
Apparatus and Method for Rapidly Charging Batteries 

[0001] The present application claims the priority of US Provisional Patent 

Application Serial No. 61/405,829, filed October 22, 2010, and incorporated herein by 

reference. 

Technical Field 

[0002] The present invention relates to charging electrochemical cells, and, more 

particularly, to an apparatus and methods for charging lithium ion batteries. 

Background Art 

[0003] Definitions'. As used in this description and any accompanying claims, unless 

the context requires otherwise, a "battery" shall refer to one or more chemical energy storage 

cells (or, electrochemical cells) that provide an electrical potential. A "secondary battery" 

shall refer to a battery that can be charged, or recharged, by application of electrical current. 

[0004] The process of charging an electric battery consists of forcing a current into 

the battery such that it accumulates a charge, and thus, energy. The process must be 

carefully controlled. Typically, excessive charging rates or charging voltage will 

permanently degrade the performance of a battery and eventually lead to complete failure, or 

even a catastrophic failure such as perforation of the case and explosion or leakage of highly 

corrosive chemicals. 

[0005] The process of charging electrochemical cells connected in series requires 

special care. Recharging such batteries may lead to cell damage caused by reverse charging 

when fully discharged. Some chargers are designed to recharge such batteries and they 

typically involve monitoring the voltage across individual cells. Special charging techniques 

are used to charge the individual cells uniformly. 

[0006] The normal battery charging process consists of either two or four distinct 
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phases, depending on the battery type, as taught, for example, in Application Note 680 of 

Maxim Integrated Products, Inc., available at http://www.maxim-ic.com/app-

notes/index.mvp/id/680 (2002). A first optional phase, mostly used with Nickel-Cadmium 

(NiCad) batteries having significant memory effects, consists in the full discharge of the 

battery. The second phase, referred to as "bulk" phase or "Fast-Charge Phase and 

Termination," consists in forcing a constant current until some criterion is met, such as 

reaching a constant voltage or decline in current. If "C" is the battery capacity in A-h, a unit 

of charge (often denoted by Q), the current, in amperes, is selected as a fraction (or 

multiplier) of C. For example, fast-charging a 1.2 A-h Ni-MH battery at 2.4A or 2*C 

constant current would recharge the battery in '/2 hour if the charging was done without 

losses, which is typically not the case. The charger limits both the current and charging 

voltage, typically to an accuracy of 0.75% (30 tnV for a single cell of 4Y) for a Lithium-Ion 

cell. Termination consists either of detecting when the current decreases below a certain 

value, or is based on a fixed time elapsed after the voltage reached its maximum value. 

[0007] The third phase, or "Top-Off Charge" phase, consists in forcing a small 

current to achieve the full battery charge. This phase terminates either when the voltage has 

reached a maximum value, or after a certain Top-Off charging time or battery temperature. 

[0008] The fourth phase, or "Trickle Charge" phase, is typically used for all battery 

(chemistry) types except Li-Ion batteries. The purpose of this "Trickle Charge" phase is to 

compensate for normal internal leakage of the battery and loss of charge with time. In this 

phase either a low current (C/16 to C/50 is the common range) is applied, or pulses are 

applied with a low duty cycle such that the average current is small (e.g. C/512). 

[0009] Existing battery charging protocols are deficient in that they are slow, and in 

that they cause unnecessarily shortened battery lifetimes. Existing protocols fail to account 

for variations across batteries, even among batteries of the same manufacturing batch. 

Summary of Embodiments of the Invention 

[0010] In accordance with embodiments of the present invention, an apparatus is 

provided for charging a battery. The apparatus has an interface for electrical coupling to the 

battery and circuitry for concurrently measuring battery voltage and current. Additionally, 

the apparatus has a database for accumulating battery parameter data from a plurality of 

2 



batteries, and a processor for recursively updating data characterizing a model representing 

the battery based both on jointly measured batteiy voltage and current and accumulated 

parameter data received from the database. Finally, the apparatus has a current supply (as 

defined herein) for supplying current for charging the battery as governed by the processor. 

[0011] In other embodiments of the invention, the processor may be adapted for 

updating a dynamic representation of cell dynamics for the battery based at least in part upon 

system identification, or upon nonlinear system identification. 

[0012] In alternate embodiments , the circuitry for concurrently measuring battery 

voltage and current may include a four-port configuration, and the interface for electrical 

coupling to the battery may be adapted for coupling to reference electrodes of the battery. 

The processor may have an input for receiving a signal from a sensor sensitive to a 

characteristic of the battery. The apparatus may also have a temperature controller for 

controlling a temperature of the battery. 

[0013] In accordance with another set of embodiments of the invention, a method is 

provided for charging a battery. The method has steps of: 

a. providing a dynamic representation of cell dynamics for the battery; 

b. determining a charging profile for the battery based on the dynamic 

representation; and 

c applying an optimized charging current to the battery based, at least in part, 

on the charging profile and on tracking total charge that has been stored in the 

battery. 

[0014] In further embodiments, the step of applying the optimized current may be 

subject to a set of battery-specific constraints, which, in turn, may be derived on the basis of 

an iterative sequence of charge/discharge cycles. The charging profile, more particularly, 

may be a charging current profile. 

[0015] The method may have a further step of tracking the temperature of the battery, 

wherein applying an optimized charging current to the battery is also based, at least in part, 

on the tracked temperature of the battery. Applying the optimized current may be based, at 

least in part, on tracking instantaneous state variables for the battery. Tracking the total 

charge may comprise determining at least one instantaneous internal state variable for the 
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battery during charging the battery, or determining at least one instantaneous internal state 

variable for the battery during discharging the battery. 

