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Introduction:

Methods that use battery voltage to determine a near empty battery condition have existed from the earliest day of battery power electronics.  The simplest form consisted of a voltage comparator that tested a voltage proportional to the battery voltage against a reference that represented a near empty battery.  When the battery voltage was found to be at or below the near empty condition, a warning was given to the user followed by the eventual shut down of the equipment.  There are several issues with this method.

The battery voltage varies under load and temperature especially near the end of capacity.  This is the good news.  This allows a small change in capacity to change the battery voltage by a very measurable amount.   Therefore, detecting the end of capacity condition is just a matter of monitoring battery voltage.  However, the method can generate early or late warnings.  For example, when the battery is discharged to near the warning level at a light load and then the load is increased to high load; the battery voltage may drop much below the empty warning.  In this situation, the warning will not provide adequate time for the user or system to respond.  A similar problem exists for temperature.  If the battery temperature is lowered near the end of capacity and a large load applied, the warning of low battery may not give adequate time for the system or user to gracefully shut down the system.  So what can be done?

Smart Battery System (SBS) Solution:
The Smart Battery System solution was derived by evaluating the battery management issues, the relevant issue here being an adequate and dependable warning of a near empty battery.  Many battery types have fairly flat discharge profiles with sharp knees at the end of capacity.  The actual problem is providing a dependable warning of a near empty battery that does not warn too early or too late.  Warning too early would rob the user of run time.  A “too late” warning is the greater problem, as it may not allow the proper shutdown of the application system.

The SBS solution provides for warning based upon the remaining capacity.  Therefore, the system does not have to wait for a voltage indication to determine that the battery was nearly empty.  The capacity information is determined by monitoring the charge added to or removed from the battery.  Accurate capacity measurement requires accounting for very small load currents, as they may be present for long periods of time.  This remaining capacity may also be compensated for temperature and rate.  A typical SBS solution will use a battery voltage somewhat above the minimum system operating voltage that represents an empty battery.  The remaining capacity determined from coulometric measurements will be synchronized to an empty condition at this voltage.  This will be an accurate calibration point if the battery is nearly empty at this voltage and further discharge will cause the battery voltage to drop rapidly.

Bq2063 Smart Battery Solution:
The SBS Remaining_Capacity_Alarm threshold is initialized by the contents of the EEPROM located at 0x04 and 0x05.  The system host may adjust this threshold at any time by writing a new value to RemainingCapacityAlarm.  In this way the system designer has full control of the point where the system has enough power for an orderly shutdown or suspend.  When the bq2063 determines that RemainingCapacity is at or below this threshold value, an alarm condition is set and a master message may be sent to warn the host.  To maintain accuracy of  RemainingCapacity, the coulometric capacity measurement is synchronized at several End-of-Discharge Voltage (EDV) thresholds to their respective capacity values.  This synchronization or capacity adjustment, can occur whenever the battery is discharged low enough to reach these thresholds.  The voltage thresholds associated with each capacity level are thresholds that have been carefully determined from battery characterization.  This will periodically eliminate any cumulative errors in RemainingCapacity() before they rise to a significant value.
The bq2063 monitors the charging and discharging of the battery.  The charge input may be compensated for the rate or temperature as determined by the system designer.  As the battery is used, small errors in battery capacity may accumulate due to errors when measuring very low rates or inaccuracies in self-discharge estimates.  These errors can be removed when the battery is charged to full or when the battery is discharged to a near empty condition.  These two conditions represent well-determined capacity values.  For the purpose of this application note, only the near empty condition will be discussed.

The bq2063 uses three capacity reference points based on voltage for synchronization of remaining capacity near the battery empty condition.  The system designer may choose the capacity value that corresponding to the first or highgest voltage point, EDV2, by programming the Battery Low % (BLPCT) value in EEPROM.  Since this is a voltage based capacity point, it should be chosen where the capacity sensitivity to voltage is very detectable.  If the slope of the battery discharge curve is too flat at the EDV2 threshold, small voltage errors may cause larger than expected capacity errors.  The EDV2 threshold should also be a voltage that may be occasionally reached during normal system operation.  The bq2063 can learn the actual capacity of the battery if the battery is discharged from nearly full to the EDV2 threshold.  The actual capacity remaining in the battery with further discharge below the EDV2 threshold is not included in the capacity learned by the bq2063, but is included as an additional computed percentage.  Thus Battery Low % is a guaranteed, not measured, portion of the overall learned capacity, and the threshold should be carefully chosen to guarantee this capacity is available for use by the system.  The computation approach described herein will automatically result in satisfying this requirement.
在电池的电压接近放完的时候，BQ2060使用三个基本于容量的电压参考点来同步实际的剩余容量，系统的设计者可以使用对应于第一个最高的剩余电压EDV2，即编程EERPOM里的Battery Low % (BLPCT)的值来实现。因这这是一个基于电压比容量参考值。每次检测的时候，电压将对容量起着非常敏感的作用。如果电池的放电在EDV2阶段的放电曲线的斜率太平坦，则电压的错误将比预期的容量错误更多。在系统正常工作的过程中，EDV2的值不是每一次都达到。在电池由NEAR FULL到EDV2极限的放电过程 中，系统完成实际的容量学习循环。低于EDV2的实际容量不算在自学习的容量中。但是它作为一个百分比来加到FCC中的。Thus Battery Low %只是一个保证的，不是被测量到的，所以FCC容量的一部分，这个极限必
须谨慎地选择，保证系统能够使用到这部分容量。这里的方程序基本上能够自动地满足计算的要求。
The second voltage reference point, EDV1, represents a fixed capacity value of 3.125% Relative State of Charge (RSOC).  The system designer often chooses this capacity as the condition where the system will be put into a sleep mode.  The synchronization process between the remaining capacity equivalent to the 3% threshold and the EDV1 voltage threshold may cause some apparent discontinuity in either Remaining Capacity or RSOC and could affect the accuracy of Remaining Capacity as it nears the zero capacity value.  The threshold should be carefully chosen to avoid a significant discontinuity at this synchronization point.
第二个参考电压EDV1，是一个固定的值，等于3.125% Relative State of Charge (RSOC)。系统常常使用这个容量为作这进入休息的条件。等于3%的剩余容量和EDV1电压极限的同步会发生不同步，将会影响接近于0的剩余容量和ROSC。这个值必须仔细地选择，避免一个重大的不连续同步的点。
The last voltage reference point, EDV0, represents 0%, or empty.  Discharge to the EDV0 threshold level may seldom occur in most systems, but reaching this threshold is not required.  The only requirement is that BLPCT and EDV2 threshold are properly chosen to guarantee that the battery can supply at least the percentage defined by BLPCT as the battery is discharged from the EDV2 to the EDV0 threshold.
最后一个参考电压就是EDV0，用0%表示，空者表示没有电了。大部分系统在放电的时候一般不会放到EDV0。但是也没有必要达到这个点。唯一的要求就是Battery Low % (BLPCT)和EDV2极限可以正确地选择，能正确地保证电池在EDV2到 EDV0 的时候能够提供一点电量。
The bq2063 may be programmed for fixed EDV thresholds.  This programming may give satisfactory performance for many applications, particularly when the discharge rate is relatively constant and the application temperature range is relatively narrow or at least does not include any cold temperature performance, for example 20°C to 35°C.

