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Abstract

:

This work describes the experimental characterization of a commercial sodium–nickel chloride battery and the investigation on a state-of-the-art model that represents the battery behavior. This battery technology is considered very promising but it has not fully been exploited yet. Besides improvements on the technological side, accurate models of the battery should be found to allow the realization of Battery Management Systems with advanced functions. This achievement may extend the battery exploitation to its best. The paper describes the experimental set-up and the model parameter identification process, and discusses the identified parameters and the model validation tests. The comparison between model simulations and experiments shows that the model is rather accurate for low-current rates, but it loses accuracy and it is not able to reproduce with fidelity the battery behavior at low states of charge or at high current rates. Further research efforts and refinements of the model are necessary to make available a sodium–nickel chloride battery model accurate in any operating condition.
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1. Introduction


Sodium-nickel chloride technology was first introduced with the ZEBRA (Zero Emission Battery Research Activity) battery [1]. It seems an appealing alternative to Lithium-Ion (Li-Ion) for energy storage, thanks to the good energy density and long lifetime [2]. Above all, sodium–nickel chloride technology is inherently safer and less expensive than Li-Ion, because it uses molten sodium as anode and nickel chloride as cathode. These materials are very common in nature, cheap, and less prone to accidents like lithium is [3,4]. Conduction relies on the movement of the sodium ions through a beta-alumina ceramic container, which is conductive for the ions and insulating for the electrons [5]. The main chemical reaction occurring in the cell is


   2 Na + Ni  Cl 2   ⇌ Discharge Charge  2 NaCl + Ni    E  =  2.58  V   



(1)







The cathode material is added with iron (Fe) to increase the cell power response at low State of Charge (SOC). This fact reduces the cell resistance and allows the occurrence of the following additional reaction.


   Fe  Cl 2  + 2 Na  ⇌ Discharge Charge  Fe + 2 Na C l    E  =  2.35  V   



(2)







Some obvious drawbacks of the sodium–nickel chloride technology are that the electrolyte must get to the liquid phase and the beta-alumina resistance must be comparable with the other contributions. Thus, the cell operation is only possible at temperatures above 250 °C, at which the sodium is liquid and the beta-alumina is not damaged by the ion passage [1]. This condition forces the battery to be equipped with a heater that increases the energy losses and makes these batteries not suited to every application. However, the above-mentioned advantages make sodium–nickel chloride very appealing as alternative to Li-Ion in several applications, such as in some automotive cases [5,6], as an energy storage system for renewable energy [7,8,9], and as a backup energy source in telecommunication applications [10,11].



Unfortunately, the production process of the sodium–nickel chloride battery and the full exploitation of its capabilities present open challenges that still limit the penetration of the battery market [12]. Many studies were presented in the last years to address the production issues [13,14,15]. Instead, the literature is poor about improved and accurate battery models and battery state estimation algorithms that can contribute to the full exploitation of this technology [16]. A large amount of experimental data is not available in the literature yet. More data would be welcome to find an accurate model of the battery behavior in every operational condition.



A commercial sodium–nickel chloride battery, the FZSonick® 48TL200, was discharged with different constant loads and the preliminary characterization results were reported in [17]. These tests highlighted that the battery provides the maximum energy to the load if it is discharged with a current of ~50 A. This current fully discharges the battery in about 4 h, i.e., discharge rate is C/4, where C is the nominal battery capacity. On the one hand, the energy lost in the battery heaters to maintain the minimum value of the temperature decreases at high currents. Therefore, the task of maintaining the minimum temperature level is also sustained by the heat generated in the parasitic series resistance of the battery, and the heaters may eventually be turned off. On the other hand, the heat generated in the battery series resistance is larger than that dissipated through the case at high discharge rates. The net effect is that the battery temperature increases too much and overcomes the maximum operating value, eventually causing the battery disconnection.



This work extends the experimental characterization of the 48TL200 battery reported in [17]. The aim is to estimate the parameters and the accuracy of a state-of-the-art battery model and to contribute to the finding of more accurate battery models. These models are needed to develop advanced state estimation algorithms and improve the Battery Management Systems (BMSs) for this technology.



The sodium–nickel chloride battery model investigated in this work and the characterization process are shown in the next section. The description of the experimental set-up and tests are reported in Section 3, and the test results and the identification of the model parameters are discussed in Section 4. Finally, the conclusions are summarized in the last section.




