
 

 

 
 

 
 

 

 
 

 
 
 

 

 

 
 

 
 
 

 
 
 

 

 
 

 

Modeling and Validation of 
48V Mild Hybrid Lithium-Ion 
Battery Pack 

SoDuk Lee, Jef Cherry, Michael Safoutin, Joseph McDonald, and Michael Olechiw, 
U.S. Environmental Protection Agency, USA 

Abstract 
As part of the midterm evaluation of the 2022-2025 Light-Duty Vehicle Greenhouse Gas (GHG) 
Standards, the U.S. Environmental Protection Agency (EPA) developed simulation models for 
studying the efectiveness of 48V mild hybrid electric vehicle (MHEV) technology for reducing CO2 

emissions from light-duty vehicles. Simulation and modeling of this technology requires a suitable 
model of the battery. This article presents the development and validation of a 48V lithium-ion 
battery model that will be integrated into EPA’s Advanced Light-Duty Powertrain and Hybrid Analysis 
(ALPHA) vehicle simulation model and that can also be used within Gamma Technologies, LLC 
(Westmont, IL) GT-DRIVE™ vehicle simulations. The battery model is a standard equivalent circuit 
model with the two-time constant resistance-capacitance (RC) blocks. Resistances and capacitances 
were calculated using test data from an 8 Ah, 0.4 kWh, 48V (nominal) lithium-ion battery obtained 
from a Tier 1 automotive supplier, A123 Systems, and developed specifcally for 48V mild hybrid 
vehicle applications. The A123 Systems battery has 14 pouch-type lithium-ion cells arranged in a 14 
series and 1 parallel (14S1P) confguration. The RC battery model was validated using battery test 
data generated by a hardware-in-the-loop (HIL) system that simulated the impact of MHEV opera-
tion on the A123 systems 48V 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 GM Chevrolet Malibu Eco 115V MHEV. 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 
diferent drive cycles, and excellent agreement was achieved between RC model simulations of the 
48V battery and HIL battery test data. 
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Introduction 
The introduction of 48-volt (48V) mild hybrid electric 
vehicles (MHEVs) has stimulated development of 48V 
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 48V systems have recently 
appeared in the European light-duty vehicle market due to 
high fuel prices and stringent new European Union CO2 
passenger car emissions standards. Renault introduced the 
2017 model year Scenic and Grand Scenic, which are 48V 
MHEV diesel multi-purpose vehicles (MPVs) using a 10 kW 
electric machine and a 48V lithium-ion battery originally 
developed by Continental [2]. Te Scenic is approximately 8 
to 10% more efcient when using the 48V MHEV system. 
Mercedes-Benz introduced a low cost, 12 kW belt starter-
alternator (BSA or P0) 48V MHEV system and a 15 kW engine 
integrated starter-alternator (ISA or P1) 48V MHEV system 
with an electrically driven charge air boosting system for their 
E-class and S-class sedans, respectively [3, 4]. An approxi-
mately 20 to 23% fuel efciency was realized via engine down-
sizing, friction reduction, accessory electrifcation, and 48V
MHEV operation (e.g., torque assist and brake recovery). Audi 
recently announced introduction of a 48V MHEV system for 
the Audi A8 [5], and FCA has introduced 48V P0 MHEV
systems branded as “eTorque” on North American versions
of the Jeep Wrangler SUV and RAM 1500 pickup truck [6]. 

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) [7]. ALPHA 
can be used as a support tool for future GHG emissions regula-
tions or as a research tool to evaluate the efciency of new 
advanced vehicle technologies. Te hybrid model within 
ALPHA is related to EPA’s heavy-duty vehicle Greenhouse 
Gas Emissions Model (GEM) [8] certifcation tool. Light-duty 
ALPHA vehicle simulations use the same basic sub-models 
and controls as heavy-duty vehicle GEM simulations with the 
exception of specifc traction motors, generators, batteries, 
regenerative braking controls, hybrid vehicle supervisory 
controls (VSC), etc. that difer 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 efciency 
of the vehicle is closely tied to the efciency of the battery pack 
and the energy f lows through the hybrid drive system. 
A two-time constant equivalent circuit battery cell model was 

developed to closely simulate lithium-ion battery pack 
voltages. Te estimated voltage was then used to calculate 
traction motor and generator current by dividing it from 
motor power. Te motor power was calculated by multiplying 
motor torque and motor speed estimated from VSC. A lumped 
capacitance battery thermal model was developed to deter-
mine 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 airfow rates were also imple-
mented within the model. 

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

Battery Pack Tests 
Te 0.4 kWh, 48V, 8 Ah LiFePO4 battery pack used for testing 
and simulated during battery modeling was provided by A123 
Systems (Livonia, MI, USA) (Table 1 and Figure 1). Te battery 
pack was tested at the EPA National Vehicle and Fuel Emissions 
Laboratory (NVFEL) battery test facility (BTF) to characterize 
the resistance, capacitance, charge, and discharge behavior of 
the battery pack. 

