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BATTERY CONTROL METHOD BASED ON 
AGEING - ADAPTIVE OPERATION WINDOW 

Therefore , it is imperative to devise a technique to study 
battery ageing so that the battery can operate in a lower 
stress condition . 

CROSS - REFERENCE TO RELATED 
APPLICATION 5 SUMMARY 

20 

The present application is based on , and claims priority An exemplary embodiment relates to a battery control 
from Taiwan Application Serial Number 103138786 , filed method based on ageing - adaptive operation window . The 
on Nov . 7 , 2014 , the disclosure of which is hereby incor battery control method may comprise : performing a multi 
porated herewith by reference herein in its entirety . 10 dimensional electrochemical impedance spectrum ( MD 

EIS ) method to obtain a three - dimensional Nyquist - vs - SoC 
TECHNICAL FIELD relation diagram ; analyzing the three - dimensional Nyquist 

Vs - SoC relation diagram by using an equivalent circuit 
The technical field generally relates to a battery control model ( ECM ) , to obtain at least one major ageing factor ; 

method based on ageing - adaptive operation ( AOW ) win win . 15 defining a stress index relation of a battery operation win 
dow . dow , and defining , based on the stress index relation , a 

plurality of control reference points for the battery operation 
BACKGROUND window ; and performing a battery discharging control based 

on the plurality of control points . 

The phenomenon that the battery discharging character BRIEF DESCRIPTION OF THE DRAWINGS istics changes throughout the lifespan of a battery is often 
called battery ageing . The effect of battery ageing is often FIG . 1 shows a battery control method based on ageing 
observed in the capacity decay and reduced efficiency . The adaptive operation window , in accordance with an exem 
known battery test techniques usually involve fully charging 25 plary embodiment of the disclosure . 
the battery followed by fully discharging to obtain the actual FIG . 2 shows a schematic view of a multi - dimensional 
battery capacity . In general , the time required to test a electrochemical impedance spectrum test with the test car 
battery ranges from 1 to 10 hours ( 1C to 0 . 1C , C stand for rier wave in a range of 100 kHz ~ 1 mHz , in accordance with 
capacity ) , which causes much inconvenience for the user . an exemplary embodiment of the disclosure . 
Therefore , various researches are conducted by both aca - 30 FIG . 3 shows a schematic view of the real - part impedance 
demics and industry to improve the understanding of the of a multi - dimensional electrochemical impedance spectrum 
battery condition in order to operate the battery within safety and V - Ah characteristics , in accordance with an exemplary 
parametric boundaries to lengthen the battery lifespan and embodiment of the disclosure . 
usage safety . FIG . 4 shows a schematic view of an equivalent circuit 

The common research techniques on battery ageing usu - 35 model , in accordance with an exemplary embodiment of the 
ally employ analysis tools to describe and define the prob - disclosure . 
lems encountered by the battery , followed by performing FIG . 5 shows an operation flow of a transformation of the 
prediction on the battery characteristics and , finally , finding equivalent circuit model of FIG . 4 , in accordance with an 
solutions to the battery ageing problems . Some of the exemplary embodiment of the disclosure . 
descriptive tools include such as , remaining capacity ( de - 40 FIG . 6 shows a schematic view of using the equivalent 
cay ) , impedance ( 1 kHz , DC - IR ) , equivalent circuit model circuit model and the steps in FIG . 5 to determine a Warburg 
( ECM ) , electrochemical impedance spectrum ( EIS ) , and so coefficient W d , in accordance with an exemplary embodi 
on ; and some of the prediction tools include such as , lifetime ment of the disclosure . 
model , remaining usable life ( RUL ) , and so on . Because the FIG . 7 shows a schematic view of the stress factor 
tools used in predicting the characteristics of ageing battery 45 changing versus state of charge ( SoC ) , in accordance with an 
require a large amount of computation , such as , the lifetime exemplary embodiment of the disclosure . 
model and RUL , efficiency becomes an important concern . FIG . 8 shows a schematic view of defining an ageing 

