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Abstract

lectrification of heavy-duty trucks has received signifi-

cant attention in the past year as a result of future

regulations in some states. For example, California
will require a certain percentage of tractor trailers, delivery
trucks and vans sold to be zero emission by 2035. However,
the relatively low energy density of batteries in comparison
to diesel fuel, as well as the operating profiles of heavy-duty
trucks, make the application of electrified powertrain in these
applications more challenging. Heavy-duty vehicles can
be broadly classified into two main categories; long-haul
tractors and vocational vehicles. Long-haul tractors offer
limited benefit from electrification due to the majority of
operation occurring at constant cruise speeds, long range
requirements and the high efficiency provided by the diesel
engine. However, vocational applications can realize a signifi-
cant benefit from electrified powertrains due to their lower
vehicle speeds, frequent start-stop driving and shorter oper-
ating range requirements.

As the heavy-duty industry deals with solving challenges
around the application of electrified powertrains, there are
multiple pathways that can be explored to meet future regula-
tory requirements. This paper is the first part of a two-paper
series that focuses on evaluating electrified solutions for Class
6-7 medium heavy-duty vehicles in the 2027 and beyond time
frame. In this paper the focus is on investigation of near-term

Introduction

s the transportation sector is continuously growing

it is expected that the truck freight will continue to

rise in the United States (US) by at least 1% every year
for the next 25 years [1]. Class 3-8 medium to heavy-duty
trucks, primarily used for on-road freight transportation, are
responsible for 23% of the total transportation related
Greenhouse Gas Emissions (GHG) in the US [1]. In Europe,
heavy-duty vehicles are responsible for 5% of the total green-
house gas emissions [1,2]. Reduction of GHG emissions from
the transportation sector will have a major impact and has

hybrid solutions that provide reasonable fuel efficiency
improvements within a two-year payback period.

To investigate the various hybrid electric architectures,
FEV has developed a system level approach for the selection
and sizing of heavy-duty diesel hybrid powertrain components
using GT-SUITE. The approach has been applied for a Class
6-7 urban vocational truck, which typically experiences low
speed driving with frequent start-stops. A dynamic model for
the baseline diesel vehicle was developed and calibrated to test
data. The baseline diesel vehicle was then updated with hybrid
powertrain components to evaluate different parallel hybrid
architectures (P1, P2, P3, P4) at two different voltage levels:
<48V (mild hybrid) and >150V (full hybrids). The evaluation
was conducted over multiple drive cycles, including the ARB
Transient Cycle and a real-world drive cycle. In the evaluation,
key trade-offs were identified between fuel consumption, initial
investment cost, payback period and freight efficiency. The
trade-off analysis demonstrated that for a two-year payback
period, a P3 architecture provided the best fuel consumption
value for full hybrid applications. In a P2 or P3 configuration,
a48V system also showed considerable fuel efficiency improve-
ments compared to the baseline diesel vehicle. The final P3
hybrid powertrain configuration for Class 6-7 vocational truck
shows a 27% fuel consumption reduction for a 350V system
while a 48V system shows a 22% fuel consumption reduction
when considering a payback period of two years.

been undertaken by multiple US government agencies
including the Environmental Protection Agency (EPA) and
California Air Resource Board (ARB). EPA has already imple-
mented Phase II GHG emission standards requiring 22-25%
reduction in CO, emissions by 2027 [3]. The European Union
[EU] has also mandated that certain categories of heavy-duty
trucks reduce their CO, emissions by 30% of 2019 emission
levels in 2030 [4]. ARB’s Advanced Clean Truck regulation
released in June 2020 also mandates that the truck Original
Equipment Manufacturers (OEM’s) begin selling a larger
share of Zero/Near-Zero Emission Vehicles (ZEV/NZEV) in
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California from 2024 [5]. The regulation requires that by 2035,
75% of all the Class 4-8 non-tractors and 40% of all Class 7-8
tractors sold by the OEM’s in California should be ZEV’s and/
or NZEV’s [5].

