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Abstract

s part of the Midterm Evaluation of the 2017-2025

Light-duty Vehicle Greenhouse Gas (GHG) Standards,

the U.S. Environmental Protection Agency (EPA)
developed simulation models for studying the effectiveness of
the 48 V mild hybrid technology for reducing CO, emissions
from light-duty vehicles. Simulation and modeling of this
technology requires a suitable model of the battery. This paper
presents the development and validation of a 48 V lithium-ion
battery model that will be integrated into EPA’s ALPHA vehicle
simulation model and that can also be used within Gamma
Technologies, LLC (Westmont, IL) GT-DRIVE™ vehicle simu-
lations. The battery model is a standard equivalent circuit
model with two-time constant resistance-capacitance (RC)
blocks. Resistances and capacitances were calculated using
test data from an 8 Ah, 0.4 kWh, 48 V (nominal) lithium-ion
battery obtained from a Tier 1 automotive supplier, A123
Systems, and developed specifically for 48 V mild hybrid

Introduction

he introduction of 48-volt (48 V) mild hybrid electric

vehicles (MHEV) has stimulated development of 48 V

battery systems capable of providing enhanced driving
performance, higher energy density battery packs, and the
improved life cycle durability required by consumers and
necessary for full-useful-life compliance with U.S. emissions
standards. Much of this activity has involved the development
of advanced lithium-ion chemistries and in some cases devel-
opment of variations of deep-cycle lead-acid chemistries such
as lead-carbon formulations [1].

Mild hybrid vehicles with 48 V systems have recently
appeared in the European light-duty vehicle market due to
high fuel prices and stringent new European Union CO,
passenger car emissions standards. Renault recently intro-
duced the 2017 model year Scenic and Grand Scenic that are
48 V MHEV Diesel multi-purpose-vehicles (MPVs) with a
10 kW electric machine and a 48 V lithium-ion battery origi-
nally developed by Continental [2]. The Scenic is approxi-
mately eight to ten percent more efficient when using the 48 V
MHEV system. Mercedes-Benz introduced a low cost, 12 kW
Belt Starter Alternator (BSA, or P0) 48 V MHEV system and

vehicle applications. The A123 Systems battery has 14 pouch-
type lithium ion cells arranged in a 14 series and 1 parallel
(14S1P) configuration. The RC battery model was validated
using battery test data generated by a hardware-in-the-loop
(HIL) system that simulated the impact of mild hybrid electric
vehicle (MHEV) operation on the A123 systems 48 V battery
pack over U.S. regulatory drive cycles. The HIL system matched
charge and discharge data originally generated by Argonne
National Laboratory (ANL) during chassis dynamometer
testing of a 2013 Chevy Malibu Eco 115 V mild hybrid electric
vehicle. All validation testing was performed at the Battery
Test Facility (BTF) at the U.S. EPA National Vehicle and Fuel
Emissions Laboratory (NVFEL) in Ann Arbor, Michigan. The
simulated battery voltages, currents, and state of charge (SOC)
of the HIL tests were in good agreement with vehicle test data
over a number of different drive cycles and excellent agreement
was achieved between RC model simulations of the 48 V
battery and HIL battery test data.

a 15kW Engine Integrated Starter Alternator (ISA, or P1) 48V
MHEYV system with an electrically-driven charge air boosting
system for E-class and S-class sedans, respectively [3, 4]. An
approximately 20 to 23 percent fuel efficiency was realized via
engine downsizing, friction reduction, accessory electrifica-
tion and 48 V MHEV operation (e.g., torque assist and brake
recovery). Audi recently announced introduction of a 48 V
MHEV system for the Audi A8 [5].

