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HIGHLIGHTS

® Applied an extra current excitation to reduce polarization voltage.

® Analyzed parametric sensitivity of current excitation to model parameters.
® Developed a method to determine the parameters for the current excitation.
® Shortened the test time due to the active polarization voltage reduction.

® Validated the feasibility and superiority with experiments.

ARTICLE INFO ABSTRACT

Keywords: The correlation between state of charge (SoC) and open-circuit voltage (OCV) is a crucial characteristic para-
Lithium-ion battery meter in many aspects of the battery management system (BMS). However, it is a challenging task to obtain the
Open-circuit voltage (OCV) accurate SoC-OCV correlation with a high test efficiency. In this paper, an improved OCV characterization test is

OCV characterization test
Equivalent circuit model (ECM)
Polarization effect

proposed to actively reduce the polarization voltage. Based on the third-order equivalent circuit model (ECM),
two sets of current pulses are applied to accelerate the convergence of the battery terminal voltage, thus the test
time is effectively shortened compared to the conventional incremental OCV characterization test. Furthermore,
the parametric sensitivity of the imposed current excitation to battery model parameters is analyzed.
Subsequently, the parametric determination method for the imposed current excitation is provided. Experiments
are conducted on a lithium-ion polymer battery to prove the feasibility of the proposed test procedure.
Comparison with the conventional OCV characterization test further demonstrated the superiority of the pro-
posed test procedure.

Relaxation behavior

1. Introduction coulomb counting-based estimation method is often combined with the
OCV-based estimation method to determine the initial SoC and recali-

In recent years, lithium-ion batteries have become the favorable brate the estimation result [7,8]. For the SoP estimation, the SoC-OCV
choice for electric vehicles (EVs) due to their low self-discharge rate, correlation is also an important characteristic parameter to calculate
long cycle life, high energy and power capabilities [1,2]. Nevertheless, the peak current [9]. In addition, the SoC-OCV curve can be employed
despite the above advantages, a well-designed battery management to identify the battery aging level through differential voltage analysis
system (BMS) is still crucial to ensure the safe and reliable operation of or incremental capacity analysis techniques [10,11]. Hence, the OCV as
the battery system. Several essential states of batteries, including the a function of SoC is a critical characteristic parameter in many aspects

state of charge (SoC) [3], state of power (SoP) [4], and state of health of the battery technology.
(SoH) [5,6] should be monitored accurately by the BMS. In advanced

monitoring algorithms, the accurate estimation of battery states is 1.1. Review of the literature
generally associated with the correlation between SoC and open-circuit
voltage (OCV). In the SoC estimation technique, the commonly used When the battery is under the current excitation, the measured
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terminal voltage involves not only the OCV but also the overvoltage
representing a series of polarization effects. Since these effects cannot
be measured directly by physical sensors and can exist up to several
hours after the current interruption, the battery terminal voltage only
approximates the OCV after the long-time relaxation process, until all
polarization effects nearly vanish [12]. Hence, it is a challenging task to
obtain OCV values over a wide SoC range with high accuracy and ef-
ficiency. Generally, there are two typical kinds of methods to determine
the SoC-OCV correlation: model-based and test-based methods.

The model-based methods generally estimate the polarization vol-
tage V,, based on the equivalent circuit model (ECM), then the battery
OCV can be calculated by subtracting V,, from the measured terminal
voltage. This type of methods can be further classified into two groups,
namely, the OCV prediction methods in the idle condition and the OCV
estimation methods in the operation condition. The former group of
methods generally utilize the voltage relaxation model to asymptoti-
cally fit the measured battery terminal voltage after the current inter-
ruption, then the OCV can be predicted by extrapolating the employed
voltage relaxation model. In [13] the battery OCV is predicted by an
adaptive approach, and the employed model consists of a ZARC-ele-
ment and a voltage source in series. Ref. [14] establishes an asymptotic
function to approximate the battery relaxation behavior, and the ex-
trapolation of the voltage relaxation allows a fast prediction of the
battery OCV. From the perspective of the OCV estimation methods in
the operation condition, the battery OCV along with other battery
parameters (e.g., SoC, impedance parameters, and capacity) are usually
identified based on the estimation difference between the model output
voltage and the measured terminal voltage. A variety of filters or ob-
servers, such as recursive least squares [15], extended Kalman filter
[16], H-infinity filter [17], adaptive observer [18], etc., are employed
to recursively minimize the estimation difference. One common ad-
vantage of the model-based methods is that the long-time relaxation
process is not needed to eliminate the influence of the polarization
voltage, as the battery OCV can be obtained online. However, it has to
be noted that three disadvantages exist concerning this type of tech-
nique. Firstly, the accuracy of the obtained OCV is closely related to the
fidelity of the employed model. However, because of the limited com-
putational capability of the onboard microcontroller, the employed
model is not guaranteed to characterize the polarization effects as
precisely as possible [19]. As a result, the estimated OCV generally
deviates from the actual value as it consists of the overvoltages re-
presenting slow-dynamics polarization effects (e.g., the effect of diffu-
sion processes etc.). Secondly, the complete SoC-OCV correlation is only
available when the battery experiences the full discharge/charge pro-
cess. In fact, only pieces of the SoC-OCV correlation can be obtained
due to the incomplete real conditions (especially driving cycles in EVs).
In order to obtain a complete SoC-OCV correlation, Ref. [20] proposes a
data pieces-based parameter identification method to connect multiple
SoC-OCV pieces. However, it requires a large amount of test data pieces
to cover a wide SoC range. Thirdly, the OCV and other model para-
meters are integrated together in the estimation process, thus the cross
interference caused by the integration can lead to an inaccurate OCV
estimation, which is especially pronounced for the OCV estimation
methods in the operation condition [15,21].