The legislations are aimed toward accelerating the
adoption of electrified powertrain solutions such as Battery
Electric Vehicles (BEVs) and Fuel Cell Vehicle (FCVs) for
future applications. However, at present, due to the higher
cost of electrified powertrain architectures when compared
to diesel applications, it is expected that the transportation
industry will remain in a transition period between 2020 and
2040. This transition period, also referred to as the ‘messy
middle’ by the North American Council for Freight Efficiency
(NACFE) in its latest guidance report, suggests of a time
period where the truck industry will be flooded with multiple
fuel choices, infrastructure development initiatives, learning,
and innovations [6, 7, 8].

During this transition period truck OEM’s are expected
to apply an increased level of electrification based on cost
effectiveness, market readiness, maturity, ease of integration
and operability [9]. The level of electrification for medium to
heavy-duty trucks will vary based on their application. For
example, a Class 8 long-haul truck which operates at cruising
speed for most of its drive cycle could benefit from a 48V mild
hybrid configuration and accessory electrification. Class 3-7
vocational trucks which operate at relatively low speeds and
experience frequent start-stops can achieve a 15-25% fuel effi-
ciency improvement from the application of a mild or full
hybrid system [10,11,12,13]. Class 3-7 vocational applications
are also suitable candidates for battery and fuel cell electric
powertrains and range extenders. The general trend and
guidelines for electrification on passenger cars/light trucks
may not be valid for Class 3-7 urban vocational vehicles as the
segment faces specific challenges including; lower production
volumes, lost payload, durability requirements, varying pack-
aging constraints, varying operating vehicle weight, long
vehicle useful life, wide range of operating drive cycles, and
engine exhaust gas aftertreatment performance requirements
[10]. A comprehensive evaluation of various electrification
technologies for the heavy-duty segment in terms of their
suitability to meet a wide range of applications and representa-
tive drive cycles, impact on cost of ownership and potential
CO, benefits is certainly required.

In this first part of a two-paper series, four different
parallel hybrid architectures for Class 6-7 vocational applica-
tions were analyzed at two different voltages levels: 48V mild
hybrid and full hybrid (>150V). The second part of this two-
paper series explores a variety of range extender powertrains
along with battery electric and fuel cell electric vehicles for
Class 6-7 vocational applications. The baseline vehicle model
for the Class 6-7 vocational truck was developed using
GT-SUITE. After correlating the baseline vehicle model to
experimental data, the model was updated with hybrid
components to evaluate multiple parallel hybrid configura-
tions. The performance of different hybrid layouts with 48V
mild hybrid and full hybrid systems were evaluated on the
ARB Transient and real-world drive cycles. Performance of
the different parallel hybrid configurations was compared
based on CO, emissions, fuel consumption, payback period,
cost of ownership and freight efficiency.

Vehicle Model
Development and
Validation

A dynamic one-dimensional vehicle model of a Freightliner
M2 106 vehicle was developed in GT-SUITE [14] for this
analysis. The vehicle specifications and key modeling param-
eters are described in Table 1. A model based approach was
implemented for this investigation to allow for evaluation of
various hybrid architectures with maximum flexibility and
acceptable computation time [15]. Figure 1 shows the layout
of the baseline vehicle model developed in GT-SUITE. A map-
based engine model was developed with specific fuel consump-
tion and torque output as a function of engine speed and
throttle position. Figure 2 provides the specific fuel consump-
tion map of the engine.

TABLE 1 Vehicle specifications and key modeling parameters
for longitudinal vehicle dynamics [14].