The Advanced Light-Duty Powertrain and Hybrid
Analysis (ALPHA) tool was developed by EPA to model
vehicle performance, fuel economy, greenhouse gas (GHG)
emissions and battery pack performance for light-duty
conventional and hybrid electric vehicles (HEV) [6]. ALPHA
can be used as a support tool for future GHG emissions regula-
tions or as a research tool to evaluate the efficiency of new
advanced vehicle technologies. The hybrid model within
ALPHA is related to EPA’s heavy-duty vehicle Greenhouse
Gas Emissions Model (GEM) [7] certification tool. Light-duty
ALPHA vehicle simulations use the same basic sub-models
and controls as heavy-duty vehicle GEM simulations with the
exceptions of specific traction motors, generators, batteries,
regenerative braking controls, hybrid vehicle supervisory
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controls, etc. that differ somewhat between light-duty and
heavy-duty applications.

Within MHEV, HEV, and plug-in hybrid electric vehicle
(PHEV) applications, an analysis of the battery pack perfor-
mance, state-of-charge (SOC) trajectory optimization, and
optimization of electric motor/internal combustion engine
power coupling is of importance since the overall efficiency
of the vehicle is closely tied to the efficiency of the battery pack
and the energy flows through the hybrid drive system.
A two-time constant equivalent circuit battery cell model was
developed to closely simulate lithium-ion battery pack
voltages. The estimated voltage was then used to calculate
traction motor and generator current by dividing it from
motor power. The motor power was calculated by multiplying
motor torque and motor speed estimated from vehicle super-
visory controls. A lumped capacitance battery thermal model
was developed to determine battery pack temperature.
To rapidly achieve an optimum battery pack temperature of
25 to 40 °C, Battery Management System (BMS) thermal
control strategies such as cabin-air heating and variable
airflow rates were also implemented within the model.

The battery pack model enables fuel economy and GHG
emissions to be estimated by simulating the effects of battery
cell power capacity, SOC operating window, discharge and
charge power limits, battery pack temperatures, battery cell
internal resistance, and BMS thermal control strategies.

Battery Pack Tests

The 0.4 kWh, 48 V, 8 Ah LiFePO, battery pack used for testing
and simulated during battery modeling was provided by A123
Systems (Livonia, MI USA) (Table 1 and Figure 1). The battery
pack was tested at the EPA National Vehicle and Fuel Emissions
Laboratory (NVFEL) Battery Test Facility (BTF) to charac-
terize the resistance, capacitance, charge, and discharge
behavior of the battery pack.

An AeroVironment AV-900 battery cycler
(AeroVironment, Inc., Monorovia, CA USA) was used to
provide the demanded power/current to and from the 48 V
battery pack for the initial 10 second discharging and charging
pulse tests and to follow specific charge/discharge cycles to
simulate battery function during vehicle operation. The
battery cycler, cooling systems, and control systems used at
the NVFEL-BTF allow “hardware-in-the-loop” (HIL) opera-
tion that provides a close approximation of battery operating
conditions that would exist in-chassis during operation over
vehicle regulatory drive cycles such as the Urban Dynamometer

TABLE 1 48V Lithium-lon Battery Pack Specifications.

A123 Systems, LiFePO, §
Battery Pack Make/Model “UltraPhosphate” g
Battery Pack Serial No. 522702V04C17G1800022 ';,EJ
Rated Capacity/Energy 8 Ah/384 Wh E
Size (L x W x H) 304 mm x 180 mm x 96 mm §
Mass 8 kg g
Topology 14S1P 2

Protection Agency

IR A123 Systems 0.4kWh 8 Ah 48 V Lithium-ion
Battery Pack.

Driving Schedule (UDDS) and the Highway Fuel Economy
Test (HWFET) (Figure 2). Input data for HIL operation was
based upon chassis dynamometer testing of a 2013 Chevrolet
Malibu Eco by Argonne National Laboratory that was
conducted as part of the U.S. Department Energy - Vehicle
Technologies Office Advanced Vehicle Testing Activity [8, 9,
10]. The Malibu Eco is equipped with a 115 V belt-integrated-
starter-generator (BISG or P0O) MHEV system. The battery
BMS control area network (CAN) communication bus
provided battery pack voltages (Vy,,,) battery pack currents
(Ip) and battery pack temperatures at 20 Hz/50 ms transmis-
sion rates during the tests.

