
504 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 21, NO. 2, JUNE 2006

Accurate Electrical Battery Model Capable of
Predicting Runtime and I–V Performance
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Abstract—Low power dissipation and maximum battery run-
time are crucial in portable electronics. With accurate and efficient
circuit and battery models in hand, circuit designers can predict
and optimize battery runtime and circuit performance. In this pa-
per, an accurate, intuitive, and comprehensive electrical battery
model is proposed and implemented in a Cadence environment.
This model accounts for all dynamic characteristics of the battery,
from nonlinear open-circuit voltage, current-, temperature-, cy-
cle number-, and storage time-dependent capacity to transient re-
sponse. A simplified model neglecting the effects of self-discharge,
cycle number, and temperature, which are nonconsequential in
low-power Li-ion-supplied applications, is validated with exper-
imental data on NiMH and polymer Li-ion batteries. Less than
0.4% runtime error and 30-mV maximum error voltage show that
the proposed model predicts both the battery runtime and I–V
performance accurately. The model can also be easily extended to
other battery and power sourcing technologies.

Index Terms—Batteries, cadence simulation, electrical model,
I–V performance, nickel-metal hydride battery, polymer lithium-
ion battery, runtime prediction, test system.

I. INTRODUCTION

E LECTROCHEMICAL batteries [1] are of great impor-
tance in many electrical systems because the chemical en-

ergy stored inside them can be converted into electrical energy
and delivered to electrical systems, whenever and wherever en-
ergy is needed. Although the popularity of portable electronics
like cell phones, PDAs, digital cameras, and laptop comput-
ers has propelled battery technologies, such as nickel cadmium
(NiCd), nickel-metal hydride (NiMH), lithium-ion (Li-ion), and
polymer Li-ion [2], those battery technologies cannot yet meet
the progressive energy demands and size limitations of today’s
portable electronics [3].

A primary concern in the design of portable electronics is how
to minimize power dissipation and extend battery runtime [4].
Without circuit and battery models in hand, circuit designers
can neither predict nor optimize either battery runtime or circuit
performance. Although accurate and efficient electrical models
of circuits and systems at different levels of abstraction have
been developed and also have been implemented in some elec-
tronic design automation (EDA) tools, like in Cadence design
systems, an accurate, intuitive, and comprehensive electrical
battery model is not available, especially in circuit simulators,
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because of the complicated physical and dynamic properties of
batteries [1].

A battery model capable of predicting both the runtime and
I–V performance can be used to design energy-aware circuits and
systems [5], optimize circuit and system performance [6], [7],
predict battery runtime for different load profiles [8], emulate
batteries with electronic circuits [9], and improve battery energy
efficiency [10]. The proposed model predicts all the important
properties and is compatible with lead-acid, NiCd, NiMH, Li-
ion, polymer Li-ion, and other electrochemical batteries. More
importantly, its ability to be conveniently simulated with other
circuits and systems in Cadence-compatible simulators allows
for optimum system designs and simulations. With minor mod-
ifications, this model can be extended to fuel cells and other
power sources.

This paper is organized as follows. Section II reviews state
of the art in battery models. Section III introduces the pro-
posed model and explains the significance of the various model
parameters. Section IV describes a battery test system and an ex-
perimental procedure used to extract the various model parame-
ters. Finally, Section V presents the extracted model parameters,
Section VI validates the proposed model by comparing simula-
tion results with experimental data, and Section VII concludes
the paper.

II. BACKGROUND

Researchers around the world have developed a wide variety
of models with varying degrees of complexity. They capture
battery behavior for specific purposes, from battery design and
performance estimation to circuit simulation. Electrochemical
models [11]–[14], mainly used to optimize the physical de-
sign aspects of batteries, characterize the fundamental mecha-
nisms of power generation and relate battery design parameters
with macroscopic (e.g., battery voltage and current) and micro-
scopic (e.g., concentration distribution) information. However,
they are complex and time consuming because they involve a
system of coupled time-variant spatial partial differential equa-
tions [13]—a solution for which requires days of simulation
time, complex numerical algorithms, and battery-specific in-
formation that is difficult to obtain, because of the proprietary
nature of the technology.