BQ2063也可以使用固定的EDV极限。它只给一些使用在比较大定温度的，不会有20°C to 35°C.低温的场合。
To obtain optimal run times and accuracy over a wider temperature and load range, the bq2063 should be programmed for compensated EDV thresholds.  These thresholds are adjusted with temperature and discharge rate to match the application battery characteristics.  This allows the bq2063 to synchronize the measured battery capacity with EDV0, EDV1, and EDV2 thresholds that are compensated to achieve constant capacity thresholds instead of constant voltage (fixed EDV) thresholds.  Use of the compensated, thresholds will provide a higher degree of accuracy in reporting the RemainingCapacity of the battery under varying operating conditions.  Use of the compensated EDV thresholds does require programming a set of coefficients that must be determined from detailed characterization of the battery so that the computation will match the battery characteristics.  These coefficients may be adjusted to achieve any EDV performance from that of fixed EDV performance, to that of fully compensated EDV performance, or any compromise setting between the two extremes, to allow more flexibility in achieving the desired system performance.

为了得到最优的运行时间以及可以在所有的温度范围和负载内。BQ2063必须编程EDV补偿值。所以电压的EDV极限值可以被按照温度的变化动态地修改从而配合系统使用。可以使用BQ2063动态地检测EDV1，EDV2，EDV0，不断地补偿实际测试到的容量，而不依靠固定的EDV。使用EDV补偿可以相对准确地计算系统在不同负载和条件下的剩余容量。使用EDV补偿必须要编程一些详细的参数，从而使用方程序式可以配备电池的特性。这些参数可以得出任何条件下的EDV，而不是固定的EDV。从而得到完整的补偿的EDV，或者说得到灵活的系统参数。
The bq2063 can compute an EDV threshold for any RSOC percentage, as long as the coefficients programmed into the bq2063 represent accurate battery cell data.  Thresholds as high as 18% can be accommodated by the bq2063 computation, but the accuracy will be better if the maximum RSOC threshold is lower in value, like 10% or less, where battery voltage is beginning to drop fairly rapidly in relation to the charge removed.

BQ2063可以计算任何相对容量的EDV极限值。只要相关的数据编程到BQ2063去了。可以提供18%的相对剩余容量的估算。但是低于10%的话，可以更加准确，特别是计算电池电压明显地下降那部分。
The coefficients programmed into the bq2063 are used to adjust the shape of the computed discharge curve to match discharge data taken from a fresh battery constructed with typical production cells.  Equations used for the EDV computation have been derived using equations that describe the chemistry of the battery operation.  This equation form thus constrains the shape of the computation somewhat and a good curve fit should help confirm that the battery characterization data is relatively good data.  The CEDV equation with final coefficients will compute the expected battery voltage at any corresponding RSOC value at given load and temperature conditions.  However, the bq2063 will only use the equation to compute the expected battery voltage at the three EDV thresholds.
BQ2060的编程参数只是用来调整一个新电池的放电曲线的方程从而来配备放电数据。这个方程式已经包含了描述电池特性的数据。这个方程式因此包含了计算模型和折断曲线，从而使计算得到的数据是相对正确的。CEDV方程使用电池最后放电的数据，将计算出任何一个给定的负载和温度条伯的相对剩余容量。然而，BQ2063仅使用这个方程式去计算电池预期的电压三个EDV的极限里。
Some system requirements will dictate that EDV0 reports zero capacitance, yet retain a buffer of some minimum capacitance/run-time in the battery.  A typical host system will also have a minimum system operating voltage that will require that EDV0 be set somewhat above the true empty condition of the battery.  Both these requirements can be easily accommodated with appropriate EDV coefficients.
一些系统要求就是在EDV0的时候可以发出0电量的报警，所以必须要预留一些最小的容量在电池里，一些小典型的系统主机要求电池提供最小的工作电压，提供比EDV0稍高的电量。要达到这些要求只要稍改EDV参数即可。
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Figure 1 illustrates operation of the bq2063 with compensated EDV thresholds.  The figure shows how the EDV2 threshold is reduced as the load current is stepped from 20mA to 0.5A, then to 1.0A, and then to 2.0A.  The battery voltage did not reach the EDV2 threshold until during the 2A discharge, but it is clear that the voltage would have reached the EDV2 threshold with little additional capacity removal, even at the lower current levels.  Figure 2 also shows that as soon as the battery voltage drops below the EDV2 threshold, the bq2063 begins comparison of the battery voltage with the EDV1 threshold level.
图1就表述了BQ2063使用EDV极限补偿。它也说明了EDV2极限电压由20MA，0.5A,1A不断减少的过程,只要电池的放电电流达到了2A后.电池才可以达到EDV2,但是可以清楚地看到只要容量只要很小的移除,EDV2就达到了,图中还说明,只要电压一但达到了EDVC2,BQ2060就开始比较EDV1的电压和电池的容量了.
Figure 1