2. Sodium–Nickel Chloride Battery Models


The model of a sodium–nickel chloride battery is more complex than the models applied to other kinds of batteries because there are two chemical reactions, i.e., (1) and (2), that can occur simultaneously. The models usually presented in the literature can be divided into three different categories: electrochemical [18,19], mathematical [20,21], and electrical models [22,23,24].



The electrochemical models describe the chemical reactions to model the battery cell electrical behavior. Therefore, they require high computational power, the complete knowledge of the production process of the cells, and their exact chemical composition [18]. Electrochemical models are used in the development phase of a new technology and to model single cells for these reasons [19]. They are not suitable to model a complete battery and to be used in the BMS development [25]. On the contrary, mathematical models are not directly related to the physical composition of the cell. They consider the cell like a black-box and usually require a large quantity of data to identify the model parameters [21]. As a consequence, the parameters of the model are not related to the internal structure of the cell and the inner processes, so they are not useful for extracting other features of the battery, like information about the state of health that an advanced BMS should provide.



The electrical models use a circuit consisting of combinations of voltage sources, resistors, and capacitors to represent the cell behavior at the terminals. They are thus very suitable to model an entire battery pack, as it is done in this work. Moreover, they are useful for the development of the BMS, because they are used in co-design and simulation of the battery system and even of the whole application [25]. The most popular electrical models are based on a Thévenin circuit that consists of two parts: The first part models the battery capacity and accounts for the SOC of the battery. Instead, the second part represents the battery terminal voltage with the sum of a voltage source controlled by the SOC and the voltage drop on a series consisting of a resistor and a variable number of RC groups. The groups are composed of a capacitor and a resistor in parallel [26].



Musio et al. demonstrated in [22] that the model described above is not sufficient to represent the sodium–nickel chloride battery behavior, because it does not take into account the effect of the two reactions typical of this technology. The model was modified in [24], obtaining the solution shown in Figure 1. In particular, a Thévenin-based model is adopted to account the effect of reaction (1). An additional branch is added in parallel to the first one to model the effects of the reaction involving the iron material. This last branch is composed of a constant voltage source   V Fe   of 2.35 V per each cell of the battery, which is series-connected to one of two possible other branches by the switch SL. When the battery voltage   V bat   is less than   V Fe  , SL is in position 1 and the iron branch contributes to the discharge with the current   I D  . The model of Figure 1 is thus described by the following system of equations,


       V bat   ( t )  = OCV  ( t )  −  R Ni   ( t )   I Ni   ( t )  −  V  R C 1    ( t )  −  V  R C 2    ( t )         V bat   ( t )  =  V Fe  −  R Fe   ( t )   I Fe   ( t )       



(3)




where    I Fe   ( t )  =  I D   ( t )   ,   V  R C 1   , and   V  R C 2    are the voltages across the groups   R 1  −  C 1   and   R 2  −  C 2  , respectively, and the diode D is considered ideal.



SL goes in position 2 and the iron branch is charged by the current   I R   if the switch SW is closed, when    V bat  >  V Fe   . SW is only closed if the total charge transferred by   I D   is larger than that transferred by   I R  , i.e., some already transformed iron material that can be reverted back is available. This memory effect is taken into account by integrating in time the currents   I D   and   I R  , i.e., performing their coulomb counting, and comparing the results of the integration. The same system of equations described in Equation (3) is also used to describe the model by posing    I Fe   ( t )  = −  I R   ( t )   . We note that the iron contribution is activated when the battery voltage becomes lower than   V Fe  . Therefore, the model coincides with the classical Thévenin circuit when the battery SOC is high and the load current is low,    I Ni   ( t )  =  I bat   ( t )   , and the model is only described by Equation (4).


   V bat   ( t )  = OCV  ( t )  −  R Ni   ( t )   I bat   ( t )  −  V  R C 1    ( t )  −  V  R C 2    ( t )   



(4)







The battery model shown in Figure 1 contains parameters the values of which need to be identified experimentally. The most popular experiment carried out to identify the model parameters is the Pulsed Current Test (PCT) [27]. It consists of a series of constant current pulses separated by rest times. The pulses are used to change the battery SOC and to stimulate the battery, whereas the rest times are useful to estimate the model parameters during battery relaxation. The PCT procedure can be applied in charge and discharge, because the model parameters could be different in the two conditions. The procedure used to identify the model parameters is explained in detail in the following section, in which the characterization tests are presented.




3. Experimental Set-Up and Characterization Tests


The authors of [17] describes the details of the experimental setup used to characterize the commercial sodium–nickel chloride battery for telecommunication applications FZSonick® 48TL200 shown in Figure 2.