Mathematical models [8], [10], [15]–[18], mostly too abstract
to embody any practical meaning but still useful to system de-
signers, adopt empirical equations or mathematical methods
like stochastic approaches [10] to predict system-level behav-
ior, such as battery runtime, efficiency, or capacity. However,
mathematical models cannot offer any I–V information that is
important to circuit simulation and optimization. In addition,
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Fig. 1. State of the art. (a) Thevenin-, (b) impedance-, and (c) runtime-based
electrical battery models.

most mathematical models only work for specific applications
and provide inaccurate results in the order of 5%–20% error.
For example, the maximum error of Peukert’s law predicting
runtime can be more than 100% for time-variant loads [16].

Electrical models [4], [19]–[30], accuracy of which lies be-
tween electrochemical and mathematical models (around 1%–
5% error), are electrical equivalent models using a combination
of voltage sources, resistors, and capacitors for co-design and
cosimulation with other electrical circuits and systems. For elec-
trical engineers, electrical models are more intuitive, useful, and
easy to handle, especially when they can be used in circuit simu-
lators and alongside application circuits. There have been many
electrical models of batteries, from lead-acid to polymer Li-ion
batteries. Most of these electrical models fall under three ba-
sic categories: Thevenin- [19]–[25], impedance- [26], [27], and
runtime-based models [4], [28], [29], as shown in Fig. 1.

A. Thevenin-Based Electrical Model

In its most basic form, a Thevenin-based model, shown in
Fig. 1(a), uses a series resistor (RSeries) and an RC parallel
network (RTransient and CTransient) to predict battery response to
transient load events at a particular state of charge (SOC), by
assuming the open-circuit voltage [VOC (SOC)] is constant. Un-
fortunately, this assumption prevents it from capturing steady-
state battery voltage variations (i.e., dc response) as well as
runtime information.

Its derivative models [19]–[25] gain improvements by adding
additional components to predict runtime and dc response, but
they still have several disadvantages. For example, [19] uses a
variable capacitor instead of VOC(SOC) to represent nonlinear
open-circuit voltage and SOC, which complicates the capaci-
tor parameter, needs the integral over voltage to obtain SOC,
and gives roughly 5% runtime error and 0.4-V error voltage for
constant charge and discharge currents; [20] models the non-
linear relation between the open-circuit voltage and SOC, but
ignores the transient behavior; [21], [22] and [24] need addi-
tional mathematical equations to obtain the SOC and estimate

TABLE I
COMPARISON OF VARIOUS CIRCUIT MODELS

runtime, and they are not implemented in circuit simulators; [23]
adopts two constant RC parallel networks, but only works at a
particular SOC and temperature condition; [25] employs a com-
plicated electrical network extracted from physical process to
model open-circuit voltage (VOC), which complicates the whole
model. Thus, none of these Thevenin-based models can predict
the battery runtime simply and accurately in circuit simulators.

B. Impedance-Based Electrical Model

Impedance-based models, shown in Fig. 1(b), employ the
method of electrochemical impedance spectroscopy to obtain
an ac-equivalent impedance model in the frequency domain,
and then use a complicated equivalent network (Zac) to fit the
impedance spectra. The fitting process is difficult, complex, and
nonintuitive. In addition, impedance-based models only work
for a fixed SOC and temperature setting [26], and therefore they
cannot predict dc response or battery runtime.

C. Runtime-Based Electrical Model

Runtime-based models, shown in Fig. 1(c), use a complex
circuit network to simulate battery runtime and dc voltage re-
sponse for a constant discharge current in SPICE-compatible
simulators. [28] and [29] are continuous-time implementations
in SPICE simulators and [4] is a discrete-time implementation
using Very high speed integrated circuit Hardware Description
Language (VHDL) code. They can predict neither runtime nor
voltage response for varying load currents accurately.

A brief comparison illustrated in Table I indicates that none
of these models can be implemented in circuit simulators to
predict both the battery runtime and I–V performance accu-
rately. Therefore, a comprehensive battery model combining the
transient capabilities of Thevenin-based models, ac features of
impedance-based models, and runtime information of runtime-
based models is highly desired for system design, integration,
and optimization.