For the test-based methods, the polarization voltage is generally
reduced or even eliminated during the test procedure, thus the OCV can
be obtained directly from the battery terminal voltage. One of the
commonly used test-based methods is the low-current OCV character-
ization test, which employs the low C-rate (e.g. C/20) constant-current
(CQ) to discharge/charge the battery [8,22-24]. The advantage of this
method is that the resolution of the SoC-OCV correlation is high, be-
cause of the continuous SoC variation during the test. However, even
with the low C-rate, the polarization effects still exist because of the
continuous current excitation, especially at extreme SoC ranges, which
affects the accuracy of the obtained OCV [25]. An alternative test-based
method is the incremental OCV characterization test. In which the
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battery is discharged/charged incrementally (e.g. 10% SoC interval),
and followed by a long-time relaxation process [26-30]. Refs.
[14,17,24] have concluded that the SoC-OCV correlation obtained from
the incremental OCV characterization test is more reliable than from
the low-current OCV characterization test. It is mainly because in the
incremental OCV characterization test, polarization effects are nearly
eliminated after the long-time relaxation process. Thus, the directly
measured terminal voltage can be considered as the battery OCV.
However, due to the long-time relaxation process, an extensive test time
is required to obtain the complete SoC-OCV correlation for the incre-
mental OCV characterization test.

1.2. Contributions of the paper

Based on the aforementioned analysis, the test-based methods,
especially the incremental OCV characterization test, can obtain the
SoC-OCV correlation with a higher accuracy, in comparison to model-
based methods. However, the long relaxation time makes the whole test
too time-consuming. As the long-time relaxation process is used to
eliminate the influence of the polarization voltage, we had a question,
why not we actively minimize the polarization voltage to accelerate the
convergence speed of the battery terminal voltage? Hence, an improved
OCV characterization test using active polarization voltage reduction
method is proposed in this paper. The main contributions of this paper
are:

(1) A certain form of the current excitation is first introduced to ac-
celerate the voltage convergence of the RC network. By analyzing
the overvoltage across the first-order RC network, it is proved that
the voltage response under the specific current excitation shows a
faster convergence performance, in comparison to that under the
self-rest condition.

Two sets of current pulses are applied to ensure a fast convergence

of the battery terminal voltage. According to the frequency range of

physical processes occurring under the open-circuit condition, a

third-order ECM is adopted to describe the relaxation behavior.

Based on the employed ECM, two sets of current pulses are utilized

to actively minimize the overvoltages across the middle- and long-

term RC networks, which correspond to the effects of middle- and
low-frequency polarizations, respectively.

(3) The parameter calculation method is provided to predetermine the
imposed current excitation. The impact of the model parameter
variation on the imposed current parameters is investigated. Based
on this, the parameter calculation method considering the influence
of the SoC is provided. The experiment results demonstrate the
superiority of the proposed test method in terms of the convergence
speed.

(2

2. Battery relaxation model

The ECM is widely employed to characterize the physical processes
occurring in the battery [31-33]. The common structure of an ECM is
shown in Fig. 1, where the ideal voltage source Vo stands for the OCV,
the Ohmic resistance R, is related to the electrolyte and connection

R,

VOC

O

Fig. 1. The general equivalent circuit model.
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Fig. 2. The equivalent circuit models to represent the concentration polariza-
tion processes.

resistance, the RC network (R, .//Cpa) represents the effect of the
activation polarization (charge-transfer and double-layer), and the
Warburg impedance Z,, is correlated with the effect of the concentra-
tion polarization (mass transport), which is mainly due to the diffusion
processes.

In general, the majority of the concentration polarization processes
have larger time constants compared to the Ohmic resistance and ac-
tivation polarization processes [34]. Hence, the concentration polar-
ization is largely responsible for the overvoltage variation during the
long-term relaxation process. Typically, considering a limited-length
diffusion condition and neglecting the high-frequency dynamics, the
Warburg impedance Z,, can be represented by a parallel resistance R,,
and constant phase element (CPE) circuit as illustrated in Fig. 2, and the
corresponding impedance is expressed as [13,35]

Ry

Zhelizers = TR Ag Gy

(€8]

where A is a parameter of CPE, a is the depression parameter. By
applying an inverse transformation on (1) to the time domain, it can be
found that the R,,//Zcpg circuit can be completely modeled by an in-
finite number of RC networks with slightly different time constants, as
shown in Fig. 2 [36].

The ECM shown in Fig. 2 consists of a large number of circuit
parameters, which would result in the massive parameterization effort
and the convergence problem [4,37]. Generally, the frequency domain
of the concentration polarization covers a wide range of frequency,
from 107 Hz up to 10° Hz [38]. It is a good compromise to abandon the
extremely low-frequency component because the corresponding over-
voltage built up during the incremental charge/discharge period is
negligible. Besides, compared to completely modeling of polarization
effects, the RC networks which represent typical dynamic character-
istics of polarization effects would be needed for the proposed method
as will be discussed in Section 3. Hence, considering the tradeoff among
the parameterization effort, the convergence performance and the
model fidelity, a third-order RC network with different orders of time
constants is employed to characterize the effect of the concentration
polarization in this study. Specifically, effects of activation and high-
frequency concentration polarizations are modeled as one RC network
(Rp,1//Cp,1) due to similar frequency characteristics.