A disclosed technique uses state of charge ( SoC ) mea - adaptive operation window for a battery , in accordance with 
surements , temperature and other parameters , as well as an exemplary embodiment of the disclosure . 
intelligent algorithm , to estimate the current ageing state of 50 FIG . 9 shows a schematic view of the performance results 
the battery . Another technique disclosed a method and of the battery control method , in accordance with an exem 
system of estimating battery state and parameters ( such as , plary embodiment of the disclosure . 
impedance , voltage , current temperature , and so on ) to 
estimate the state of charge and the state of health of the DETAILED DESCRIPTION OF THE 
battery . Yet another technique disclosed a system and 55 DISCLOSED EMBODIMENTS 
method for ensuring the state of health of the battery set , by 
charging the battery set to the fullest and then ensuring the Below , exemplary embodiments will be described in 
open - circuit voltage of the battery set to ensure the state of detail with reference to accompanying drawings so as to be 
health of the battery set . easily realized by a person having ordinary knowledge in the 

In the aforementioned and current battery ageing studies , 60 art . The inventive concept may be embodied in various 
shortcomings exist in actual application tests . For example , forms without being limited to the exemplary embodiments 
the shortcoming of the current EIS technique may include : set forth herein . Descriptions of well - known parts are omit 
( 1 ) long test time : a long duration to charge and discharge is t ed for clarity , and like reference numerals refer to like 
required to measure the EIS in all states of charge of the elements throughout . 
battery ; and ( 2 ) poor reproducibility : as the measurement 65 FIG . 1 shows a battery control method based on ageing 
requires reconnecting the measurement wires , the contact adaptive operation window , in accordance with an exem 
impedance will affect the accuracy of the measurements . plary embodiment of the disclosure . Referring to FIG . 1 , the 
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battery control method performs a multi - dimensional elec serial impedance of the battery , caused by the electrodes , 
trochemical impedance spectrum ( MD - EIS ) method to electrolyte and connecting wires . Rsei and Csei represent 
obtain a three - dimensional Nyquist - vs - SoC relation diagram respectively the impedance and the parallel capacitance of 
( step 110 ) ; analyzes the three - dimensional relation diagram the solid electrolyte interface ( SEI ) film formed on the 
by using an equivalent circuit model ( ECM ) , to obtain at 5 surface of the internal electrodes of the battery . Rct is an 
least a major ageing factor ( step 120 ) ; defines a stress index impedance effect of the charge transfer , representing the 
relation of a battery operation window , and defines , based on resistance experienced by the lithium ion trespassing from 
the stress index relation , a plurality of control reference the liquid electrolyte to the solid electrode interface . Ca 
points for the battery operation window step 130 ) ; and represents the capacitance effect caused by the positive and 
based on the plurality of control points , performs a battery 10 negative electrodes in the battery . Wo is a Warburg coeffi 
discharging control ( step 140 ) . cient , representing the factor of the lithium ion diffusing 

In step 110 , performing the MD - EIS method is that fully within the electrode . A larger Warburg coefficient means a 
charging a battery , and then during a discharging process , lower resistance in diffusion . According to one exemplary 
adding an EIS test carrier wave to a discharging current until embodiment , the stress factor is defined by an impedance 
the battery discharging to a lowest voltage to obtain the 15 coefficient and a Warburg coefficient Wg , and the impedance 
three - dimensional Nyquist - vs - SoC relation diagram . The coefficient includes a charge transfer impedance and an SEI 
test carrier wave may be within a settable range , such as , 100 film impedance . 
kHz - 1 mHz , or 10 kHz - 10 mHz . FIG . 5 shows an operation flow of a transformation of the 