III. PROPOSED MODEL

An accurate, intuitive, and comprehensive electrical battery
model is proposed in Fig. 2. On the left, a capacitor (CCapacity)
and a current-controlled current source, inherited from runtime-
based models, model the capacity, SOC, and runtime of the bat-
tery. The RC network, similar to that in Thevenin-based models,
simulates the transient response. To bridge SOC to open-circuit
voltage, a voltage-controlled voltage source is used. The pro-
posed model is a blend of previous models whose unique com-
bination of components and dependencies eases the extraction
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Fig. 2. Proposed electrical battery model.

Fig. 3. Typical battery characteristic curves of usable capacity versus (a) cycle
number, (b) temperature, (c) current, and (d) storage time, as well as (e) open-
circuit voltage versus SOC and (f) transient response to a step load-current
event.

procedure, makes a fully Cadence-compatible model possible,
and simultaneously predicts runtime, steady state, and transient
response accurately and “on the fly,” capturing all the dynamic
electrical characteristics of batteries: usable capacity (CCapacity),
open-circuit voltage (VOC), and transient response (RC net-
work).

A. Usable Capacity

Assuming a battery is discharged from an equally charged
state to the same end-of-discharge voltage, the extracted en-
ergy, called usable capacity, declines as cycle number, dis-
charge current, and/or storage time (self-discharge) increases,
and/or as temperature decreases, as shown in Fig. 3(a)–(d).
The phenomenon of the usable capacity can be modeled by
a full-capacity capacitor (CCapacity), a self-discharge resistor
(RSelf-Discharge), and an equivalent series resistor (the sum of
RSeries, RTransient S, and RTransient L).

Full-capacity capacitor CCapacity represents the whole charge
stored in the battery, i.e., SOC, by converting nominal battery
capacity in Ahr to charge in coulomb and its value is defined as

CCapacity = 3600 · Capacity · f1(Cycle) · f2(Temp) (1)

where Capacity is the nominal capacity in Ahr and f1 (Cycle)
and f2 (Temp) are cycle number- and temperature-dependent
correction factors, shown in Fig. 3(a) and (b). By setting the
initial voltage across CCapacity(VSOC) equal to 1 V or 0 V, the
battery is initialized to its fully charged (i.e., SOC is 100%) or
fully discharged (i.e., SOC is 0%) states. In other words, VSOC

represents the SOC of the battery quantitatively.
As seen from (1), CCapacity will not change with current varia-

tion, which is reasonable for the battery’s full capacity because
energy is conserved. The variation of current-dependent us-
able capacity, shown in Fig. 3(c), comes from different SOC
values at the end of discharge for different currents owing
to different voltage drops across internal resistor (the sum
of RSeries, RTransient S, and RTransient L) and the same end-
of-discharge voltage. When the battery is being charged or
discharged, current-controlled current source IBatt is used to
charge or discharge CCapacity so that the SOC, represented by
VSOC, will change dynamically. Therefore, the battery runtime
is obtained when battery voltage reaches the end-of-discharge
voltage.

Self-discharge resistor RSelf-Discharge is used to characterize
the self-discharge energy loss when batteries are stored for a
long time. Theoretically, RSelf-Discharge is a function of SOC,
temperature, and, frequently, cycle number. Practically, it can
be simplified as a large resistor, or even ignored, according to
the capacity retention curve shown in Fig. 3(d), which shows
that usable capacity decreases slowly with time when no load is
connected to the battery.

B. Open-Circuit Voltage

Open-circuit voltage (VOC) is changed to different capacity
levels, i.e., SOC, as shown in Fig. 3(e). The nonlinear relation
between the open-circuit voltage (VOC) and SOC is important
to be included in the model. Thus, voltage-controlled voltage
source VOC(VSOC) is used to represent this relation. The open-
circuit voltage is normally measured as the steady-state open-
circuit terminal voltage at various SOC points. However, for
each SOC point, this measurement can take days [30]. [30] of-
fers two quick techniques, namely, extrapolation and averaging
techniques, to ascertain the true open-circuit voltage (VOC).