Compensated EDV equation:

The equations programmed in the bq2063 to make the EDV threshold computation are:

CEDV = CV - I*[EDVR0/4096]*[1 + EDVR1*Cact/16384]*[1 – EDVT0*(10T - 10Tadj)/(256*65536)]

CV = EMF*[1 – EDVC0*(10T)*log(Cact)/(256*65536)]

Cact = 256/(2.56*RSOC + EDVC1) – 1 for (2.56*RSOC + EDVC1) > 0

Cact = 255 for (2.56*RSOC + EDVC1) = 0

EDVC1 = 2.56 * Residual Capacity (%) + “Curve Fit” factor

Tadj = EDVTC*(296-T) for T< 296oK and Tadj < T

Tadj = 0 for T > 296 oK and Tadj max value = T

CEDV COEFFICIENTS

	Coefficient
	E2 Address
	Description
	Typical Value
	Maximum Value

	EMF
	0x74, 0x75
	Battery voltage adjustment coefficient
	4000mV/cell
	65535mV

	EDVC0
	0x78, 0x79
	No-load voltage vs RSOC curvature adjust
	420
	2047

	EDVC1
	0x06
	EDV0 residual capacity and curve flatness adjustment.
	0
	31

	EDVT0
	0x76, 0x77
	No-load voltage vs Temperature adjustment
	3500
	7000

	EDVTC
	0x07
	Cold temperature impedance adjustment below 296oK
	4
	15

	EDVR0
	0x7a, 0x7b
	Battery impedance adjustment
	4000
	16000

	EDVR1
	0x7c, 0x7d
	Battery impedance vs RSOC curvature
	400
	2000


TABLE 1

The 7 EEPROM coefficients in Table 1 are used to adjust the equation computations to match the target battery application.  T is temperature in degrees Kelvin.  I is the magnitude of the discharge current in milliamperes.  RSOC is the Relative State of Charge percentage at each point on the discharge curve for which the Computed End-of-Discharge Voltage (CEDV) is determined.
表7的EEPROM参数,是用来调整使用某一个电池的方程式.T是使用凯尔文表示的温度,I是毫安表示的电流,RSOC是在确定计算放电曲线的,放电曲线上的相对容量百分比.
CV is the computation of EDV versus RSOC and Temperature to match the no-load characteristic of the battery.  EMF is a no-load battery voltage proportional to the number of series cells in the battery that directly adjust the overall amplitude of the CEDV computation.  It will be somewhat higher than the highest End-of-Discharge Voltage threshold to be computed.  EDVC0 and EDVC1 are the coefficients that are used along with EMF to adjust the computed CV curve to match the measured no-load characteristic of the battery.  The EDVC0 coefficient adjusts how fast the no-load voltage drops as EDV0 is approached.  This computation will yield zero volts for a capacity of zero and while this is physically correct, there is a practical limit placed on the zero capacity cell voltage.  The EDV computation uses a fixed value for Cact of 255 for EDV computation of the zero capacitance (2.56*RSOC + EDVC1 = 0) threshold.  The EDVC1 coefficient essentially offsets the EDV computation up to a higher state-of-charge condition than the equivalent EDV percentage thresholds.  The basic CV equation forces a larger curvature of the CV vs RSOC equation as RSOC approaches zero.  Offsetting the CV equation with EDVC1 may allow some curve fit improvement, depending on where the EDV0 point was defined.  If EDV0 is set much higher than the true empty capacity of the battery, a non-zero EDVC1 for optimal curve fit will likely result.  The EDVC1 factor also allows the capability of offsetting the computations by some residual battery capacity value at EDV0 (and EDV1 and EDV2) at a later time without having to recompute the EDV coefficients using a different EDV0 point definition.
CV是计算EDV与RSOC和温度的方程式,从而来配合电池无负载放电特性. EMF是无负载电池电压,是与串联的电池成比例的.是直接用来调整所有CEDV计算的参数.它将比放电终止电压高.EDVC0,EDVC1是和EMF一起来调整计算CV曲线的从而来配合电池的无负载特性.EDVC0参数是用来调整电池在空载的时候,电压跌到EDV0,这个计算可以产生0电压,对于0容量,当物理量正确的话,事实上是对于0容量电压是有限制的.EDV方程式为使用一个固定值, Cact=255,用来补偿0容量极限.EDVC1参数本质是上补偿EDV计算到一个更高的,充电状态的条件,这个条件比EDV百分比高,CV方程式式强制一个大的CV曲线和相对容量达到0的曲线.偏移调整CV的计算,EDVC1会有一些曲线的折断的改进.这取决于EDV0的定义.如果EDV0的设置高于电池的空容量.
The computed EDV is the CV no-load computed value reduced by a factor equal to the impedance of the battery multiplied by the load current.  This impedance changes with Temperature and RSOC.  The coefficients EDVT0, EDVTC, EDVR0, and EDVR1 adjust the impedance computation to match the battery discharge impedance characteristics.  EDVR0 is a linear scaling factor for the battery impedance.  There is no CEDV impedance adjustment if EDVR0=0.  EDVR1 adjusts how the impedance changes with RSOC.  If EDVR1=0, the CEDV impedance will not change as a function of RSOC.  EDVT0 adjusts how fast the impedance changes with temperature.  There is no temperature compensation of the CEDV impedance adjustment if EDVT0=0.  Some cells have a marked increase in impedance at temperatures below 296oK.  The EDVTC factor applies an additional impedance correction for cold temperature.