FIG . 2 shows a schematic view of a multi - dimensional equivalent circuit model of FIG . 4 , in accordance with an 
electrochemical impedance spectrum test with the test car - 20 exemplary embodiment of the disclosure . Referring to FIG . 
rier wave in a range of 100 kHz ~ 1 mHz , in accordance with 5 , the operating flow of the ECM transformation may 
an exemplary embodiment of the disclosure . Wherein , each include : distinguishing a total impedance R . ( = a charge 
of the curves 201 ~ 209 represents the result obtained by transfer impedance Rc + a serial impedance R + a SEI film 
performing the EIS test during the discharging process after impedance ) from the inductance effect L and R . ( step 510 ) ; 
fully charging the battery . The first test result is shown as the 25 separating the serial impedance R , from the total impedance 
curve 201 , which is the Nyquist diagram in a fully charged Rall ( step 520 ) ; after separating the serial impedance R from 
state . The curve 201 includes the frequency response for the the total impedance Rall , using the remainder ( charge trans 
10 KHz - 0 . 0158 Hz , wherein Z ' is the real - part impedance fer impedance R + SEI film impedance ) to determine a 
and Z " is the imaginary - part impedance . During the dis - stress factor coefficient R , ( step 530 ) , wherein the R , 
charging process , the EIS test can be performed again at a 30 represents the stress factor coefficient of the battery charac 
specific discharge capacity to obtain curves 202 209 , teristics , and resolving and determining the Warburg coef 
respectively . The changes of the curves with respect to the ficient Wa ( step 540 ) . FIG . 6 shows a schematic view of 
discharge capacity show the battery characteristics from the using the equivalent circuit model and the steps in FIG . 5 to 
fully charged state to a lowest voltage state . The collection determine a Warburg coefficient W? , in accordance with an 
of the curves 201 – 209 are called as a MD - EIS diagram , i . e . , 35 exemplary embodiment of the disclosure . First , the total 
the three - dimensional Nyquist - vs - SoC relation diagram . impedance R , may be determined as follows : the curve 

After obtaining the three - dimensional Nyquist - vs - SoC below zero along - Z " is considered as the effect of L and Ro ; 
relation diagram , the method uses the real - part impedance of and an end Warburg effect at the frequency lower than 1 Hz 
a multi - dimensional electrochemical impedance spectrum is to find , which has the feature of consistent increase in the 
and V - Ah characteristics , as shown in FIG . 3 , to obtain a 40 real - part and the imagery - part , thus there is a 45° slope in the 
relation between the voltage abrupt decrease at low battery Nyquist diagram ; then , the impedance R , is separated ( step 
SoC and the abrupt increase of the real - part impedance in the 520 ) , which is the horizon value of the intersection with the 
MD - EIS diagram . Also , as the battery approaching the fully Z ' axis in the Nyquist diagram ; determining the stress factor 
charged state , the impedance increases . As shown , a curve coefficient R . by using R & + Rsei ( step 530 ) , wherein Rw has 
301 is the battery voltage vs . discharge capacity , and shows 45 the value of the Z ' value of the Warburg effect origin minus 
the voltage change as the battery discharging from a full R ( as shown in FIG . 6 ) ; and finally , a numeric fitting 
battery state to a low capacity at a fixed current . The abrupt method is used to determine the Warburg coefficient W , in 
decrease appears roughly at the discharge capacity 3 Ah . the Nyquist diagram ( step 540 ) . It should be noted that the 
However , as shown in transition from the Nyquist diagram stress factor coefficient R , equals to R + Rei 
in FIG . 2 to the real - part impedance vs . discharge capacity 50 FIG . 7 shows a schematic view of the stress factor 
diagram , the curves 201 - 209 during the discharging process changing versus state of charge ( SOC ) , in accordance with an 
can be observed that the real - part impedance of the battery exemplary embodiment of the disclosure . As shown in FIG . 
increases as the discharge capacity increases at the low 7 , a curve 701 and a curve 702 represent respectively the 
frequency range ( 0 . 1 Hz - 0 . 0158 Hz ) , and the abrupt increase changes in Rd and W , as the discharge capacity increases of 
appears roughly at the discharge capacity 2 . 5 Ah . Therefore , 55 a fresh battery ; while a curve 703 and a curve 704 represent 
the MD - EIS test may detect the battery experiencing a large respectively the changes in R , and W , as the discharge 
discharge stress at an earlier time than the voltage vs . capacity increases after the fresh battery gone through 100 
discharge capacity curve 301 . cycles of charge - and - discharge . In comparison , a curve 705 