The battery nominal voltage is 48 V, the capacity is 200 Ah, and the maximum continuous discharge current is 150 A, with 200 A peak value. The battery consists of five strings of 20 series-connected cells. The strings are connected in parallel by the BMS, which is responsible for battery monitoring and for avoiding unsafe situations. In fact, it is able to manage the charge and discharge phases, to control the battery power switch, and to maintain the battery temperature inside the safe range. The battery temperature is set and controlled by the BMS. It turns on and off three heaters by means of a PWM signal with controlled duty cycle. The battery inner case is thermally insulated to reduce the energy lost to keep the minimum internal temperature required (at least 250 °C) for proper operations. The battery outer case was opened in our lab and additional sensors were introduced to acquire the individual voltage and current of each string. The internal temperature of the battery is acquired by the built-in sensors. The availability of the internal data of every string allows a deeper view of the battery and highlights the differences in the behavior of the strings when they are parallel-connected.



The characterization experiments were carried out by discharging the battery on a variable resistive load, ranging from 314 to 2200 mΩ, that is connected to the battery by means of a controlled power switch. The load consists of seven 2.2 Ω power resistors that power bars connect in any parallel combination from one to seven. Instead, the BMS internally manages the charging process of the battery by applying a classical constant-current/constant-voltage (CC-CV) charging profile on each particular string. The charging process starts when the external battery power terminals are connected to a power supply with a voltage higher than 54 V. The current value of the CC phase can be set by the user on the battery user interface.



3.1. Model Parameter Identification Procedure


PCTs were used to characterize the battery in several operating conditions and to investigate the accuracy of the state-of-the-art model described in Section 2. First of all, the battery was fully discharged with a PCT profile consisting of 19 test points that spans the battery SOC with steps of    Δ SOC  ≃ 5 %  , starting from the fully charged condition. Three different current values were used to test the battery: 23 A, 43 A, and 80 A. These current values are obtained using 1, 2, and 4 parallel-connected load resistors, respectively.



As mentioned before, the battery is composed of five parallel-connected strings that share the same voltage but have different currents. The experiments show that the strings are similar to one another and the difference between the string currents was measured to be always below 15% of the mean value. The data of string #1 in the 43 A PCT test are used to explain the identification process of the model parameters of Figure 1. The identified parameters of the other strings and in the other tests are shown in the next section, in which they will be discussed.



Figure 3 shows the voltage and the current of string #1 in the 43 A PCT test. The string current is one-fifth of 43 A, i.e., 8.6 A, and each pulse counts ~5% SOC. The battery behavior down to a SOC around 30% shows almost constant OCV and internal resistance gradually increasing, i.e., larger voltage drops for the same current pulse. The behavior significantly changes at low SOC. This indicates that the chemical reaction involving the iron component of the cell is taking place [1]. The figure also shows the enlarged view of two pulses, one for each particular operating zone of the battery, which are useful to estimate the parameters of the two branches of the model pertaining to each chemical reaction. The test can be divided in two parts: the first consists of the pulses in which the battery voltage remains above   V Fe  , meaning that only the nickel reaction is involved. The second part instead regards the zone in which the iron contribution becomes to show up.



Let us analyze the experiment results to extract the model parameters. The analysis of the first group of pulses involving just the nickel reaction is easier than the second one, because the iron branch of the model can be ignored. The string voltage can be obtained with reference to Figure 1 and the top diagram of Figure 3b using Equation (4). The value of   R Ni   is estimated using the voltage drop measured between   t i   and   (  t i  + Δ t )  . It is reasonable to neglect the variation of OCV,   V  R C 1   , and   V  R C 2    in   Δ t  , which is equal to 1 s. The remaining parameters are estimated from the string voltage acquired in the relaxation time from   (  t i  + Δ t )   to   t f  , to which the    R Ni   I bat    contribute is subtracted. The fitting is carried out using the fit function of Matlab and considering the time constants of the   R C   groups lower than the observation time, i.e., the battery is fully relaxed at the end of the rest time.



The pulse shown in the bottom diagram of Figure 3b, in which the string voltage becomes lower than   V Fe  , is instead used to calculate   R Fe  .   R Fe   is considered constant for any operating condition of the battery as expressed in [24] and is calculated according to the following procedure. First of all, the value of   R Ni   is estimated in this pulse using the measured voltage drop from   t f   to (   t f  + Δ t  ) and Equation (4). The battery voltage is higher than   V Fe   in this condition, and the selector SL is in position 2. Moreover, the string can be considered fully relaxed in   t f   and the switch SW is open.