An AeroVironment AV-900 battery cycler (AeroVironment, 
Inc., Monrovia, CA, USA) was used to provide the demanded 
power/current to and from the 48V battery pack for the initial 
10-second discharging and charging pulse tests and to follow
specifc charge/discharge cycles to simulate battery function
during vehicle operation. Te battery cycler, cooling systems, and 
control systems used at the NVFEL BTF allow “hardware-in-the-
loop” (HIL) operation that provides a close approximation of
battery operating conditions that would exist within a vehicle
chassis during operation over vehicle regulatory drive cycles such 
as the urban dynamometer 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 GM Chevrolet Malibu Eco by Argonne National Laboratory 
that was conducted as part of the U.S. Department of Energy-
Vehicle Technologies Ofce Advanced Vehicle Testing Activity
[9, 10, 11]. Te Malibu Eco is equipped with a 115V belt integrated 

TABLE 1 48V lithium-ion battery pack specifcations. 

Battery pack make/model A123 Systems, LiFePO4 

“UltraPhosphate” 

Battery pack serial no. 522702V04C17G1800022 

Rated capacity/energy 8 Ah/384 Wh 

Size (L × W × H) 304 mm × 180 mm × 96 mm 

Mass 8 kg 

Topology 14S1P 

Environmental Protection Agency 
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 FIGURE 1  A123 Systems 0.4 kWh 8 Ah 48V lithium-ion  FIGURE 3  Open-circuit voltage (VOC) of A123 Systems 
battery pack. lithium-ion battery cell at 23°C. 
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starter generator (BISG or P0) MHEV system. Te battery BMS 
control area network (CAN) communication bus provided battery 
pack voltages (VBatt), battery pack currents (IL), and battery pack 
temperatures at 20 Hz/50 ms transmission rates during the tests. 

The battery manufacturer provided the open-circuit 
voltage (OCV) curves for the cells, as shown in Figure 3. PL 
were implemented using a two-dimensional look-up table to 
estimate the efects of SOC and cell/pack temperatures. 

Both the charge and discharge power limits (DPL) 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. 
As shown in Figure 4, the desired operating temperature of 
the battery is between 20°C and 55°C although battery 
operation can be briefy extended to between −30°C and 
65°C. Te maximum allowable charging and discharging 
PL of the 48V battery pack are 16 kW and 15 kW, respec-
tively, at 50% SOC and a 25°C battery pack temperature near 
the beginning-of-life. 

Te 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 sufcient to crank the 
engine for cold starts. The 10-second discharging and

 FIGURE 2  Battery test setup at EPA NVFEL BTF. 
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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) at 
the battery terminals. Te battery pulse currents achieved 
were ofset from the demanded current due to CAN-based 
data transmission rates that are limited to 10 Hz/100 ms. 

Te ohmic series, short-, and long-time resistances and 
capacitances were calculated by using 10-second current pulse 
test data. As shown in Figure 6, the time constant for the 
short-time resistances and capacitances (τST) 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

 FIGURE 4  10-second PL for the 48V lithium-ion 
battery pack. 
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  FIGURE 5  200A10 second discharging pulse test.  FIGURE 7  Ohmic resistances of 48V 14 Cell Lithium-Ion 
Battery Pack. 
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Note that voltage response gradients from battery pack I-V the horizontal (shown by the dashed red line). Te short-time 
capacitance and resistance (RST and CST, respectively) and 
long-time capacitance and resistance (RLT and CLT, respec-
tively) can be calculated by estimating cell voltage recovery 
response gradients [12] when running high I-V (current-
voltage) discharging and charging current pulse tests at 
various SOC levels. Te RLT and the long-time interval time 
constant (τLT) were calculated from voltage changes (ΔV)/ 
battery current (IL) and the test time taken from the intersec-
tion point between blue-colored curve and the dashed red 
line to the end of the 10-second I-V pulse tests, respectively. 
Long-time capacitances (CLT) were calculated by τLT/RLT. 
A typical lithium-ion battery charging efciency of 98~99% 
and typical heat capacity and heat convection coefcients 

tests may be diferent from the voltage response gradients of 
battery cell I-V tests due to cell-to-cell SOC imbalance and 
cell-to-cell voltage variations. 

As shown in Figure 7, the measured battery pack ohmic 
series, short-, and long-time resistances and capacitances are 
signifcantly reduced compared to those of typical lithium-
ion battery packs in order to maintain battery pack voltages 
within the desired voltage range between 36V and 52V, even 
during very high current discharging and charging events. 
Te measured 8 to 10 milliohm (mΩ) ohmic resistance of 
this pack was low, suggesting optimization for 48V MHEV 
applications. Te measured ohmic series, short-, and long-
time resistances for the pack were used as inputs for 
MATLAB/Simulink look-up tables to estimate the efects of were based upon values in published literature [15, 16, 17, 18]. 

FIGURE 6  A time constant (τ) for short-/long-time

SOC and the 10-second charging/discharging current 
pulse tests. 