Step 120 is to uses an ECM to analyze the three - dimen - and a curve 706 represent the result by using a conventional 
sional Nyquist - vs - SoC relation diagram to obtain at least 60 DC - IR test . The abrupt change phenomenon appears in both 
one major ageing factor , wherein the at least one major FIG . 3 and FIG . 7 . As shown , the R , and the W parameters 
ageing factor further includes a stress factor coefficient . FIG . abruptly increase at 2 . 2 Ah in the MD - EIS while the abrupt 
4 shows a schematic view of an equivalent circuit model , in increase phenomenon appears at 2 . 8 Ah in the DC - IR test . 
accordance with an exemplary embodiment of the disclo - Thus , the MD - EIS and the ECM test may detect the battery 
sure ; wherein L and R , represent the high frequency char - 65 operation stress earlier than the DC - IR test , and may prepare 
acteristics of the battery in EIS test , caused by the induc - to control the battery accordingly to prolong the lifetime . In 
tance effect of the metal parts in the battery . R , is an internal contrast , when the conventional DC - IR detects the abrupt 
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increase , the battery is nearly exhausted , wherein the adjust - In FIG . 8 , the corresponding stress indices for the fresh 
ment range and the effect are limited , and ageing caused by and aged batteries are S3 and S4 , respectively . The ratio of 
the stressed operation is irreversible . S3 / S1 is 23 . 8 / 12 . 8 . Therefore , the control start point ( S4 ) for 

Referring back to step 130 in FIG . 1 , an stress index the aged battery may be selected with the rule S4 / S2 = S3 / S1 . 
relation of an operation window is defined , and a plurality of 5 If the aged battery only starts to control until discharging to 
control reference points for the battery operation window are point S3 , the stress index will increase to accelerate ageing 
defined based on the stress index relation . As the trends of defined based on the stress index relation . As the trends of process . In other words , the control start point for an aged 
the changes in the stress factor coefficient R . and the battery is selected by following the S4 / S2 = S3 / S1 rule , 
Warburg coefficient Wavs . SoC shown in FIG . 7 , the trend wherein S1 and S2 correspond respectively to the lower 
may be used to define operation window parameters for the 10 stress index for the fresh and aged batteries in the 50 % SOC 
battery , which include the relation of the voltage and current region , and S3 and S4 correspond respectively to the control 

start point for the fresh and aged batteries . of the battery and SoC . For example , by using the stress Then , the stop point of battery charging is selected . As 
factor coefficient Rw and the Warburg coefficient W , around shown in FIG . 8 , the selection of a stop point of battery the 50 % SoC of the battery as a lowest stress index , the start 15 charging follows a rule similar to the selection of the control point for controlling the operation window can be found by start point , i . e . , S8 / S2 = S7 / S1 , wherein S7 and S8 are the comparing the ratio of the stress indices of the full charge points where the fresh and aged batteries charged to the and the lowest capacity with the lowest stress index each charging voltage and the cutoff current specified by the other . For example , the control parameters may include a manufacturer respectively . And , the stop point of battery maximum current ( charging , discharging ) allowable point , a 20 omn : a 20 discharging is selected . When the battery ages , as the 100h final voltage operation point ( charging voltage , lowest dis cycle battery shown in the exemplar of FIG . 8 , the stress charging voltage ) , and the start and end points of the battery index curve also shifts . The selection of the stop point of discharge window . A stress index of an operation window is battery discharging is that the fresh battery and the aged a combination of the stress factor coefficient R . , and War battery should display the same stress index , i . e . , S5 and 56 , burg coefficient Wd . For example , the stress index of an 25 where the two points have the same stress index . In other operation window may be expressed as follows : words , S5 and 56 represent respectively the stop point of 

battery discharging for fresh and aged batteries , and show Stress index = Rwx ( x ) + Wa * ( 1 - x ) ( 1 ) the same stress index . 
Wherein , x is a value between 0 and 1 . A preferred appli - FIG . 9 shows a schematic view of the performance results 
cation is to adjust the charging or discharging parameters as 30 of the battery control method , in accordance with an exem 
the battery ages . For example , if the lifetime of a battery is plary embodiment of the disclosure . Wherein , point A is a 
3000 cycles of charging and discharging , the adjustment control start point of the operation window , with a discharg 
may be performed every 300 - 500 cycles . Alternatively , the ing C - rate at the maximum recommended by the manufac 
lifetime of the battery is estimated as 10 years , and the turer . Point B is a stop point for battery discharging , with a 
adjustment may be performed every half year or a year . 35 discharging C - rate slightly lower than the maximum recom 