The battery manufacturer provided the Open Circuit
Voltage (OCV) curves for the cells, as shown in Figure 3.
Power limits were implemented using a two-dimensional
look-up table to estimate the effects of SOC and cell/
pack temperatures.

As shown in Figure 4, both the charge and discharge power
limits are reduced to zero when the battery pack temperature
is above 65 °C or below —30 °C, temperatures that represent
the upper and lower operating limits for this particular cell
chemistry. The desired operating temperature of the battery is
between 20 and 55 °C although battery operation can be briefly
extended to between —30 and 65 °C. The maximum allowable

IGTILIEN Battery Test Setup at EPA NVFEL Battery
Test Facility.
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IETILEES Oven Circuit Voltage (Vo) of A123 Systems

Lithium-ion Battery Cell at 23 °C.
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TN 10 Second Power Limits for the 48 V Lithium-lon
Battery Pack.
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charging and discharging power limits of the 48 V battery pack
are 16 kW and 15 kW, respectively, at 50% SOC and a 25 °C
battery pack temperature near the beginning-of-life. The BMS
has a self-balancing SOC control function. At —30 °C, the
battery can still discharge at approximately 30 A for 10 seconds
at 50% SOC, which is sufficient to crank the engine for cold
starts. The 10 second discharging and charging current limits
are approximately 370 A between 30% SOC and 60% SOC and
for pack temperatures between 30 and 60 °C.

Figure 5 shows that the demanded current (blue line)
from the AV900 battery cycler has an approximately
100~200 ms delay in order to reach the requested current (red
line). The battery pulse currents achieved were offset from the
demanded current due to CAN-based data transmission rates
that are limited to 10 Hz/100 ms.

The ohmic short/long-time resistances and capacitances
are calculated by using 10 second current pulse test data. As
shown in Figure 6, the time constant (t) for the short-time

RIS 200 A 10 Second Discharging Pulse Test.
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resistances and capacitances was calculated by taking the time
from the start of the pulse test to the point where the blue-
colored curve intersects with a 45° line from the horizontal
(shown by the dashed red line). The short-time-interval capaci-
tance and resistance (Rgy and Cgy, respectively) and long-time-
interval capacitance and resistance (R and Cy, respectively)
can be calculated by estimating cell voltage recovery response
gradients [11] when running high I-V (current-voltage)
discharging and charging current pulse tests at various SOC
levels. However, voltage response gradients from battery pack
I-V tests may be different from the voltage response gradients
of battery cell I-V tests due to cell-to-cell SOC imbalance,
cell-to-cell voltage variations, etc.

As shown in Figure 7, the measured battery pack ohmic
short/long time resistances and capacitances are significantly
reduced compared to those of typical lithium-ion battery
packs to maintain the battery pack voltages within the desired
voltage range between 36 V and 52 V even during very high

m A Time Constant (t) for the short-time resistance
and Capacitance.
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m Ohmic Resistances of 48 V 14 Cell Lithium-lon
Battery Pack.
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current discharging and charging events. The measured 8 to
10 milliohm (m€2) ohmic resistances of this pack are low,
suggesting optimization for 48 V MHEV applications. The
measured ohmic short and long duration resistances for the
pack were implemented within MATLAB/Simulink lookup
tables to estimate the effects of SOC and 10 second charging/
discharging current pulse tests.

Ohmic resistances during charging (R_s_chg) are higher
than the ohmic resistances during discharging (R_s_dchg),
as shown in Figure 7. Similarly, RC short time constants
during charging (tau_st_chg) are higher than those of
discharging (tau_st_dchg), as shown in Figure 8.