Te charging pulse tests using 5, 10, 25, 50, 100, and 200 
resistance and capacitance. A currents were conducted at 20, 30, 40, 50, 60, and 70% SOC 

in order to prevent charging above 80% SOC, which is the 
manufacturer’s recommended upper SOC window limit. A 300 
A current was not used in the charging pulse test since it rapidly 
reaches the battery SOC limit. On the other hand, discharging 
pulse tests using 5, 10, 25, 50, 100, 200, and 300 A were 
performed at 80, 70, 60, 50, 40, and 30% SOC in order to 
prevent discharging below the recommended 20% SOC lower 
limit. Te “Rs,” “RST,” and “RLT” are series ohmic, short-time, 
and long-time resistances, respectively. Te detailed ohmic 
resistances, short- and long-time resistances, and capacitances 
of the 48V battery pack tested at various SOC and current levels 
are presented in Appendix B. 

As shown in Figure 7, ohmic series charging and 
discharging resistances generally increased while short- and 
long-time charging/discharging resistances decreased at 
higher current. Hence, battery resistance was dependent on 
both SOC and battery current. The 50 A charging and 
discharging pulse current and 50% SOC were used to plot En
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 FIGURE 8  Capacitances of 48V 14 Cell Lithium-Ion 
Battery Pack. 
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Figures 7, 8, and 9 for referencing the 47.2 A RMS and 48.1 
A RMS pack currents for the UDDS and HwFET drive-cycle 
HIL test data as shown in Figures 13 and 15, respectively. Te 
“chg” and “dchg” subscripts in the fgures designate charging 
and discharging current pulse events. 

As shown in Figures 8 and 9, the short-time charging and 
discharging capacitances and time constants are lower than 
the long-time charging and discharging capacitances and time 
constants at various SOC and current levels. 

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

 FIGURE 9  Time constants of 48V 14 Cell Lithium-Ion 
Battery Pack. 
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 FIGURE 10  Battery equivalent circuit cell model. 

Environmental Protection Agency 

Battery Pack Model 
Te 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 PL are 
required to estimate available traction motor power and 
torque precisely. 

Equivalent Circuit Cell Model 
A two-time constant equivalent circuit model [13, 14, 15] was 
applied to calculate terminal voltages for a lithium-ion polymer 
cell. Battery pack voltages were calculated by multiplying the 
number of cells in series within the battery pack. 

In Figure 10, the Voc is the OCV of a cell. RO is the ohmic 
resistance of a cell and is dependent on the SOC and cell and 
pack temperatures. RST and CST are resistances and capaci-
tances of the electro-magnetic short-time double layer 
efects, respectively. RLT and CLT are resistances and capaci-
tances of the electro-chemical long-time mass transport 
efects, respectively. IL is the cell load current. Discharge 
current is positive while negative current represents charging. 

Battery cell terminal voltage, VL, can be calculated by 
using a typical RC circuit equation 1: 

VL = VOC  + IL *RO + ò(IL - IST)/C dt + ò(IL - ILT)/C dt Eq. (1) 
ST  LT 

where IST = VST/RST and ILT = VLT/RLT. 

Battery pack voltage, VBatt, was calculated using Equation 2: 

V = V * N / N Eq. (2) Batt L  series  parallel 

where Nseries is 14 cells with series connections and Nparallel
is 1 parallel connection for this particular 48V pack. Battery 
pack voltages, VBatt, and battery pack currents, IL, were 
obtained from the vehicle CAN communication bus during 
vehicle chassis dynamometer testing. Te 48V battery pack 
was tested at a complete pack level, and therefore the wiring 
harness and bus bar effects are already included when 
measuring battery pack resistances and capacitances from the 
48V battery pack terminals. 
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Battery Thermal Model 
Te lumped capacitance battery thermal model [15, 16, 17] in 
ALPHA was developed to provide battery pack temperature 
information to a battery voltage control block, battery PL 
control block, and BMS control strategies. 

Te battery pack temperature was calculated in Equation 
3 by using the energy balance between battery heat genera-
tion, Qees_gen, and heat loss, Qees_cooling while also considering 
the thermal mass of the battery pack and the method 
of cooling: 

t 
Q -Qees _ gen ees _ cooling)

T = ò
( 

dt + T Eq. (3)ees 0
m Cees p,ees 

0 

where mees is the mass of the battery pack electric energy 
storage system, T0 is the initial pack temperature, and Cp,ees 
is battery heat capacity [16, 17, 18, 19]. 

In Equation 4, the charging efciency is Coulombic 
efciency. Coulombic charge efciencies of 99, 98, and 97% 
were used at below 85%, between 85% and 90%, and above 
90% SOC levels, respectively. Te Qees_gen is calculated by 
Equation (4): 

2Q I R  + -1 Coulombic charge efficiency ) I V= * ( * *ees _ gen L Batt L Batt 

Eq. (4) 
The battery pack resistance, RBatt, is obtained using 

Equation 5: 

R =(R + R * I /I + R * I /I )* N /NBatt O ST ST L LT LT L series parall 

Eq. (5) 

where RO is battery cell discharging or charging resis-
tance. Te cell resistance, RO, is estimated by using a two-
dimensional discharge look-up table when battery current is 
positive and by using the charging resistance when battery 
current is negative. Te battery terminal voltage, RBatt, is also 
a function of time due to the time-dependent capacitance in 
the two-time constant equivalent circuit battery model as 
shown in Figures 5 and 12. Te battery life and aging efects 
were not considered at this time due to insufcient aged 48V 
battery pack feld test data. 

