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Abstract

:

The state of charge (SOC) and state of health (SOH) are two crucial indicators needed for a proper and safe operation of the battery. Coulomb counting is one of the most adopted and straightforward methods to calculate the SOC. Although it can be implemented for all kinds of applications, its accuracy is strongly dependent on the operation conditions. In this work, the behavior of the batteries at different current and temperature conditions is analyzed in order to adjust the charge measurement according to the battery efficiency at the specific operating conditions. The open-circuit voltage (OCV) is used to reset the SOC estimation and prevent the error accumulation. Furthermore, the SOH is estimated by evaluating the accumulated charge between two different SOC using a recursive least squares (RLS) method. The SOC and SOH estimations are verified through an extensive test in which the battery is subjected to a dynamic load profile at different temperatures.
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1. Introduction


Lithium-ion (Li-ion) batteries have prevailed over other energy storage types during the last decade due to the longer lifetime, higher efficiency and energy density [1]. This fact has driven its gradual integration in many applications from consumer electronics e.g., smartphones or power banks to renewable storage systems or electric vehicles.



However, Li-ion batteries may experience a fast degradation or even become hazardous if operated out of the limits specified by the manufacturer [2]. Therefore, a battery management system (BMS) to monitor and control the state of the battery is required. Besides keeping the battery within the operative limits, to estimate the state of charge (SOC) and the state of health (SOH) accurately is an essential function of the BMS.



Numerous methods for SOC estimation have been proposed in the literature, with diverse complexity and accuracy [3]. The coulomb counting relies on the current monitoring and calculates the net charge transferred, to estimate the SOC [4]. The relationship between the open-circuit voltage (OCV) and the SOC can also be used as an estimator if the battery is in a long-enough rest period [5]. Equivalent circuit models and extended Kalman filtering can be applied to calculate the OCV and estimate the SOC during the operation of the battery [6,7]. The accuracy of the model parameters affects the performance of the method, hence dual/joint extended Kalman filters method estimates SOC and model parameters at the same time, increasing the method performance but also its complexity [8]. The model parameters are easy to obtain, however, they are affected by factors such as SOC, current rate (C-rate), temperature or degradation level. The combination of these variables may affect the SOC estimation accuracy [9,10]. These methods are most widely used for online battery monitoring, however, more advanced methods are being developed proving their effectiveness under controlled environments. The complexity of the implementation in practical applications and the robustness of these methods is, however, one of the great challenges that still needs to be solved in this area. Meanwhile, Coulomb counting remains as one of the most accepted and widespread methods in the market for all types of applications.



Coulomb counting method stands out for its simplicity, however, its accuracy is compromised by the error accumulation during the incremental calculation of the transferred charge in a long time operation. Moreover, the method depends on the initial value of SOC and the actual capacity. OCV can be used in combination with coulomb counting to minimize the error and provide a reliable starting point for the estimation [11]. The capacity of the battery depends on the C-rate and the temperature, additionally, there are losses during the charging and discharging process and, to a lesser extent, due to the self-discharge. All these factors must be taken into account during the SOC estimation to improve the accuracy.



This paper presents an approach that improves the method described above providing accurate results throughout the range of temperatures and battery load. The OCV-SOC relationship at different temperatures is used for the SOC estimation during the idling periods, minimizing the cumulative error due to the integration of current. The presented method provides better precision results with a very low computational complexity, therefore representing an evolution of the classic Coulomb counting algorithm. The influence of the different operating conditions is analyzed at the beginning of life (BOL) of the battery in order to implement a correction mechanism. The SOH is evaluated with a recursive least squares method [12] and updated for a reliable SOC estimation. The method is verified through an extensive test based on a real driving pattern at different temperatures.




2. Experimental


In this work, Lithium Nickel Manganese Cobalt Oxide (NMC) batteries are used to validate the proposed method. The battery’s nominal voltage is 3.6 V and the nominal capacity 3.4 Ah. The upper/lower cutoff voltage is 4.2 V/2.65 V. Figure 1 shows the set-up used to test the batteries. A thermal test chamber is used to control the temperature of the battery. The battery test system charges and discharges the cells with a predefined current profile and the host computer collects the measurements from the battery, with one second resolution.



The experimental procedure is shown in Figure 2. The tests were designed to age the cells simulating a real scenario of cycling at different temperatures. A series of driving cycles and characterization tests were conducted for this purpose.



To carry out the aging process the cells are distributed in three groups and subjected to successive discharge cycles according to the World Harmonized Light-duty Vehicle Test Procedure (WLTP) for class B vehicles at three different temperatures (15 °C, 25 °C and 35 °C). The batteries are charged to 90% SOC with 0.2C (i.e., 0.68 A) just after each driving cycle followed by a rest period before repeating the aging procedure. As shown in Figure 3 each described discharging/charging cycle takes 2 h to complete. After a week of testing equivalent to 84 driving cycles, the cells are characterized by a reference performance test (RPT). This test consists of a first full cycle at low current to stabilize the battery followed by another cycle to measure the capacity and efficiency of the cell.