C. Transient Response

In a step load current event, the battery voltage responds
slowly, as shown in Fig. 3(f). Its response curve usually in-
cludes instantaneous and curve-dependant voltage drops. There-
fore, the transient response is characterized by the shaded RC
network in Fig. 2. The electrical network consists of series
resistor RSeries and two RC parallel networks composed of
RTransient S, CTransient S, RTransient L, and CTransient L.

Series resistor RSeries is responsible for the instantaneous
voltage drop of the step response. RTransient S, CTransient S,
RTransient L, and CTransient L are responsible for short- and
long-time constants of the step response, shown by the two
dotted circles in Fig. 3(f). On the basis of numerous experimental
curves, using two RC time constants, instead of one or three,
is the best tradeoff between accuracy and complexity because



CHEN AND RINCÓN-MORA: BATTERY MODEL CAPABLE OF PREDICTING RUNTIME AND I–V PERFORMANCE 507

Fig. 4. Battery test system.

two RC time constants keep errors to within 1 mV for all the
curve fittings. The detailed extraction methods can be found
in [23].

Theoretically, all the parameters in the proposed model are
multivariable functions of SOC, current, temperature, and cy-
cle number. However, within certain error tolerance, some pa-
rameters can be simplified to be independent or linear func-
tions of some variables for specific batteries. For example, a
low-capacity battery in a constant-temperature application can
ignore temperature effects, and a frequently used battery can
ignore 5% per month self-discharge rate without suffering any
significant errors.

IV. TEST SYSTEM AND PROCEDURE

To extract all the parameters in the proposed model, a bat-
tery test system and an experimental procedure were designed
to measure batteries conveniently and efficiently. As shown in
Fig. 4, the battery test system, implemented on a printed-circuit
board (PCB) prototype, includes a charge circuit, a discharge
circuit, and a computer program. A single-pole double-throw
(SPDT) switch SW1 is used to switch between the charge and
discharge circuits. In the charge circuit, another SPDT switch
SW2 is used to switch between computer-controlled current IC

and constant voltage VRef to implement constant current charge
for NiCd and NiMH batteries, or constant current-constant volt-
age charge for lead-acid, Li-ion, and polymer Li-ion batteries.
In the discharge circuit, another computer-controlled current ID

is used to discharge batteries. Different end-of-charge and end-
of-discharge rules are implemented in the computer program
for various batteries. At the same time, the computer program
monitors battery temperature and samples battery voltage and
current once per second to obtain charge and discharge curves.
Therefore, the battery test system can be used to test various
batteries for model extraction.

The experimental procedure is similar to that in [30]. The ma-
jor objective of the experimental procedure is to conveniently
obtain the experimental curves of Fig. 3, thereby extracting all
the parameters in the proposed model. The curves in Fig. 3(a),
(b), and (d) are obtained by discharging the battery at various
cycle numbers, temperatures, and after different storage time,
respectively. The curves in Fig. 3(c), (e), and (f) are obtained by

Fig. 5. Typical voltage response curve with pulse discharge current.

pulse discharging the battery with currents from 0.1 to 1 C [1] (C
means the discharge current that discharges the nominal battery
capacity in 1 h). Fig. 5 shows a typical discharge curve with
160-mA pulse current on a polymer Li-ion battery. The
pulsewidth is chosen to guarantee enough “humps” (6–10) for
sufficient data points and the off time is selected to allow the
battery voltage to reach steady-state conditions (10 min in this
case). Finally, all the model parameters are extracted from these
experimental curves.

V. MODEL EXTRACTION

To validate the proposed model, the model parameters of a
specific battery must be identified experimentally first. NiMH
and polymer Li-ion batteries are chosen for model validation
because they are widely popular in portable electronics today.
For clarity, only polymer Li-ion batteries are discussed in the
text, and the model extraction results of NiMH batteries are
listed in the Appendix.