计算EDV就是用CV无负载的值,减去一个电池内阻乘以负载电流的值,这个内阻按RSOC的值的更变而改变.EDVTO,EDVTC,EDVR0,EDVR1是用来调整等式的内阻的,从而使用电池民的放电特性匹配.如果EDVR0为0,则无CEDV的补偿, EDVR1调整相对容量和内阻的调整关系.如果EDVR1为0,则CEDV内阻不会成为改变RSOC的函数. EDVT0是用来调整内阻和温度变化的快慢的.如果EDVT0为0的话,则CEDV没有温度补偿.有一些电芯在温度低于296K的时候,内阻剧增.EDVTC参数是用来对低温度的一个额外的校正.
Coefficient derivation:

取参数
Determining optimal coefficients for a given battery requires obtaining appropriate battery characterization data followed by computation of the various coefficients to optimally match the battery discharge characteristics with the EDV computation.  This is generally done by computing coefficient values that result in a best fit of the computed and measured discharge curve.  The criteria used for determining the best fit is a “least squares” computation.  This criteria minimizes the sum of the squares of the differences between measured and computed values.  The required minimal battery data consists of a no-load discharge characteristic at typical operating temperature, a nominal load discharge curve at typical operating temperature, and a typical load discharge curve at a reasonable operating temperature extreme which is at least 20 degrees C different.  Discharge curves at different loads and temperatures if available, may be used to obtain a better average value for the various coefficients.
通过计算不同的参数去匹配电池放电EDV的特性后，才能得到某些电池的特性进行最优化的参数计算。通常通过计算一个最恰当计算参数值，
要求最小的电池数据包括轻载放电特性，在典型的温度和正常的负载下，以及一个合理的工作环境温度下至少要每隔20度。尽可能地使用不同的条件下各种温度的平均值。
EMF, EDVC0 and EDVC1:

The first data needed is the no-load voltage curve of the battery at nominal operating temperature in the RSOC range of interest.  If the battery were charged from empty to full and then discharged to empty at a typical load current, no- load data can be obtained by stopping the discharge at regular intervals and the battery allowed to recover until the voltage stops rising faster than about 0.5mV/second.  This resting interval may take 5 minutes for the battery voltage to stabilize at the no-load voltage level.  The voltage can be recorded and then the discharge resumed.  The discharge can be continuous until the battery charge level approaches the range of interest.  The discharge should then be stopped often enough that the resulting RSOC versus no-load voltage will have sufficient points to plot a good curve (1% to 2% RSOC between points).  The Full Charge Capacity (FCC) of the battery should be used to compute the RSOC values for the different points on the discharge curve, where RSOC = 100 * RM/FCC and RM is the remaining capacity at the point of interest.  The data is only of interest for values of RSOC from somewhat above the highest possible EDV2 RSOC threshold down to almost zero.   This technique should allow determining the no-load voltage versus RSOC data.  The coefficients EMF, EDVC0 and EDVC1 may be chosen so that the CV equation matches the no-load voltage versus capacity curve.  The coefficients can be determined using a “least squares’ curve fitting computation.  Example “least squares” curve-fitting computations using an Excel spreadsheet is described in a later section of this application note.
第一个数据就是空载的曲线，在常温下的百分比。如果电池充满，然后使用一个典型的负载放完，如果经常停止放电，或者电池的电压得到恢复的时候，是不可能得到正确的数据的，除非停下来后，电压的增长大于0.5mV/秒。静止的间隔为5 minutes。放电继续后，电压可以再被记录。
The representative plot in Figure 2 shows sample no-load data and computed EDV curve.  Coefficients derived for this computed curve are EMF = 12000mV, EDVC0 = 420 and EDVC1=0.  Battery discharge data was from a 3S3P lithium pack.  Different cell characteristics even from the same vendor will require different coefficients.  Different empty conditions using the same cells or using the same cells in a different configuration within the battery pack will also require different coefficients, but these may be derived by computation and will be discussed later.  This plot also shows how the bq2063 forces the computation at RSOC=0 to a non-zero voltage for the EDV threshold.  Typical battery usage will never reach zero capacity and EDV0 threshold will not be reached except on a depleted battery.  The data shown in this curve is from a battery discharged to essentially the true-empty condition, where any load current will cause the battery voltage to drop sharply.  Setting EDV0 to a higher condition than this true-empty condition will likely result in a “flatter” curve and the optimal EDVC1 coefficient value will be non-zero.
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Figure 2

EDVT0, EDVR0 and EDVR1:

The coefficients to match the battery discharge data versus temperature and load variations can be done once the no-load curve/coefficients have been determined.  Nominal load data at different temperatures can be taken and then used to determine data points for use in a ‘least squares” curve fit computation that will be described later.  This computation will determine the EDVT0, EDVR0 and EDVR1 coefficients.

EDVTC and cold temperature performance:

Battery impedance will increase at higher current levels.  This impedance increase is more noticeable as the temperature is decreased.  Battery characterization data at cold temperature may show a much higher voltage drop at nominal operating currents for a given state-of-charge than at higher temperatures.  The EDV equations in the bq2063 are built around a robust cell performance at cold temperature and may not compute as low an EDV level as the actual battery performance without using the EDVTC cold temperature correction factor.  When using cells with elevated impedance levels at cold temperature and EDVTC=0, the early detection of EDV thresholds may occur while there is extra capacity remaining in the battery than the gauge reports.  This excess capacity will be smaller at lighter load currents.  In all cases, the extra remaining energy remaining at cold temperatures will not be less than the original minimum constraints and will be less than that obtained with use of fixed EDV thresholds.  The EDVTC factor may be used to adjust the impedance increase at cold temperatures and more closely match the actual cell characteristics.
Load reduction or removal considerations:
The voltage drop across the cell impedance will cause a sudden drop in battery voltage when a load current is suddenly applied.  However, when a load current is suddenly removed from the battery, there is a fairly long time constant for the recovery of the battery voltage to the no-load current value.  If the no-load voltage value is computed by the bq2063 immediately after a load removal, there is a potential issue that the battery voltage may not have recovered to the no-load value and an EDV threshold might be detected too early.  The best solution for this issue is to take the data for the no-load characterization with a C/20 load.  This will not affect the accuracy of the EDV calculations at the nominal load currents, but will force a no-load compuatation at a slightly lower voltage than the actual no-load battery voltage.  Use of a C/20 minimum load current for the no-load characterization data effectively eliminates any potential early EDV detection issue with a sharp load reduction or load removal.  Use of a C/20 minimum load can also speed the data taking.  If the discharge load is reduced to C/20 for about 40s every time the capacity has been reduced by about 1%, the battery voltage will have time to settle for a sufficiently accurate data point at C/20 for the no-load data characterization.  The bq2063 also adds a rise-rate limitation on the computed CEDV threshold that will help insure that an early EDV detection due to load removal is not detected.  This rise-rate limiting action is shown in Figure 1 when the load is suddenly reduced, but CEDV does not increase immediately as it did on earlier revisions.