Vehicle Model Freightliner M2 106
Chassis Type 132” BBC Extended Cab
Vehicle Curb Mass 15,695 Ib

Total Loaded Vehicle Mass 25,000 Ib

Engine Type Cummins ISB 6.7L
Engine Displacement 6.7 L

107 mmx124 mm

300 hp @ 2,600 rpm

650 Ib-ft @ 1,600 rpm
Allison 2000 Series 6-Speed

Bore x Stroke
Advertised Rated Power
Maximum Engine Torque
Transmission Type

Final Drive Ratio 55
Axle Configuration 4x2
Tire Rating 11R22.5
Tire Rolling Radius 0.525m
Rolling Resistance Coefficient ~ 0.009
Vehicle Frontal Area 101 m?2
Aerodynamic Drag Coefficient 0.6
Auxiliary Electrical Load 2 kW

m 1D model layout in GT-SUITE for baseline M2 106

vehicle [14].
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m Brake specific fuel consumption (BSFC) map for
Cummins ISB 6.7L engine [14].
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The transmission was modeled as a lumped inertia
component. The torque converter was modeled by specifying
performance curves of input capacity factor and torque ratio
versus speed ratio. Additional details regarding the baseline
model development can be referenced from a previously
published study [14].

Other driveline components, such as, axles, tires and
differential, were modeled by specifying component inertias
and power transfer efficiency. Friction brakes were modeled
and sized to ensure that the required deceleration was achieved
to follow different vehicle drive cycle profiles. A 12V battery
and starter motor were also included in the model to account
for auxiliary electrical load and engine startup losses. The
baseline model was correlated to test data collected on a real-
world drive cycle as shown in Figure 3. The average fuel
consumption was correlated within 2% of the measured data.

Hybrid Powertrain
Integration

After the baseline model was correlated, four different parallel
hybrid architectures were evaluated for a Class 6-7 vocational
application as shown in Figure 4. All four parallel hybrid
powertrains were evaluated at two voltages levels: 48V mild
hybrid and full hybrid (>150V). The baseline vehicle model
was integrated with a motor-generator, gear box, power elec-
tronics, lithium-ion Nickel Manganese Cobalt Oxide (NMC)
battery, battery management system, engine clutch and a
supervisory control strategy. An optional engine starter motor
was implemented based on the maximum motor-generator
torque whereas a DC-DC converter replaced the lead-acid
battery from the conventional vehicle model.

For the P1 parallel hybrid architecture, the engine was
directly connected to a motor-generator unit which was then
connected to the transmission through the torque converter
and alockup clutch assembly. The motor-generator unit acted
as an engine starter along with providing additional torque

© SAE International.

m Baseline vehicle model validation on custom
drive cycle (experimental fuel economy - 4.15mpg, simulation
fuel economy - 4.20 mpg) [14].
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during acceleration to assist the engine and perform load
shifts. During vehicle deceleration the motor-generator unit
also acted as generator for energy recuperation. In the P2
parallel hybrid architecture an additional clutch and a motor-
generator unit were introduced between the engine and the
transmission. The clutch was connected to the engine and
motor-generator was connected to the transmission through
the torque converter and a lockup clutch assembly. The intro-
duction of the clutch between the engine and the motor-
generator allowed the engine to shut down during deceleration
and improved energy recuperation compared to the P1 parallel
hybrid architecture. The P3 parallel hybrid architecture was
developed by connecting the motor-generator unit to the
transmission output shaft with a clutch. A starter motor was
applied for engine starting. The P3 parallel hybrid architecture



i EVALUATION OF 48V AND HIGH VOLTAGE PARALLEL HYBRID DIESEL POWERTRAIN ARCHITECTURES

m Parallel hybrid powertrains evaluated in

the study.

m Vehicle model layout in GT-SUITE for parallel
hybrid powertrain configurations.
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provided the opportunity for highest energy recuperation as
the driveline could be disconnected during deceleration and
braking events. Finally, in the P4 parallel hybrid architecture
two motor-generators were directly coupled to the front axle
of the vehicle. Here again, a starter motor was included for
engine starting. The P4 architecture allowed for a four-wheel
drive capability. Figure 5 shows a schematic of the modified
GT-SUITE model with the motor-generator unit connected
at different locations depending upon the parallel hybrid
architecture under consideration.