The detailed architecture of the ECM with the third-order RC net-
work is shown in Fig. 3 [39,40], where V,,; (i = 1, 2, 3) denotes the
overvoltage across the corresponding RC network (R, ;//C, ). Specifi-
cally, the time constant of R, ;//C,; increases with the increasing index,
i.e.,, V1, Vo2 and V, 3 model the overvoltages caused by the high-,
middle- and low- frequency polarization effects, respectively, as illu-
strated in Fig. 3.

The electrical behavior of the third-order ECM can be expressed as
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time
Fig. 3. The third-order equivalent circuit model.
dv,: Vi
Cpi—m+ =1
dt Ry, 2
3
Vi=Voc+ IR, + D, Vpi
i=1 3

where R, ; and C,,; represent the polarization resistance and the polar-
ization capacitance, respectively, V; represents the battery terminal
voltage, and I is the load current (the positive value denotes charging
and the negative value denotes discharging).

Specifically, the detailed expression of V,,; can be derived by solving
(2),

Vp.i(t) = Vp,:(0) exp(—t/1p,;) + IR, ;[1 — exp(—t/7,,)] 4)

where V,,;(0) represents the initial overvoltage across the corresponding
RC network, which is caused by the preceding charge or discharge
period, 7,; (i = 1, 2, 3) is the time constant of the corresponding RC
network and z,; = R, ;Cp;.

It should be noted that the load current I equals zero under the
open-circuit condition, thus the overvoltage across R, can be omitted.
Hence, the overvoltage caused by the polarization effects during the
relaxation period can be expressed as

3
Vpi(t) = V(1) = Voc (D) = ) V;.i(0) exp(—t/7,,)

i=1

G))

3. Proposed active polarization voltage reduction method

As mentioned above, the overvoltages caused by the middle- and
low-frequency polarization effects can be modeled as V,,, and V, 3 in
the third-order ECM, and a long period of relaxation time is generally
required for them to reach the steady state. However, based on the
characteristic of the RC network, a certain form of the current excita-
tion can be applied to accelerate the voltage convergence, which will be
illustrated in detail as follows.

3.1. Analysis of the RC network voltage response

3.1.1. The first-order RC network

Considering a scenario that the RC network is firstly discharged by a
current pulse with amplitude |I,| and time duration T,, the corre-
sponding voltage response at time T, (point B in Fig. 4(a)) can be de-
rived based on (4),

Vp,curr(Tp) = Vp(o) eXp(_Tp/Tp) — LI Ry [1- EXP(—Tp/Tp)] (6)
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(a) Scenario 1.
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(b) Scenario 2.

Fig. 4. Schematic of current excitations (solid line) and corresponding voltage responses (dashed line).
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Fig. 5. Schematic of the proposed current excitation (solid line) and corre-
sponding voltage responses (dashed lines).

where I, represents the imposed current, a positive value represents the
charging case and a negative value represents the discharging case,
V,(0) is the overvoltage across the RC network at the beginning of the
current pulse (point A in Fig. 4(a)), which can be expressed as

Vp(O) = IdRp [1 - exp(_Td/Tp)] 7)

where I; and Ty are the current and the time duration of the preceding
charge/discharge period, respectively.

Afterwards, the RC network is immediately charged by a current
pulse with the same amplitude and time duration, as shown in Fig. 4(a).
The corresponding voltage response at the end of the second current
pulse (point C in Fig. 4(a)) can be expressed as

Vp,curr(ZTp) = Vp,curr(Tp) exp(_Tp/Tp) + |Ip| Rp [1- exp<_Tp/Tp)] 8

Substituting (6) into (8), Vp,curr(2T,) can be further expressed as

Vi eurr 2Ty) = V,(0) exp(=2T,/7,) + 1,1 R,[1 — exp(—T,/z,) 2 ©

For the self-rest scenario, the RC network voltage at time 2T, is
expressed as

Vp,rest (ZTp) = Vp(o) exp(_ZTp/Tp) (10)

It can be concluded from (9) and (10) that V,, ,»(2T,) is larger than
Vp,rest(2T,) because of the second term in (9). In other words, if V,(0) is
negative, V,, o, Will converge toward zero first in comparison to V), reg:.

Similarly, if the RC network is imposed by the current excitation as
shown in Fig. 4(b) (scenario 2), the corresponding voltage response at
point D is expressed as

Vp,curr(ZTp) = Vp(o) exp(_ZTp/Tp) - IIp| Rp [1 - exp(_Tp/Tp)]2 (11)

It can be concluded from (10) and (11) that V}, . after this kind of
current excitation is lower than V, ., after the relaxation time of 2T},
which means that V), .., also shows a faster convergence speed with the
positive initial value compared to V), rer.