[0016] In accordance with other embodiments of the invention, the dynamic 

representation of cell dynamics for the battery may be derived by means of nonlinear system 

identification. It may also include a set of internal state variables and/or a set of model 

parameters. Moreover, it may include non-parametric data characterizing a model, at least in 

part. 

[0017] The step of determining a charging profile for the battery may be performed 

during a course of discharging the battery, and/or charging the battery. 

[0018] Where a set of model parameters is employed, it may include parameters 

derived from a database, and, more particularly, a database updated during the course of 

charging the battery. The dynamic representation of cell dynamics for the battery may 

include a set of internal state variables specific to a particular individual cell, or a set of 

model parameters specific to a genus of cells. The dynamic representation may also be based, 

at least in part, on charge/discharge cycles of a plurality of networked charging systems. 

[0019] In accordance with yet another set of embodiments of the invention, a 

network is provided for deriving empirical battery model data. The network has a plurality of 

charging systems, where each charging system includes a processor and a power supply for 

supplying current to a separate battery. The network also has a server for receiving data from 

each of the plurality of processors and for returning updated data with respect to a dynamic 

representation of cell dynamics for incorporation by each of the plurality of charging 

systems. 

[0020] In further embodiments, the processor of at least one of the plurality of 

charging systems is adapted for updating a dynamic representation of cell dynamics for the 

battery based at least in part upon system identification or nonlinear system identification. 

Brief Description of the Drawings 

[0021] The foregoing features of the invention will be more readily understood from 

the following detailed description, considered with reference to the accompanying drawings, 

in which: 
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[0022] Fig. 1A is a minimal circuit schematic of a simple battery model, while Fig. 

IB is a Thevenin model of a battery, both prior art models; 

[0023] Fig. 2 depicts the National Energy Laboratory prior art lithium-ion battery 

model; 

[0024] Fig. 3 is a circuit diagram depicting a model, in terms of which circuit 

parameters may be derived using a four-wire configuration, in accordance with an 

embodiment of the present invention; 

[0025] Fig. 4 is a plot of an ideal charging curve based on a simple heuristic applied 

to the circuit of Fig. 3; 

[0026] Fig. 5A is a flowchart depicting a method for charging a battery applying a 

solution to a charging problem, in accordance with an embodiment of the present invention; 

[0027] Fig. 5B depicts a representative circuit for interrogating the state of charge of 

a battery and for implementing a fast battery charge in accordance with embodiments of the 

present invention; 

[0028] Fig. 6 compares battery charge rates in accordance with an embodiment of the 

present invention with those provided by manufacturer-specified procedures; 

[0029] Fig. 7 compares battery lifetime in accordance with an embodiment of the 

present invention with those provided by manufacturer-specified procedures; 

[0030] Fig. 8 is a flowchart depicting a method for establishing battery and model 

parameters associated with a battery, in accordance with an embodiment of the present 

invention; 

[0031] Fig. 9 depicts an aggregation of a plurality of chargers whereby data are 

pooled to facilitate optimization of charging parameters, in accordance with embodiments of 

the present invention; 

[0032] Fig. 10 depicts the onset of current instability resulting from a small change in 

a model parameter; 

[0033] Fig. 11 depicts the onset of a corresponding instability in output and internal 

voltage; 

[0034] Fig. 12 is a simplified schematic of a circuit to be used, in accordance with an 

embodiment of the present invention, for imposing a perturbing load across a battery to 

enable measurements to be made during the course of battery discharge or quiescence; 
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[0035] Fig. 13 is a simplified schematic of a circuit to be used, in accordance with an 

embodiment of the present invention, for imposing a perturbing load across a battery to 

enable measurements to be made during the course of battery charging, discharging, or 

quiescence; 

[0036] Fig. 14 is a flowchart depicting a method for perturbing the state of a battery 

during the course of charge or discharge and for applying a solution to a charging problem, 

in accordance with an embodiment of the present invention. 

Detailed Description of Specific Embodiments 

[0037] Definitions: As used herein, and in any appended claims, the term "current 

supply" shall refer generally to a power source that delivers electrons to a component of a 

system and is not used in a sense restricted to delivery of a controlled current but may 

encompass, as well, a source that provides a specified potential across a component and 

delivers such current as required to maintain the specified potential (i.e., a "voltage source"). 

Similarly, application of a "charging current" shall subsume the application of a charging 

voltage. 

[0038] Unless the context otherwise requires, the term "dynamic representation" 

shall denote a model of the behavior of a system that evolves in time, either parametric or 

non-parametric, and in which the independent variable of time is expressly incorporated. 

[0039] While the term "dynamic representation" refers to a model of a system, the 

term "battery cell dynamics" shall denote the actual electrochemical behavior of a battery as 

a function of time under an entire manifold of battery conditions. 

[0040] A "charging profile" is a function expressing voltage or current, or both, as a 

function at least of time (and, possibly, of other parameters, such as load or temperature or 

initial state of charge, for example). 

[0041] "Optimized," as used herein, and in any appended claims, shall refer to a 

trajectory in the space of specified battery parameters that maximizes any utility function 

with respect to any norm, both as specified by a designer, and that may take into account 

such factors as duration of charge, battery lifetime, etc., cited by way of example and 

without limitation. 
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[0042] In the context of describing embodiments of the present invention, the term 

"battery" is mostly used in the sense of single-cell batteries. However, it is to be understood 

that fast charge techniques, practiced in accordance with embodiments of the present 

invention, may also be advantageously applied to batteries containing cells in series, and 

even to more complex battery systems. 

[0043] Moreover, it is to be understood that embodiments of the invention described 

herein may also be applied with respect to a reference electrode, or additional electrodes 

against which the potential of another electrode may be measured. The use of such reference 

electrodes in rechargeable batteries is discussed, for example, in US Published Application 

2009/0104510. The use of reference electrodes, or additional electrodes, may facilitate the 

fast charge methods described herein by more closely monitoring the internal state of 

electrochemical reactions inside the battery. In a similar manner additional sensors may be 

integrated inside, or in conjunction with, cells, such as temperature sensor, pH sensor, etc. 