Te Qees_cooling, is calculated by using Equation 6: 

Q = (h A  + kt)(T -T ) Eq. (6)ees _ cooling s ees coolant 

where Tcoolant is the battery pack inlet coolant tempera-
ture, which can be the temperature of the ambient air, the 
cabin-conditioned air, or the liquid water coolant depending 
on the battery cooling system design. As is the battery 
surface area for convection heat transfer, and t is the thick-
ness of the battery pack for heat transfer via conduction. 
A typical battery conduction coefficient, k, and convection 
coefficient, h, were found in published references [16, 17, 
18]. The lumped thermal equations were implemented by 
using MATLAB/Simulink blocks. The specifications from 
Table 1 and Figure 11 were used to validate the battery 
model within ALPHA. 

F IGURE 11  A 3 00 ampere discharging current pulse test at 
60% SOC. 
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Battery Management System 
Controls 
Battery cooling control strategies were also implemented to 
emulate typical HEV BMS cooling controls. With sufcient 
cooling, the pack temperature can be decreased to the cooling 
OFF temperature, and the cooling ON strategy can be reac-
tivated afer the pack temperature rises to the specifed cooling 
ON temperature. Te cooling ON/OFF temperature settings 
can be calibrated for typical vehicle operating conditions such 
as operation in regions with hot and cold temperatures. Tere 
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. Te tested A123 Systems 48V battery 
pack was not equipped with active cooling. Instead, it uses 
passive air cooling with aluminum fns and has a vent for 
expelling battery gases in the event of a cell failure. Hence, 
passive air cooling was used during model validation. 

Te available DPL was calculated using Equation 7: 

DPL =DPL(SOC t( )) -DPL minimum SOC) Eq. (7)avail ( 

where DPLavail is the available DPL, DPL(SOC) is the 
discharge power limit at a given SOC, and the minimum SOC 
is 30%. Te 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 applications. Te battery pack 
can provide sufcient electric power to a P0 (e.g., BISG) or 
inline P2 (e.g., clutched/transmission-integrated) traction 
motor when the required road-load power is less than the avail-
able DPL. Te 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. Te battery DPL 
vary depending on pack temperature and SOC level. 
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For fnal SOC balancing, the following proportional-
integral-derivative (PID) controller algorithm was employed 
during model simulation: 

DPower = PL SOC t -PL SOCBatt ( ( )) ( target )
Power = DPower + k DSOC t( ) + k DSOC( )t d( )tcomp Batt P I ò 

d
+ kD DSOC t( )  ( )d t Eq. (8)

dt 

DSOC t( ) = SOC t( ) - SOC , k =15 7. ,target P 

.kI = 3 5. ,  kD = 0 018

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

Battery Model Validation 
Figure 11 shows that the pack can maintain the desired battery 
voltage levels between 36V and 52V 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 12, the simulated discharging and 
charging battery pack voltages are in good agreement with the 
48V battery test data. Te root-mean-squared (RMS) voltage 
diferences between the simulated discharging and charging 
pack voltage and the RMS voltage diferences of the test data 
are within 0.11V during a 200 A 10-second pulse test. Te simu-
lated voltage was quickly recovered by completing the 
discharging current pulse, and the pack voltage during the 48V 
lithium-ion battery pack tests returned slowly to the OCV. Te 
measured 45.05V RMS and the modeled 45.07V RMS pack 
voltages were within 0.1% for the 200 A discharging pulse test. 
Te modeled 46.93V RMS pack voltage difered by less than 
0.3% relative to the measured 47.04V RMS pack voltage for the 
200 A charging pulse test. Hence, the modeled and measured 
charging and discharging voltages were in good agreement.

 FIGURE 12  D ischarging/charging pulse tests at 50% SOC. 
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Modeled and HIL-measured battery pack RMS voltage, 
power, SOC, and temperature over the UDDS cycle are 
compared in Figure 13. Te RMS voltage diferences between 
the simulated voltages and the HIL test data shown were 
approximately 0.8V RMS, and the simulated voltage averages 
were within 0.7% of the HIL test data averages over the UDDS 
driving cycle (Figure 13A). 