Axial type permanent magnet BLDC (Brushless Direct
Current) technology was selected for the motor-generator due
to its high efficiency, higher torque output and packaging
advantage [16]. A map-based motor-generator model was
developed with specified maximum and minimum torque
curves and combined motor-inverter efficiency as shown in
Figure 6. For additional details on the map-based generator
please refer to the previous study [14]. Maximum motor-
generator torque during charge (1C) and discharge (3C) opera-
tion were also limited by battery capacity. Figure 7 shows the
specified efficiency map for a BLDC motor-generator measured

© SAE International.
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at 250V with a maximum speed of 8,000 rpm. Efficiency values
for the motor maps were scaled using global factors based on
operating voltage and motor-generator maximum speed. The
scaling factors were derived from measured data from different
axial BLDC motor-generators operated at different voltage
levels and maximum speeds [14]. Table 2 compares the

m 250V motor-generator efficiency map specified
in the motor-generator model [14].
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TABLE 2 Specifications of the 48V and full hybrid motor-
generator map used in the study.

250V Electric Motor 48V Electric Motor

Motor Rated Power 78 kW 7.85 kW
Maximum Speed 8,000 rpm 12,000 rpm
Maximum Torque 370 Nm 50 Nm

TABLE 3 Battery cell specifications for the GT-SUITE
model [14].

Cell Specification Value

Formulation Li-lon NMC 18650
Nominal Capacity 2.05 Ah
Maximum Charge Rate 1C

Maximum Discharge Rate 3C

Nominal Temperature 300K

Nominal Cell Voltage 3.8V

Maximum Cell Voltage 4.2V

Minimum Cell Voltage 275V

baseline motor specification used for the 48V mild and full
hybrid investigations.

The NMC battery technology was chosen for this applica-
tion due to its higher specific capacity. A Thevenin electrical-
equivalent circuit-based battery cell was modeled by speci-
fying the open-circuit voltage, series internal resistance and
RC branches to model the electrochemical dynamics. Battery
cell State of Charge (SOC) was also modeled using the default
approach available within GT-SUITE as shown in Equation 1.

t
Capacity,. —I I.dt
0

Nominal Capacity

@)

SOC(t) =

Table 3 provides the parameters of the battery cell model
as obtained from references [11,12,13]. Battery cells were
arranged in series and parallel to vary battery voltage and
capacity. Battery cooling and cell balancing were not consid-
ered in this study; however, a battery management system was
introduced to restrict battery terminal voltage and current to
their acceptable hardware limits. In addition, a cell aging
model was implemented to predict battery capacity deteriora-
tion over time based on depth of discharge, average voltage
and current [18,19].

A constrained on-off control strategy was selected for
parallel hybrid powertrain management [20]. The control
strategy determines the power split between engine and
motor-generator based on the torque demand and battery
SOC. A rule-based control strategy was selected over model-
based optimization strategies such as, equivalent charge mini-
mization strategy, dynamic programming, due to the compu-
tational limits of the engine control unit. The load regions and
the corresponding torque divisions between the engine and
the motor-generator map are shown in Figure 8. The lower
torque curve, Tc, corresponds directly to the maximum torque
curve of the motor-generator, while the torque curve, Tb, was
setup as a function of the motor-generators maximum torque
capacity. Topt and Ta indicate the minimum Brake Specific
Fuel Consumption (BSFC) line and the maximum engine

© SAE International.
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m Map-based control strategy used for

optimization [14].
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m Control strategy performance on ARB transient
cycle for the P2 hybrid architecture [14].

® MixedMode ® Regen © Edrive ® EngineDrive @ StartStop
ARB Transient Cycle

AU

0 500
Tlme [s]

5O
o o

N
o

Vehicle Speed [km/hr]

800

torque curve, respectively. Hysteresis loops were also imple-
mented to prevent frequent engine start-stops between various
control modes. Additional details on the applied control
strategy can be referenced in the previous study [14].

