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Abstract—Simulation of electric vehicles over driving schedules 

within a fully dynamic electric vehicle simulator requires battery 

models capable of accurately and quickly predicting state of 

charge (SOC), I-V characteristics, and dynamic behavior of 

various battery types. An electric battery model utilizing multiple 

time constants, to address ranges of seconds, minutes, and hours, is 

developed. The model parameters include open circuit voltage, 

series resistance, and equivalent RC circuits, with nonlinear 

dependence on battery SOC. The SOC captures effects from 

discharge and charge rate, temperature, and battery cycling. 

Thermal modeling predicting real-time battery temperature is 

introduced. One focus of the paper is presenting a systematic and 

generic methodology for parameter extraction as well as obtaining 

SOC factors through reasonable test work when evaluating any 

given lithium-ion, nickel-metal hydride, or lead-acid battery cell. 

In particular, data sets for a Panasonic CGR18650 Li-ion battery 

cell are tabulated for direct use. The lithium-ion battery model is 

programmed into a MATLAB/Simulink environment and used as 

a power source within an existing comprehensive dynamic vehicle 

simulator. Validation of the Simulink model is through a battery 

testing apparatus with a hardware-in-the-loop driving schedule 

that cycles real batteries. Results from simulations and 

measurements of lithium-ion battery packs show that the proposed 

battery model behaves well and interacts appropriately with other 

subcomponents of the vehicle simulator.  

 
Index Terms—electric vehicles, battery modeling, lithium-ion 

battery, energy storage, vehicle dynamic simulator 

 

I. INTRODUCTION 

s transportation electrification enters daily life, an accurate 

dynamic system simulator for electric vehicles (EVs) is a 

key tool for design and development. Some simulators, such as 

[1], are based on static maps that reflect steady-state behavior 

of vehicle subsystems. A dynamic simulator [2]-[3] offers a 

more detailed look, based on dynamic equations of each 

subcomponent including the engine, batteries, inverter, motor, 

transmission, and other parts, down to time scales as fast as 

microseconds. Often, component models from static simulators 

and dynamic simulators are not interchangeable because of 

incompatible time scales. However, a battery model does not 
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require switch-level features as for power electronics. There is 

the potential for a suitable battery model to capture necessary 

dynamic details while supporting long-term drive-cycle 

simulations. This model must accurately represent the terminal 

voltage, state of charge (SOC), and power losses of several 

battery types, without excessive simulation times. 

In the search for a battery model that supports dynamic 

analysis sufficient for drive cycle evaluation while avoiding 

ultrafast details, electrochemical, mathematical, and electrical 

models of lithium-ion (Li-ion), nickel metal hydride (NiMH), 

and lead-acid battery cells have been reviewed. Electrochemical 

models [4]-[7] typically are computationally challenging owing 

to a system of coupled time-varying partial differential 

equations. Such models are best suited for optimization of the 

physical and materials design aspects of internal electrodes 

and electrolyte [4]. Although battery current and voltage are 

related to microscopic behavior within each battery cell (e.g., 

reactant distributions), parameters for electrochemical models 

are not provided by manufacturers and require extensive 

investigation [4], [8]. Mathematical models [9]-[10] that use 

stochastic approaches or empirical equations can predict 

run-time, efficiency, and capacity. However, these models are 

reported to be inaccurate (5-20% error) and provide no direct 

relationship between model parameters and I-V characteristics 

of batteries. As a result, they have limited value in circuit 

simulation [8]. 

Electrical models [8], [11]-[17] are intuitive for use in circuit 

simulations, and can be adapted into comprehensive 

system-level dynamic models. They often emphasize Thevenin 

equivalents and impedances. Thevenin models [11]-[13] 

assume the open-circuit voltage to be constant and use a series 

resistor and RC parallel networks to track battery response to 

transient loads [8]. An increase in the number of parallel RC 

networks can enhance the accuracy of the predicted dynamic 

battery response. However, coupling of SOC and time constants 

with cycle number and temperature leads to relatively high 

prediction errors for estimating runtime and SOC. 

