composed of 2 repetitions of the base drive cycle.

+ Segment 2: End of first short idle period to the beginning of the
second short idle period. Similar to Segment 1, it is also composed
of 2 repetitions of the base drive cycle.

» Segment 3: End of second short hoteling period to the beginning
of the long-overnight hoteling period. This segment only consists
of 1 base drive cycle.

The three segments represent the only possible opportunities for SOC
regeneration and the time in the drive cycle other than the three
segments are idling periods with accessory loads.

In evaluation of proposed algorithm, EOC mode (M1) is enforced
in the DP algorithm as a condition which is true at every instance
when the torque requirement at the wheel is 0. The correlation of fuel
consumption, which resulted in a deviation of only 3.5% from testing
data validates the assumption of embedding this in the calculations.

6.1. SOC trajectories

Fig. 16 compares the SOC profiles from the DP solution for the
four different auxiliary loads ranging from 1 kW to 2.5 kW and for
the two different battery packs (i.e. battery pack-1 (14.256 kWh), and
battery pack-2 (21.384 kWh)). Since the pack capacities are different,
the analysis is split based on the pack configuration. For the battery
pack-1, it is concluded that the pack is incapable of supporting a hotel
load overnight without an idling phase (M4). Due to limited capacity,
this pack has a peak charging time through idling for approximately
1.9 h. After the evaluation, it is also concluded that even though the
velocity profile is based on a repetition of a base profile, the SOC
behavior in these repeated segments is visibly different. In case of the
battery pack-1, all systems reach an eventual SOC of 90% at the end
of the total drive phase, however the difference in the first segment is
maximum and least in the last segment.

The battery pack-2 takes advantage of the increased pack capacity
and can support a 1kW nominal hotel load profile without an idle
period. The remaining three cases require at least one idling phase to
sustain the loads as observe in the battery pack-1. Though the segment
wise differences in SOC profiles are less pronounced compared to the
battery pack-1. It is vivid that the segment-1 showing the maximum
differences which is fairly non-existent in the 3" segment.

6.2. Torque request-SOC based results

Fig. 17 shows the incremental torque request on the engine for bat-
tery regeneration as a function of SOC. This plot essentially condenses
the time-series information as already clear from Fig. 16 that the SOC
is following an increasing trend with time. The behavior of the battery
pack-1 is strikingly different from the battery pack-2. The battery pack-1
shows a dramatic variation in the torque request from the engine for
SOC below 50%, which coincide with the first segment of the drive
cycle. In this region, the torque requests are influenced by the auxiliary
load values for the hotel period. The requests peak at about 110 N.m
and show a decreasing trend as the SOC approaches the 50% mark.
From 50% to approximately 70%, the torque request at the engine is
under 40 N.m with no visible trend (neither increasing or decreasing).
As the third drive segment starts, the torque request on the engine
overlaps for all load cases and increases in trend to achieve a 90% end
SOC. The battery pack-2 is fairly consistent in terms of torque request to
the engine upto 70% SOC, beyond which it exhibits a similar behavior
as the battery pack-1 with the only exception being the 1kW case as it
does not require an end SOC of 90%.
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6.3. Battery power-segment based results

A torque request at the engine is not the absolute reason for the
increase in SOC since it could only be supporting the drive auxiliary

10

load of 7 kW. To better demonstrate the opportunities for SOC increase,
Fig. 18 present the regeneration from engine mode (M3) for three
segment over the entire drive cycle. The operating points, shown in
Fig. 18, are the points where the battery power input is negative, or
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the charging phase of the battery during positive torque request at
the wheel. By convention, a positive power is a power draw from the
battery. Similarly, Fig. 19 depict the regeneration from braking mode

11

(M2) for three segment for the complete drive cycle. The operating
points, shown in Fig. 19, present that charging phase of the battery
pack is accomplished during positive torque request at the wheel.
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During a positive torque request, it is observed that for the battery
pack-1 the engine provides energy input into the battery during multi-
ple phases of the first drive segment and it represents the M3 operating
mode. As the SOC converges to the 0.5 — 0.6 SOC band, the engine
torque offsets the power request due to auxiliary loads and thus the
net flow is under 7kW for multiple instances. During the last segment,
the engine again provides power to reach the end SOC target (M3
operating mode). In case of the battery pack-2, however, the engine
primarily offsets the auxiliary requirements during the drive phase with
engine based SOC gain only in the last segment. Fig. 19 shows that the

major SOC gain takes place during brake based regeneration at times of
negative torque request. Thus, the mild hybrid setup primarily exploits
the energy available during regeneration, with the engine required to
only offset the drive phase demand in most instances.