3.1.2. The second-order RC network

Based on the aforementioned analysis, the RC network voltage
shows a faster convergence speed under the specific set of current
pulses. In addition, since the charge and discharge pulses possess the
same current amplitude and duration, the values of SoC before and after
the current excitation are identical. Hence, in the incremental OCV
characterization test, the predesigned current excitation can be em-
ployed to actively reduce the polarization voltage, and thus the test
time is shortened. For the fast-dynamics polarization effects, a short
period of relaxation time is required for the corresponding overvoltage
Vp,1 to reach the steady state. Hence, in this study, only the polarization
voltages represented by V,, and V), ; are actively reduced due to the
slow dynamic characteristics. To simplify the discussion, only the in-
cremental discharge test is considered in this study. The derivation for
the charge case can be conducted in a similar way.

Since V,, 3 caused by the low-frequency polarization effects is the
main factor to the long relaxation time, a set of current pulses (the
waveform is similar to that in Fig. 4(a)) are first imposed on the battery
to accelerate the convergence of V), 5. Assuming V,, 3 equals zero at the
end of the current excitation (point G in Fig. 5), the relevant current
amplitude |I, 3| and the time duration T, 5 should be constrained by the
following equation

Vp3(2Tp3) = Vp,3(0) exp(—2T},3/7p,3) + U3l Ry3[1 — exp(=Tp3/73)
=0 a2
where V,, 5(0) is negative after the preceding discharge period (point
E in Fig. 5).
For the middle-term RC network (Rp.//C, ), the corresponding
overvoltage at time 2T, 3 can be expressed as

Vp2 (2T, 3) = V,2(0) exp(—2T},3/752) + 31 Ry2[1 — exp(=Tp3/752) 1
(13)

Considering the values of Ty and T, 3, (referring to Section 4), and
the change rate of the exponential function (referring to Appendix A), it

can be obtained that
exp(_Td/Tp,i) ~ EXP(—Tp,3/Tp,i) (14)

Hence, (12) can be further rewritten as follows on the basis of (7)
and (14).
_ V5,3(0) exp(—2T,,3/7p,3) _

|Ip,3| Rp,3 [1 - exp(_TpJ/Tp,.’:)]z

Iyexp(—2T,3/7y3)
I 3[1 — exp(=Tp,3/1,3)]

(15)

Since 7,5 and 7,3 are well-separated (time constants can be con-
sidered as well-separated if 7, 3 = 57,5 [41]), it can be derived that

exp(—2T,3/7p2) < exp(—2Tp3/13) (16)

1- eXP(_Tp,S/Tp,Z) >1- eXP(_Tp,3/Tp,3) a7

Based on (15), (16) and (17), the following relationship can be
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obtained.

_ V;,3(0) exp(—2T}, 3/7p,3)
|Ip,3| Rp,3[1 - EXP(—Tp,3/Tp,3)]2

<0

V5,2(0) exp(—2T},3/7,,5)
I3l Rp2[1 — exp(—Tp /1)
(18)

Considering (13) and (18), it can be further obtained that

Vp,2(2Tp,3) = Vp’z(o) eXp(—szvg,/Tp'z) + |IP,3| vaz [1 - eXp(—Tp,3/‘rpvz)]2

>0 19)

It concludes that V}, »(2T},3) can be qualitatively determined as the
positive value, as shown in Fig. 5 (point H). Hence, the polarization
voltage represented by V, , cannot be eliminated or effectively reduced
by the above current excitation, and another set of current pulses, with
the waveform similar to that in Fig. 4(b), are applied immediately after
the first current excitation to overcome the above problem, as shown in
Fig. 5. Assuming V,, , equals zero at the end of the current pulses, the
following relationship can be derived on the basis of (11).

V2T, + 2T, 3) = V2 (2T, 3) exp(—2T,,5/7p,2)

- |Ip,2| Rp,2 [1 - eXp(_Tp,Z/Tp,Z)]Z =0 (20)

Theoretically, V,,, can be eliminated after the second set of current
pulses. On the other hand, since V,3(2T,3) =0, V,3 at time
2T, 3 + 2T, 5 (point J in Fig. 5) can be expressed as

Vp3(2Tp 3 + 2Tp5) = =I5l Ry3[1 — exp(=Tp/7,3) ] 21)

Generally, T, is far less than 7,3, which can be verified from the
designed parameters in Section 4. Hence, the term [1 — exp(— T,/
7,,3)]% in (21) is close to zero and V,, 5 maintains a low value after the
second set of current pulses.

3.2. Parameter determination of the imposed current excitation

3.2.1. Relationship between |I,;| and T,;
Based on (12) and (20), |L,;| can be obtained with the pre-
determined Ty, ;.

Vp,i,init! €Xp(=2T},i/7p,1)
Rp,i [1 - exp(_Tp,i/Tp,i)]z ’

1Ll =
P (22)
where |V}, ; | is the amplitude of the initial RC network voltage at the
beginning of relevant current pulses, such as point E (i = 3) and point H
(i = 2) in Fig. 5. For the long-term RC network (i = 3), |V} 3,ini| is de-
fined as

Vo, 3,imic|=Hal Rp3,4[1 — exp(—Ta/7,3)] (23)

where Rj 34 is the average long-term resistance covering the incre-
mental discharge period.
For the middle-term RC network (i = 2), |V}, 2 mi| is defined as

Vp2,imitl = |1/1),2(721)|3XP(—2TP,3/TP,2) + 3l Rp,Z[l - eXP(—Tp,s/Tp,z)]z
|Vp,2(1:1)|=|1d| Rp,z,d [1 - eXp(_YZi/Tp,Z)]

(24

where R, 5 g4 is the average middle-term resistance covering the incre-
mental discharge period, V,,»(Ty) is the overvoltage caused by the in-
cremental discharge period (point F in Fig. 5).