Figure 9 shows the various operating modes of hybrid
vehicle as enabled by the implemented control strategy on the
ARB transient cycle for the P2 configuration. The ARB tran-
sient cycle allowed significant electric drive and energy recu-
peration opportunities due to its lower average vehicle speed
and frequent start-stop. The mixed-mode indicates torque
split operation between the engine and the motor-generator
except during braking events at low vehicle speeds where
mixed mode reflects engine idling. Battery SOC was sustained
within 2% of the initial SOC at the end of the cycle.

In order to calculate the additional cost and weight with
hybrid components, cost functions were implemented in the
vehicle model as shown in Table 4. The cost function used for
the hybrid components were estimated based on internal
vehicle benchmark studies conducted on hybrid applications
and published data in literature [21]. Additional calculations
were added to the vehicle model to determine the fuel
consumption, freight efficiency and payback period as shown
in Table 5. As part of the analysis the cost of ownership at the
eight-year mark was also evaluated. In order to compute the
cost of ownership, the various cost function for the baseline
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TABLE 4 Added cost and weight functions considered in the
model for DoE optimization [14].

Parameter Function

Battery Cost $331/kWh
Motor Generator Cost $7.9/kW
Power Electronics Cost $9.9/kW
Battery Weight 12.8 kg/kWh
Motor-Generator + Power Electronics Weight 015 kg/kW

TABLE 5 Additional calculations used for optimization.

Fuel

i Battery Energy Change[kWh]
Consumption

Diesel Gal Equivalent [kWh / gal]
Total Miles Driven(mi) = Vehicle Weight|ton]

DGE Fuel[gal]+

MPGe Total Miles Driven(mi)
Battery Energy Change|kWh
Fuel[gal]+— 4 Tqy £ (077
Diesel Gal Equivalent [kWh / gal |
E;fe_ight Total Miles Driven(mi) Cargo Weight ton]
iciency Battery Energy Change[kWh]
DGE Fuel[gal]+
Diesel Gal Equivalent [kWh / gal]
an.b?fk Added Powertrain Cost[$] / Fuel Cost[$/ gal]
erio

Annual Miles[mi / yr]  Annual Miles[mi / yr]
Conv.MPGe[mi / gal]  Hybrid MPGe[mi / gal]

[ )

TABLE 6 Parameters used for cost of ownership calculations.

Vehicle Annual Mileage 24,000 miles
Cost of Ownership Time Period -8 years or 192,000 miles
Base Vehicle Cost $70,000

Electrified Powertrain Cost -
Conventional Powertrain Cost

Diesel $0.1375/mi
HEV $0.2285/mi
Diesel $3.12/gal
15.6 cents/ton-mile

Total Additional Cost

Operation and Maintenance
Cost [22]

Fuel Cost
Lost Payload Income [23, 24]

vehicle, added electrified components, lost payload income
and operation and maintenance cost were added to the model.
The values used for this cost function are provided in Table 6.

Results and Discussion

After the map-based control strategy was validated, different
hybrid configurations, as outlined earlier in the paper, were
evaluated at two different voltage levels: 48V mild hybrid and
full hybrid (>150V). The optimization for each configuration
was carried out on the ARB transient cycle. A five variable
DoE was conducted for each parallel hybrid configuration at
two different voltage levels as shown in Table 7. The results
were optimized using the FEV xCAL DoE tool [25] using the
optimization criteria outlined in Table 8

© SAE International.
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TABLE 7 Parameters used for DoE study.

Parameters Full Hybrid Range  Mild Hybrid Range
MG Peak Torque 50-500 Nm 20-180 Nm

MG Maximum Speed 2,000-20,000 rom  2,000-20,000 rpm
Battery Voltage 150-760V 48V

Battery Capacity 20-100 Ah 10-100 Ah

Motor Gear Ratio 1-8 1-8

TABLE 8 Optimization criteria used in FEVxCAL DoE tool.

Optimization
Objective

Weight

Optimization Qty

Fuel Consumption Reduction Maximize 1.0
Freight Efficiency Improvement Maximize 1.0
Total Added Weight Minimize 0.
Total Added Cost Minimize 0.2
Total Battery Cells Minimize 0.1
Battery Life Maximize 0.1
Motor Torque Minimize 0.1
Payback Period Minimize 0.5

m Tradeoff analysis of 48V mild and full

hybrid configurations.