Te modeled 48V battery pack power and SOC were in 
good agreement with the HIL test data (Figure 13B and C). 
Te captured RMS regenerative braking energy diferences 
between the modeled 48V battery pack and those of the HIL 
battery test data were within 0.12 kW. Modeled battery pack 
temperatures (Figure 13D) were also in excellent agreement 
with HIL battery test data. Te modeled 46.2V RMS and the 
measured 46.01V RMS battery pack voltages over the HIL 
simulation of the UDDS cycle were in good agreement. Te 
modeled 30.58°C RMS temperatures and the measured 
30.71°C RMS pack temperatures were also in an excellent

 FIGURE 13  M odeled (red) and measured (blue) power (A), 
voltage (B), SOC (C), battery temperature (D) for a 48V 
lithium-ion battery pack during HIL simulation of the 
UDDS cycle. 
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  FIGURE 14  Modeled (red) and measured (blue) voltage  FIGURE 15  Modeled (red) and measured (blue) voltages 
changes (V-OCV) for a 48V lithium-ion battery pack during and temperatures for the 48V battery during HIL simulation of 
the UDDS cycle. the two HwFET cycles. 
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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 and 
discharge power profles. Te battery pack can maintain the 
desired voltage levels between 36 and 52V at a current of 47.2 
A RMS during the UDDS driving cycle. 

As shown in Figure 14, the modeled 0.5535V RMS voltage 
changes were within 1.3% of the measured 0.5609V RMS 
voltage changes from the battery pack OCV to the battery 
pack terminal voltage (VBatt − OCV) during the UDDS drive 
cycle. Hence, the measured and the modeled voltage changes 
due to ohmic series, short-, and long-time resistances and 
capacitances in the two-time constant equivalent circuit 
model are in good agreement. 

higher speeds, loads, and accelerations represented in the 
US06 driving cycle [20]. Te modeled 46.19V and 88.2 A RMS 
voltage and current and the HIL-measured 46.04V and 88.2 A 
RMS voltage and current are in very good agreement. Te 
modeled 44.36°C RMS pack temperatures and the measured 
44.56°C RMS pack temperatures were in an excellent agree-
ment. Te 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 dyna-
mometer testing of the Malibu Eco MHEV over the US06 
cycle. Even assuming passive cooling, the pack was able to 
maintain pack temperatures within an acceptable operating 
range for operation over two consecutive US06 drive cycles. 

As shown in the frst plot in Figure 15, the battery pack 
can also hold the desired operating voltage levels between 36 
and 52V at a current of 48.1 A RMS during the HwFET driving 
cycle. Te modeled 46.03V and 48.1 A RMS pack voltage and 
current and the 45.87V and 48.1 A RMS pack voltages and 
current measured during HIL battery testing over the HwFET 
were in good agreement. 

A 795 J/kg-K specifc heat capacity [16, 17] and 18.9 W/ 
m2-K heat transfer coefcient [18] for the battery pack and a 
0.25 W/m-K thermal conductivity for the case material served 
as inputs into the thermal model. Te temperature surrounding 
the battery pack was assumed to be  approximately 30°C 
during testing 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 tempera-
tures were in excellent agreement. As shown in Figure 15, the 
instantaneous battery temperatures from the test data and 
model simulations are also in very good agreement. 

As shown in the frst plot in Figure 16, the battery pack 
can still hold the desired operating voltage levels between 36 
and 52V at a current of 88.2 A RMS during operation over the 

 FIGURE 16  Modeled (red) and measured (blue) voltages 
and temperatures for the 48V battery during HIL simulation over 
two consecutive US06 cycles separated by 100 seconds of idle. 
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Resistances and capacitance are generally dependent on 
battery pack temperatures. Batteries cannot be  operated 
beyond their specifed temperature operating limits, such as 
extremely low and high temperatures. High-precision thermal 
chambers and extensive testing time would be required to test 
battery packs at various pack temperatures, which was beyond 
the scope of this study. In this study, the 48V lithium-ion 
battery was tested at laboratory temperatures of approximately 
20°C to validate the battery model at temperatures consistent 
with vehicle chassis dynamometer testing for EPA emissions 
and fuel economy compliance. Te available battery power 
was calculated using the manufacturer’s battery pack PL at 
battery pack temperatures from -20 to 60°C and various SOC 
levels as shown in Figure 4. 

Battery and Vehicle Model
Co-Simulations 
As shown in Figure 17, the Gamma Technology GT-DRIVE 
vehicle model was used to simulate 48V MHEV models at an 
early conceptual stage [21]. Te EPA’s engine and battery 
models were compiled using Microsof Visual Studio 10 and 
the 2016a version of the MATLAB/Simulink/Statefow toolbox 
to create a dynamic link library (DLL). Te ALPHA battery 
DLL was critical for calculating battery discharge and charge 
PL, battery charging efficiency, pack temperature, etc., 
precisely during vehicle drive-cycle simulations. A smart utili-
zation of battery power is of paramount importance for any 
vehicle electrifcation application and for proper modeling of 
vehicle GHG emissions and fuel consumption. 

A DLL was developed specifcally to simulate the A123 
Systems lithium-ion battery cell used within the 48V MHEV 
battery pack, and the DLL was used to build a GT-DRIVE simu-
lation of a 48V BISG (P0) MHEV version of the Malibu Eco 
MHEV [21]. Tis vehicle was originally equipped with a higher-
voltage, 0.5 kWh 4.4 Ah 32 cell 115V lithium-ion battery pack 
and 12/15 kW (discharge/charge) BISG MHEV system.