Calculation of EDV coefficient values for various cell configurations:

Once coefficients have been determined for a specific cell type, it is simple to calculate the coefficients for other battery cell configurations using the same cell type.  Collection of battery data from the new cell configuration is not necessary.  The EMF value is directly proportional to the number of series cells, so the EMF of 12000mV for the 3S3P data shown earlier would be a simple 4000mV for each of the series cells and a 4S2P battery using the same cells would have an EMF of 16000mV.  The EDVR0 coefficient is like a resistor value.  It will be scaled the same way series and parallel resistors would scale the total equivalent resistance.  If EDVR0 of 4000 is determined for a 3S3P pack, that will be the equivalent value for a single cell (4000x3/3=4000).  If a new battery configuration of 4S2P were made using the same cells, the EDVR0 would scale to 4000x4/2=8000.

All other EDV scale factors except EMF and EDVR0 do not change as long at the battery is constructed with the same cell type.

CEDV coefficients when using EDV on lowest cell voltage:

The bq2063 can be set for EDV detection on overall battery voltage or on the lowest cell voltage.  This option can be selected fro either fixed or compensated EDV thresholds.  When using compensated EDV thresholds, the EMF and EDVR0 coefficients may need to be divided by the number of cells if the data entered into the spreadsheet is for the entire battery voltage.  If the data entered into the spreadsheet for the computations is for only one of the series sections of the battery, the coefficients will be correct as computed.  If each series section of the battery consists of multiple cells in parallel, the data for the single secgion should be for the parallel combination of cells.

Making manual adjustments in EDV coefficient values to achieve desired performance:

Once EDV coefficients have been determined, some manual adjustments may be made to adjust the desired performance.  For example, if EMF is adjusted, all thresholds will move almost as much in the same direction.  The EDV voltage reduction with load current may be scaled up or down linearly with a change in the EDVR0 factor.  If the residual capacity at EDV0 needs to be adjusted up or down, the EDVC1 factor may be adjusted without recomputing all the EDV coefficients.  For example, if EDVC1 factor is increased by 3 counts, the residual capacity at EDV0 will be increased by an RSOC value of 3/2.56=1.17% if all other coefficients remain unchanged..

Data taking for Lithium Ion battery packs:

The voltage drop of the Lithium Ion protector in addition to the sense resistor drop may be enough drop to consider when taking voltage measurements to determine the EDV coefficients.  The bq2063 will use the cell stack voltage for determining when the EDV threshresholds are reached.  The host system will see the cell stack voltage minus the drop of  the protector and sense resistor, so the mimunum operating voltage of the host plus any required safety factor should be based on the pack voltage terminals.  If battery characterization data is determined by voltage measurement at the cell stack, the EDV0 host system constraints should allow for the additional drop.  This is the preferred method and the required adjustment will be so small that it can be ignored.  If the battery characterization data is taken at the pack terminals, the additional drop at nominal load current should be added to the voltage readings entered into the Excel spreadsheet for computing the EDV coefficients.  This adjustment will normally result in greater than 1% adjustment in the EDV thresholds and should not be ignored.

“Least squares” curve fitting using Excel spreadsheet:

Microsoft Excel contains a least squares curve fit function LINEST, that can be used to determine the coefficients (m1, m2, …) and y-intercept (b) for an equation of the form y=m1x1+m2x2+m3x3+…+b.  This function will take the input data for the y versus x parameters and will calculate the m coefficients of x and the y intercept value of b that results in minimizing the sum of the squares of the error at each data point.  Each data point error value is the difference in the computed and the actual data.  Since this equation contains data for each of several x variables and will calculate several m coefficients, the function is a matrix function.  Entering this equation into Excel is more complex than a conventional function.  The curve fitting process needs to broken up into several steps for determining the EDV coefficients.

No-load curve fit procedure:

The first step is to determine the EMF, EDVC0 and EDVC1 coefficients that will match the CV portion of the equation to the no-load battery data.  The Excel LINEST function can be used to determine the EMF and EDVC0 coefficients for a fixed EDVC1 value.  The EDVC1 value can then be varied to find the optimal curve fit.  The equation for CV can be rewritten in the following form:

CV = – EMF*EDVC0*(10T)*log(Cact)/(256*65536) + EMF

This equation is now in the form of
y = mx + b

where:  m = - EMF*EDVC0, x = 10T*log(Cact)/(256*65536), and b = EMF

After the m and b variables are determined, the two EDV coefficients can be easily computed.