It can be concluded from (22)-(24) that except the definition of the
initial voltage, the expressions of |I,;| for two sets of current pulses
have the identical form. In order to simplify the analysis, only the re-
lationship between |I, 3| and T, 5 is discussed in this section.

Based on (22) and (23), the evolution of |I, 5| (in the form of C-rate)
with respect to T, 5 is plotted as a solid curve in Fig. 6. In addition, the
dashed curve in Fig. 6 illustrates the SoC variation during one charge/
discharge pulse (ASoCsz) with respect to the different T, 3. The para-
meters in (22) and (23), i.e., |I4], T4, Rp 3,4, Rp 3 and 7,3, are obtained
from the impedance characterization test at around 30% SoC. It can be
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Fig. 6. Evolution of |I, 3| and ASoC; with respect to T} 3.

seen from the figure that both |I, 3| and ASoC; achieve high values with
the low T, 3. For example, when T, 3 is selected as 6 min, the corre-
sponding |I, 3| and ASoC; are 4.614C and 46.14%, respectively (i.e.,
point K in Fig. 6). For most of the lithium-ion batteries, such a long
duration and high C-rate load current are harmful. Moreover, the bat-
tery terminal voltage will reach the cutoff value easily because of the
large values of |, 5| and ASoCs [42]. Besides, due to the variation of
battery model parameters, |I, 5| and T, 5 with respect to the large ASoCs
will differ greatly from the value shown in Fig. 6, which will be further
discussed in Sections 3.2.2 and 5.1. For this reason, V,, 3 may not be
effectively reduced under the current excitation with respect to the
large ASoCs. On the other hand, it can be observed from Fig. 6 that both
|I,,3| and ASoC; decrease exponentially with the increase of T, 3, which
means that a larger T3 can overcome above problems. However, a
larger T, 5 results in a longer test time. Hence, a compromise between
the test time and |I, 3| (or ASoC3) must be considered when determining
the appropriate parameters of the current excitation.

3.2.2. Sensitivity of |I, 3| to battery model parameters

It can be concluded from (22) that besides T}, 3 and V}, 3 jn;;, battery
model parameters, i.e., R, 3 and 7, 3, also have a great influence on the
determination of |I,5|. Hence, the sensitivity of |I, 3| to battery model
parameters is worth investigating.

Considering the variations of battery model parameters, Eq. (22)
can be rewritten as

IVp3,initl €xXp(—2Tp3/%,3)

I3l = = o
Rp3[1 — exp(=T,3/%,3)

(25)

~ . .
where [I, 5| is the amplitude of the current pulse when parameter var-
. . . o ~ . .
iations exist, R, ;and7, ;are battery model parameters considering var-
iation values, which can be expressed as

ﬁp’3 = vag + ARP,S
B3 =Tp3 + A3 (26)
where AR, 3 and Az, 5 are variation values on model parameters.

By subtracting (22) and (25), A I3l = I3l — Iz,ﬁ\ is obtained to
quantitatively evaluate the variation of |I,5| caused by the model
parameter variation. Similar to the previous analysis, the assumed
model parameters are extracted from the impedance characterization
test data at 30% SoC, and T}, ; is predetermined as 10 min. Simulation
results are shown in Fig. 7. It can be summarized that: (1) |, 3| is more
sensitive to the parameter variation on 7,3 when the corresponding
variation rate is above —40%. (2) The impact of the model parameter
variation is not negligible. The |I, 3| change can reach up to 1.49C and
2.181C with —50% variation rate on Ry, 3 and 50% variation rate on
75,3, respectively. Hence, the sensitivity study gives us an important
guide for the parametric determination of the imposed current pulses.



J. Yang et al.

[, 3| variation (C)

0
-50

-40 -30 -20 -10 O 10 20

Parameter variation rate (%)

30 40 50

Fig. 7. Sensitivity of |I,3| to the variation of battery model parameters.

3.2.3. Determination of |I,;| and T,;

As indicated in the sensitivity analysis, the stability of battery model
parameters, especially z,;, during the imposed current pulse is vital to
determine current excitation parameters. Since battery model para-
meters can be considered as functions of SoC, ASoC; should be con-
strained to a certain range to reduce the model parameter variation.
Hence, |I,;| and T,; can be determined by the following two con-
strained equations

Vp,i,inicl €Xp(—=2Ti/ %) — pil Rpi[1 — exp(=Tpi/5,0)]* =0
il Ty i/(3600Ceqp) = ASOC;

2, 3 27)

where Cq, is the capacity of the battery in Ah, R,; and 7,; are average
values of relevant battery model parameters covering the SoC variation
period (ASoC;). Besides, ASoC; should be determined based on the
battery impedance identification results. The above equations can be
solved by the MATLAB fsolve function.