In automotive 48 V MHEV applications, the lower
nominal voltage 48 V battery pack experiences higher
discharging and charging current than previous higher
voltage MHEV pack designs, such as the original Malibu Eco
115 V MHEV, when delivering or receiving the same electric
power to and from the vehicle.

m Capacitances of 48 V 14 Cell Lithium-lon

Battery Pack.
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Battery Pack Model

The Battery Pack Model in ALPHA consists of an equivalent
circuit cell model, a battery thermal model, and BMS controls.
Accurate SOC, discharge power, and charge power limits are
required to estimate available traction motor power and
torque precisely.

Equivalent Circuit Cell Model

A two-time constant equivalent circuit model [12, 13, 14] was
applied to calculate terminal voltages for a lithium-ion
polymer cell. Battery pack voltages were calculated by multi-
plying by the number of cells in series within the battery pack.

In Figure 9, the V,_ is the open circuit voltage of a cell. R,
is the ohmic resistance of a cell, and is dependent on the SOC
and cell/pack temperatures. Rg; and Cg; are resistances and
capacitances of the electro-magnetic short-time-interval double
layer effects, respectively. Ry and C; are resistances and capac-
itances of the electro-chemical long-time-interval mass trans-
port effects, respectively. I; is the cell load current. Discharge
current is positive while negative current represents charging.

Battery cell terminal voltage, V|, can be calculated by

using a typical RC circuit equation (1).
Vi = Voc +Iy *Ro # (I Blsrycqdt+ (I —Tipycedt (1)

Where IST = VST/RST and ILT = VLT/RLT.
Battery pack voltage, Vg, was calculated using
equation (2):
VBatt ZWL*‘ Nseries /Nparallel (2)
where N, is 14 cells with series connections and Ny, e
is one parallel connection for this particular 48 V pack.
Battery pack voltages, Vy,;, and battery pack currents, I}, were

obtained from the vehicle CAN communication bus during
vehicle chassis-dynamometer testing.

Battery Thermal Model

The lumped capacitance battery thermal model [14, 15, 16] in
ALPHA was developed to feed battery pack temperature infor-
mation to a battery voltage control block, battery power limit
control block, and BMS control strategies.

m Battery Equivalent Circuit Cell Model.
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The battery pack temperature was calculated in
equation (7) by using the energy balance between battery heat
generation, Q,, ,» and heatloss, Qe coinp While also consid-
ering the thermal mass of the battery pack and the method
of cooling:

Tees q.l—(—Qees gen Qees _cooling) dt+TE) (7)

mees p-ees

where m,,, is the mass of the battery pack electric energy
storage system, T is the initial pack temperature, and C, ., is
battery heat capacity [15, 16, 17, 18].

The Qe gen is calculated by equation (8):

Quees_gen =t Rpad + (1 —charge efﬁciency)* I." Vee (8)

The battery pack resistance, Ry, is obtained using
equation (9):

R = (Ro +Rer Tsr /T + Ry Iir /Iy )steries / Nparar (9)

where R, is battery cell discharging, or charging resis-
tance. The cell resistance, R, is estimated by using a 2-dimen-
sional discharge look-up table when battery current is positive,
and by using the charging resistance when battery current
is negative.

The Qees_cooling, 18 calculated by using equation (10):

Qees _cooling — (h A +mt)(m¢es - ’Tcavlant) (10)

where T, 1., is the battery pack inlet coolant temperature
which, depending on pack configuration, can be the tempera-
ture of the ambient air, the cabin-conditioned air, or the liquid
water coolant depending on the battery cooling system design.
A, is the battery surface area for convection heat transfer and
t is the thickness of the battery pack for heat transfer via
conduction. A typical battery conduction coefficient, k, and
convection coeflicient, , were found in published references
[15, 16, 17]. The lumped thermal equations were implemented
by using MATLAB/Simulink blocks. The specifications from
Table 1 and Figure 10 were used to validate the battery model
within ALPHA.