[0044] For purposes of circuit design, for charging or discharging a battery, the 

battery is often modeled, in order that it may be represented numerically. Various models 

include those based on networks of elemental electrical components (whether as complex-

valued RLC impedances or, more generally, using SPICE (Simulation Program with 

Integrated Circuit Emphasis) or a SPICE-like non-linear simulation), those based on 

electrochemical models, and, finally, "black-box" or ad-hoc models based on either 

parametric or non-parametric representations. In accordance with embodiments of the 

present invention, representations of the battery may be parametric or non-parametric. For 

example, a battery model might be what the response of the system would be to an impulse 

of current in time, thus a continuous function of time would be a part of the model. The 

continuous function may then be digitized, as would normally be the case when in 

microprocessor-based controllers where sampled data systems are used. Furthermore for data 

reduction purposes and noise reduction analytic functions may be fitted to data sets, such as 

functions or functional. An impulse response function for example may be assumed of a 

second order and represented with only three free parameters. 

[0045] An example of a battery charging model that may be employed, in accordance 

with the novel charging protocol that is taught in the present invention, is that of Speltino, et 

al., Experimental Validation of a Lithium-Ion Battery State of Charge Estimation with an 
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Extended Kalman Filter, Proceedings of the 2009 European Control Conference (2009), 

which is incorporated herein by reference. 

[0046] In a simplest form of model, a battery is represented as a constant voltage 

source. Usually, at a minimum, an equivalent series resistance Resr is added to the ideal cell 

to model its internal resistance and voltage drop with current, as shown in the simple battery 

model of Fig. 1A. The output voltage Vout in the presence of current lout drawn by an 

external circuit is diminished with respect to the open circuit voltage Vocv by the voltage 

drop across Resr. Open circuit voltage is, realistically, a nonlinear function of the state of 

charge SOC or discharge, temperature and history. In the Thevenin (Figure IB) model a 

combination of capacitor Coc and resistor Resr2 in parallel is added after the series resistor 

Resrl to represent overcharge. 

[0047] Fig. 2 shows the well-known National Energy Laboratory Lithium-Ion battery 

model ("the NREL model"), available at Johnson et al., 

http ://www.nrel. gov/vehiclesandfucls/energvstorage/pdfs/evs 17poster.pdf. A battery, 

designated generally by numeral 20, in accordance with the NREL model includes a 

temperature-dependent network consisting of a two capacitor model, where the capacitor Cb 

is directly related to the state of charge (SOC), and the voltage Va> across Cb represents the 

open circuit voltage (OCV). Variations on this model include variations in Re, Rc or Rt as a 

function of the state of charge. The model provides the output voltage Vo as a function of 

series current Is. 

[0048] More elaborate models represent the distributed, three-dimensional nature of 

batteries and electro-chemical processes, thermal and diffusion processes ongoing during 

charge and discharge. One such model developed by Kim and Smith at NREL, is available at 

http://www.nrel.gov/vehiclesandfuels/energvstorage/pdfs/43166.pdf (2008). Typically, 

electro-chemical battery models involving finite element modeling techniques are developed 

to gain a more detailed understanding of batteries and ultimately improve their design. 

System Identification and Parameter Estimation 

[0049] Broad classes of models in terms of which battery charging and discharging 

may be represented within the scope of the present invention include: linear and nonlinear 

models; time invariant and time varying models; Laplace- (frequency-) domain and time-
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domain representations; lumped models, distributed models and finite-element models; 

"white-box" models based on first principles, "black-box" or ad-hoc models and "grey-box" 

hybrid models; models without memory and with memory. 

[0050] Once a model has been chosen, the next step is to obtain numerical values for 

unknown coefficients, parameters, curves, and functionals (real-valued functions of a vector 

space, such as those expanded in terms of Volterra kernels, discussed below) using either a 

heuristic approach or more formal techniques known as system identification techniques. A 

number of techniques are available to obtain either such numerical values as are used in a 

parametric model or functions used in nonparametric models. All such techniques are within 

the scope of the present invention, as described below. Parametric and non-parametric 

models are not entirely disjunct classes in that functions may also be approximated by fitting 

curves with static parametric functions. The engineer or scientist has at his/her disposal a 

large array of techniques for fitting models to data, identifying numerical values for 

components, parameters and functions, validating models, estimating orders and complexity; 

estimating errors and uncertainties. Sources of such teaching include the following 

references: 

• Eykhoff, System Identification: Parameter and State Estimation, Wiley & Sons, 

(1974). 

• Goodwin et al., Dynamic System Identification: Experiment Design and Data 

Analysis. Academic Press (1977). 

• Graupe, Identification of Systems, (2nd ed., Krieger Publ. Co. (1976). 

• Ljung, System Identification — Theory for the User, 2nd ed, PTR Prentice Hall, 

(1999). 

[0051] In most cases, before a system identification technique can be used, 

preliminary simplifications or assumptions are made with respect to the model and the 

modeled system. For example a linear model can be used with a nonlinear system, usually by 

linearizing around an operating point in which the input and output amplitudes are 

constrained to lie within a specified range. 

[0052] Any finite-memory time-invariant nonlinear dynamic system can be 

represented with arbitrary precision with a finite order Volterra series, of the form: 
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The kernals of the Volterra series are typically functionals, mapping vectors in parameter 

space to the underlying field, typically a scalar, such as a voltage or current. Closely related 

to the Volterra series is the Wiener series. In the Wiener series the terms are orthogonalized 

for a purely random white noise input, and more readily identified using for example cross-

correlation techniques. 