Impedance-based models, similar to Thevenin models, are 

accurate only for a given SOC and temperature set point; hence 

their accuracy when predicting dynamic response and battery 

runtime is limited [14]. Impedance spectroscopy can be used to 

fit a complicated equivalent network to measured impedance 

spectra in order to validate time constants to be employed in 

Thevenin models. Runtime-based electrical models use 
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continuous or discrete-time implementations to simulate battery 

runtime and dc voltage in SPICE-compatible simulations for 

constant current discharges. Inaccuracy increases as load 

currents vary [15]. Combinations of these circuit models, in 

particular Thevenin and runtime models, can take advantage of 

the positive attributes of each [8], [16], [17] to achieve accurate 

SOC prediction, transient response, runtime, and temperature 

effects. The work presented in this paper seeks such a 

combination but employs relatively straightforward 

time-domain tests in place of impedance spectroscopy. 

Previous work on MATLAB/Simulink battery models that 

use electrical approaches [2]-[3] was intended for vehicles with 

lead-acid battery packs. In this paper, a general-purpose three 

time constant dynamic electric battery model, suitable for 

Li-ion, NiMH, and lead-acid batteries, is developed for use 

within a dynamic EV simulator. The model is fast enough for 

drive-cycle based system-level drivetrain simulation. One focus 

of the paper is presenting comprehensive time-domain 

experimental procedures to extract multi-time scale parameters 

for the model. In particular, data sets for a Panasonic 

CGR18650 Li-ion battery cell are tabulated for direct use. This 

paper builds on [18] and [19]. The early paper [18] has been 

cited not only for transportation electrification applications 

[20]-[23], including review papers [24]-[25], but also for 

extended fields that include utility applications and stationery 

energy storage systems [26]-[27]. This paper enhances 

[18]-[19] in the following aspects: 1) refined battery modeling 

equations for improved accuracy; 2) increased simulation speed 

by referencing frequency domain; 3) the addition of thermal 

domain modeling to predict real-time battery temperature; 4) 

detailed model parameter extraction methodology; 5) improved 

data fitting equations to eliminate stability limitations; 6) 

corrected discharge and charge rate factors; 7) the addition of 

temperature factors based on experimental data; 8) the inclusion 

of battery cycle factors; and 9) comprehensive experimental 

validation of the models and simulator at several levels.   

II. MODEL 

A. Prior work and initial model development 

The model in [8] is capable of predicting runtime and I-V 

performance for portable electronics, but it is not accurate for 

transient response to short-duration loads (1 s and faster). As a 

result, it does not accurately predict SOC over a complete drive 

cycle. Fast time constants of Li-ion batteries have been 

presented in [13], [16], [17] and are necessary to determine the 

losses within a battery pack during vehicle drive cycles. 

Accurate determination of the SOC, which is a function of the 

discharge or charge rate, i(t), temperature, T(t), and cycle 

number, ncycle [16], must also include a rate factor, f1[i(t)]. The 

rate factor accounts for a decrease in capacity due to unwanted 

side reactions [8], [28] as the current increases. This 

determination of SOC is governed by functions of current, 

temperature, and cycle count in the form 
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In the equation, an initial SOC value should be defined prior to 

simulation. In this paper a positive i(t) defines a discharge 

current, and a negative value represents a charge current. 

Methods to obtain f1[i(t)], f2[T(t)], and f3[ncycle] and their 

relevant data will be discussed in Section III. A separate 

self-discharge current term is also included; however, it is not an 

emphasis in the paper, since the model is intended for system 

simulations over one or a few drive cycles, hence the 

approximation shown in (1). There also must be a normalization 

constant, ζ, to normalize (1) to battery capacity, representing 

SOC between 0 and 100%. The factor ζ is defined to be the 

battery capacity expressed in A⋅s (equivalent to coulomb but not 

used here to avoid confusion with the battery capacity rating C). 

For example, for a 2200 mAh battery cell, the C rating is 2.2 A 

and ζ = 2.2 Ah × 3600 s/h = 7920 A⋅s. Eq. (1) for SOC can be 

modeled as in Fig. 1. Here Ibattery is an adjusted battery load 

(i(t)⋅f1⋅ f2⋅ f3), modeled as a current source, while Rself-discharge is 

in parallel with the capacitance Cbattery and represents 

normalized self-discharge [16]. 

 
Fig. 1. SOC model based on Eq. (1). 