 FIGURE 17  Schematic of the GT-Suite Battery and ALPHA 
Battery Model DLL (a larger version is reproduced within the 
Appendix for purposes of readability). 

 FIGURE 18  Engine speed and engine state of 2013 GM 
Malibu Eco over the UDDS. 
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Figure 18 shows that the 1071 seconds of engine-on time 
from the 48V MHEV model simulation was in excellent agree-
ment with the 1070 seconds of engine-on time from the ANL 
test data for the Malibu Eco MHEV over the UDDS [10, 11]. 
Terefore, the simulated engine-on time and the engine-on 
time of the test data were comparable when using the available 
discharge battery PL. 

As shown in Figure 19, the simulated engine torque for 
the 48V MHEV operated within a region of higher engine 
efciency to minimize fuel consumption, similar to the 115V 
Malibu Eco MHEV test data. Te trends of engine torque and 
speed for the GT-DRIVE 48V MHEV simulation were in good 
agreement with those of the 115V Malibu Eco MHEV chassis 
dynamometer test data [10, 11]. Te 57.1 Nm RMS engine 
torque for the simulated 48V MHEV was within 4.5% of the 

 FIGURE 19  Modeled 48V MHEV (blue) and measured 115V 
MHEV engine torque and fuel fow over the UDDS. 
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54.7 N-m RMS engine torque 115V Malibu Eco MHEV test TABLE 2 UDDS and HwFET cycle fuel economy of 
data [22, 23]. Overall, the simulated engine torque and speed 48/115V MHEVs. 
shown in Figure 19 were in good agreement with the engine 
torque and speed from the chassis dynamometer test data 
provided by ANL. 

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

As shown in Figure 20, the 42.7 A RMS current for the 
48V MHEV was signifcantly higher when compared to the 
17.9 A RMS current for the 115V Malibu Eco MHEV test 
data over the UDDS [10, 11] due to the battery pack voltage 
change from 115V to 48V. Te simulated fnal SOC of the 
48V battery pack had lower discharged battery power and 
higher fnal SOC than what was found during the ANL 

Driving cycle 

Initial/ 
fnal 
SOC (%) 

CO2 
(g/km) 

Fuel 
economy 
(mpg) Remark 

115V UDDS/w 42/43.3 163.2 34.0 ANL test [10, 11] 
0.5 kWh 42/44.6 161.7 34.3 Model 

48V UDDS/w 
0.4 kWh 42/45.1 162.7 34.1 Model 

115V HwFET/w 43/48.3 113.4 48.9 ANL test [10, 11] 
0.5 kWh 43/43.1 114.2 48.6 Model 

48V HwFET/w 
0.4 kWh 43/46.7 115.8 47.9 Model 
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where VMTmile and VMTkm are vehicles traveled in miles 
UDDS tests of the 115V MHEV version of the vehicle and and kilometers, mgallon and mliter are engine fuel fows in gallons 
thus represented conservative estimations with respect to 
GHG emissions. Te SOC swing windows of the modeled 
0.4 kWh 48V battery pack are greater than the SOC windows 
of the original equipment manufacturer (OEM) 0.5 kWh 
2013 Malibu Eco 115V battery pack since the SOC varies 
more quickly due to the reduced storage capacity of the 48V 
pack when charging and discharging the same electric power 
when compared to the higher-capacity and higher-voltage 
OEM 115V battery pack. 

In Table 2, fuel economy (mpg) and GHG emission (g CO2/ 
km) can be calculated by using Equations 9, 10, respectively: 

Fuel economy VMT= mile / mgallon Eq. (9) 

GHG emission(gCO km/ ) = ´r m ´ ´(44 /12) / VMTy2 liter  km 

Eq. (10) 

and liters, ρ is fuel density (g/liter), ψ is carbon weight frac-
tions of fuels, and 44 and 12 are from atomic masses of CO2 
and C, respectively. For the CO2 emissions and fuel economy 
reported in Table 2, a fuel density of 742.45 g/liter at 15°C and 
a carbon weight fraction of 0.8664 were used to represent 
typical values for the Tier 2 E0 certifcation gasoline currently 
used for GHG and CAFE compliance. 

Te simulation shows that similar UDDS and HwFET 
cycle fuel economy and GHG emissions can be  achieved 
(Table 2) by using a 0.4 kWh, 48V battery pack and MHEV 
system in place of the OEM 0.5 kWh 115V battery pack and 
system, with the potential for signifcantly reducing battery 
pack weight and size. Additional weight reduction could 
be realized by using an inverter-integrated 48V 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. Te simulation did not consider 
the weight-savings from the smaller, lighter 48V lithium-ion 

 FIGURE 20  Modeled 48V MHEV (blue) and measured 115V pack, the simplifcation of the wiring harness, or from inverter 
MHEV battery pack voltage, current, and SOC over the UDDS. 

En
vi

ro
nm

en
ta

l P
ro

te
ct

io
n 

A
ge

nc
y 

integration into the electric machine. 
The battery pack PL-based engine ON/OFF control 

strategy enabled fuel economy and GHG emissions to be esti-
mated 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 PL 
without changing the minimum SOC set points. Tis 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. 