Battery Management
System Controls

Battery cooling control strategies were also implemented to
emulate typical HEV BMS cooling controls. With sufficient
cooling, the pack temperature can be decreased to the cooling
OFF temperature, and the cooling ON strategy can be reac-
tivated after the pack temperature rises to the specified cooling
ON temperature. The cooling ON/OFF temperature settings
can be calibrated for typical vehicle operating conditions such
as operation in regions with hot and cold temperatures. There
is no active battery cooling when the pack temperature is
below 25 °C, and an active battery heating system may be
required when the pack temperature is extremely low under
cold ambient conditions. The tested A123 Systems 48 V battery
pack was not equipped with active cooling. Instead, it uses

passive air cooling with aluminum fins and has a vent for
expelling battery gases in the event of a cell failure. Hence,
passive air cooling was used during model validation.

The available Discharge Power Limit (DPL), was calcu-

lated using equation (11):
DPLy,1 = DPL(SOC(t)) - DPL(tinimum SOC) (1)

where DPL,,,; is the available discharge power limit,
DPL(SOC) is the discharge power limit at a given SOC, and the
minimum SOC is 30%. The typical SOC maximum in MHEVs
is 80%, and the maximum, high, low, and minimum values of
the SOC windows can be calibrated to optimize battery cell
performance and cell durability for MHEV vehicle applications.
The battery pack can provide sufficient electric power to a PO
(e.g., BISG) orinline P2 (e.g., clutched/transmission-integrated)
traction motor when the required road load power is less than
the available discharge power limit. The available discharge
power is used to turn on the internal combustion engine if the
demanded road-load power is greater than the available
discharge power. The battery discharge power limits vary
depending on pack temperature and SOC level.

For final SOC balancing, the following Proportional-
Integral-Derivative (PID) controller algorithm was employed
during model simulation:

APowery,, =PL (SOC (t)) —PL (SOCWget )[

Power,y,,, = APowet, +kp ASOC(t)+k; [ASOC(t)d(t)

13
+kD%ASOC(t)d(t) )

ASOC(t) =SOC(t) = SOCuger kp =15.7,k; =13.5,kp, =0.018

where Power Limit, PL, is the discharge and charge power
limit for positive current, and for negative current respectively.

Battery Model Validation

Figure 10 shows that the pack can maintain the desired battery
voltage levels between 36 V and 52 V under 300 A high current
pulse tests although the battery pack SOC was reduced by
approximately 10% during the 10-second pulse test.

As shown in Figure 11, the simulated discharging and
charging battery pack voltages are in good agreement with
the 48 V battery test data. The root-mean-squared (RMS)
voltage differences between the simulated discharging and
charging pack voltage and the RMS voltage differences of the
test data are within 0.11 V during a 200 A 10-second pulse
test. The simulated voltage was quickly recovered by
completing the discharging pulse current inputs and the pack
voltage during the 48 V lithium-ion battery pack tests returned
slowly to the open circuit voltage.

Modeled and HIL-measured battery pack RMS voltage,
power, SOC and temperature over the UDDS cycle are
compared in Figure 12. The RMS voltage differences between
the simulated voltages and the HIL test data shown were
approximately 0.8 V RMS, and the simulated voltage averages
were within 0.7% of the HIL test data averages over the UDDS

driving cycle (Figure 12A).
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The modeled 48 V battery pack power and SOC were in
good agreement with the HIL test data (Figure 12B and C).
The captured RMS regenerative braking energy differences
between the modeled 48 V battery pack and those of the HIL
battery test data were within 0.12 kW. Modeled battery pack
temperatures (Figure 12D) were also in excellent agreement
with HIL battery test data. The modeled 46.2 V RMS and the
measured 46.01 V RMS battery pack voltages over the HIL
simulation of the UDDS cycle were in good agreement. The
modeled 30.58 °C RMS temperatures and the measured
30.71 °C RMS pack temperatures were also in an excellent
agreement, and the pack temperature was increased about
6 °C over the HIL UDDS simulation test when using the
2013 Malibu Eco chassis dynamometer test battery charge/
discharge power profiles. The battery pack can maintain the
desired voltage levels between 36 and 52 V at a current of 47.2
A RMS during the UDDS driving cycle.