[0053] Korenberg (in Parallel Cascade Identification and Kernel Estimation for 

Nonlinear Systems, Annals of Biomedical Engineering, vol. 19, pp. 429-55 (1990) 

expanded the foregoing Frechet theorem by proving that any discrete-time finite-memory 

system that can be represented by a finite Volterra series can also be represented by a finite 

series of parallel cascades of linear dynamic systems followed by a static nonlinearity 

(Wiener system or LN system). Wiener systems are instances of the class of models known 

as cascade or block structured systems, which also includes Hammerstein models consisting 

of a nonlinearity followed by a linear system (NL) and cascade systems including a linear 

system followed by a nonlinearity and followed by another linear system (LNL). Korenberg 

and Hunter developed efficient techniques to identify both Wiener (LN) and Hammerstein 

(NL) systems described in Hunter et al.. The Identification of nonlinear Biological Systems: 

Wiener and Hammerstein Cascade Models, Biological Cybernetics, vol. 55 pp. 135-44 

(1986). They also developed practical and efficient techniques to identify parallel cascade 

Wiener systems (PCWS). In accordance with other embodiments of the invention, general 

representations involving a parallel cascade of linear-system followed by a static nonlinearity 

and another linear system (LNL) may also be used, as described, for example, in Korenberg 

et al., The Identification of Nonlinear Biological Systems: LNL Cascade Models, Biological 

Cybernetics, vol. 55, pp. 125-34, (1986). It has, indeed, been demonstrated that every 

continuous discrete time system with finite memory can be uniformly approximated by a 

finite sum of LNL systems. 

[0054] Additional explication of the use of nonlinear system identification, with 

respect, more particularly, to Wiener and Volterra kernels, may be found in the following 

references: 
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• Korenberg, et al., Exact Orthogonal Kernel Estimation From Finite Data Records: 

Extending Wiener's Identification Of Nonlinear Systems, Annals of Biomedical 

Engineering, vol. 16, pp. 201-14 (1988); 

• Korenberg, et al., The Identification of Nonlinear Biological Systems: Wiener Kernel 

Approaches, Annals of Biomedical Engineering, vol. 18, pp. 629-54 (1990); 

• Korenberg, et al., The Identification of Nonlinear Biological Systems: Volterra 

Kernel Approaches, Annals of Biomedical Engineering, vol. 24, pp. 250-68 (1996) 

[0055] An example of the identification of a battery charging system as a Weiner 

model comprising a cascaded dynamic linear component and static nonlinearity is provided 

by Milocco et al., State of Charge Estimation in Ni-MH Rechargeable Batteries, J. Power 

Sources, vol. 194, pp. 558-67 (2009). In accordance with embodiments of the present 

invention, non-linear techniques such as those described and exemplified above may be 

employed prior to developing a charging technique, and may also be employed during the 

course of battery charging in order to refine estimates of model parameters. 

[0056] In accordance with embodiments of the present invention, models may be 

estimated, or improved model parameters may be obtained, either during charging a battery, 

while it is drained for doing work, or when it is not in use. To this end, a special circuit may 

be designed and integrated into the device where the battery is used, or, otherwise, integrated 

in the battery casing. A simplified schematic of a circuit to be used in any of these cases is 

depicted in Fig. 12 where a field effect transistor (FET) or other suitable switching device is 

used with a shunt resistor (RShunt) to draw current from the cell while cell voltage and shunt 

current (IShunt) are measured. The gate voltage would be controlled by a microprocessor to 

provide either a very high frequency pulse frequency modulated signal (PFM), or pulse-

width-modulation signal (PWM) or any type of pulse modulation, to results in a quasi-

continuous variation of current and voltage with required excitation spectra, or discrete 

current changes are used to provide a quasi-random pseudo binary sequence (PRBS) that is 

suitable for system identification. (It should be understood that "very high frequency" is 

indicated by way of preferred embodiment, however, the scope of the present invention is not 

limited thereby.) 

[0057] The circuit depicted in Fig. 12 presents disadvantages, such as potentially 

discharging the cell, and testing the cell with only discharging current, whereas it may be 
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desirable to test the cell using both charging and discharging currents. In order to circumvent 

these difficulties, active circuits may be employed that minimize battery losses while 

providing excitation currents of both polarities (charging and discharging). A simplified 

schematic of such a circuit is depicted in Fig. 13. In Fig. 13, two switching devices, T1 and 

T2, such as low-loss FETs, are used. Transistor T1 and inductor LI are used to draw energy 

from the cell "B1" and pump it into a capacitor CI. When the voltage across capacitor C1 

exceeds the cell voltage by a few volts, transistor T2 and inductor LI are used to pump 

current back into the battery. During this process, the cell voltage Vemf and cell current IB 

may be measured by a microprocessor for system identification purposes. The battery 

current IB is measured with an appropriate current sensor, such as a low resistance, low 

induction current sense resistor or Hall Effect sensor. The capacitor C1 may be maintained at 

the cell voltage when testing is not being done by a switch such as a relay S I. Normally the 

relay is closed, and it is opened before starting system identification experiments. 

[0058] When the battery is under charge, circuits such as those described above may 

be used in conjunction with charger 520 (shown in Fig. 5B) to provide a small perturbation 

on top of the charging current, as shown in the flowchart of Fig. 14. Moreover, the logic for 

providing the requisite perturbations to the cell as shown in Fig. 1, may be integrated into 

battery charger 520. In this case, the charger calculates, in real time, the high frequency 

perturbation signal to apply, point by point, and adds it to the charging voltage or current. 

This calculation is typically performed in real time, during the course of battery charging. 