6.4. EM operating points
The EM operating points are only shown for qualitative analysis.

Figs. 20 and 21 show the operating point comparison for the both
battery packs for 1 kW and 2.5 kW hotel load cases. One system
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limitation is immediately apparent: both battery packs, with a 7 kW additional regeneration capability of 2.2 kW (approximately) due to
nominal drive load, cannot exploit the complete EM capacity due to increased parallel threads and can therefore operate comparatively

battery current limitations. Theoretically, the battery pack-2 offers an closer to the peak power line on the EM map. Also, the speeds of
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Fig. 20. EM operating points for 1kW nominal auxiliary load.

operation are away from the EM peak efficiency zone and this is a
direct consequence of the designed gear ratio between the transmission
inlet shaft and EM which is taken to be a constant and not modified
in this study. It is theoretically possible to move the points towards
high-efficiency zones by increasing this speed ratio.

Fig. 21 shows a similar analysis for a 2.5 kW auxiliary load. In zones
under a speed of 0.35, the results are similar for both battery packs
as the operating points are coincident. For the battery pack-1, there is
a massive increase in operating points between torques of 0 and —0.4
compared to Fig. 20. This is a direct consequence of the limited battery
pack capacity and higher requirement for engine-based regeneration to
reach the SOC of 90% SOC at the end of the trip.
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6.5. Engine efficiency improvement

It is known that parallel hybrid architectures can improve the
operating points of the engine, either by increasing torque request at
the engine or reducing it through the electric machine. It is understood
that low torque regions on the engine map correspond to a low engine
efficiency zone throughout the map. These points can be shifted to a
higher torque zone which would increase the engine efficiency of the
system. To illustrate the effect, the efficiency of engine points from DP
results are plotted against the baseline engine efficiency in Figs. 22 and
23.

The DP algorithm selects the correct opportunity for regeneration at
the points which correspond to low torque request for traction. When
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Fig. 22. Engine efficiency improvement for battery pack 1.
these points are shifted towards peak torque zones, the overall effi- Figs. 24 and 25 further support this selection process and rationale.
ciency of the system improves and in result further fuel savings is pos- These figures highlight that the incremental torque on the engine
sible. Mostly, the points with the lowest baseline efficiency are affected directed for SOC increase is concentrated in region under 1000N.m and
and these points offer the maximum scope for efficiency increase. the instances beyond this torque are limited in magnitude and occur-
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Table 1 Table 2
Fuel consumption comparison for battery pack-1. Fuel consumption comparison for battery pack-2.

Load DP Mean APU Difference Mean idling Difference Load DP Mean APU Difference Mean idling Difference
(kW) (kg) (kg) (%) (kg) (%) (kW) (kg) (kg) (%) (kg) (%)
1.0 151.64 153.92 1.50 161.00 6.17 1.0 151.22 153.92 1.79 161.00 6.47
1.5 153.77 153.92 0.10 161.00 4.70 1.5 152.51 153.92 0.92 161.00 5.57
2.0 155.89 153.92 -1.26 161.00 3.28 2.0 154.61 153.92 -0.45 161.00 4.13
2.5 157.94 153.92 -2.55 161.00 1.94 2.5 156.69 153.92 -1.77 161.00 2.75

rences. This is because low torque zones are also the low efficiency
zones and offer the best opportunity for engine based regeneration since
the SOC gain comes at a lower effective fuel cost.

6.6. Fuel consumption comparison

To verify the feasibility of the current solution, average values of
fuel consumption from [2] are utilized for APUs based heavy duty truck
and idling for a period of 6 hours. The improvements are presented
in Tables 1 and 2. Since average power consumption values have not
been documented corresponding to the fuel consumption range, the
feasibility analysis has used an average value for comparison against
DP solution which remains constant for all load cases. Also, a period of
only 6 h is used for the idling and APU cases, thus making the benefit
estimates from DP conservative. In the absence of detailed power-
fuel consumption correlation, such conservative approximations offer
a high-level insight for feasibility assessment of hybrid technologies.