B. Proposed model 

The proposed model for predicting terminal voltage and 

power losses of Li-ion, NiMH, and lead-acid batteries is shown 

in Fig. 2. Built upon Randles’ equivalent circuit [29]-[30], the 

model utilizes a multiple time-constant approach (τsec, τmin, τhour) 

for modeling the transient behavior of the terminal voltage. The 

transient voltage changes are caused by a battery cell’s various 

internal chemical processes that occur on different time scales. 

The targets here are in the range of seconds, minutes, and hours 

[31]-[32], consistent with both the needs of EV drive cycle 

dynamics and experimental results discussed later. Here each 

parameter is a function of the SOC [8], temperature, and battery 

age [32]. These parameters can be obtained through a series of 
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tests, as will be discussed in Section III. Similar procedures 

apply if additional time scales are necessary.  

 

 
Fig. 2. Three time-constant approach model for battery terminal voltage and losses. 

The second, minute, and hour based resistors and capacitors 

predict battery cell dynamics in the corresponding time frames. 

The designations are somewhat arbitrary (they could be “fast, 

“medium”, and “slow”), but typically the actual data are 

consistent with scales of a few seconds, a few minutes, and 

several hours. The battery terminal voltage is then calculated as 
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Note that the equation is presented in Laplace domain with 

operator s, versus time domain as in [18]. Laplace domain 

representation helps yield fast simulation without requiring 

solution of exponential and logarithmic equations of RC circuits 

in time domain. 

Calculated T(t) values are required to configure f2[T(t)], as 

will be documented in Section III. The temperature changes 

because of self-heating, and must be solved dynamically so that 

it couples to the computation of the SOC and subsequently the 

open circuit voltage and R, C parameters from (2). A heat 

transfer equation utilizing resistive heating and heat exchange 

[33] is described by 
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Mass, m, external surface area, A, and specific heat, c, are 

readily measured for a battery cell. Ambient temperature, Ta, 

and heat transfer coefficient, hc, depend on application details 

and thermal management designs. A sample set of these values 

is provided in Table I, from testing of a reference Li-ion battery 

cell. Eq. (3) ignores phase changes, changes in specific heat, and 

external resistive losses in battery connections. The full vehicle 

model [2]-[3] includes these additional electrical losses. 

Table I. One example set of parameters used in (3). 

m (kg) A (m2) c (J/(kg·°C)) Ta (°C) hc (W/m2·°C) 

0.044 4.5×10-3  925 25 10 

 

III. PARAMETER ACQUISITION AND DATA 

The circuit model parameters of (1) and (2) are found through 

a series of experiments using apparatus that consists of data 

loggers, electronic loads, power supplies, oscilloscopes, and 

various probes. It is convenient, but not essential, that each 

instrument can be controlled via LabVIEW, to program test 

sequences and analyze data. Panasonic CGR18650, 3.7 V, 2200 

mAh cylindrical Li-ion batteries are used here as an example to 

illustrate the parameter acquisition methodologies. This 

particular battery is popular in available EV applications [34]. 

Tests are split among multiple packs of battery cells to decrease 

the effects of cycling during ongoing testing, which includes 

multiple 100% depth of charging and discharging current 

profiles. In this paper, 0% SOC is associated with an open 

circuit voltage of 3.00 V per cell while 100% SOC is associated 

with an open circuit voltage of 4.15 V per cell. 

A. Determination of resistor, capacitor, and voltage values at 

the three time scales 

Data for the series resistance, Rseries, and resistive and 

capacitive components of the battery model seconds 

time-constant, Rsec and Csec, are found at various SOC levels via 

a brief but significant current pulse, recommended to last 

approximately 1-2 s at C/2. A significant current pulse is chosen 

such that the voltage response can be easily observed even if 

only one or a few series connected battery cells are under test. 