’—0—P1—0—P2—0—P3—0—P4 aP148V  aP248V  aP348V  aP448V ‘

120
Battery Capacity [Ah] 36-|FC Reduction [%]|
100—=a ’
A 32,
80
601 4 287
i 24+ |
40 A A
20- 207 a |
0 T T T 16 A e
900 _—
7504 Battery Voltage [V] 75j Motor Power [kW]
60
600 —— |
450- :}:.,/‘ 45
300 307
150 157
| 4 AA
A A A
0 — T T T 0 T T T
0.5 1.5 2.5 3.5 45 0.5 1.5 2.5 3.5 4.5

Payback period [yrs] Payback period [yrs]

Figure 10 compares the fuel consumption reduction,
battery capacity, battery voltage and motor power for the four
different parallel hybrid architectures at two different voltage
levels against the total payback period. For each configuration
with the 48V mild hybrid system only one unique solution is
presented, representing the maximum fuel consumption reduc-
tion within a two-year payback period. For the full hybrid
configuration, multiple battery capacity, voltage and motor solu-
tions are presented based on the different payback periods.

When comparing the various architectures at higher
voltages (>150V), it is clear that the 350V P3 configuration
provides the maximum fuel consumption (FC) benefit across
the complete range of payback period considered. The higher
FC reduction with the 350V P3 configuration is achieved due
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m Comparison of different parallel architectures
based on added cost, weight and battery life.

m CO, improvement and freight ton efficiency
improvement comparison.
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to the integration of the electric motor after the transmission.
In the P3 configuration, the electric motor is able to achieve
higher regeneration efficiency due to the elimination of the
losses from the transmission and engine during regeneration
when compared to the P1 and P2 configurations. The P4 config-
uration, which provides the maximum regeneration capability,
shows limited FC reduction due to the relatively lower motor
power applied. In the P4 configuration the maximum applied
motor speed is limited due to the gear ratio limit of 8:1, which
therefore limits the maximum power capability.

In the 48V configuration, the P2 and P3 configurations
demonstrate a similar fuel consumption benefit. In both
configurations (P2 and P3) the motor rated power is limited
to 8.9 kW. If a motor with higher rated power is applied in the
P3 configuration it results in improved FC reduction, but the
two-year payback period criteria is not satisfied. Even though
both 48V P2 and P3 configurations show similar fuel
consumption benefit, the P3 solution is preferred due to the
lower battery capacity and therefore a lower payback period
of less than one year. Further comparison of the total added
weight and cost for the two P3 configurations reveals that the
48V mild hybrid solutions result in a much lower initial invest-
ment of less than $2,000 compared to over $4,000 for the full
hybrid. Another advantage of the 48V mild hybrid application
is the lower payload penalty due to negligible increase in added
weight as shown in Figure 11.

Figure 12 compares the CO, reduction and freight ton
efficiency improvement for the four unique 48V configura-
tions shown in Figure 10 along with all four full hybrid config-
urations with a two-year payback period. As shown in Figure
12, the highest CO, reduction of 24% is achieved with the P3
full hybrid configuration, however the P3 48V configuration
also shows an 18% reduction in CO, emissions. When consid-
ering the Phase 2 GHG regulations for Class 6-7 urban voca-
tional applications, as highlighted in Figure 13, a 48V P3
configuration is capable of achieving the CO, reduction
targets. The freight ton efficiency improvements also show a
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similar trend as the CO, reduction where the P3 full hybrid
shows the largest improvement in freight ton efficiency for the
tull hybrid configurations.