The voltage and current drops form   t i   to (   t i  + Δ t  ) are used to estimate   R Fe  . SL is now in position 1, because    V bat   (  t i  )  <  V Fe   , and   R Fe   derives from the solution of the system of equations reported in Equation (5) obtained from Equation (3). Here, we consider   OCV  (  t i  + Δ t )  = OCV  (  t i  )   . We also define   Δ  I Fe  =  I Fe   (  t i  + Δ t )  −  I Fe   (  t i  )    and   Δ  I Ni  =  I Ni   (  t i  + Δ t )  −  I Ni   (  t i  )    the variations of the two components of the battery current in the time interval   Δ t  .


       V bat   (  t i  )  −  V bat   (  t i  + Δ t )  = Δ  I Fe  ·  R Fe         V bat   (  t i  )  −  V bat   (  t i  + Δ t )  = Δ  I Ni  ·  R Ni         I bat   (  t i  )  −  I bat   (  t i  + Δ t )  = − Δ  I Fe  − Δ  I Ni       



(5)







Finally, the other model parameters are obtained after the calculation of   R Fe   that is considered a global constant. The same approach described above is applied to every pulse. Each pulse corresponds to a well-defined SOC value.



The optimization tool of Matlab is applied to the string current and voltage data of each pulse. The tool uses a nonlinear data fitting function that improves the identification of   R 1  ,   C 1  ,   R 2  , and   C 2  . Table 1 reports the model parameters calculated for each SOC value using the data of string #1 in the 43 A PCT test, where    τ 1  =  R 1   C 1    and    τ 2  =  R 2   C 2   , respectively.





4. Model Validation and Discussion


The model proposed in [24] and recalled in Section 2 is now applied to the data of each string for all the tests carried out on the investigated battery. The model parameters are identified as described in Section 3.1. The identification process is applied to the data of the five strings acquired in the 43 A PCT test. The values of OCV,   R Ni  ,   R 1  ,   τ 1  ,   R Fe  , and    R tot  =  R Ni  +  R 1  +  R 2    are shown in Figure 4. The parameters of each string are very similar to each other as expected. The strings are fairly good matched and present a maximum difference among their current values lower than 15% of the mean value when put in parallel. The same set of parameters can thus be used to model each string neglecting their small differences. The parameter set is obtained using the median value of the parameters of the five strings.



The analysis of the parameter trends shows behaviors not fully expected. For example,   R tot   should increase when the SOC decreases because it only depends on the nickel reaction. In fact, the reaction front of (1) moves away from the beta-alumina layer. The distance traveled by the sodium ions before the reaction occurs increases and the voltage drop for the same charge flow increases as well [5]. Surely,   R tot   increases when SOC goes from 100% to ~30% when the iron reaction is not activated yet. It instead decreases when SOC is below 30%. This phenomenon suggests a complex interaction between the nickel and iron reactions [28]. Indeed, the interaction cannot fully be described by the two separated branches of the model.



Let us now verify how much the model response fits to the measured voltage of string #1 in the PCT with a pulse current value of 43 A. The model is stimulated with the current acquired from string #1 in the same test.



The comparison between the measured and simulated string voltages is reported in Figure 5, together with their difference that represents the error in the reconstruction of the battery behavior. The model response is rather accurate in this test, as the absolute value of the relative error remains lower than 1% for almost all the test. This error is consistent with the one obtained in [24], where the same model is used on a high-voltage series-connected battery. Instead, it is lower than the finding of [20], where a mathematical model is used. Moreover, it is comparable with the 4% error found with the electrochemical model presented in [18]. However, we note that the error is rather low until the occurrence of the iron reaction, i.e., when the battery voltage is above    V Fe  = 47  V  . This fact suggests that the model accounts very well for the nickel reaction and is less accurate when both reactions occur.



It was mentioned before that other PCTs were carried out to investigate the model response in different conditions. PCTs were performed with 23 A and 80 A as battery pulse current values, i.e., 4.6 A and 16 A as string pulse current value. The details of the experiments carried out on the battery are reported in Table 2. The SOC steps are chosen to be ~5% in any case.