Alternatively, charger 920 may include a separate circuit such as depicted in Fig. 13, in 

parallel with its specialized charging circuit, but where CI may either be replaced with, or in 

parallel with, another voltage source, V2, that is higher in voltage than the cell voltage Vemf. 

For simplicity, and in order to reduce space requirements, inductor LI may be replaced with 

a power resistor, at the cost of a slight energy loss. 

[00591 The cell model can be used for several purposes besides charging purposes. 

One important parameter that is typically estimated is the current amount of energy (in 

Joules), the capacity left in the battery (in Coulomb), normally referred to as State of Charge 

(SOC), which can be either used in an external display either in absolute or relative value, 

and to turn off power when the cell capacity has reached a lower limit that is safe for the 

battery. Continuously re-estimating cell characteristics also provides an accurate estimate of 



the cell state when starting a new charge cycle. A cell model, SOC, and estimated cell 

temperature information may all be used also for adjusting the mode in which a device is 

used. 

[0060] In system identification non-parametric models are typically associated with a 

"black-box representation" of a system, meaning that the model itself does not necessarily 

yield to any insight into the system, such as its physics, chemistry, electrical properties, etc. 

Models developed with a-priori knowledge of a system normally yield parametric models or 

distributed finite element models (FEM). However mathematical techniques exist to map 

models from one space to another, i.e. from a non-parametric model to a parametric form. In 

this way, for example, a nonlinear Wiener model consisting of a linear system, as represented 

by its impulse response, followed by a static nonlinearity, may be converted to a parametric 

linear model (e.g. state-space or transfer function) followed by a static nonlinearity. Then the 

parametric model may more easily be amenable to the estimation of internal processes in the 

system. Furthermore estimating first a non-parametric model and then converting it to a 

parametric form is often a more robust technique of parameter estimation. In this way it is 

still possible to obtain from a non-parametric model and a-priori knowledge about the system 

structure to estimate the state of the system (e.g., the SOC of various compartments) or 

parameters (resistance, capacitance, etc.). 
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Design of Charging Profile 

[0061] In order to develop a charging strategy, first, a set of physi cal constraints and 

limits of the battery must be known. For example, exceeding some limits, such as over-

voltage, or current, or cell temperature, may permanently degrade the performance of a 

battery, thus, such limits impose constraints on battery charging. For an optimized fast 

charge algorithm, the goal to achieve is preferably expressed as an objective function. As 

used herein, and in any appended claims, the term "objective function" refers to a real 

function of one or more parameters that an optimization routine seeks to minimize or 

maximize subject to a specified set of constraints. 

[0062] In additions to modeling electrical parameters, such as cell voltage and 

current, models can be also be used, in accordance with embodiments of the present 

invention, also to include other variables such as cell temperature, internal pressure, etc. 

[0063] In the simplest case, the objective function would be minimization of the 

charging time. For example if the battery could be approximated by a capacitor C with a 

series resistor R, where Imax is the current limit and Vmax is the breakdown voltage across the 

capacitor, then the problem to be solved is that of finding I(t) which minimizes charging time 

T given the integral equation: 
T 

Vmiu =cjVtjdt , subject to the constraint: 0 ^ /(V) ^ ImaxlKt} < . (Eqn. 1) 
0 

[0064] The solution to this problem, and, similarly, the solutions for all linear battery 

models, is readily available from optimal control theory, and the solution is in the form of 

bang-bang control: the current I is switched between Imax and 0 when "switching points" are 

reached, where solution subject to switching points is well known in control theory. For the 

simple capacitor model, the maximum permissible current would be used until the full charge 

is achieved. 

[0065] In practice, however, the voltage V across the capacitor cannot be measured 

directly due to the internal resistance represented by the resistor R. The voltage Vout(t) that 

is actually measured across the capacitor is ^aut(S) — ® • *<*), while the voltage Vs 

required from the power source is -Hfi + Rs) -i(£) ; where Rs s is a further series 

resistance associated with the connection of the battery to the charging circuit. 



[0066] In order to minimize battery charging time, the parameters R and Rs must be 

known. Rs can be neglected in most cases, yet this is not the case for lithium ion batteries 

where currents exceeding 25 A may be drawn and where even a connection with a resistance 

of lm£2 would create a significant voltage drop of 25 mV. Rs, in principle, can be obtained 

by measuring the resistance of the lead connecting the supply source to the capacitor. 

However, a better solution is available in the form of a four-wire configuration as described 

with reference to Fig. 3. Four leads are used: two leads 32 and 33 comprise a wire pair 

carrying charging current, while leads 34 and 35 are used to measure the voltage Yout. Since 

the circuitry 36 used to measure the voltage has very high input impedance, only a negligible 

current flows in the wires 34, 35 used to monitor Vout, and the measuring error is negligible. 

It is to be understood that, within the scope of the present invention, coupling to the battery, 

whether for application of current or for measurement of voltage or any other quantity, may 

be wholly, or in part, inductive or wireless. 

[0067] The parameter R is typically derived by experiments and system 

identification. In accordance with preferred embodiments of the present invention, the 

parameter R, like other data characterizing kernels of a Volterra series or characterizing other 

models, may be derived and updated during the course of the charging and/or discharging 

cycle of a cell or battery of cells. Deconvolution, for example, of the measured voltage from 

the applied current yields the resistance R. Measurements performed during the course of 

charging or discharging normally include high frequency "perturbations" with a spectra 

exceeding the internal cell dynamics relevant to the charging process. 

[0068] Often, simple heuristic techniques can be used for some parameters. As an 

example, for the circuit depicted in Fig. 3, a current step lo may be applied and the voltage 

across the capacitor measured. The ideal charging curve 40 in that circumstance is shown in 

Fig. 4. Application of current step lo results in an effectively instantaneous jump in voltage 

Vo across the capacitor, so that the internal capacitance resistance can be derived as 

R = — . 
Io 

[0069] The simplest optimal charging protocol for the system described in terms 

shown in Fig. 3 consists of the following: 
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• Control Vs to maintain a current I=Imax until Vout = Vmax + R-Iniax, where Vmax is the 

maximum permissible internal voltage; then 

• Control Vs such that Vout = Vmax + R-I until I falls below a given threshold. 