The same current is also suitable for lead-acid batteries; 

however, a value on the order of 2C would be more appropriate 

for power-optimized NiMH cells. Figs. 3 and 4 are oscilloscope 

traces of three series connected Li-ion cells showing terminal 

voltage responses at 100% SOC due to discharge and charge 

current, respectively. Note that Channel M, which is the 

terminal voltage less a dc offset value, is zoomed to emphasize 

fast exponential changes. The immediate voltage jump shown 

after the current drops to zero in Fig. 3 reflects the discharging 

series resistance value, Rseries. The exponential voltage rise 

provides the necessary data for the discharging seconds 

time-constant τsec, and the steady-state asymptote yields 

resistance Rsec. Capacitance Csec is then found via 

sec

sec
sec

R
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           (4) 

Figs. 3 and 4 correspond to values of τsec= 0.4 s, Csec= 0.756 F 

for discharge and τsec= 0.328 s, Csec= 0.719 F for charge, for 

example. The Rsec and Csec values are measured and calculated 

at 5% intervals across 100% to 0% of the battery SOC. Since the 

discharging current pulse at 100% SOC and the charging 



2332-7782 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTE.2016.2569069, IEEE
Transactions on Transportation Electrification

current pulse at 0% SOC are short and result in minimal change 

in SOC, the seconds time-constant circuit parameters can be 

measured at any SOC level. However, the minutes and hours 

time constants cannot be obtained at the high and low ends of 

the SOC spectrum because it is not possible to measure the 

minutes time constants by discharging a battery from 105% to 

100% SOC or charging a battery from -5% to 0% SOC. 

 
Fig. 3. Terminal voltage (Ch. M) response of discharge current pulse 

(Ch. 2) test. 

 
Fig. 4. Terminal voltage (Ch. M) response of charge current pulse (Ch. 

2) test. 

To find the effects of a time constant in the minutes range, an 

approximate C/2 discharge and charge current profile is 

imposed on the battery for 6 min, and then the voltage response 

is recorded for 15 min after the current steps to zero. The test 

period for the minutes time constant must be long enough to 

capture the full exponential effect of τmin while minimizing 

battery terminal voltage changes due to τhour. Figs. 5 and 6 are 

plots of the measured terminal voltage response at 50% SOC 

due to the discharging and charging current profiles, 

respectively. The minutes time constant τmin as well as the 

discharging and charging parameters, Rmin and Cmin, can be 

found from the exponential voltage change and steady-state 

value. This process is similar to configuration of the seconds 

parameters described before. Note that both Figs. 5 and 6 

include a series equivalent resistance component, indicated by 

the immediate voltage jump, which is the sum of previously 

found Rseries and Rsec. The data in Figs. 5 and 6, for example, 

correspond to τmin= 63.9 s, Cmin= 1639.7 F for discharge and 

τmin= 89.9 s, Cmin= 1787.6 F for charge. The τsec value is so much 

faster that no dynamic correction is required.    

 
Fig. 5. Terminal voltage response of discharge current test for minutes 

time-constants. 

 
Fig. 6. Terminal voltage response of charge current test for minutes 

time-constants. 

A constant C/10 charge or discharge current imposed for 5 h, 

followed by measurement of the battery voltage for 5-10 h after 

removal of the current, can be used to measure the hours time 

constant. A small current must be used here so that the voltage 

response lasts long enough to capture at least three time 

constants, usually for a few hours, at several SOC values. The 

values Rhour and Chour are measured from initial conditions of 

0%, 25%, and 50% SOC for three separate charging tests, and 

50%, 75%, and 100% SOC for another three discharging tests. 

Figs. 7 and 8 show the measured data necessary for calculating 

the hours time constants at 50% and 100% SOC, respectively, 

using a current discharge profile from 100% to 50% SOC, and a 

current charge profile from 50% to 100% SOC. In the figures, 

the first 5 h records constant current discharging or charging, 

and the current is turned off afterwards for exponential recovery 

to identify τhour. Unlike the seconds or minutes constants 

calculation, the exponential functions in Figs. 7 and 8 cannot be 

used directly to calculate Rhour and Chour because a correction for 

τmin must be included according to 

)]1([)( min

minsec


t

seriesmeasuredhour eRRRtiVV



    (5) 

The remaining Vhour is used to extract Rhour, Chour, and τhour 
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similar to the seconds and minutes tests. 

 
Fig. 7. Terminal voltage response of discharge current test for hours 

time constants. 

 
Fig. 8. Terminal voltage response of charge current test for hours time 

constants. 

In a vehicle, the battery pack interfaces with power 

components through system power electronics. Time scales 

faster than τsec must be checked for any effect on high frequency 

switching dynamics. To accomplish this, the region where the 

battery voltage jumps in Fig. 3 is zoomed in at a scale of 1 

ms/div, as shown in Fig. 9. A voltage jump, caused by Rseries in 

the battery model, is observed, and it does not show evidence of 

exponential behavior on this scale. Hence time scales much 

faster than τsec are not beneficial for purposes of this model. 