EMF = b,
EDVC0 = -m/b

The no-load data for the battery may be generated as described earlier.  Charge the battery at nominal operating temperature from empty to full and then discharge to empty at a typical load current.  The no-load data points can be obtained by periodically reducing the load current to a C/20 value until the battery voltage stabilizes at the lower discharge rate.  The discharge should be stopped often enough that the resulting plot of RSOC versus no-load voltage would have sufficient points to plot a good curve (1% to 2% between points).  An example method would be a discharge that pulses from nominal load to C/20, spending 40s at each of the two current levels.  The battery voltage at the end of each 40s interval can be used for the nominal load or no-load data point.  The full charge capacity (FCC) of the battery may be determined by measuring the capacity removed as the battery is discharged from full to the zero capacity point.  The zero capacity point should be determined by the host system minimum operating voltage and residual capacity requirements at the operating condition where the system desires to be reported as zero capacity.  The computed remaining capacity for each data point and FCC value should be used to compute the RSOC value for each data point.  This data for RSOC versus no-load voltage should be entered into a spreadsheet.    It will take at least 6 points from slightly above the RSOC level of interest (several percentage points) down to an RSOC of about 2% to get a good curve fit.  Do not include any points below RSOC=2% if EDV0 is close to a true-empty battery condition.  If several percent of actual capacity remains at EDV0, all points down to RSOC=0% can be included.  The x1 values may be computed from the formula above and placed in a column with each value in the same row as the corresponding measured voltage.  The value for Cact should be computed from the desired RSOC reporting that corresponds to the various data points plus the EDVC1 coefficient.  If RSOC is in percent, it should be multiplied by 2.56 before combining with EDVC1 so that the units are scaled the same.  The matrix equation may now be entered into the spreadsheet to compute the m1 and b coefficients.

The matrix equation is LINEST(y values, x values, TRUE, TRUE).  The y-values entry is the range that describes the no-load voltage values. The x-values entry is the range that describes the x1 values computed for the corresponding voltage values.  The user should highlight a block of cells 2 wide and 5 high, type the above LINEST() equation, depress Control and Shift keys, and while still holding the Control and Shift keys down, depress the Enter key.  This will enter the matrix equation into all ten marked cells.  The b intercept value will appear in the top right cell and the m coefficient will appear in the top left cell.  If battery voltage is entered in volts, the resulting EMF value will have to be scaled up by 1000.

These b and m values will give the best curve fit based on the fixed EDVC1 value that was in the spreadsheet.  Using different values of EDVC1 may achieve a much better curve fit, particularly if the EDV0 data point represents a considerable capacitance value left in the battery instead of a nearly empty condition.  The quality of curve fit may be determined by observing the r2 statistic in the LINEST output matrix.  The r2 statistic is the left value in the third row of the output matrix.  The closer this value is to 1.0, the better the curve fit.  An easy way to optimize the EDVC1 value is to use the Excel “solver”, using this r2 statistic value as the value to maximize and the EDVC1 as the input variable.  The Excel “solver” may be run after the LINEST equation has been entered and then EMF, EDVC0 and EDVC1 optimum values will be determined.  If Excel “solver” is not available, the EDVC1 value may be manually adjusted to achieve a maximum value for the r2 statistic.

The user may use the coefficients determined from the curve fit to compute the no-load CV portion of the formula and compare the computation with the measured values for confirmation that the curve fit was computed correctly.  Generally, one should find that all the nominal temperature no-load data points used to generate the curve will be computed to within 50mV of their measured value except at the lowest RSOC values.  This may be an acceptable tolerance if the threshold is near the true empty condition and the voltage is changing very rapidly with capacity.  The no-load EMF, EDVC0 and EDVC1 coefficients can normally be determined from data at some nominal operating temperature.  Data may also be taken at both hot and cold temperatures and the CV equation may be compared with the measured data.  The x-values and y-values ranges in the matrix equation may be extended to cover both nominal and hot temperature data or even to extend cold temperature data as well.  The resulting coefficients will yield a best average fit over whatever data points are included in the matrix equation.  Computations using only nominal operating temperature data will normally provide acceptable results.  Manual adjustments to the coefficients may be made using a spreadsheet computation of measured versus computed results to obtain results desired by the user if the best fit coefficients do not achieve the desired results.

EDV rate reduction curve fit procedure:
The rate adjustment, or impedance, portion of the EDV computation is that portion that produces a drop in the computed EDV value that is proportional to the discharge current I.

Rate adjustment = - I*[EDVR0/4096]*[1 + EDVR1*Cact/16384]*[1 – EDVT0*(10T-10Tadj)/(256*65536)]

The data to use for the curve fit should be taken from a battery that is charged to full and then discharged to empty at a nominal discharge rate for at least two, preferably three different temperatures.  The data should be recorded with sufficient density that the number of points available from several percent above the desired EDV2 threshold down to 2% is at least 8 points at each temperature.  The curve fit will be better if more data points are available.  It takes more data points for this portion of the curve fitting exercise due to the additional number of coefficients to compute.

The RSOC versus voltage data for each temperature should be entered into a spreadsheet.  The CV no-load portion of the equation should be computed.  This value can be subtracted from the measured data and the resulting error data will be equal to the expected rate adjustment portion of the equation.  This error data, or expected rate reduction will be the y-value input to the matrix equation.

The best and most flexible method to determine the coefficients in this portion of the CEDV equation is to break up the procedure into two parts.  The first part will be that of determining the EDVR1 coefficient.  This coefficient is used to adjust the impedance as a function of RSOC to match that characteristic of the battery.  If temperature (T) is assumed constant, the impedance or rate adjustment portion of the equation may be compared to data at some fixed nominal temperature and EDVR1 may be isolated to optimize the tracking of the impedance versus RSOC at this nominal temperature.

The equation may be expanded and rewritten:

Rate adjustment  = -I*[EDVR0/4096]*[1 - EDVT0*(10T-10Tadj)/(256*65536)]*EDVR1*Cact/16384

- I*[EDVR0/4096]*[1 - EDVT0*(10T-10Tadj)/(256*65536)] = - I*Rt*EDVR1*Cact/16384 - I*Rt

where:  Rt = [EDVR0/4096]*[1 - EDVT0*(10T-10Tadj)/(256*65536)]

The form of the equation is:  y = mx + b

where:  m = - I*EDVR1*Rt, x = Cact/16384, and b = - I*Rt

After m and b coefficients are determined, EDVR1 = m/b.