In accordance with certain embodiments of the invention, during the above procedure the 

temperature of the battery is actively controlled by temperature controller 37, which may be 

a Peltier-effect controller, or any other type of temperature controller. 

[0070] Typically, the objective function in the charging of a battery is defined as a 

function of total charging time, efficiency, device internal heating, and a current limit that is 

derived from either the manufacturer specification or through measurements. Generally, the 

charging problem can be expressed as: 

Maximize J(x, p) subject to Ax<b , (Eqn. 2) 

where x represents the vector of internal state variables of the device, p represents the vector 

model parameters, and b represents limits not to be exceeded. The state variables include 

internal voltages and currents, while parameters would include internal resistances, 

capacitances, inductances, etc. 

[0071] Once either an optimal, or a satisfactory, solution is found to the charging 

problem, that solution is used to charge the battery, in accordance with the flow chart 

presented in Fig. 5A. The open circuit voltage Voc is measured 502. The estimated initial 

state (501) and initial model estimate (503) also serve as inputs, from which the estimated 

model state (504) and system model (505) are derived, respectively. By application of a 

control algorithm (506), as elsewhere described herein or otherwise, the charging voltage (or 

current) is adjusted (511). Values of system parameters, such as one or more voltages, one or 

more currents, one or more temperatures, etc., continue to be measured (507). In particular, 

the total charge that has been stored in the battery is tracked as a basis for determining an 

optimized charging current. 

[0072] A system identification algorithm is applied (508), as elsewhere described 

herein, providing for model estimation (509) and the update of the state of charge, internal 

states, etc., reflected in an update of the system model. 

[0073] As now described with reference to Fig. 14, during the course of 

measurement, which may be performed during charge, discharge, or quiescence, circuit 

parameters may be perturbed (510), as by imposing a modulation of current or voltage, 
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preferably at a rate exceeding 100Hz and more thanl 0,000 data points and characterized as 

"high-frequency" modulation. Thus a "Fast Charge" taking three minutes (or 180 s) sampled 

at lkFIz would result in 180,000 sampled data points in time. A perturbation of any 

waveform may be imposed within the scope of the present invention, but normally is 

designed such that it provides enough excitation over the frequency range of interest. Once a 

model is obtained, the model itself may be used to compute either an optimal or more 

efficient excitation that may subsequently be used in further experimentation. Measurements 

made in conjunction with the perturbation, or otherwise, provide for updating data, 

parametric or otherwise, constituting the battery model. 

[0074] Control algorithm (506) is employed, generally, to minimize the difference 

between the measure internal battery voltage and current with respect to the desired voltage 

and current. Minimization with respect to any norm is within the scope of the present 

invention; however a preferred norm is the absolute value or square of the difference 

between the calculated internal battery voltage and a specified target internal batteiy voltage. 

Any of the known techniques in control theory could be used to this end, and may involve 

numerical minimization techniques, model inversion and charging profiles can be either pre-

estimated from the model and models could also be used to compute, in real time, how the 

current or voltage needs to be changed. 

[0075] In accordance with certain embodiments of the invention, a maximum current 

is applied, at any juncture in the charging process, subject to a set of battery-specific 

constraints. 

[0076] On the basis of a solution provided by the control algorithm, the charging 

voltage Vs is adjusted (506). Battery parameters, including internal state variables x of the 

device and vector model parameters p and limits b as well, are then recalculated, and if the 

charge is completed (59) the process ends (500), otherwise, the process is iterated. 

[0077] Referring now to Fig. 5B, charger 90 for fast charging typically employs a 

processor 91 for implementation of the fast charging. In accordance with embodiments of the 

present invention, processor 91 may store current and historical model data and values of 

internal battery states in memory 98. 

[0078] Typically a computer controlled power supply 38 (shown in Fig. 3) is used, 

with a processor 39 setting parameters, such as the output voltage and maximum current, at a 



typical frequency of 10 Hz or higher. Processor 39 may have an input for receiving a signal 

from at least one sensor sensitive to a characteristic of the battery, including, for example, 

temperature or pH, or a data obtained from the battery, such as battery type, batch, date of 

fabrication, using either an optical reader, RFID (active or passive) tag, high frequency 

modulation on top of the battery voltage, etc., as well as from a communication with a micro­

chip that keeps data such as number of recharging cycles to which a battery has been 

subjected. 

[0079] Processor 39 may also govern temperature controller 37. Within the scope of 

the present invention, portions of the control algorithm may be executed by hardware or 

software either within the power supply itself or external to the power supply, and the power 

supply may be configured such that only the maximum output current to be delivered by the 

power supply need be provided to the power supply. 

[0080] In all cases, it is critical not to exceed the device limits as the device 

performance and lifetime may irreversibly affected if limits are exceeded only by a relatively 

small value. Therefore, in accordance with preferred embodiments of the invention, voltage, 

current and temperature are each measured with a high level of accuracy, preferably with a 

precision of 16 to 24 bits, in order to achieve an accurate control and preserve device 

performance. Further discussion of measurement accuracy requirements is provided below. 

[0081] Fig. 6 compares charging times using an ultra-fast charge algorithm in 

accordance with the present invention with fastest charge time recommended by the battery 

manufacturer. Curve 601 depicts the time progression of a charge in accordance with 

manufacturer recommendations, indicating that eighty percent of the total charge is attained 

in 720 seconds. By contrast, practice in accordance with the teachings of the present 

invention lead to the charging profile of curve 602 in which eighty percent of the total charge 

is attained 322 seconds, for a 56% reduction in charge time. 