The open circuit voltage, Voc, versus SOC at room 

temperature is tested and averaged for five Panasonic 

CGR18650 batteries using a constant current discharge profile. 

An Agilent data acquisition unit controlled via LabVIEW 

measures and stores the data for time, current into the battery 

pack, and terminal voltage of each battery cell during the open 

circuit test.  

 
Fig. 9. Zoom-in terminal voltage (Ch. M) response of discharge 

current pulse (Ch. 2) at 1 ms scale. 

Using a dataset of Voc, Rseries, Rsec, Csec, Rmin, Cmin, Rhour, and 

Chour with SOC as the independent variable, model simulations 

may use either interpolated values between the measured points 

(i.e., look-up tables) or best-fit mathematical functions. Best-fit 

functions are not limited to one particular method, and 

curve-fitting is not a focus of this paper. However, to present the 

measured data obtained from Panasonic CGR18650 batteries 

for direct use, the paper modifies a curve-fitting method from 

[18] in which V, R, and C values were fit into sixth-order 

polynomial functions of SOC. In the method of [18], some 

polynomial curves could become negative outside the intended 

range, which creates instability in a system simulation (Fig. 10). 

To remedy this here, a logarithmic-polynomial interpolation 

equation 
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is employed based on the measured data points. One fitting 

curve is plotted in Fig. 10 to compare with the original curve 

from [18]. The new method produces more accurate V, C, R 

values and models the battery more robustly. The coefficients of 

(6)-(7) are listed in Table II. The labels (D) and (C) indicate 

coefficients for discharging and charging conditions, 

respectively. Figs. 11 and 12 demonstrate fitting curves for 

measured Rsec and Voc values.  

 
Fig. 10. Modified and original [18] curve fitting for Rmin. 
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Table II. Coefficients for functions used in Eq. (6) and Fig. 2. 

 
a0 a1 a2 a3 a4 a5 a6 

Voc 1.4222 0.2214 0.1829 0.0745 0.0145 0.0014 5×10-5 

Rseries (D) -2.9384 -0.2328 -0.2109 -0.1294 -0.0302 0 0 

Rsec (D) -3.4883 -1.2434 -0.5619 0.0044 0.0348 0 0 

Csec (D) -0.146 0.3731 1.6511 1.0513 0.1918 0 0 

Rmin (D) -3.1892 -0.0486 1.4851 6.1491 7.0124 3.1645 0.4997 

Cmin (D) 6.9413 -6.5951 -29.577 -56.356 -46.582 -16.991 -2.2588 

Rhour (D) -5.6352 5.1517 12.006 6.1973 0 0 0 

Chour (D) 14.622 -6.2451 -19.818 -11.446 0 0 0 

Rseries (C) -2.8108 0.6011 0.8951 0.436 0.07 0 0 

Rsec (C) -3.5637 0.0016 3.4633 4.6412 2.2718 0.425 0.0188 

Csec (C) -0.2737 -3.4945 -14.705 -21.767 -14.113 -4.1803 -0.4632 

Rmin (C) -2.8744 1.1014 1.1243 0.266 -0.1345 -0.046 0 

Cmin (C) 6.9622 -0.447 2.896 4.5575 2.2427 0.3544 0 

Rhour (C) -5.6928 4.3026 10.074 5.1557 0 0 0 

Chour (C) 14.666 -5.4723 -18.143 -10.611 0 0 0 

 

 
Fig. 11. Modified fitting curve for Rsec. 

 
Fig. 12. Modified fitting curve for Voc, open circuit voltage. 

B. Determination of charge rate, discharge rate, temperature, 

and cycle factors 

Multiple constant current discharge and charge profiles are 

required to find the discharge and charge rate function, f1[i(t)]. 