It is clear that the advantage ranges from 1.94% to 6.17% for the
battery pack-1 against mean idling consumption. These increase to
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2.75% to 6.47% for the battery pack-2 respectively. These differences
are due to the higher charging limit of the battery pack-2 compared
to the battery pack-1. The battery pack-2 can absorb 2kW more at a
given instant compared to the battery pack-1 under nominal conditions.
APUs however show a better potential for fuel consumption reduction
for loads above 1kW for battery pack-1 and 1.5 kW for battery pack-2.
Nevertheless, it is a costly investment above the stock vehicle costs and
not a direct competition to mild hybrid systems.

7. Analysis using composite “short” cycle based on HHDDT cruise
cycle

7.1. Drive cycle and SOC profiles

The drive cycle is based on similar approach as the one presented
in the paper. There are three drive segments as described below:

» Segment 1: Composed of 3 repetitions of HHDDT Cruise mode.
» Segment 2: Composed of 3 repetitions of HHDDT Cruise mode.
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Fig. 24. Incremental torque request on engine with respect to traction torque requirement for battery pack 1.

Table 3

» Segment 3: Composed of 2 repetitions of HHDDT Cruise mode.

There are two short break periods with the first being between Segment
1 and Segment 2, and the other being between Segment 2 and 3.
Segment 3 is followed by a long idle period representing overnight rest
of 10 hours. The auxiliary load cycles are synthesized similarly, with
a base load of 7kW and varying auxiliary load values during hoteling.
Due to a smaller duration of our base cycle, the total distance covered
is 296 km and this represents a boundary case where a Class 8 trucks
covers a short distance but undergoes similar hoteling periods.
The SOC profile is shown in Fig. 26.

7.2. Engine efficiency enhancement and battery

Similar to results presented in Section 6, the ability to regenerate
through the engine assists in improving the engine efficiency through-
out the operating range compared to the baseline efficiency is shown
in Figs. 27 and 28 for HHDDT drive cycle.

It was seen that the opportunities for regeneration were compar-
atively limited due to reduced distance and drive times. Hence the
energy recovery loss through regeneration was supplemented by added
engine operations. This can be clearly seen in Figs. 18, 19, 29 and 30.
In the HHDDT cycle, the regeneration is not concentrated between —10
to —15 kW, and the battery regeneration is clearly amplified in positive
torque phases in Fig. 29 (the regeneration from engine mode (M3) for
three segment over the entire drive cycle) compared to Fig. 18 and in
Fig. 30 (the regeneration from braking mode (M3) for three segment
over the entire drive cycle)as compared to Fig. 19.

17

Fuel consumption comparison for battery pack-1 HHDDT.

Load DP Mean APU Difference Mean idling Difference
(kW) kg) (kg) (%) (kg) (%)

1.0 49.05 49.18 0.25 59.80 17.97

1.5 51.21 49.18 -4.13 59.80 14.36

2.0 53.31 49.18 -8.4 59.80 10.85

2.5 55.38 49.18 -12.61 59.80 7.39

7.3. Fuel consumption for HHDDT based composite cycle

The composite cycle based on HHDDT provides limited opportuni-
ties for energy minimization for hoteling; however with a 6 hour idling
phase with mean fuel consumption reported in literature, the benefits
compared are significant with peak values as high as 18.3%. However,
in a “short” long haul cycle the APUs appear to be a better option to
minimize overall fuel consumption for any auxiliary load value above
1 kW. It should be noted that these are conservative estimates, and the
benefits with drive-train electrification and hoteling loads optimization
in real world scenarios will be much more significant even for shorter
cycles such as the one presented here based on HHDDT cycle (see
Tables 3 and 4).

7.4. Idling efficiency

The idling operating points are determined by the following con-
straints built into the DP algorithm:
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S.P. Singh et al.

Efficiency increase for 1kW
T T

Applied Energy 326 (2022) 119982

25 !
———————— 0 improvement line
*  Segment 1
Segment 2
Segment 3

N
o
T

.