Figure 14 compares the load shift on the engine operating
map for the ARB transient cycle for two optimum P3 configu-
rations: 48V and full hybrid with a two-year payback period.
For the 48V P3 hybrid configuration with limited electric
motor power capability, the hybrid controller is able to elimi-
nate the engine operation at low to medium speed (700 - 1,500
rpm) and low loads (under 100 Nm). When applying a 350V
P3 hybrid configuration, the 30kW electric motor is able to
replace a larger area of the engine operation on the ARB
Transient cycle, thereby resulting in a higher fuel consumption
benefit and a CO, emission reduction. Referring again to
Figure 12, as the payback period criteria is relaxed, the battery
voltage increases and allows the application of higher power
electric motors. The larger electric motor allows for a further
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IR Load shift with P3 48V mild and full hybrid
configurations on the baseline BSFC map.
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replacement of the engine operating point resulting in an
increase in fuel consumption benefit.

The performance of the different hybrid configurations
highlighted in Figure 10 were derived using motor maps that
were scaled as per the procedure outlined in the hybrid
powertrain integration section. Figure 15 shows the efficiency
contours for a 350V electric motor that was scaled using the
baseline motor maps provided in Figure 7. In order to validate
the performance of the P3 hybrid configuration with a scaled
motor map, the specifications for the scaled motor map were
entered in the JMAG tool to derive a realistic motor map.
Figure 16 shows a motor map that was obtained using the
JMAG tool. The motor map obtained from the JMAG tool had
a higher base speed and rated power when compared to the
scaled maps used in our analysis. However, both maps show
that the majority of the operating points are in an efficient
region on the motor map. Table 9 outlines the fuel consump-
tion reduction with the scaled map versus the JMAG map.
The fuel consumption reduction predicted with the scaled
maps were within 0.5% of the value predicted from the JMAG
maps. This result confirms that the approach used for scaling
the motor maps within this study were appropriate.
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TABLE 9 Parameters of the scaled motor versus the JMAG
motor maps.

JMAG Maps
79 kW
6,700 rpm
213 Nm
28%

Parameter

Motor Rated Power
Maximum Speed
Maximum Torque
FC Reduction

Scaled Maps
38 kW
6,700 rpm
213 Nm
27.7%

IGTILIREA Eneroy loss comparison between P3 48V mild
and full hybrid.
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A further comparison of the 48V and full hybrid P3
configurations in terms of energy losses is highlighted in
Figure 17. The P3 full hybrid configuration shows considerably
lower engine losses due to the shift in engine operating profile
as highlighted in Figure 14. The energy losses in the hybrid
component and transmission are comparable between both
configurations. Overall, for the P3 configuration, the full
hybrid shows 0.8 kWh lower energy losses when compared to
the 48V mild hybrid solution.

Figure 18 compares the cost of ownership between the two
P3 configurations against the baseline diesel vehicle. The 48V
P3 mild hybrid configuration shows the lowest cost of
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m Cost of ownership at eight years for P3 48V and
full hybrid compared to baseline diesel vehicle.
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ownership at the 8-year mark. The 48V mild hybrid benefits
from the lower operating and maintenance costs when
compared to the full hybrid application while also performing
significantly better in terms of the fuel cost when compared to
the baseline diesel vehicle. The payload penalty with the 48V
concept is also minimal due to a limited increase in weight.
On the other hand, the P3 full hybrid has the highest cost of
ownership mainly from the higher operating and maintenance
costs, which are not offset sufficiently by the reduced fueling
cost when compared to the 48V P3 mild hybrid configuration.

To this point, the analysis for the different hybrid archi-
tectures has been conducted on the ARB transient cycle which
has relatively high weighting for determining the CO, emis-
sions for vocational applications. However, the end user is
concerned about fuel consumption improvements and subse-
quent return on investment on customer specific routes. In
order to consider this impact, a custom drive cycle was develop
using the GT-RealDrive feature as shown in Figure 19. The
cycle was derived based on a typical operating profile experi-
enced by a Class 6-7 delivery truck. The cycle considered
included considerable low speed operation during city delivery
with specific times of vehicle stop. Figure 20 compares the
CO, reduction and freight efficiency improvement for both
P3 configurations on real-world drive cycle. When compared
to the ARB transient cycle, both P3 configurations show
higher CO, reduction and freight efficiency improvements on
the real-world drive cycle. For the P3 48V configuration, the
CO, reduction improved by 2% for the real-world drive cycle