Summary and Conclusions 
A two-time constant equivalent circuit battery cell model 
along with a lumped capacitance thermal model and BMS 
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control strategies was implemented within a model of a 48V 
MHEV 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 signifcantly reduced by using simple and 
computationally efcient models. 

Te electric circuit battery model was incorporated as a 
DLL into a 48V MHEV model for vehicle-level drive-cycle 
co-simulation using the Gamma Technology GT-DRIVE 
model. Tis model was used to simulate GHG emissions and 
fuel economy of a BISG 48V 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 efectiveness 
of new advanced vehicle technologies by estimating the 
relative improvement in GHG emissions, fuel economy, and 
vehicle and battery pack performance. 

Te look-up table-based OCV, internal resistances, and 
discharge/charge PL within the battery pack model can 
be easily updated as new lithium-ion cell chemistries are 
developed for HEVs or battery electric vehicles. Te data-
driven battery pack model and mathematical rule-based VSC 
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 oper-
ating 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 MHEV VSC and BMS control strategies. The 
48V 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 GM Chevrolet 
Malibu Eco MHEV chassis dynamometer test data gener-
ated by ANL. 
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A. Appendix

 FIGURE A.1  Schematic of the GT-Suite Battery and ALPHA Battery Model DLL. 
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  B. Ohmic Series, Short- and Long-Time Resistances,
Time Constants, and Capacitances of 48V Battery

batt _ cur _ chg= [200 100 50 25 10 5]; 
batt _ cur _ dchg= [300 200 100 50 25 10 5]; 
batt _ soc = [30 35 40 45 50 55 60 65 70 75 80]; % some SOC values are inter/ 
extrapolated 

R _ s _ chg = [6.38 8.41 9.20 9.98 9.52 9.66 9.81 9.29 8.78 8.24 7.74 
4.96 5.31 5.81 5.86 5.92 7.35 8.77 5.20 4.90 4.60 4.32 
6.92 5.92 5.70 5.47 6.02 7.53 9.04 9.07 9.10 6.88 4.66 
8.28 7.08 7.80 8.52 8.84 9.16 9.16 9.16 5.08 5.14 5.20 
8.30 7.10 7.05 7.00 7.85 8.70 7.95 7.20 8.20 9.20 8.70 
8.18 7.00 6.50 6.00 6.90 7.80 7.40 7.00 8.00 9.00 8.40];
 R _ st _ chg = [5.89 4.73 3.57 4.16 4.76 7.28 9.81 9.29 8.78 8.24 7.39 
6.53 6.17 7.01 7.51 8.01 7.42 6.83 5.20 4.90 4.6 4.12 
6.24 7.23 8.22 8.76 9.30 8.54 7.78 8.44 7.66 6.88 4.66 
5.88 5.55 6.31 6.72 7.64 8.56 8.58 8.60 5.08 5.14 5.2 
7.42 7.00 7.40 7.80 8.35 8.90 9.55 9.38 9.20 8.81 8.22 
7.85 7.40 8.70 10.00 10.00 10.00 9.90 9.80 9.40 9.00 8.40];
 R _ lt _ chg = [3.84 3.06 2.27 2.65 3.02 2.62 2.40 3.43 6.20 5.73 6.22 
3.48 4.02 4.56 4.99 5.41 4.98 4.55 6.51 6.05 5.60 6.07 
4.04 4.67 5.30 5.70 6.10 5.63 5.16 5.42 5.68 6.20 6.72 
3.92 4.18 4.44 5.42 5.47 5.52 5.72 6.52 7.32 7.06 6.8 
4.78 5.10 5.30 5.50 5.55 5.60 6.40 7.20 6.70 6.20 6.00 
4.69 5.00 4.80 4.60 5.00 5.40 6.80 8.20 6.90 5.60 6.70];

 C _ st _ chg = [254.67 421.45 588.24 567.51 546.79 488.35 429.91 496.91 563.9097744 550.42 536.93 
178.76 140.13 185.45 198.84 212.23 333.06 453.88 230.46 261.37 255.20 249.02 
416.67 317.82 218.98 243.90 268.82 378.62 488.43 463.62 438.80 382.23 325.6704981 
595.24 543.15 491.07 464.53 481.78 455.61 471.99 488.37 274.82 305.68 336.5384615 
485.32 442.86 420.15 397.44 412.20 426.97 404.66 382.35 422.88 463.41 481.71 
444.28 405.41 402.70 400.00 385.00 370.00 348.27 326.53 391.04 455.56 452.78];

 C _ lt _ chg = [2109.38 2681.06 3252.75 2770.65 2288.56 2193.84 2099.13 1986.16 1873.198847 
1810.04 1717.32 
1841.23 1842.11 1690.76 1524.10 1497.23 1473.89 1450.55 1152.07 1114.50 1076.923077 1021.76 
1757.43 1624.00 1490.57 1343.64 1196.72 1170.07 1143.41 1091.07 1038.73 988.12 937.5 
1581.63 1511.54 1441.44 1376.23 1302.50 1068.84 1015.19 961.54 915.30 913.53 911.7647059 
1374.65 1313.73 1256.86 1200.00 1135.71 1071.43 945.44 819.44 885.53 951.61 941.32 
1423.07 1360.00 1299.57 1239.13 1184.38 1129.63 967.25 804.88 902.44 1000.00 897.44];