As mentioned in Section III, all the parameters in the proposed
model are multivariable functions of SOC, current, temperature,
and cycle number. These functions make the model extraction
(i.e., the fitting of multivariable functions or multidimensional
lookup tables) complex and the test process (i.e., hundreds of
cycle measurements at various temperatures) long. Therefore,
some subordinate parameters are simplified or ignored not only
because it eases validation but also because they have negli-
gible effects in polymer Li-ion batteries, like usable capacity
dependence on self-discharge (2%–10% per month) and cy-
cle number (less than 10% capacity loss over 300 cycles) [1];
therefore, RSelf-Discharge is set to infinity and f1 (Cycle) is set
to one. Also, the usable capacity dependence on temperature
is minimized for ease because our low-power application in-
curs little temperature fluctuations. Experimentally and only
for the purposes of extracting parameters, a cooling fan was
used to keep the battery temperature constant so that all the pa-
rameters are independent of temperature, i.e., f2 (Temp) is set
to one.
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Fig. 6. A 320-mA pulse discharge curves of ten polymer Li-ion batteries.

A. Polymer Li-Ion Batteries

Ten new 850-mAh TCL PL-383562 polymer Li-ion batteries
were tested with suitably-spaced pulse discharge currents (80,
160, 320, and 640 mA in this case) at room temperature. For
safety consideration, these batteries were charged with constant
currents less than 800 mA, 4.1-V constant voltage, and 10-mA
end-of-charge current, and discharged with pulse currents afore-
mentioned and 3.0-V end-of-discharge voltage. Their pulse dis-
charge curves under the same conditions (i.e., the same current,
temperature, and cycle number) stay very close to each other.
As shown in Fig. 6, (320-mA pulse discharge curves) ten bat-
teries show runtime variation within 2% and error voltage less
than 30 mV at 10%–100% SOC. A big error voltage close to
fully discharged states (0%–10% SOC) is caused by the sharp
open-circuit voltage drop that influences battery runtime little.
Because of their consistent characteristics, only one polymer Li-
ion battery needs to be measured, and its model can be applied
to other parts from the same manufacturer.

B. Model Extraction

One polymer Li-ion battery whose curves sit in the mid-
dle of those of other nine batteries was chosen to ex-
tract all the parameters in the proposed model. The full-
capacity capacitor CCapacity is set to 3060 F according to
(1). Fig. 7 shows the extracted nonlinear open-circuit volt-
age [VOC(VSOC)], series resistor (RSeries), and RC network
(RTransient S, CTransient S, RTransient L, and CTransient L) as
functions of SOC and discharge current. All the extracted RC
parameters are approximately constant over 20%–100% SOC
and change exponentially within 0%–20% SOC caused by the
electrochemical reaction inside the battery. Small parameter dif-
ferences among the curves for different discharge currents indi-
cate that these parameters are approximately independent of dis-
charge currents, which can simplify the model. Single-variable
functions were used to represent these curves, as shown by

VOC(SOC) = −1.031 · e−35·SOC + 3.685 + 0.2156 · SOC

− 0.1178 · SOC2 + 0.3201 · SOC3 (2)

RSeries(SOC) = 0.1562 · e−24.37·SOC + 0.07446 (3)

RTransient S(SOC) = 0.3208 · e−29.14·SOC + 0.04669 (4)

CTransient S(SOC) = −752.9 · e−13.51·SOC + 703.6 (5)

Fig. 7. Extracted parameters of the polymer Li-ion battery at room
temperature.

RTransient L(SOC) = 6.603 · e−155.2·SOC + 0.04984 (6)

CTransient L(SOC) = −6056 · e−27.12·SOC + 4475. (7)

To verify the accuracy of extraction results, these parameters
were applied to the proposed model in a Cadence environment
to simulate the battery voltage response for the same pulse
discharge currents that were used for parameter extraction.
Table II lists the errors of voltage and runtime for each
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TABLE II
MODEL EXTRACTION ACCURACY (POLYMER LI-ION BATTERY)

Fig. 8. Comparison between simulation results and experimental data for
(a) 80-, (b) 320-, and (c) 640-mA pulse discharge currents for the polymer
Li-ion battery.

discharge current, and Fig. 8 shows the simulation results and
experimental data of 80-, 320-, and 640-mA discharge currents.
The proposed model regenerates voltage response less than
21-mV error and runtime less than 0.12% error of polymer
Li-ion batteries accurately. The close agreement manifests the
accuracy of the parameter extraction.