In the following exemplary embodiments , the x in the mended by the manufacturer . The dash line represents a 
relation ( 1 ) is set as 1 , and the corresponding stress index plurality of relation curves of the voltage vs . discharge 
equals to Rw . The following description explains the selec - capacity without the operation window control . Window C 
tion of a discharge control start point of an operation shows a larger dispersion than the result with operation 
window for the battery , a stop point of the battery charging , 40 window control , which means that the postponing of the 
and a stop point of battery discharging to achieve controlling ageing by controlling operation window is better than the 
the operation window as the battery ages so as to prolong the discharging recommended by the manufacturer . As shown in 
lifetime of the battery . In other words , in accordance with FIG . 9 , the maximum discharge current 2C ( C stands for 
one exemplary embodiment , the plurality of control refer - battery discharge C - rate ) is adjusted to 0 . 1C ( or smaller 
ence points may further include a control start point , a stop 45 discharging value ) at point B ( 2 . 8 Ah ) when the discharge 
point of battery discharging and a stop point of battery capacity is at 2 . 45 Ah ( point A ) . With point A and point B , 
charging . the current value between the two points can be defined . The 

First , the discharging control point of the operation win - present exemplary embodiment uses a linear equation to 
dow is selected . FIG . 8 shows a schematic view of defining define the current value at each SoC . When aged , the battery 
an ageing - adaptive operation window for a battery , in accor - 50 may utilize the remaining capacity more efficiently when 
dance with an exemplary embodiment of the disclosure . discharging , in comparison with the approach without the 
Wherein a curve 801 represents the stress index for a fresh aged - adaptive control . In addition , the battery ages at a 
battery , and a curve 802 represent the stress index for an slower pace with the aged - adaptive control method . Another 
aged battery . It may be seen from the definition scheme approach to further utilize the battery is to allow the battery 
shown in FIG . 8 , the stress factor coefficient R , of the fresh 55 to discharge at a current higher than recommended by the 
and aged ( e . g . , after 100th cycles ) changes with SoC , and manufacture when the battery is in a region of a lower stress 
reaches the minimum at around 50 % SoC . Within this index . Because the battery operates under the higher stress 
region , the lower stress indices for fresh and aged batteries index in the low capacity and full capacity , the battery can 
are S1 and S2 respectively . When the battery capacity is low , provide more cycles than operating at the parameters rec 
the stress index will rise abruptly , so that a point , for 60 ommended by the manufacturer . 
example , with a value 5 % - 50 % higher than 50 % SoC , can be In summary , according to the exemplary embodiments of 
selected to start controlling . In the low capacity region , the the present disclosure , a battery control method based on 
fresh and aged batteries also have higher stress indices . In ageing - adaptive operation window is provided . the battery 
other words , a control start point may be selected as a point control method includes : performing a multi - dimensional 
where the battery corresponding to a value 5 % - 50 % higher 65 electrochemical impedance spectrum method to obtain a 
than 50 % SoC , and the adjustment control may start after the three - dimensional Nyquist - vs - SoC relation diagram ; ana 
selection . lyzing the three - dimensional Nyquist - vs - SoC relation dia 



US 9 , 859 , 736 B2 
gram by using an equivalent circuit model ( ECM ) , to obtain teristics at a specific discharge capacity , and a set of the 
at least one major ageing factor , defining a stress index plurality of curves represents the plurality of battery char 
relation of a battery operation window , and defining , based acteristics from a full charged state to a lowest capacity state . 
on the stress index relation , a plurality of control reference 3 . The battery control method as claimed in claim 1 , 
points for the battery operation window ; and performing a 5 wherein a transformation process of the equivalent circuit 
battery discharging control based on the plurality of control control based on the plurality of control model comprises the steps of : 
points in the three - dimensional Nyquist - vs - SoC relation dia 