[0082] Fig. 7 compares the total energy stored in the battery (expressed as a 

percentage of initial capacity) as a function of time, based upon an assumed charge/discharge 

cycle of once per day. After 7,800 charge/discharge cycles performed in accordance with an 

embodiment of the present invention, the energy capacity, plotted by curve 72, decreased to 

39% of its initial value. The battery energy decreased to 90% in 2 years 2 months (789 

charge/discharge cycles), 85% after 5 years 9 months (2115 charge/discharge cycles) and to 



80% after 8 years and two months (2995 charge/discharge cycles). The charging procedures 

recommended by the manufacturer lead to a degradation, depicted by curve 71, to 90% of the 

initial charge after 550 cycles and 84% after 1400 cycles. Improved battery life in 

accordance with an embodiment of the present invention is evident in comparison to normal 

degradation rates. 

[0083] Various modes of battery parameter tracking are encompassed within the 

scope of the present invention. In accordance with one mode of battery parameter tracking, 

with each charge cycle the battery parameters may be re-estimated either iteratively in real­

time as the charge progresses, or by keeping in memory all the measured signals at each 

iteration and re-calculating the parameters after the charge is completed. 

Determining Battery Constraints 

[0084] Typically, exact values for the device constraints, in terms of maximum or 

minimum values not to be exceeded when charging the device (vector b in Eqn. 2), are either 

unknown or known with a large uncertainty and have to be determined experimentally. By 

their veiy nature these experiments may involve destructive tests, and may potentially 

require a large number of devices before that the requisite data is obtained. 

[0085] Some of the limits are supplied by battery manufacturers, and the published 

limits provide very useful starting points from which better values can be obtained as a 

function of the particular objective to be attained. For example when the objective is to 

achieve a very fast charge it might be acceptable to relax requirements on the acceptable 

degradation of the battery performance over the specified number of charge-discharge cycles. 

[0086] The flowchart in Fig. 8 depicts an iterative testing procedure, in accordance 

with one embodiment of the invention, by which charging parameters and limits may be 

determined. On the basis of a battery model that is developed (60) and a set of model 

parameters concordant with the battery model, an initial set of model parameters is estimated 

(61). An unused battery is installed (62) and its maximum and minimum charge values 

estimated (63), based on particular features (battery type, capacity, etc.) of the battery being 

tested. The battery is charged (64) and discharged (65) for a specified number N of cycles. 

The charging method follows the algorithm described above with reference to Fig. 5, while 

the discharge follows the estimated anticipated usage of a battery. At each cycle values such 



as the amount of energy required to charge the battery, the amount of energy obtained in 

discharging the battery, and re-estimated parameters values are stored in memory. The search 

continues until best parameters are found and stored (69). 

[0087] An objective function, providing a measure of degradation is re-calculated 

and used in a search algorithm (66), such as a standard random search, hill-climbing 

technique, or any elaborations thereon. Since the characteristics of the battery can be 

expected to have been altered by the test, a new battery must be used at the beginning of each 

new series of charge-discharge cycles. 

Using Field Data for Improving Models and Charging Methods 

[0088] Referring now to Fig. 9, chargers 90 developed for fast charging typically 

employ a processor 91 for their implementation. Charging systems 92 are often used where 

either network connections to the internet or to a local network 93 are available. In 

accordance with embodiments of the present invention, by providing processor 91 with 

enough memory to store data measured during charge and discharge cycles, when a network 

connection is detected, measured battery data that has been stored by the processor is 

transferred to one or more other processors 94 on the network, or to a remote server 95 on 

the internet. At the same time the processor 91 obtains updated data on the battery model, 

optimal charging parameters and charging algorithm. 

[0089] Measurement procedures and processes for calculation of optimal charging 

regimens are preferably those described herein with respect to the fast charging of a single 

cell, and include, in particular, any of the previously described techniques including 

nonlinear system identification. 

[0090] In alternative embodiments of the present invention, charging system 92 

include a sensor 96 enabling processor 91 to obtain battery codes such as battery model, 

manufacturer, batch number, fabrication date, factory pre-determined model and charging 

parameters directly from a battery coupled to charging system 92. This may be achieved 

using a bar code on the battery, read by sensor 76, such as line CCD array. Database 97, or 

any other way to store data, is within the scope of the present invention, and includes active 

RFID tags, powered by the battery under charge, or otherwise. 
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[0091] Processor 91 adjusts its charging algorithm as a consequence of data 

received from other processors 94, incorporating, also, all data it collects with the battery 

model and characteristics, when the data is transmitted back to server 95. 

[0092] Typically, lithium ion batteries are manufactured with a tight manufacturing 

tolerance, such that variations from device to device are relatively small. However small they 

are, however, the optimal charging process is highly sensitive to certain device parameters. 

The vast amount of data with respect to a class of cognate batteries, as collected by servers, 

in accordance with embodiments of the present invention, advantageously allows 

improvement of models and more accurate estimation of model parameters. In particular, 

parameter adjustment based, at least in part, on batch or time of fabrication of the batteries, is 

advantageously enabled. 

Global Optimization 

[0093] Finding optimal limits to use for fast-charging batteries requires a large 

number of trials, each of which initially requires a new battery. This may be complicated by 

the possible variations between devices themselves introducing "noise," or random 

perturbations, into the optimization process. It is typically possible to find adequate charging 

parameters in the first initial stages of the optimization process described above with 

reference to Fig. 8. From that point, the optimization process only involves very small 

perturbations on the parameter values, and does not very significantly affect the lifetime of 

the devices. Later stages of optimization may be obtained by farming out the process to 

chargers 90 already existing in the field. When connecting to servers 95, they may be 

instructed about the next charging parameters to use in the optimization process. The 

microprocessors 94 then return the results to the server 95 as iterations are completed. 