Compute Cact/16384 (x values) for each corresponding y-value rate error voltage and enter them into a spreadsheet with the y value error voltages and the x value computations on the same row in each case.  The matrix equation is LINEST(y values, x values, TRUE, FALSE).  The y-values entry is the range that describes the error or rate reduction voltage values. The x-values entry is the range that describes the x values computed for the corresponding voltage values.  Be sure to mark data for only a single temperature for this portion of the curve fit, preferably the nominal use temperature data.  The user should highlight a block of cells 2 wide and 1 high, type the above LINEST equation, depress Control and Shift keys, and while still holding the Control and Shift keys down, depress the Enter key.  This will enter the matrix equation into both marked cells.  The b intercept value will appear in the right cell and the m coefficient will appear in the left cell.

Now that EDVR1 is known, the remaining coefficients can be determined.  The impedance portion of the equation can be expanded and rewritten:

Rate adjustment = -I*[EDVR0/4096]*[1 + EDVR1*Cact/16384]

+ I*[EDVR0/4096]*EDVT0*(10T)/(256*65536)]

This equation is now in the form of:  y = m1x1 + m2x2

where:  m1= - R0, x1 = I*[1 + EDVR1*Cact/16384]/4096, m2 = T0*R0, and

x2 = I*[1 + EDVR1*Cact/16384]*T/(256*65536*4096)

After determining the m coefficients, the EDV coefficients can be easily computed:

EDVR0 = - m1 and EDVT0 = - m2/m1

The x1 and x2 computed values need to go into two adjacent columns in the spreadsheet, where each value is in the row corresponding to the associated rate error voltage.  This computation will determine the EDVT0 coefficient and the x and y values must include data from at least two different temperatures.  The best procedure is usually to include data from the nominal and hot temperature ranges.  Use of cold data may skew the results in a less favorable manner if the cold temperature is below about 15C, as many cells show a marked increase in impedance at colder temperatures.

Mark a block in the spreadsheet of 3 cells wide and 1 cell high for the matrix equation.  Enter the matrix equation LINEST(y values, x values, FALSE, FALSE) by typing in the equation, then depressing the Enter key while simultaneously holding down the Shift and Control keys.

The top row of cells in the marked block will read (left to right): m2, m1, and 0.

EDV coefficients may now be computed from the m coefficients.  If the rate reduction values are in volts instead of millivolts, the resulting R0 value will need to be multiplied by 1000.

The optimum EDVTC coefficient may now be obtained.  Observe the difference between the measured and computed CEDV value at nominal load.  Adjust the EDVTC coefficient for the smallest difference in measured and computed CEDV for the cold temperature data at the approximate RSOC percentage correspondiog to the EDV2 threshold.  The EDVTC coefficient will not change the computed CEDV for temperatures greater than 296oK.
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		Derivation of new coefficients from old ones.

		Old Formula:				Vo*(C1+C2*BLP/128)/(C1 + 8*BLP) * T/(T1/32 + T*T2/1024) - I*(R1/64)*(R2 +  200 - T + I*R3*(T - R4 - 200)/65536/4)/T

		Old Coefficients:				EDV0		7210

						C1		23

						C2		1189

						BLP		18

						T		312

						T1		0

						T2		1024

						I		1238

						R1		26

						R2		255

						R3		0

						R4		0

		New Formula:				CEDV = CV - I*R0' *[(256*(4095+32) + R1' *C'act)/(64*16*65536)]*[65536 - T1' *(10T)/256]*[1024+(CC*A1)/256]/(4*65536^2)

						CV = EMF - EMF*C0' *(10T)*(256*log(Cact)/(256^2*65536)

						256*log(Cact) = [256 * (3359 + 929 * C'act/256 - 422314/C'act)]/[4096 + 367 * C'act/256]

						C'act = 64*Cact = 16384/BLP - 64

						BLP = 2.56 * RSOC

		New Coefficients:				EMF		12000

						EDVC		420

						BLP		3

						10T		3030

						EDVT		2307

						I		1000

						R0		3932

						R1		2185

		Set BLP=0, I=0:				EMF*[1-C*10T*log(99)/(256*65536)]=EDV0*T/(T1/32 + T*T2/1024)

						K		1

		BLP		RSOC		Cact		log(K*Cact)		CV		IMP RED		CEDV

		0		0		255		2.2734375		9930.6388646364						127		2.08203125		10104.8634275794		99		1.992188		10186.6418489456

		1		0.390625		255		2.2734375		9930.6388646364						127		2.08203125		10104.8634275794		99		1.992188		10186.6418489456

		2		0.78125		127		2.08203125		10104.8634275794						127		2.08203125		10104.8634275794		99		1.992188		10186.6418489456