 R _ s _ dchg = [8.55 8.67 8.79 8.81 8.83 7.83 4.79 5.67 6.55 5.60 4.66 
5.24 7.77 7.64 7.51 7.00 6.50 8.28 6.46 4.64 3.97 3.30 
8.63 8.46 8.29 6.24 5.56 4.88 5.52 6.16 4.42 3.78 3.15 
8.73 8.01 5.78 6.08 6.38 6.21 6.04 6.74 4.84 4.14 3.44 
8.98 8.40 6.40 7.32 8.24 8.08 7.92 8.84 6.34 5.43 4.51 
8.47 9.20 8.20 8.25 8.30 8.05 7.80 8.70 6.25 5.35 4.45 
8.75 8.90 7.00 7.80 8.60 8.34 8.08 9.02 6.47 5.54 4.61];
 R _ st _ dchg = [4.83 4.69 4.54 4.32 4.09 5.03 5.98 5.43 4.88 5.45 6.03 
7.59 6.40 5.21 5.71 5.405 5.10 4.00 5.27 6.54 7.31 8.08 
7.20 6.78 6.60 6.41 6.71 7.00 6.52 6.04 7.50 8.38 9.26 
7.70 7.50 7.30 7.06 6.82 6.65 6.48 6.00 7.45 8.33 9.21 
8.64 7.98 7.32 6.76 6.20 5.90 5.60 5.19 6.44 7.20 7.96 
8.50 7.20 5.90 6.05 6.20 6.60 7.00 6.48 8.05 9.00 9.95 
8.20 7.40 6.60 6.40 6.20 5.90 5.60 5.19 6.44 7.20 7.96]; 
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R _ lt _ dchg = [3.16 3.07 2.97 2.81 2.65 3.18 3.71 3.40 3.08 3.56 4.033333333 
5.02 4.19 3.35 3.72 3.51 3.30 2.51 3.42 4.34 2.53 5.68 
4.68 4.37 4.21 4.05 4.36 4.68 4.28 3.88 3.83 2.86 5.01 
5.30 5.06 4.82 4.71 4.60 4.43 4.26 3.90 3.81 2.88 4.99 
5.32 5.06 4.80 4.66 4.52 4.46 4.4 3.77 3.94 2.79 5.15 
5.40 5.10 4.80 4.55 4.30 4.20 4.1 4.05 3.67 2.99 4.80 
6.00 5.60 5.20 4.80 4.40 3.80 3.2 5.19 2.86 3.83 3.75];
 C _ st _ dchg = [621.12 685.01 748.90 692.30 635.70 418.18 346.41 274.63 274.25 273.86 
199.1150442 
223.98 380.70 537.43 381.53 225.62 425.31 625.00 427.18 229.3577982 229.03 166.52 
434.46 501.47 453.55 405.62 324.24 242.86 303.55 364.2384106 195.56 195.29 141.99 
467.53 418.70 369.86 382.88 395.89 390.85 385.8024691 462.94 248.56 248.21 180.46 
486.11 454.80 423.50 477.88 532.26 560.77 589.2857143 707.11 379.65 379.12 275.65 
482.35 563.21 644.07 580.10 516.13 536.64 557.1428571 668.54 358.95 358.44 260.61 
439.02 499.82 560.61 578.69 596.77 637.67 678.5714286 814.24 437.18 436.56 317.41];
 C _ lt _ dchg = [2120.25 2136.36 2152.47 2433.02 2713.57 2516.86 2320.14 2457.37 2594.59 2363.41 
2132.231405 
1611.94 1850.75 2089.55 2071.67 2053.79 2461.16 2868.53 2390.48 1912.442396 1742.04 1571.64 
1435.08 1464.53 1621.15 1777.78 1743.59 1709.40 1834.08 1958.762887 1567.06 1427.43 1287.80 
1169.81 1311.05 1452.28 1487.01 1521.74 1617.68 1713.615023 1830.11 1464.13 1333.67 1203.22 
1052.63 1224.23 1395.83 1405.88 1415.93 1435.24 1454.545455 1553.43 1242.78 1132.04 1021.31 
1055.56 1142.36 1229.17 1370.40 1511.63 1463.13 1414.634146 1510.80 1208.68 1100.98 993.29 
1033.33 1093.59 1153.85 1258.74 1363.64 1603.69 1843.75 1969.09 1575.32 1434.95 1294.59]; 

tau _ st _ chg = R _ st _ chg .* C _ st _ chg /1000; 
tau _ lt _ chg = R _ lt _ chg .* C _ lt _ chg /1000; 
tau _ st _ dchg = R _ st _ dchg .* C _ st _ dchg /1000; 
tau _ lt _ dchg = R _ lt _ dchg .* C _ lt _ dchg /1000; 
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