4. Experimental validation
4.1. Experimental setup

A test platform as shown in Fig. 8 is established to validate the
proposed OCV characterization test. A lithium-ion polymer pouch-type
battery with 20 Ah nominal capacity (model C020 manufactured by
EIG) is adopted in this study. The cathode material is Li[NiCoMn]
O,-based and the anode material is graphite-based. Detailed specifi-
cations of the tested battery are listed in Table 1. An Arbin BT2000
cycle-based tester and a host computer are used to conduct the test

Current

Voltage

Accumulative
capacity

| tcpir |

Arbin BT2000

Host computer

Fig. 8. Configuration of the experimental setup.
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Table 1

Specifications of the tested battery.
Type Li[NiCoMn]O,
Nominal capacity 20 Ah
Nominal voltage 3.65V
Maximum charge voltage 4.15V
Recommended voltage limit for discharge 3.0V

Maximum discharge current (continuous)
Maximum discharge current (peak < 105)

Up to 5 C current
10 C current

procedure and record the test data. Voltage and current measurement
ranges of the battery cycler are 0-5V and * 100 A, respectively. All of
the tests are conducted at room temperature (25 * 2°C), and the
measured data sets, including current, voltage and accumulative ca-
pacity, are collected with the sampling rate of 1 Hz.

4.2. Impedance characterization test

It can be inferred from the aforementioned analysis that battery
model parameters, especially the RC network parameters (i.e., Rp,2,
Rp,3, 72 and 1,3), are needed in advance to determine |I,;| and T,;
(i = 2, 3). In this paper, the battery impedance parameters are identi-
fied through the hybrid pulse power characterization (HPPC) test.

4.2.1. Test procedure

In the HPPC test, the battery is first completely charged/discharged
at 0.5C rate with the constant-current constant-voltage (CCCV) charge/
CC discharge procedure, followed by a 2 h rest. After that, the battery is
incrementally discharged/charged in 10% of the nominal capacity with
0.5C rate to the next SoC level, and followed by a certain length of the
relaxation period. To stimulate the battery dynamically, one pair of
discharge and charge current pulses, each lasting for 10 s and with the
amplitude of 2C, is imposed before each incremental discharge/charge
period. The above test cycle is repeated until the discharge/charge
cutoff voltage is reached.

Generally, the RC network parameters can be identified through the
battery terminal voltage measured from the relaxation period. Based on
the previous research work, the identified parameters, especially the
time constants, are closely related to the length of the relaxation period
[34,43]. Besides, the relaxation behaviors at extreme SoC ranges, i.e.,
the low SoC range for the discharge scenario and the high SoC range for
the charge scenario, show a slower dynamic characteristic, compared to
those in the middle SoC range [12,27]. Hence, the relaxation time at
extreme SoC ranges is selected as 120 min and others are selected as
90 min, as a trade-off between the testing effort and the accuracy of
model parameters.

4.2.2. Analysis of test results

The evolution of the relaxation process and the energy efficiency at
different SoCs are plotted in Fig. 9.

Fig. 9(a) shows the polarization voltage curves over the relaxation
period (V,,;—o) at different SoCs, where the solid and dashed lines re-
present the experimental results from charge and discharge tests, re-
spectively. The polarization voltage is obtained by subtracting the
battery terminal voltage at the end of the relaxation period (V. nq) from
the battery terminal voltage during the relaxation period (V,;-o), i.e.,
Vpi=0 = Vir=0 — Viena. It can be observed from Fig. 9(a) that the bat-
tery’s polarization voltage does not reach the steady state immediately,
and the slow-dynamics part dominates the majority of the relaxation
period. Moreover, the SoC affects the relaxation behavior of the battery
in terms of the shape and convergence performance. This phenomenon
is more obvious at 60% and 70% SoCs for the charge test.

Furthermore, the energy efficiency n., which is defined as (28), is
adopted to quantitatively relate the measured data with the polariza-
tion effects [44,45].
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Fig. 9. Impact of SoC on polarization effects of the battery.

Ne = Edis/Echa (28)

where Egs and E.p, represent the discharged energy and the charged
energy, respectively. The definitions of E4s and E ., are expressed as

{Em = [ V-1 0dt = [ Voc(O) + Zuw I (0)]-1(1)dt

Boa = fi. Vi @OI1®dt = fi_  WVoc(t) + Zim I(O]-I(8)dt (29)

where Z;,, is the impedance representing the Ohmic resistance and the
polarization effects, [;<o and [;- o are the time integrals over the
incremental discharge and charge periods in the impedance char-
acterization test. It can be inferred from (28) and (29) that Z;,, is mainly
responsible for n. when I(¢) is kept constant during the time integral.

The evolution of the energy efficiency is shown in Fig. 9(b). It can be
observed that the efficiency generally reduces with decreasing SoC.
This variation is mainly contributed to the change in the polarization
loss, which is closely related to the battery impedance including Ohmic
resistances and polarization effects [45-47]. Hence, it can be pre-
liminarily concluded that the battery impedance is significantly influ-
enced by the SoC.

Based on the curve fitting method presented in Ref. [43], the
identified impedance parameters are plotted in Fig. 10. It can be con-
cluded that

(1) Three time constants are well-separated. Specifically, values of the
short-, middle- and long-term are in the order of 10s, 10%s and
10%s, respectively. Hence, polarization effects occurring in the vi-
cinity of the relevant time constant can be eliminated or reduced by
current pulses separately.

(2) The identified impedance parameters vary over a wide SoC range,
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which is in agreement with the test results shown in Fig. 9. This
confirms the necessity of considering the model parameter variation
when determining |L,;| and T,,; (i = 2, 3).