As shown in the first plot in Figure 13, the battery pack
can also hold the desired operating voltage levels between 36
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m Modeled (red) and Measured (blue) Power (A),
Voltage (B), SOC (C), Battery Temperature (D) fora 48 V
Lithium-lon Battery Pack during HIL Simulation of the

UDDS Cycle.
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m Modeled (red) and Measured (blue) Voltages
and Temperatures for the 48 V Battery during HIL Simulation
of the HWFET Cycle.
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m Modeled (red) and Measured (blue) Voltages
and Temperatures for the 48 V Battery during HIL Simulation
of the USO6 cycle.

m Schematic of the GT-Suite Battery and ALPHA
Battery Model DLL (A larger version is reproduced within the
Appendix for purposes of readability).
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and 52 V at a current of 48.1 A RMS during the HWFET
driving cycle. The modeled 46.03 V and 48.1 A RMS pack
voltage and current and the 45.87 V and 48.1 A RMS pack
voltages and current measured during HIL battery testing
over the HWFET were in good agreement.

A795]/kg-K specific heat capacity [15, 16] and 18.9 W/m?>-K
heat transfer coefficient [17] for the battery pack and a
0.25 W/m-K heat conductivity for the case material served as
inputs into the thermal model. The temperature surrounding
the battery pack was assumed to be approximately 30 °C at the
BTF when calculating heat conduction from or to the battery
pack. The modeled 34.81 °C RMS temperatures and the
measured 34.95 °C RMS pack temperatures were in excellent
agreement. As shown in Figure 13, the battery temperature
from the test data and model simulations are in good agreement.

As shown in the first plot in the Figure 14, the battery
pack can still hold the desired operating voltage levels between
36 and 52 V ata current of 88.2 A RMS during operation over
the higher speeds, loads, and accelerations represented in the
US06 driving cycle [19]. The modeled 46.19 V and 88.2 A RMS
voltage and current and the HIL-measured 46.04 Vand 88.2 A
RMS voltage and current are in good agreement. The modeled
44.36 °C RMS pack temperatures and the measured 44.56 °C
RMS pack temperatures were in an excellent agreement. The
pack temperature was increased approximately 12.7 °C from
the initial 37 °C pack temperature during HIL testing when
using charge/discharge data from chassis dynamometer
testing of the 2013 Malibu Eco over the US06 cycle. Even
assuming passive cooling, the pack was able to maintain pack
temperatures within an acceptable operating range for opera-
tion over two back-to-back US06 drive cycles.

Battery and Vehicle Model
Co-Simulations
As shown in Figure 15, the Gamma Technology GT-DRIVE

vehicle model was used to simulate 48 V MHEV models at an
early conceptual stage [20]. The EPA’s engine and battery
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models were compiled using Microsoft Visual Studio 10 and
the 2016a version of the MATLAB/Simulink/Stateflow toolbox
to create a dynamic link library (DLL). The ALPHA battery
DLL was critical to calculate battery discharge and charge
power limits, battery charging efficiency, pack temperature,
etc., precisely during vehicle drive cycle simulations. A smart
utilization of battery power is of paramount importance for
any vehicle electrification application and for proper modeling
of vehicle GHG emissions and fuel consumption.

A DLL was developed to simulate the A123 Systems
lithium-ion battery cell used within the 48 V MHEV battery
pack, and the DLL was used to build a GT-DRIVE simulation
of a 48 V BISG (P0) MHEYV version of the 2013 Chevrolet
Malibu Eco [20]. This vehicle was originally equipped with a
higher voltage, 0.5 kWh 4.4 Ah 32 cell 115 V lithium-ion
battery pack and 12/15 kW (charge/discharge) BISG
MHEYV system.