Figure 6 reports the measured current and voltage of string #1 in the PCTs with 23 A and 80 A as battery pulse current values. We note that the string voltage at the end of the rest time remains almost constant at 51.6 V and tends to remain close to   V Ni   for higher SOC when the string is discharged with higher current. At the same time, the battery relaxation seems distorted by the iron reaction at earlier SOC values. The experiments thus show that the relative interaction between the two reactions depends on both the current and the SOC values. In addition, it is also important to note that the battery is always slowly discharged by the heaters that keep the temperature of the battery above 265 °C, which is controlled by the electronic system attached to the battery. The charge utilized by the heaters depends on the battery temperature at the end of each PCT pulse. The higher the pulse current value, the higher the end pulse temperature and thus the lower the charge utilized in the rest times.



The parameter identification process described in Section 3.1 was applied to the other tests to investigate the parameter robustness to the load current. The five strings do not significantly differ to one another, so the parameters are calculated using the median value of the five strings. Figure 7 shows the values of OCV,   R Ni  ,   R 1  ,   τ 1  ,   R Fe  , and   R tot   identified in the three PCTs carried out at different current levels. The OCV is very similar in the three PCTs as expected, because it is independent from the discharge current value [20]. We can note that the parameter values depend on the pulse current value, although the shapes of the curves are similar. The current value changes the way in which the iron reaction intervenes. For example,   R Fe   identified with the 23 A PCT is about 4 times the value obtained with the other PCTs.



The model was applied to the data collected in the experiments with current values of 23 A and 80 A, i.e., string currents of 4.6 A and 16 A, respectively. The used set of model parameters are those identified with 43 A current that represents the “average load” condition. The comparison between the simulated and measured voltage is reported in Figure 8. It undoubtedly shows that the model accuracy becomes worse when the discharge current values increase. Once again, it is shown that the model response to the iron component of the chemical reactions is lacking accuracy.



The model output was also compared to the measurements performed on the other strings of the battery that our experimental set-up allows us to investigate. Table 3 reports the Root Mean Square Error (RMSE) between the measured and simulated string voltages for the five strings and the three PCT experiments. As anticipated before, the behaviors of the five strings constituting the battery are very similar to each other, and thus the difference in the RMSE values is very limited even if the same set of parameters is used for all the strings.



It can again be noted that the RMSE significantly increases for the PCTs carried out at both 23 A and 80 A current values. This fact is due to the dependence of the parameters on the current shown in Figure 7. The parameters identified in the 43 A test lead to a loss of accuracy when the battery operates with different discharge rates. Figure 9 finally shows the RMSE in the model reconstruction for string #1. The reconstruction is divided in SOC zones of 10% each, to span the entire SOC range. It is reported for the three experiments described. We note that the maximum values of the error occur around the 20–30% SOC zone, where reaction (2) takes place together with reaction (1). Moreover, the current rate is also important, as the error increases with the current rate down to 30% SOC, as the iron reaction is turned on earlier. The higher errors found in the tests around the 20–30% SOC zone at low and high current rates show the reduced accuracy of the model in that zone. The accuracy strongly depends on the test condition in which the parameter identification process was performed.



Finally, we can draw the conclusion that the model for the sodium–nickel chloride battery proposed in [24] and experimentally investigated in this paper is accurate for low-current rates, but it is not able to reproduce the battery behavior with the same fidelity for high current rates and in the case when the secondary reaction involving the iron component is activated. The experimental campaign described in this paper stands as a starting point and suggests efforts for the improvement of the model about this aspect. Similar considerations about the accuracy of this model are drawn in [29]. A commercial sodium–nickel chloride battery composed of 240 cells of 40 Ah series-connected is tested with a PCT consisting of current pulses of 5 A. In particular, the authors show that modeling the iron reaction can be improved and propose a possible variation of the circuit model which accounts the variation of   V Fe   and   R Fe   with the SOC and still maintains independent one to another the two model branches. Another possible improvement of the model could be to consider the variation of the model parameters with the load current value. Moreover, it seems to us important that the Ni and Fe reactions cannot be considered independent to one another, because they are strongly coupled. Their interaction should be taken into account by increasing the iron branch complexity, using more complex components, such as constant phase elements or Warburg impedance type elements, and/or combining the two branches with mutually interacting components. These aspects will be investigated in future works.