The OCV-SOC relationship is measured both at beginning of life state (BOL) and after 350 full cycles, which corresponds to 6.5%, 7.35% and 7.65% capacity fade for the cells aged at 15 °C, 25 °C and 35 °C, respectively.



The battery is charged and discharged at a constant low rate of 0.2C until the upper and lower cutoff voltage is reached. The OCV-SOC curve is obtained by averaging the values of both, charge and discharge curves. The OCV-SOC relationship is measured at 5 different temperatures (5 °C, 15 °C, 25 °C, 35 °C and 40 °C).




3. SOC Determination


Battery capacity can be represented by different terms. The rated capacity (  Q  r a t e d   ) represents the capacity that a fresh new battery is capable of delivering from a fully charged state until it is completely discharged, reaching the cut-off voltage under a determined C-rate and ambient temperature.



However, as the battery degrades, its capacity is reduced respect to the BOL condition, so the actual capacity (  Q  a c t   ) is used to describe the capacity at a determined degradation state, C-rate and temperature.



Hence the SOC can be defined as the ratio between the remaining capacity (  Q  r e m   ) and the actual capacity, usually expressed as a percentage:


  S O C =   Q  r e m    Q  a c t    .  



(1)







The charge variation between two different points in time can be calculated by integrating the current, what is commonly known as Coulomb counting:


  q =  ∫   t 0   t   I b  d t  



(2)







Thus the SOC at a determined time can be expressed as the SOC of a previous time plus the charge variation between both points in time.


  S O  C t  = S O  C  t 0   +  q  Q  a c t     



(3)







The Coulombic efficiency of the battery during the charging and discharging processes depends on the current applied and the battery temperature during operation. Lower battery temperatures lead to a maximum capacity decrease while C-rate effect would have influence mainly at low temperatures. The actual capacity is established at the reference conditions (0.2C and 25 °C), this causes an inaccuracy when estimating the SOC at any other condition. A compensation factor, denoted as   c  f  i , t    , is introduced in the current integration process to normalize the SOC estimation to the reference conditions.


  q =  ∫   t 0   t  c  f  I , T    I b  d t .  



(4)







Figure 4a,b show the charge and discharge capacity at different temperature and current conditions. While temperatures above 20 °C have a minor influence on the measured capacity, lower temperatures produce a decrease in both charging and discharging capacity. High currents also lead to a capacity reduction, mostly at low temperatures. The compensation factor is defined as the ratio between the capacity at the reference condition and the capacity at the actual operating condition. In this work this relationship is assumed to be constant with the degradation of the battery and it is measured at BOL state. Figure 4c,d show the compensation factor values used by the proposed algorithm, the red dot represents the reference conditions (0.2C and 25 °C) to establish   Q  a c t   , so that   c  f  0.2 C , 25   ∘  C   = 1  .



Once the use of Coulomb counting at different operation conditions is solved and the actual SOC can be estimated from the SOC of a previous time, the challenge is to avoid the cumulative errors produced by the incremental estimation. OCV-SOC relationship is used to set a new estimation starting point when the battery is at a rest period. Generally, a long relaxation time is required to measure the OCV [9], however, measuring it at shorter rest periods can minimize the cumulative error. Figure 5 shows the OCV curves measured at different temperatures. The five curves show the same behavior within the 0.2–0.8 SOC range, however, lower temperatures show higher voltages at the lower end of the curve and lower voltages at the higher end. The error produced by using the OCV-SOC relationship to estimate the SOC at a different temperature could be unacceptable in these SOC ranges, especially for SOC higher than 0.8. Thus is convenient to measure the OCV at different temperatures and interpolate the battery temperature to obtain the SOC.




4. SOH Determination


In many applications it is of high importance to know the degradation level of the battery, as it determines the maximum capacity the battery is able to deliver. Furthermore, when the SOC estimation method is based on the capacity integration, knowledge of the actual capacity is crucial to ensure an accurate estimation.



Performing a full charge and discharge cycle at low current is the easiest and obvious method to get the actual capacity; however, this procedure is time-consuming and incompatible with the normal use of the battery and thus not suitable for online estimation in most cases.



As an alternative, it is possible to measure the partial capacity between two known SOC levels to infer the total capacity. Therefore, in this work it is proposed the use of Equation (3) taking advantage of the SOC estimated by OCV, resulting in:


   Q  e s t   =  q  Δ S O C    



(5)




where,


  Δ S O C = S O  C t  O C V u p d a t e   − S O  C  t 0   O C V u p d a t e   .  



(6)







Hence, it is possible to estimate the actual capacity of the battery by measuring the transferred charge without affecting the normal operation of the battery. The accuracy of the method will depend on the magnitude of   Δ S O C   as well as on the q measurement error, which is influenced by operating conditions (current and temperature) and the self discharging effect.