The battery control method based on the ageing - adaptive gram , distinguishing a total impedance and separating 
operation window does not rely on the experimental trial and from an inductance effect caused by metal elements of 
error approach , but on the battery electrochemical imped - 10 a battery at high frequency region , wherein the total 
ance theory to save time and cost in defining the preferred impedance is the sum of a serial impedance in the 
operation window for the battery . The method is applicable battery , an impedance of a solid electrolyte interface 
in an offline and / or periodic manner to test the battery set , or ( SEI ) film impedance formed on a surface of an elec 
embedded in a battery management system ( BMS ) to com trode of the battery and a charge transfer impedance ; 
pute operation window parameters for a battery to prolong 15 separating the serial impedance from the total impedance ; 
the lifetime of the battery . The method does not require determining the stress factor coefficient by using the 
additional hardware and is applicable to current mobile charge transfer impedance and the SEI film impedance ; 
devices , electric car systems , smart grid battery reutilization and 
selection techniques , and so on . resolving and determining a Warburg coefficient . 

It will be apparent to those skilled in the art that various 20 4 . The battery control method as claimed in claim 1 , 
modifications and variations can be made to the disclosed wherein the impedance coefficient includes a charge transfer 
embodiments . It is intended that the specification and impedance and a SEI film impedance . 
examples be considered as exemplary only , with a true scope 5 . The battery control method as claimed in claim 1 , 
of the disclosure being indicated by the following claims and wherein the plurality of control reference points further 
their equivalents . 25 include a control start point , a stop point of battery discharg 
What is claimed is : ing , and a stop point of battery charging . 
1 . A battery control method based on ageing - adaptive 6 . The battery control method as claimed in claim 5 , 

operation window , comprising the steps of : wherein the control start point is defined as a point with a 
performing a multi - dimensional electrochemical imped stress index value 5 % - 50 % higher than the value at 50 % 

ance spectrum ( MD - EIS ) method to obtain a three - 30 - 30 SoC to start controlling the battery . 
dimensional Nyquist - vs - SoC relation diagram ; 7 . The battery control method as claimed in claim 5 , 

wherein a selection of the control point for an aged battery analyzing the three - dimensional Nyquist - vs - SoC relation 
diagram by using an equivalent circuit model ( ECM ) , follows an S4 / S2 = S3 / S1 rule , wherein S1 and S2 are the 

lower stress indices for a fresh and the aged battery in a 50 % to obtain at least one ageing factor ; 
defining a stress index relation of a battery operation 35 DO . arv oneration 35 SoC region respectively , and S3 and S4 are the control start 
window , and defining , based on the stress index rela points for the fresh and the aged batteries respectively . 

8 . The battery control method as claimed in claim 5 , tion , a plurality of control reference points for the wherein a selection of the stop point of battery charging for battery operation window ; and 
performing a battery discharging control based on the an aged battery follows an S8 / S2 = S7 / S1 rule , wherein 51 

plurality of control reference points ; 40 and S2 are the lower stress indices for a fresh and the aged 
battery in a 50 % SoC region respectively , and S7 and S8 are wherein the at least one ageing factor further includes a 

stress factor coefficient ; the stop points of battery charging for the fresh and the aged 
batteries respectively . wherein the stress factor coefficient includes an imped 

ance coefficient and a Warburg coefficient ; 9 . The battery control method as claimed in claim 5 , 
wherein the stress index relation is defined as impedance 45 ce 45 wherein a selection of the stop point of battery discharging 

coefficientx ( x ) + Warburg coefficientx ( 1 - x ) , where x is for an aged battery is as follows : 

a value between 0 and 1 . S5 and S6 represent the stop points of battery discharging 
2 . The battery control method as claimed in claim 1 , for a fresh and the aged batteries respectively , and the 

wherein the three - dimensional Nyquist - vs - SoC relation dia selection of S6 results in that S6 has the same stress 
gram further includes a plurality of curves , each of the 50 index as S5 . 
plurality of curves represents a plurality of battery charac * * * * * 