5. Conclusions


This paper extends and completes the experimental characterization of a sodium–nickel chloride battery preliminary presented in [17]. The experimental results are compared to a state-of-the-art model that reproduces the battery behavior, taking into account the two main chemical reactions occurring in this kind of battery. The model parameters have been identified by means of pulsed current tests and the comparison between the model output and the experimental results have been carried out for three tests differing in the discharge current rates. The comparison shows that the model is rather accurate for low-current rates, but it loses accuracy and it is not able to reproduce with fidelity the battery behavior at low states of charge (e.g., when the battery is almost fully discharged) and in the case when the secondary reaction involving the iron component is activated, i.e., at high current rates. Further research efforts and refinements of the model are necessary to make it available a sodium–nickel chloride battery model more accurate in any operating condition.
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Figure 1. Electrical battery model proposed in [24]. 
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Figure 2. Photograph of the experimental set-up. From the left the power supply and the PC with the user interface, the instrumented battery in the middle, and the seven power resistors used as load on the right. 
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Figure 3. Current and voltage of string #1 in the pulsed current test used to estimate the model parameters. The battery pulse current value is 43 A, and the string current value is 8.6 A (a). Enlarged view of two pulses representing the contribution of the nickel reaction only (top) and both reactions (bottom) (b). 
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Figure 4. OCV,   R Ni  ,   R 1  ,   τ 1  ,   R Fe  , and    R tot  =  R Ni  +  R 1  +  R 2    identified with the data of the five strings acquired in the PCT with a pulse current value of 43 A. 
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Figure 5. Comparison between the measured and simulated voltage of string #1 in the PCT with a pulse current of 43 A. The model and the measured voltages and their percentage error are shown. 
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Figure 6. Current and voltage measured of string #1 of the battery in two pulsed current tests with different current amplitudes. The battery pulse current value is 23 A, and the string current value is 4.6 A (a). The battery pulse current value is 80 A, and the string current value is 16 A (b). 
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Figure 7. Comparison between the identified parameter set using the PTCs with a battery pulse current value of 23 A, 43 A, and 80 A. 
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Figure 8. Comparison between the measured and simulated voltage of string #1 in the PCTs with a pulse currents of 23 A (string current 4.6 A (a)) and 80 A (string current 16 A (b)). The model and the measured voltages and their percentage error are shown. 
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Figure 9. RMSEs of string 1 in the three PCTs. 
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Table 1. Model parameters of string #1 obtained from the Pulsed Current Test (PCT) at battery current of 43 A.
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	SOC %
	OCV (V)
	   V Fe    (V)
	   R Ni    (mΩ)
	   R Fe    (Ω)
	   R 1    (mΩ)
	   R 2    (mΩ)
	   τ 1    (s)
	   τ 2    (s)





	95
	51.6
	47
	221
	1.86
	1
	16
	1
	42



	89
	51.6
	47
	234
	1.86
	16
	13
	1
	8



	83
	51.6
	47
	246
	1.86
	11
	28
	1
	38



	78
	51.6
	47
	255
	1.86
	25
	30
	1
	35



	72
	51.6
	47
	263
	1.86
	38
	36
	1
	42



	66
	51.6
	47
	248
	1.86
	76
	45
	1
	58



	60
	51.6
	47
	245
	1.86
	112
	48
	2
	63



	55
	51.5
	47
	236
	1.86
	159
	55
	3
	73



	49
	51.5
	47
	225
	1.86
	215
	65
	5
	81



	44
	51.5
	47
	217
	1.86
	290
	70
	6
	122



	39
	51.6
	47
	211
	1.86
	424
	19
	33
	38



	33
	51.5
	47
	205
	1.86
	423
	118
	50
	60



	28
	51.3
	47
	201
	1.86
	429
	186
	73
	198



	23
	48.7
	47
	223
	1.86
	82
	209
	8
	276



	18
	47.4
	47
	226
	1.86
	152
	112
	7
	1089



	12
	46.7
	47
	227
	1.86
	18
	89
	1
	82



	7
	46.7
	47
	245
	1.86
	65
	97
	2
	49



	2
	46.6
	47
	262
	1.86
	100
	156
	3
	59
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Table 2. Experiment parameters of the pulsed current tests.
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	Battery Current Value
	String Current Value
	Pulse Time
	Pulse    Δ SOC   
	Rest Time





	23 A
	4.6 A
	1500 s
	4.8%
	3600 s



	43 A
	8.6 A
	750 s
	4.5%
	3600 s



	80 A
	16 A
	450 s
	5%
	3600 s
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Table 3. Root mean sqaure error (RMSE) between the measured and simulated string voltages in the three tests.
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	Battery Current (A)
	String Current (A)
	String 1 RMSE (mV)
	String 2 RMSE (mV)
	String 3 RMSE (mV)
	String 4 RMSE (mV)
	String 5 RMSE (mV)





	23
	4.6
	275
	277
	286
	271
	282



	43
	8.6
	117
	119
	127
	120
	121



	80
	16
	562
	597
	608
	596
	588
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