In order to minimize the error, a recursive least squares filter is used to determine the actual capacity from previous estimations as addressed in [12]. A forgetting factor is included to give less weight to older samples.




5. Proposed Algorithm and Verification


The flow chart shown in Figure 6 describes the process for estimating the SOC and SOH of the battery. First of all, the actual values of current, voltage and temperature are collected. If the current is different from zero, the algorithm measures the accumulated charge, compensating the temperature and the current, and estimates the SOC from it. If the value of the current is zero for a minimum time of 25 min, it is then considered to be on idle state and a look-up table is used to estimate the SOC from the OCV and temperature. Hence the active periods of the battery begin and end with an OCV-based SOC estimation. If the magnitude of the SOC increment is sufficient for a capacity estimation, the SOH is updated.



A verification test using the aged cells was designed to acquire experimental data at dynamic conditions. As shown in Figure 7a sequence of WLTP cycles at different SOC levels is used to verify the algorithm for SOC and SOH estimation. A total of 58 cycles were performed at different temperatures, with one hour of resting between cycles and charge periods. The voltage, current and temperature of the battery are logged with 1 Hz.



Several times during the test, the battery is fully charged (CC-CV) to the 100% SOC, this state is used to evaluate the error of the method. Figure 8 displays the results for the three cells aged at 35 °C, 25 °C and 15 °C respectively. Figure 8a,c,e compare the absolute SOC error of the traditional Coulomb counting method with the proposed method, before and after updating the estimation using the OCV. The error using only Coulomb counting constantly increases with time as it is accumulated in every iteration. The use of OCV to update the estimate limits the maximum error to 5% while the compensation factor reduces it below 2.5% during the next cycle. The error after the OCV update is negligible although it could be higher in SOC areas where the OCV presents a less steeper slope.



Figure 8b,d,f display the actual capacity estimation during the verification test under different capacity starting values. Throughout the test, the four estimations converge around the same value with a maximum estimation error of 0.05 Ah for the cell aged at 25 °C. An insufficient rest time makes the algorithm over-valuate   Δ S O C   which results in an underestimation of the capacity. This test was limited to one hour rest time for practical reasons, however, longer relaxation periods are expected to reduce the gap in a real application.




6. Conclusions


An improved coulomb counting method for estimating the SOC and SOH of Lithium-ion batteries is proposed in this work. The coulombic efficiency of charging and discharging processes of the NMC batteries used was studied for different working conditions, as well as the effect of the temperature on the OCV. The results of this analysis are the key to develop a simple but accurate estimation algorithm.



The use of the OCV-SOC relationship allows us to reset the SOC estimation more frequently and thus to reduce the accumulated error. Moreover, it provides an effective mechanism for those applications which never or rarely reach the low or high ends of the SOC range.



The relaxation period affects the estimation of the SOC and SOH. In this work the effectiveness of the proposed method was demonstrated for resting times as low as one hour, obtaining absolute errors below 3% in the SOC estimation. However, the results also reflect that the relaxation time depends on the operating conditions, requiring longer periods for lower temperatures. In future improvements of this algorithm, the use of dynamic conditions for setting the minimum relaxation time will be considered.
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Abbreviations


The following abbreviations are used in this manuscript:



	BMS
	Battery Management System



	BOL
	Beginning Of Life



	CC
	Constant Current



	CV
	Constant Voltage



	NMC
	Nickel Manganese Cobalt Oxide



	RLS
	Recursive Least Squares



	RPT
	Reference Performance Test



	OCV
	Open Circuit Voltage



	SOC
	State of Charge



	SOH
	State of Health



	WLTP
	World Harmonized Light-duty Vehicle Test Procedure
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Figure 1. Battery test bench. 
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Figure 2. Aging test procedure. 
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Figure 3. World Harmonized Light-duty Vehicle Test Procedure (WLTP)-based aging cycle. Current profile (red) and voltage response (blue). 
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Figure 4. Charge and discharge capacity under different conditions (a) charge capacity, and (b) discharge capacity. Compensation factor for charging and discharging processes under different conditions (c) charge compensation factor, and (d) discharge compensation factor. The red dot represents the reference conditions (0.2C and 25 °C). 
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Figure 5. Open-circuit voltage (OCV)-state of charge (SOC) relationship for different temperatures. 
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Figure 6. Flowchart of the proposed estimation algorithm. 
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Figure 7. Verification test. SOC estimation comparison (top). Current profile and battery temperature (bottom). 
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Figure 8. SOC deviation measured at fully charge state (a) SOC deviation (35 °C aging), (c) SOC deviation (25 °C aging) and (e) SOC deviation (15 °C aging). Actual capacity estimation using the proposed method and different starting values (b) actual capacity estimation (35 °C aging), (d) actual capacity estimation (25 °C aging) and (f) actual capacity estimation (15 °C aging). 
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