		3		1.171875		84.3333333333		1.9296875		10243.5319572687

		4		1.5625		63		1.80859375		10353.7556603551

		5		1.953125		50.2		1.70703125		10446.2013468146

		6		2.34375		41.6666666667		1.625		10520.8690166473

		7		2.734375		35.5714285714		1.55078125		10588.4254798293

		8		3.125		31		1.48828125		10645.3151330352

		9		3.515625		27.4444444444		1.43359375		10695.0935795903

		10		3.90625		24.6		1.3828125		10741.3164228201

		11		4.296875		22.2727272727		1.33984375		10780.4280593991

		12		4.6875		20.3333333333		1.30078125		10815.9840926528

		13		5.078125		18.6923076923		1.26171875		10851.5401259065

		14		5.46875		17.2857142857		1.2376873303		10873.4143520289

		15		5.859375		16.0666666667		1.2059257835		10902.3248061372

		16		6.25		15		1.1760912591		10929.4812181418

		17		6.640625		14.0588235294		1.1479489796		10955.0972904678

		18		7.03125		13.2222222222		1.121304452		10979.3500574429

		19		7.421875		12.4736842105		1.0959947451		11002.3878246117

		20		7.8125		11.8		1.0718820073		11024.3360692279

		21		8.203125		11.1904761905		1.0488485675		11045.3018996368

		22		8.59375		10.6363636364		1.0267931766		11065.3774763161

		23		8.984375		10.1304347826		1.005628085		11084.6426718366

		24		9.375		9.6666666667		0.9852767432		11103.1671642995

		25		9.765625		9.24		0.9656719712		11121.0121031465

		26		10.15625		8.8461538462		0.946754488		11138.2314480627

		27		10.546875		8.4814814815		0.9284717182		11154.8730550597

		28		10.9375		8.1428571429		0.9107768157		11170.9795649481

		29		11.328125		7.8275862069		0.8936278593		11186.5891358344

		30		11.71875		7.5333333333		0.8769871844		11201.7360513906

		31		12.109375		7.2580645161		0.8608208243		11216.4512293517

		32		12.5		7		0.84509804		11230.762649258

		33		12.890625		6.7575757576		0.8297909232		11244.6957143594

		34		13.28125		6.5294117647		0.8148740574		11258.2735594812

		35		13.671875		6.3142857143		0.8003242293		11271.5173142542

		36		14.0625		6.1111111111		0.7861201801		11284.4463292566

		37		14.453125		5.9189189189		0.7722423908		11297.0783711687

		38		14.84375		5.7368421053		0.758672897		11309.4297918987

						SANB_30

		10		10987.4		11.094		11094

		9.9		10986.3		11.091		11091

		9.8		10985.2		11.0877		11087.7

		9.7		10984.1		11.0841		11084.1

		9.6		10982.9		11.0804		11080.4

		9.5		10981.7		11.0764		11076.4

		9.4		10980.5		11.0723		11072.3

		9.3		10979.3		11.068		11068

		9.2		10978		11.0635		11063.5

		9.1		10976.7		11.0589		11058.9

		9		10975.4		11.0543		11054.3

		8.9		10974		11.0495		11049.5

		8.8		10972.6		11.0447		11044.7

		8.7		10971.2		11.0398		11039.8

		8.6		10969.7		11.0348		11034.8

		8.5		10968.2		11.0299		11029.9

		8.4		10966.7		11.025		11025

		8.3		10965.1		11.0201		11020.1

		8.2		10963.4		11.0152		11015.2

		8.1		10961.7		11.0104		11010.4

		8		10959.9		11.0057		11005.7

		7.9		10958		11.0011		11001.1

		7.8		10956.1		10.9966		10996.6

		7.7		10954.1		10.9922		10992.2

		7.6		10951.9		10.9879		10987.9

		7.5		10949.7		10.9838		10983.8

		7.4		10947.4		10.9796		10979.6

		7.3		10945		10.9756		10975.6

		7.2		10942.4		10.9716		10971.6

		7.1		10939.7		10.9676		10967.6

		7		10936.8		10.9637		10963.7

		6.9		10933.8		10.9598		10959.8

		6.8		10930.5		10.9558		10955.8

		6.7		10927		10.9519		10951.9

		6.6		10923.3		10.948		10948

		6.5		10919.4		10.944		10944

		6.4		10915.2		10.9399		10939.9

		6.3		10910.7		10.9358		10935.8

		6.2		10906		10.9316		10931.6

		6.1		10900.9		10.9273		10927.3

		6		10895.5		10.9229		10922.9

		5.9		10889.7		10.9185		10918.5

		5.8		10883.6		10.9138		10913.8

		5.7		10877		10.9091		10909.1

		5.6		10870		10.9042		10904.2

		5.5		10862.6		10.8991		10899.1

		5.4		10854.7		10.8938		10893.8

		5.3		10846.3		10.8883		10888.3

		5.2		10837.4		10.8826		10882.6

		5.1		10828		10.8766		10876.6

		5		10818.1		10.8703		10870.3

		4.9		10807.6		10.8637		10863.7

		4.8		10796.5		10.8567		10856.7

		4.7		10784.8		10.8493		10849.3

		4.6		10772.6		10.8414		10841.4

		4.5		10759.7		10.8331		10833.1

		4.4		10746.3		10.8243		10824.3

		4.3		10732.2		10.8149		10814.9

		4.2		10717.4		10.805		10805

		4.1		10702		10.7945		10794.5

		4		10685.9		10.7834		10783.4

		3.9		10669.2		10.7716		10771.6

		3.8		10651.8		10.7591		10759.1

		3.7		10633.8		10.7459		10745.9

		3.6		10615.1		10.732		10732

		3.5		10595.7		10.7173		10717.3

		3.4		10575.8		10.7017		10701.7

		3.3		10555.2		10.6853		10685.3

		3.2		10533.9		10.6681		10668.1

		3.1		10512.1		10.6501		10650.1

		3		10489.6		10.6314		10631.4

		2.9		10466.5		10.612		10612

		2.8		10442.6		10.5919		10591.9

		2.7		10417.8		10.5713		10571.3

		2.6		10391.9		10.55		10550

		2.5		10364.8		10.5282		10528.2

		2.4		10336.2		10.5058		10505.8

		2.3		10305.9		10.483		10483

		2.2		10273.9		10.4598		10459.8

		2.1		10239.9		10.4362		10436.2

		2		10203.7		10.4123		10412.3

		1.9		10165.2		10.388		10388

		1.8		10124.2		10.3635		10363.5

		1.7		10080.3		10.3386		10338.6

		1.6		10032.5		10.3133		10313.3

		1.5		9980.01		10.2877		10287.7

		1.4		9921.93		10.2616		10261.6

		1.3		9857.36		10.2351		10235.1

		1.2		9785.44		10.2082		10208.2

		1.1		9705.26		10.1806		10180.6

		1		9615.94		10.1508		10150.8

		0.9		9516.59		10.1164		10116.4

		0.8		9406.33		10.0751		10075.1

		0.7		9284.27		10.0244		10024.4

		0.6		9149.93		9.96202		9962.02

		0.5		9004.63		9.88548		9885.48

		0.4		8850.18		9.79652		9796.52

		0.3		8688.43		9.7108		9710.8

		0.2		8521.19		9.64693		9646.93

		0.1		8350.3		9.56045		9560.45