Figure 16 shows that the 1071 seconds of engine-on time
from the 48 V MHEV model simulation was in excellent

IR Engine Speed and Engine state of 2013 GM
Malibu Eco over the UDDS.
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IELEEREA Modeled 48 V MHEV (Blue) and Measured 115 V
MHEV Engine Torque & Fuel Flow over the UDDS.

IETEERTY Modeled 48 V MHEV (Blue) and Measured 115 V

MHEV Battery Pack Voltage, Current, and SOC over the UDDS.
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agreement with the 1070 seconds of engine-on time from the
ANL 115V MHEYV test data over the UDDS [9, 10]. Therefore,
the simulated engine-on time and the engine-on time of the
test data were comparable when using the available discharge
battery power limits.

As shown in Figure 17, the simulated engine torque for
the 48 V MHEYV operated within a region of higher engine
efficiency to minimize fuel consumption, similar to the 115V
MHEV test data. The trends of engine torque and speed for
the GT- DRIVE 48 V MHEYV simulation were in good agree-
ment with those of the Malibu Eco 115 V MHEYV chassis dyna-
mometer test data [9, 10]. The 57.1 Nm RMS engine torque for
the simulated 48 V MHEV was within 4.5% of the 54.7 N-m
RMS engine torque 115 V MHEYV test data [21, 22]. Overall,
the simulated engine torque and speed shown in Figure 17
were in good agreement with the simulated engine torque and
speed of the chassis dynamometer test data generated by ANL.

The estimated motor current and accessory current were
used as inputs into the battery pack model to estimate the
battery pack SOC and voltage. Charge efficiencies and battery
pack temperature were also considered when estimating the
battery pack SOC.

As shown in Figure 18, the 42.7A RMS current for the 48 V
MHEYV was significantly higher when compared to the 17.9 A
RMS current for the 115 V MHEYV test data over the UDDS [9,
10] due to the battery pack voltage change from 115V to 48 V.
The simulated final SOC of the 48 V battery pack had lower
discharged battery power and higher final SOC than what was
found during the ANL UDDS tests of the 115V MHEV version
of the vehicle, and thus represent conservative estimations with
respect to GHG emissions. The SOC swing windows of the
modeled 0.4kWh 48 V battery pack are greater than the SOC
windows of the original equipment manufacturer (OEM)
0.5kWh 2013 Malibu Eco 115 V battery pack since the SOC varies
more quickly due to the reduced storage capacity of the 48 V
pack when charging and discharging the same electric power as
the higher capacity and higher voltage OEM battery pack.

The simulation shows that similar UDDS and HWFET cycle
fuel economy and GHG emissions can be achieved (Table 3) by
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TABLE 3 UDDS and HWFET Cycle Fuel Economy of
48/115 V MHEVs.

Initial / Fuel
Final SOC CO, Economy
Driving Cycle (¢ (9/km) (mpg) Remark
15 V UDDS /w 42/43.3 162.4 34.0 ANL Test
0.5 kWh [9, 10]
42/44.6 161.0 343 Model
48 V UDDS /w 42/451 161.9 341 Model
0.4 kWh
N5V HWFET /w  43/48.3 112.9 48.9 ANL Test
0.5 kWh [9,10]
43/431 113.6 48.6 Model
48 V HWFET /w  43/46.7 115.3 479 Model

0.4 kWh

using a 0.4 kWh, 48 V battery packand MHEV system in place
of the OEM 0.5 kWh 115 V battery pack and system, with the
potential for significantly reducing battery pack weight and
size. Additional weight reduction could be realized by using an
inverter-integrated 48 V electric machine and eliminating the
long three-wire, three-phase AC cables from the rear trunk area
of the Malibu Eco to the BISG motor near the engine pulley
location. The simulation did not consider the weight-savings
from the smaller, lighter 48 V lithium ion pack or from inverter
integration into the electric machine.