15 s

DP results Efficiency [%]
>

5 - =
0 I I I I
0 5 10 15 20 25
Baseline Efficiency [%]
25 Efficiency increase for 2.5kW
T T T
-------- 0 improvement line
— *  Segment 1
R 20| ¢  Segment2 .
5 e  Segment3
-.t'
g 15 3-.-.' : v ‘manon $ece b
(2] o8O
E (] "
o g g“
£ 10 B
= .
(7]
o
1=
5 sr -
0 I I I I
0 5 10 15 20 25
Baseline Efficiency [%]
Fig. 27. Engine efficiency improvement for battery pack 1 HHDDT Cycle.
Table 4 its formulation, is limiting an increase in charging rate. At the
Fuel consumption comparison for battery pack-2 HHDDT. charging RPM, the EM efficiency peaks at lower torques while
E(()‘;a\g z{P) ](\ﬁez)m APU (Do;f)ference lgl(ez)an idling ]();)ference the engine efficiency peaks at higher torques. Since the cost
& & > & > function prioritizes fuel cost over EM efficiency, there is a trade-
L0 48.85 49.18 0.66 59.8 18.3 off with higher compromises on EM efficiency compared to fuel
1.5 50.23 49.18 -2.14 59.8 16.00 .
2.0 5237  49.18 ~6.48 59.8 12.42 consumption.
2.5 54.46 49.18 -10.73 59.8 8.93 + The peak efficiency of the engine cannot be realized at the charg-

+ The engine is allowed to idle only at one particular engine speed
during the idling based charging process. This RPM is determined
based on manufacturer recommendation and hence the idling
based charging takes place at one particular engine and EM RPM
as they are mechanically coupled.

» The operating points and number of start stops are determined
primarily by the start stop costs imposed during the idling phase.
This is because of subjective complaints of recurring start stops
with APUs which tend to annoy drivers overnight.

The results showed that during the idling based charging process, the
EM and engine operating efficiency are constant at 78.83% and 69.07%
of the peak possible overall efficiency, respectively. Also, these values
are constant for both the HHDDT based cycle as well as the custom
drive cycle. This can be attributed to the following:

« Fig. 31 gives the detail of engine idling mode (M4). While the
engine can be operated at a higher efficiency, this compromises
the efficiency of the EM operating point due to the nature of
the maps as shown in Fig. 31 and hence the algorithm, due to
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ing RPM specified as the torques for peak efficiency will violate
the peak EM allowed torque. This is due to the nature of the maps
and the gear ratio between the EM and engine.

A similar value across the 2 cycles and multiple auxiliary loads
suggest that the start stop cost is limiting the charging rate. If the
battery charges faster, there is a possibility to add additional stops
which offsets the benefits of the additional engine efficiency.

It is clear that the nature of the maps and the coupling ration
between the engine and EM, along with the cost function formulation
and start stop costs are determining a limited operation zone during
idling-charging.

8. Conclusion

The proposed framework based on DP can serve as a comprehensive
tool to evaluate the design feasibility (component sizing) and optimize
the powertrain performance (optimal SOC trajectory given the nomi-
nal auxiliary loads). The framework is specific to a P2.5 powertrain
architecture with the EM operating only in regeneration mode. From a
component sizing perspective, it was observed that the limiting factor
in energy regeneration is the on board battery pack current limit. Thus,
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the battery pack-2 offers significant improvements compared to the
battery pack-1, but is still unable to completely exploit the power limit
of the electric machine.

From an optimal control policy perspective, P2.5 architecture is
enabled for higher efficiency during all operating conditions and max-
imum regeneration of energy from the brakes. This contributes to an
overall decrease in fuel consumption where hotel operation is sup-
ported purely by the onboard battery pack. In terms of feasibility, the
solution leads to a maximum of 6.47% fuel consumption reduction with
the peak auxiliary load, when compared to an APU-based heavy-duty
truck. Although the feasibility estimates are conservative, they can be
made more accurate and realistic by developing better methods for a
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more realistic auxiliary load profile; either through data or by detailed
component models.

In future work, the authors are planning to develop the probabilistic
models for the hotel loads as a function of weather information, route
information and driver preferences.
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