Fig. 13 plots the measured Panasonic CGR18650 battery 

terminal voltage as a function of SOC under C/25, C/5, C/2, and 

C constant discharge currents. The measured discharge voltage 

in Fig. 13 is defined as Vmeasured. The discharge rate factor 

requires the computation of a calculated voltage, Vcalculated : 
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so that the discharge rate factor, f1[i(t)], can then be found 

according to 
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That is, the discharge rate factor is the ratio between the SOC 

when Vcalculated crosses the lower voltage threshold (3.0 V) and 

the SOC when Vmeasured crosses the lower voltage threshold. A 

low reference discharge current must be selected as a base. In 

this paper, C/25 is used. Table III presents discharge rate factors 

for C/25, C/5, C/2, and C. The charge rate factors can be 

obtained in a similar fashion, as shown in Table IV, except that 

the ratio is calculated when voltages cross the upper voltage 

threshold (4.15 V). 

 
Fig. 13. Terminal voltage under various discharge constant currents. 

Table III. f1 and i relationship for the discharging state. 

i (discharge) C/25 C/5 C/2 C 

f1[i(t)] 1.000 1.005 1.037 1.083 
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Table IV. f1 and i relationship for the charging state. 

i (charge) -C/25 -C/5 -C/2 -C 

f1[i(t)] 1.000 1.006 1.019 1.034 

 

Trials of Li-ion battery open circuit voltage at temperatures 

of 5 ℃ to 55 ℃ taken at 10 ℃ intervals are shown in Fig. 14. 

Measurement at room temperature, approximately 25 ℃, is 

treated as the reference. This can lead to a “negative” SOC at 

low charge and elevated temperature, as shown in the figure. 

This is not a fundamental problem, since SOC is defined relative 

to a specific range, but many users may prefer to use a different 

normalization to maintain positive SOC for all allowed 

operating conditions. Temperatures above and below room 

temperature were controlled in an oven or a refrigerator with a 

maximum ±1 ℃ error. The temperature factor, f2[T(t)], can be 

obtained by taking the average of the ratios between each 

voltage value on the 25 ℃ curve and the corresponding voltage 

values on other temperature curves, equivalently described by 
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where k denotes the total number of measured points from each 

temperature test. Table V displays the calculated f2[T(t)] results. 

This open circuit test is conducted by imposing a discharge 

current at C/25 with a duty ratio of 50% and a period of one 

minute. The objective is to avoid battery cell temperature 

variation due to self-heating. 

 
Fig. 14. Open circuit voltage under various temperatures, based on 0 

SOC linked to 25℃. 

Table V. f2 and temperature relationship. 

 

Battery capacity generally reduces with cycling. For some 

Li-ion batteries, this relationship is nearly linear and can be 

found with explicit measurements given in a manufacturer’s 

datasheet [35]. The cycle number is defined as the number of 

cumulative 100% SOC depletions from a battery cell’s initial 

usage. For example, if a full battery cell is discharged to 60% 

SOC, recharged to full, and then down to 40% SOC, and back to 

full again, the combination would count as one cycle. Table VI 

presents the cycle number factor for the Panasonic CGR18650 

battery. The factor is calculated based on the ratio between used 

battery capacity and new battery capacity indicated on the 

datasheet. This completes the parameters needed in Eq. (1). 

Table VI. f3 and cycle number relationship. 

 

IV. MODEL VALIDATION AND RESULTS 

Two methods have been utilized to validate the accuracy of 

the battery model. The first method recreates a standard 

city/highway driving schedule via a current profile, where 

comparisons between the stand-alone battery simulator and an 

individual Li-ion battery cell are explored. 

Hardware-in-the-loop testing for the second method ensures 

that the battery model behaves correctly within an existing 

hybrid electric vehicle (HEV) simulator [2]-[3]. Tests have been 

performed in MATLAB/Simulink. Fig. 15 depicts the 

subcomponents of the vehicle simulator, including the battery 

storage model, as well as the flow of variables between each 

subcomponent. Detailed discussion of the simulator is provided 

in [2]-[3]. 

Results of verification of the Simulink model against the 

actual response of tested Li-ion batteries are shown in Figs. 16 

and 17. Fig. 16 (a) depicts the simulator battery current profile 

following a city/highway driving schedule. The battery SOC 

and open circuit voltage are shown in Figs. 16 (b) and 16 (c), 

respectively. Fig. 17 depicts the simulated battery terminal 

voltage and measured terminal voltage fluctuations when both 

the model and batteries are put through the drive cycle. This test 

utilizes a fully charged new battery cell at room temperature. 