(3) Parameters of the long-term RC network show larger values at ex-
treme SoC ranges, i.e., below 30% SoC for the discharge scenario
and above 80% SoC for the charge scenario, compared to values in
the other SoC range.

4.3. Comparison of OCV characterization tests

It can be inferred from (27) that besides the RC network parameters,
ASoC; should also be determined in advance. Based on the analysis in
Section 3.2, the value of ASoCs is selected around 10% at extreme SoC
ranges, and selected around 20% for the other SoC range. For the
second set of current pulses, the value of ASoC; is selected no more than
5%. Hence, the parameters of the imposed current excitation are ob-
tained as illustrated in Fig. 11.

To verify the advantages of the proposed OCV characterization test
method, the conventional one is also performed for the purpose of
comparison. The current profiles of the conventional and the proposed
OCV characterization tests during each SoC interval are schematically
shown in Fig. 12. In this paper, the conventional incremental OCV
characterization test is conducted with a 4 h relaxation period to allow
the battery to approximate the equilibrium. For ease of comparison, a
relaxation period of 3.5h is also employed after the current excitation
in the proposed method.

The comparison results between the conventional and the proposed
OCV characterization tests at different SoCs are demonstrated in
Fig. 13. Specifically, Fig. 13(a)-(c) and (d)-(f) shows the battery’s po-
larization voltage curves over the relaxation period from discharge and
charge OCV characterization tests, respectively. It can be observed from
Fig. 13 that by the conventional method, the polarization voltage shows
the slow convergence performance, and the gradient of the polarization
voltage over time is relatively low during the majority of the relaxation
period (approximate 2 mV over the last 2.5 h). Moreover, even after the
long period of relaxation time, i.e., 4h in this paper, the polarization
voltage still cannot reach the equilibrium state totally. This phenom-
enon is specifically obvious at 20% SoC of the discharge scenario and
80% SoC of the charge scenario, which is in agreement with the iden-
tified time constants demonstrated in Section 4.2. Therefore, it can be
concluded that the battery terminal voltage at the end of the relaxation
period is still an approximation of the OCV.

By comparison, the polarization voltage obtained from the proposed
method converges to the steady state rapidly after the imposed current
excitation. Some transient overshoots occur when the current excitation
is finished, such as black circle regions in Fig. 13(a), (c) and (d).
However, the overshoot dies out shortly and the polarization voltage
converges to the steady state as time evolves. The overshoot phenom-
enon is mostly due to the imposed current excitation. As analyzed be-
forehand in Section 3.1.2, the imposed current excitation can only
eliminate or reduce overvoltages across the middle- and long-term RC
networks, which characterize the diffusion processes occurring in
middle- and low-frequency regions. For the short-term RC network re-
presenting the fast-dynamics polarization effects, the corresponding
overvoltage would be discharged/charged away from the steady state
under the current excitation. Thus, an extra short-term relaxation
period (e.g., 10 min) is required to allow the fast-dynamics polarization
effects to finish.

Additionally, it has to be noted that at 20% SoC of the discharge
scenario, the polarization voltage still shows a slightly increasing ten-
dency after the current excitation, as shown in Fig. 13(c). It is because
the relaxation behavior in the low SoC range shows the slow-dynamics
characteristic [12], while RC networks (i.e., R, 2//Cp > and Ry, 3//Cp 3)
identified from the HPPC test cannot accurately describe relevant
electrochemical reactions due to the limited data points, and only the
polarization voltage around specific frequency ranges (correspond to
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Fig. 10. Identification results of RC network parameters.

identified time constants) can be reduced by the imposed current ex-
citation. However, it can be observed from Fig. 13(c) that the gradient
of the polarization voltage over time is considerably small (i.e., 1 mV
over 2.5h), and thus the remaining polarization effect is negligible.

In summary, the proposed method can ensure a fast convergence of
the polarization voltage caused by the incremental discharge/charge
period, especially with middle- and low-frequency dynamics. In addi-
tion, since the long-time relaxation process is unnecessary, the
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proposed method proves to be more time-saving in comparison to the

conventional one.

5. Discussion

5.1. Benefit of considering the model parameter variation

It can be learnt from the HPPC test results that the identified model
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Fig. 12. Schematic representation of the current profiles of OCV characteriza-
tion tests during each SoC interval.

parameters change over a wide SoC range, such as the time constant in
a SoC range below 30% for the discharge scenario, as demonstrated in
Fig. 10. Based on the analysis beforehand in Section 3.2.2, the impact of
the model parameter variation on the parametric determination of the
current excitation is not negligible. Fig. 14 shows the comparison result
of the polarization voltage curves obtained from the conventional and
proposed methods, where proposed method #1 and #2 represent the
method with and without considering the model parameter variation,
respectively. It can be observed from Fig. 14 that for the proposed
method #2, although the obtained polarization voltage is generally
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higher than the value obtained from the conventional method, there
still exists the pronounced increasing tendency during the relaxation
period. By contrast, the polarization voltage obtained from the pro-
posed method #1 is closer to the steady state. Moreover, the gradient of
the polarization voltage over time also decreases to low enough (i.e.,
1mV over 2.5h) to be neglected.