VI. MODEL VALIDATION

To validate the extracted model of the polymer Li-ion battery,
three different load profiles, i.e., continuous, pulse, and peri-
odic four-step discharges, were applied to the polymer Li-ion
battery. The first case is to discharge the polymer Li-ion bat-
tery with an 80-mA continuous current. The simulation results

Fig. 9. Comparison between simulation results and experimental data for
(a) 80-mA continuous, (b) 80-mA pulse, and (c) periodic four-step discharges
for the polymer Li-ion battery.

against experimental data are shown in Fig. 9(a), and they have
15-mV maximum error voltage and 0.395% runtime error. The
second case is to pulse charge the polymer Li-ion battery with
constant current and then constant voltage (80 mA and 4.1 V).
As shown in Fig. 9(b), simulation results match experimental
data well, except during the transition period from constant cur-
rent to constant voltage. The cause of the discrepancy is that
the polymer Li-ion battery charge circuit modeled in the Ca-
dence environment has slightly different characteristics with
that implemented in the PCB prototype. The last case is to
discharge the polymer Li-ion battery with a periodic four-step
(0-, 400-, 160-, and 640-mA currents) load profile shown in
Fig. 9(c). Similarly, a good match between simulation results and
experimental data, 20-mV maximum error voltage and 0.338%
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TABLE III
MODEL VALIDATION RESULTS (POLYMER LI-ION BATTERY)

runtime error, was reached, indirectly validating the assumptions
that the cycle number and self-discharge have negligible effects
(Table III).

The close agreement between simulation results and exper-
imental data on NiMH and polymer Li-ion batteries indicates
that the proposed electrical battery model predicts runtime and
both steady-state and transient voltage responses accurately. At
the same time, this model is fully implemented in the Ca-
dence simulator, an industry standard platform, to codesign
and cosimulate with other circuits and systems, irrespective
of the simulation level, circuit, block, or system level simu-
lation. Furthermore, the proposed model can be extended to
other batteries (e.g., lead-acid, NiCd, Li-ion) and power sources
(e.g., fuel cells).

VII. CONCLUSION

An accurate, intuitive, and comprehensive electrical model
has been proposed to capture the entire dynamic characteristics
of a battery, from nonlinear open-circuit voltage, current-,
temperature-, cycle number-, and storage time-dependent
capacity to transient response. Because of low self-discharge
rates, long cycle life, and nearly constant temperature ap-
plications (e.g., low power), a simplified model ignoring
self-discharge, cycle number, and temperature has been
validated by comparing simulation results from Cadence with
experimental data on NiMH and polymer Li-ion batteries. The
close agreement between simulations and experiments shows
that the proposed electrical model accurately predicts battery
runtime within 0.4% error and voltage response within 30 mV
to any load profile, which is especially important in applications
like pacemakers, where exhausted battery energy or circuit
malfunction endanger human lives. The model is consistently
accurate for over ten polymer Li-ion batteries at 2% runtime
variation and 30-mV error voltage at 10%–100% SOC. In all,
the proposed model offers circuit and system designers the
possibility to improve system efficiency and prolong battery
runtime for portable electronics by predicting both operation
life and I–V performance accurately, and cosimulating with
other circuits in Cadence-compatible simulators, thereby creat-
ing a next-generation integral simulation platform bridging the
power source to the load application.

APPENDIX

A 750-mAh Duracell HR03 NiMH battery was tested
with suitably-spaced pulse discharge currents (75, 100, 150,
300, 500, and 750 mA in this case) at room temper-
ature. Fig. 10 shows the extracted open-circuit voltage

Fig. 10. Extracted parameters of the NiMH battery at room temperature.

VOC, RSeries, RTransient S, CTransient S, RTransient L, and CTransient L

as funtions of SOC and discharge currents. Unlike polymer Li-
ion batteries, most parameters of the NiMH battery strongly
depend on current. Therefore, two-dimensional lookup tables
with interpolation were created and implemented in the Ca-
dence environment. Table IV lists the errors of voltage and
runtime between simulation results and experimental data for
various discharge current. The proposed model predicts voltage
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TABLE IV
MODEL VALIDATION RESULTS (NIMH BATTERY)

response within 15 mV of accuracy and runtime within a 0.34%
margin.
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