[0094] The sensitivity of charging protocols to both model parameters and measured 

battery quantities, in accordance with embodiments of the present invention, is depicted in 

Fig. 10. The model employed is that of Fig. 3. The charging current starts at 25 A, and tapers 

down after that the estimated internal voltage reached a nominal value of 3.55. Taking into 

account the internal drop represented by the resistive element R, the external charging 

voltage is allowed to exceed the recommended maximum battery charging voltage of 3.6V. 
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[0095] The charging profile normally observed in lithium ion cells, when methods of 

the present invention are employed, is designated by numeral 100, where the estimated 

internal resistance R was 6 mfl. However, with an assumed internal resistance of 8 mQ, the 

charging process became unstable after 200 seconds when the current, plotted in curve 102, 

decreased to 20A. Referring to Fig. 11, at 225 seconds, the voltage (curve 111) was 

oscillating by ~20 mV, and the instability increased with time. However the oscillation in the 

estimated internal cell voltage, plotted in curve 113 never exceeded a few mV, reaching only 

3.556 V, and exceeding the maximum preset safe charging voltage of 3.55V by on the order 

of 6 mV. 

[0096] Since the internal cell voltage is estimated on the basis of ^ s I , 

both V and Rxl must be established to within the accuracy required for determining the 

internal voltage, and that is on the order of 1 mV. A/D (and D/A) converters typically 

employed in battery charging applications, with 12-bit accuracy and voltage ranges of ±5V 

or ±10V, provide a nominal 1 bit precision of 2.4 mV or 4.8 mV respectively, that is 

generally inadequate since uncertainty of the internal voltage at levels greater than ~1 mV 

causes instability of the charging process and limited battery lifetime. Therefore 16-bit 

devices are preferred for implementing an ultra-fast charge algorithm. 

[0097] The described embodiments of methods for deriving battery parameters and 

for charging batteries on the basis of the parameters thus derived, may be implemented as a 

computer program product for use with a computer system. Such implementations may 

include a series of computer instructions fixed either on a tangible medium, such as a 

computer readable medium (e.g., a diskette, CD-ROM, ROM, or fixed disk) or transmittable 

to a computer system, via a modem or other interface device, such as a communications 

adapter connected to a network over a medium. The medium may be either a tangible 

medium (e.g., optical or analog communications lines) or a medium implemented with 

wireless techniques (e.g., microwave, infrared or other transmission techniques). The series 

of computer instructions embodies all or part of the functionality previously described herein 

with respect to the system. Those skilled in the art should appreciate that such computer 

instructions can be written in a number of programming languages for use with many 

computer architectures or operating systems. Furthermore, such instructions may be stored 

in any memory device, such as semiconductor, magnetic, optical or other memory devices, 
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and may be transmitted using any communications technology, such as optical, infrared, 

microwave, or other transmission technologies. It is expected that such a computer program 

product may be distributed as a removable medium with accompanying printed or electronic 

documentation (e.g., shrink wrapped software), preloaded with a computer system (e.g., on 

system ROM or fixed disk), or distributed from a server or electronic bulletin board over a 

network (e.g., the Internet or World Wide Web), some embodiments of the invention may be 

implemented as a combination of both software (e.g., a computer program product) and 

hardware. Still other embodiments of the invention are implemented as entirely hardware, or 

entirely software (e.g., a computer program product). 

[0098] The described embodiments of the invention are intended to be merely 

exemplary and numerous variations and modifications will be apparent to those skilled in the 

art. All such variations and modifications are intended to be within the scope of the present 

invention as defined in the appended claims. 
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What is claimed is: 

1. An apparatus for charging a battery, the apparatus comprising: 

a. an interface for electrical coupling to the battery; 

b. circuitry for concurrently measuring battery voltage and current; 

c. a database for accumulating battery parameter data from a plurality of 

batteries; and 

d. a processor for recursively updating data characterizing a model 

representing the battery based both on jointly measured battery voltage and 

current and accumulated parameter data received from the database; and 

e. a current supply for supplying current for charging the battery as 

governed by the processor. 

2. An apparatus according to claim 1, wherein the processor is adapted for updating a 

dynamic representation of cell dynamics for the battery based at least in part upon system 

identification. 

3. An apparatus according to claim 1, wherein the processor is adapted for updating a 

dynamic representation of cell dynamics for the battery based at least in part upon nonlinear 

system identification. 

4. An apparatus according to claim 1, wherein the circuitry for concurrently measuring 

battery voltage and current includes a four-port configuration. 

5. An apparatus according to claim 1, wherein the interface for electrical coupling to the 

battery is adapted for coupling to reference electrodes of the battery. 

6. An apparatus according to claim 1, wherein the processor further comprises an input 

for receiving a signal from a sensor sensitive to a characteristic of the battery. 

7. An apparatus according to claim 1, further comprising a temperature controller for 

controlling a temperature of the battery. 
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8. A network for deriving empirical battery model data, the network comprising: 

a. a plurality of charging systems, each charging system including a 

processor and a power supply for supplying current to a separate battery; and 

b. a server for receiving data from each of the plurality of processors and 

for returning updated data with respect to a dynamic representation of cell 

dynamics for incorporation by each of the plurality of charging systems. 

9. A network according to claim 8, wherein the processor of at least one of the plurality 

of charging systems is adapted for updating a dynamic representation of cell dynamics for 

the battery based at least in part upon system identification. 

10. A network according to claim 8, wherein the processor of at least one of the plurality 

of charging systems is adapted for updating a dynamic representation of cell dynamics for 

the battery based at least in part upon nonlinear system identification. 
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