The battery pack power-limit-based engine ON/OFF
control strategy enabled fuel economy and GHG emissions to
be estimated with improved precision by updating battery cell
capacity, the minimum SOC set points, etc., during drive-
cycle modeling runs. Increased fuel economy and GHG
emission reduction could also be achieved by improving
battery cell power limits without changing the minimum SOC
set points. This control strategy would be useful to optimize
the best SOC operating window range when increasing battery
cell power output via battery cell chemistry improvements,
thermal management improvements, or other system
design changes.
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Summary and Conclusions

A two-time constant equivalent circuit battery cell model
along with a lumped capacitance thermal model and BMS
control strategies were implemented within a model ofa 48 V
MHEYV battery pack, for incorporation into the EPA ALPHA
model and Gamma Technology GT- DRIVE vehicle simula-
tions to explore various combinations of advanced future HEV
technologies. Excellent agreement between battery model
simulations and test data was achieved. In addition, model
simulation time was significantly reduced by using simple and
computationally efficient models.

The electric circuit battery model was incorporated as a
DLL into a 48 V MHEV model for vehicle level drive-cycle
co-simulation using the Gamma Technology GT-DRIVE
model. This model was used to simulate GHG emissions and
fuel economy of a BISG 48 V MHEV with a second-by-second
time resolution. Vehicle models such as GT-DRIVE and the
EPA ALPHA model can be used to quantify the effectiveness
of new advanced vehicle technologies by estimating the
relative improvement in GHG emissions, fuel economy, and
vehicle and battery pack performance.

The look-up table based OCYV, internal resistances and
discharge/charge power limits within the battery pack model
can be easily updated as new lithium-ion cell chemistries are
developed for hybrid electric vehicles or battery electric
vehicles. The data-driven battery pack model and mathemat-
ical-rule-based vehicle supervisory controls in the ALPHA and
GT-DRIVE co-simulation vehicle models enable fuel economy
and GHG emissions to be estimated by optimizing various
battery pack design variables, SOC operating windows, BMS
cooling strategies, battery pack power, and pack energy capacity.

Co-simulations of GT-DRIVE and the ALPHA vehicle
model can be used to optimize lithium-ion battery pack design
parameters to meet vehicle electrification power demand by
implementing a two-time constant equivalent circuit battery
cell model, a lumped battery thermal model and typical
MHEYV VSC and BMS control strategies. The 48 V lithium-ion
battery pack model was validated with HIL battery test data
generated at the EPA NVFEL battery test laboratory in Ann
Arbor and using 2013 Chevrolet Malibu Eco chassis dyna-
mometer test data generated by ANL.
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Definitions/Abbreviations

ALPHA - Advanced Light-Duty Powertrain and Hybrid Analysis
ANL - Argonne National Laboratory

BSA - Belt starter-alternator

BTF - Battery test facility

BISG - Belt integrated starter generator

BMS - Battery management system

DLL - Dynamic link library

DPL - Discharge power limit

EPA - U.S. Environmental Protection Agency
GEM - Greenhouse Gas Emissions Model
GHG - Greenhouse gas

HEYV - Hybrid electric vehicle

HIL - Hardware-in-the-loop

HwFET - Highway fuel economy test procedure
ISA - Integrated starter-alternator

LD - Light duty

MHEY - Mild hybrid electric vehicle

MPV - Multi-purpose vehicle

NVEFEL - National Vehicle and Fuel Emissions Laboratory
OCYV - Open circuit voltage

OEM - Original equipment manufacturer
PHEYV - Plug-in hybrid electric vehicle

PID - Proportional-integral-derivative

RC - Resistance-capacitance

RMS - Root mean square

SOC - State of charge

UDDS - Urban dynamometer driving schedule
VSC - Vehicle supervisory control
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Appendix

Schematic of the GT-Suite Battery and ALPHA Battery Model DLL.
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