m Real-world drive cycle generated from GT-
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m CO, reduction and freight ton efficiency

improvement for P3 architectures compared on the ARB
transient and real-world drive cycles.
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when compared to the ARB transient cycle. The higher CO,
reduction also leads to improved freight ton efficiency. When
compared on the real-world drive cycles, the difference in CO,
improvement between the P3 mild hybrid and full hybrid
application is 3% compared to the 6% difference when evalu-
ated on the ARB transient cycle. These results further high-
light the importance of considering both certification and
real-world drive cycles when optimizing hybrid architecture/
component specifications.

Conclusions and Future
Work

In this paper key trade-offs were identified between fuel
consumption, CO, reduction, freight ton efficiency, initial
cost, payback period and vehicle weight for a Class 6-7 urban
vocational parallel hybrid diesel powertrain vehicle. Four
different hybrid configurations at two different voltage levels
were considered for this analysis: 48V mild hybrid and full
hybrid (>150V). The analysis was conducted using a dynamic
vehicle model developed using GT-SUITE. The baseline diesel
vehicle was calibrated against test data from real-world drive
cycles. The performance maps of the baseline diesel engine
were obtained from engine dynamometer testing. Once corre-
lated, the baseline model was updated with hybrid powertrain
components including, a battery model, an electric motor with
a gear box and a battery management system. The vehicle
model was analyzed with the hybrid components applied in
four different approaches, resulting in P1, P2, P3 and
P4 configurations.
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The trade-off analysis demonstrated that when consid-
ering a two-year payback period, a 350V P3 architecture
provided the greatest fuel consumption benefit at 27%. In a
P3 configuration, the 48V mild hybrid system also showed a
considerable fuel consumption improvement of 18% when
compared to the baseline diesel vehicle. The EPA 2027 GHG
emission targets for Class 6-7 urban vocational vehicle can
be achieved with a 48V P3 mild hybrid configuration when
coupled with mandated engine improvements. The cost of
ownership is lower for the 48V P3 mild hybrid architecture
when compared to the baseline diesel vehicle. The full hybrid
solutions for the P3 architecture had the highest cost of owner-
ship mainly driven by the higher operating and
maintenance costs.

Operation over the real-world drive cycle generated using
GT-RealDrive demonstrated a lower delta in CO, reduction
and freight ton efficiency improvements between the P3 48V
mild hybrid and full hybrid solutions. It is critical to consider
both certification and real-world drive cycles when optimizing
the hybrid system specifications. Considering a two-year
payback period, the final P3 350V hybrid powertrain solution
for the Class 6-7 vocational vehicle provides a 33% freight ton
efficiency improvement along with 27% reduction in CO,
emissions, while a 48V mild hybrid system provides a 24%
freight ton efficiency improvement along with 18% reduction
in CO, emissions.

To further evaluate the potential of a 48V mild hybrid for
heavy-duty applications, future studies will focus on evalu-
ating the P3 mild hybrid architecture for Class 4-5 and Class
8 long-haul applications. Studies will also focus on evaluating
the use of a 48V belt starter generator with a P3 mild hybrid
architecture for Class 4-8 applications.
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Definitions/Abbreviations

US - United States

GHG - Greenhouse Gas

EPA - Environmental Protection Agency

ARB - Air Resources Board

EU - European Union

CO, - Carbon Dioxide

OEM - Original Equipment Manufacturer

ZEV - Zero Emission Vehicle

NZEV - Near-Zero Emission Vehicle

NACEFE - North American Council for Freight Efficiency
NMC - Nickel Manganese Cobalt Oxide Li Ion Battery
DC - Direct Current

BLDC - Brushless Direct Current

SOC - State of Charge

MPGe - Miles per Gallon Equivalent

BSFC - Brake Specific Fuel Consumption

FC - Fuel Consumption
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