5.2. OCV measurements at extreme SoC ranges

Taking the discharge OCV characterization test as an example, due
to the slow-dynamics relaxation behavior in the low SoC range, large
values of |I,3| or T, 3 are generally required to ensure a fast con-
vergence of the polarization voltage. On the one hand, the large T, 5
will result in the long test time and reduce the advantage of the pro-
posed method. On the other hand, the large |I, 5| can make the battery
terminal voltage reach the cutoff value easily, which in turn leads to the
incomplete SoC-OCV correlation [42]. Similarly, for the charge OCV
characterization test in the high SoC range, the battery will be charged
in the CV mode by the imposed charge current pulse. This will cause the
SoC variation at the end of the current excitation to be nonzero, and the
shifted SoC-OCV correlation will be obtained eventually. Hence, the
conventional long-time relaxation process is employed to measure the
OCV at extreme SoC ranges, i.e., below 20% SoC for the discharge
scenario and above 80% SoC for the charge scenario in this paper.

5.3. Future work

Generally, the battery aging state and the temperature significantly
affect the battery relaxation behavior. In this paper, the tested battery is
in a new state and all of the characterization tests are conducted at
room temperature (25 = 2 °C). In order to further verify the feasibility
of the proposed method, the performance of the proposed OCV char-
acterization method at different battery aging states and temperatures
will be investigated comprehensively in our future work.
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Fig. 13. Evolution of polarization voltage curves after discharge/charge at different SoCs during relaxation period.

6. Conclusion

An improved incremental OCV characterization test is proposed in
this paper. Compared with the conventional incremental OCV char-
acterization test, the extra current excitation is imposed immediately
after the incremental discharge/charge period, and thus the fast con-
vergence of the battery terminal voltage is achieved. Firstly, the bat-
tery’s relaxation behavior is broadly divided into three regions (i.e.,
fast-, middle- and long-frequency regions) according to the order of the

magnitude of relevant time constants, and the third-order ECM is em-
ployed to describe this behavior. Secondly, based on the characteristic
of the RC network, two sets of current pulses are proposed to actively
minimize overvoltages across the long- and middle-term RC networks,
which correspond to the polarization effects dominating the majority of
the relaxation period. Furthermore, the parametric sensitivity of the
imposed current excitation to battery model parameters is analyzed,
and the parametric determination method for the imposed current ex-
citation is provided subsequently. A lithium-ion polymer battery is
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adopted under test to validate the proposed test procedure.
Appendix A

For the exponential function expressed as

y = exp(—x/a)

Applied Energy 237 (2019) 682-694

Experimental results proved the feasibility of the proposed test proce-
dure, and demonstrated advantages over the conventional one. At last,
the benefit of considering the battery model parameter variation and
the OCV measurements at extreme SoC ranges are further illustrated in
the later discussion.
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(A1)

where a is a constant, x is the input variable, and y is the output variable. The differentiation of (A.1) in respect to x is expressed as.

dy/dx = —exp(—x/a)/a

(A.2)

Based on (A.2), Fig. Al is plotted to illustrate the relationship between x and dy/dx.
It can be concluded from (A.2) and Fig. A1 that the value of dy/dx increases with the increasing x , and the change rate of y approaches zero when

X is greater than zero.
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Fig. Al. Relationship between x and dy/dx (exemplarily with a = 230.7, which equals 7, at around 30% SoC).

Appendix B
BMS battery management system
CcC constant-current
Ccccv constant-current constant-voltage
CPE constant phase element
ECM equivalent circuit model
EV electric vehicle
HPPC hybrid pulse power characterization
ocv open-circuit voltage
SoC state of charge
SoH state of health
SoP state of power
Ao parameter of CPE
Ceap capacity of the battery in Ah
Echa charged energy
Egis discharged energy
I load current
| 14| amplitude of the current during the incremental discharge period
|L| amplitude of the imposed current pulse
|3l 1,2l amplitude of the first and the second set of current pulses
I'I; 3l amplitude of the imposed current pulse considering battery model parameter variations
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capacitances of three RC networks that model the polarization effects

resistance of the circuit that represents the Warburg impedance

average middle- and long-term resistance covering the incremental discharge period
resistances of three RC networks that model the polarization effects

average value of R,; covering the SoC variation period

resistance of R, 3//Cp 3 considering the variation value

RC network represents the effect of the activation polarization
Ohmic resistance
time duration of the incremental discharge period

time duration of one current pulse

time duration of the first and the second set of current pulses

ideal voltage source stands for the OCV

overvoltage across the RC network at the beginning of the first current pulse
overvoltages of three RC networks that model the polarization effects

initial overvoltages of three RC networks that model the polarization effects

Vi curr voltage response of the RC network under the current excitation
Voi=o0 polarization voltage during the relaxation period

Vp,iinit RC network voltage at the beginning of relevant current pulses

Vi, rest voltage response of the RC network under the self-rest condition

Ve battery terminal voltage

Viend battery terminal voltage at the end of the relaxation period

Vii=o battery terminal voltage during the relaxation period

Zim impedance representing the Ohmic resistance and polarization effects
Zy Warburg impedance

a depression parameter of CPE

.15 T2 3
Tp,i

B3

MNe

AL 5|

ASoC,, ASoC3
Aty 3, ARy, 3

energy efficiency
variation of |I, 3| caused by the battery model parameter variation
SoC variation during one charge/discharge pulse

variation values of 7, 3 and R, 3

time constants of three RC networks that model the polarization effects
average value of z,; covering the SoC variation period
time constant of R;, 3//C, 5 considering the variation value
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