After this 38-min driving schedule, the error between the actual 

and simulated terminal voltage is 0.199%. This correlates to 

SOC deviation not exceeding 1%. Discrepancies between the 

simulated and measured terminal voltages are found mostly near 

the peaks and valleys of the voltage during charging periods. 

This is most likely because the test system sample rate is about 1 

Hz, while the simulated driving schedule has faster current 

charging peaks and valleys. To further validate the model’s 

accuracy and robustness, additional selected simulation and 

experiments are conducted when 1) the battery cell starts at 0.25 

SOC and receives a reversed current profile as in Fig. 16 (a), 2) 

ambient temperature is held at 55 ℃, and 3) a degraded battery 

cell of the same type after approximately 200 cycles is used. 

Figs. 18 (a)-(c) show the results of the three scenarios, 

Cycle number, 

ncycle 
0 100 200 300 400 500 

f3[ncycle] 1.000 0.953 0.907 0.860 0.846 0.814 

Temperature 

(°C), T(t) 
5 15 25 35 45 55 

f2[T(t)] 1.0456 1.0169 1.0000 0.9845 0.9675 0.9526 

Temperature 

(°C), T(t) 
5 15 25 35 45 55 

f2[T(t)] 1.0456 1.0169 1.0000 0.9845 0.9675 0.9526 



2332-7782 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTE.2016.2569069, IEEE
Transactions on Transportation Electrification

respectively. Again the error between the measured and 

simulated terminal voltage is small, not exceeding 1%.  

 

 
Fig. 15. High-level MATLAB/Simulink block diagram of the HEV simulator [2]-[3]. 

 
(a) 

 
(b) 

 
(c) 

Fig. 16. (a) Current profile; (b) SOC response; (c) Open circuit voltage 

response. 

 
Fig. 17. Simulated and measured terminal voltage response across the 

drive cycle. 

 
(a) 
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(b) 

 
(c) 

Fig. 18. Simulated and measured terminal voltage response across the 

drive cycle for scenarios: a) low initial SOC and reversed current 

cycle, b) ambient temperature at 55 ℃, and c) degraded cell after 200 

cycles. 

Given the individual cell validation, the Simulink Li-ion 

battery model, along with the measured model circuit 

parameters shown previously, is used to simulate a complete 

battery pack in a drive schedule in the tool described in [3]. The 

pack uses programmable series and parallel configurations, 

such as here 99S60P (99 cells in series and 60 in parallel), 

giving a nominal 366.3 V and 129 Ah. Figs. 20-22 display the 

simulated and measured individual Li-ion battery’s current, 

terminal voltage, and output power from a window of the 

22-min Federal Urban Driving Schedule (FUDS), as shown in 

Fig. 19, via hardware-in-the-loop tests. The FUDS drive cycle is 

chosen because it contains wide speed variations and therefore 

tests the battery model’s ability over an extensive range. The 

proposed battery model successfully represents Li-ion batteries 

within an EV throughout this driving schedule. Data extracted 

from the results provide insight on the effects of various driving 

behaviors and short-term transients on losses within a battery 

pack. The Simulink model is able to analyze the efficiency of 

the battery pack during various driving schedules. 

 
Fig. 19. 22-min Federal Urban Driving Schedule (FUDS). 

 
Fig. 20. Simulated and measured battery current response across 

FUDS. 

 
Fig. 21. Simulated and measured terminal voltage response across 

FUDS. 

 
Fig. 22. Simulated and measured battery power across FUDS. 
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V. CONCLUSION 

The proposed multiple time-constant battery model, using 

charge and discharge rates, temperature, and cycling factors, 

accurately represents lithium-ion battery cell and pack behavior 

within a dynamic EV simulator across a complete drive cycle. 

Methods are presented to extract experimental parameters from 

basic bench tests. Examples that characterize Panasonic 

CGR18650 Li-ion cells exemplify methodology to test other 

batteries. MATLAB/Simulink models of battery cell response 

to simulating driving schedules have been verified using a 

hardware-in-the-loop dynamic battery testing apparatus. The 

simulated SOC, terminal voltage, and output power response to 

city/highway driving schedules tracks the measured responses. 

The battery model with parameters as discussed supports 

extensive tests to estimate efficiency and losses within a battery 

pack during various driving schedules and vehicle dynamic 

operation strategies. 
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