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Abstract: Existing validation methods for equivalent circuit models (ECMs) do not capture the effects
of operating lithium-ion cells over legislative drive cycles at low ambient temperatures. Unrealistic
validation of an ECM may often lead to reduced accuracy in electric vehicle range estimation.
In this study, current and power are used to illustrate the different approaches for validating ECMs
when operating at low ambient temperatures (−15 ◦C to 25 ◦C). It was found that employing a
current-based approach leads to under-testing of the performance of lithium-ion cells for various
legislative drive cycles (NEDC; FTP75; US06; WLTP-3) compared to the actual vehicle. In terms of
energy demands, this can be as much as ~21% for more aggressive drive cycles but even ~15% for
more conservative drive cycles. In terms of peak power demands, this can range from ~27% for more
conservative drive cycles to ~35% for more aggressive drive cycles. The research findings reported in
this paper suggest that it is better to use a power-based approach (with dynamic voltage) rather than a
current-based approach (with fixed voltage) to characterise and model the performance of lithium-ion
cells for automotive applications, especially at low ambient temperatures. This evidence should help
rationalize the approaches in a model-based design process leading to potential improvements in
real-world applications for lithium-ion cells.

Keywords: battery electric vehicle; equivalent circuit model; legislative drive cycle; lithium-ion
battery testing; low ambient temperature

1. Introduction

Reduced driving range and battery performance at low ambient temperatures are a key market
adoption barrier for battery electric vehicles (BEVs) [1]. This limitation is primarily attributed to
increased energy and power demands from on-board battery pack at low ambient temperatures [2,3].
This is further exacerbated by reduced accuracy in driving range estimation, which often contribute to
an increased range anxiety amongst BEV users at such ambient temperatures [4,5]. The accuracy of the
Equivalent Circuit Model (ECM) in the on-board battery management system (BMS) is therefore of
paramount importance for accurate driving range estimation [4,5].

The State of Charge (SOC) and cell voltage estimated by the ECM are used to calculate the
remaining driving range [6,7]. An inaccurate estimation of SOC and/or cell voltage by ECM will lead
to misleading estimates for the remaining driving range [8,9]. To ensure that ECM correctly estimates
SOC and cell voltage in the real-world; parameterisation and validation data used to develop the ECM
should also reflect the real-world driving scenarios [8–10].

The dependence of ECM parameters on SOC, current, temperature has been widely considered in
literature [11–13], as well as the dependence of Open Circuit Voltage (OCV) versus SOC relationship
on voltage hysteresis and ambient temperature [14,15]. These published research findings have shown
that model accuracy increases with increasing model complexity (for example, higher number of
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RC networks), which can often imply higher costs in implementation and uncertainties [8,16–18].
Furthermore, the accuracy in output voltage estimation was found to reduce as the ambient
temperature reduces [10]. In terms of legislative drive cycle analysis, ECM validation is often
primarily limited to NEDC [10]. Even then, the lowest ambient temperature range at which an
ECM is validated varies between 5 ◦C to 10 ◦C, but real-world winter ambient temperatures can
be as low as −20 ◦C [10,16,18]. Although there are some ECMs that have been validated at ambient
temperatures around −20 ◦C; the drive cycles considered in these reports cannot be generalised [19,20].

The existing validation methods for an ECM often represent idealised driving scenarios without
accounting for real-world behaviour [16,17]. This is because to obtain validation data for an ECM,
lithium-ion cells are conventionally characterised using a current-based approach (with a fixed
voltage) [21–23]. For example, Keil et al. employed a nominal voltage of 3.6 V while scaling down
the US06 drive cycle to test commercial 18,650 lithium-ion cells [24]. However, the actual cell voltage
keeps changing (between 4.2 and 3 V) as the cell is cycled over a US06 drive cycle. This means
that while the current demanded by the duty cycle is met by the cell, the power demand is not
met as power depends not just on current, but also on cell voltage and in turn SOC and internal
cell resistances to get the required voltage drop [25]. Furthermore, at low ambient temperatures,
current-based approach fails to account for the dynamic nature of cell voltage in two ways: (a) Owing
to greater internal cell resistances, lower operating voltages will be the norm for a legislative drive
cycle. But, by employing fixed reference voltage, low operating voltages are not covered. (b) The
transient nature of realistic drive cycles such as the US06 coupled with the more prominent dependence
of internal cell resistances on operating current and voltage, will cause the transient nature of cell
voltage to become more prominent. But, by employing fixed reference voltage, the inherently transient
nature of voltage is ignored. On the other hand, a power-based approach takes into account the
above considerations implicitly without making any assumptions for a particular drive cycle or
ambient temperature. The use of fixed voltage is prevalent in literature for a number of different
types of investigations. To validate SOC and State of Health (SOH) estimation algorithms, Andre et al.
employed current profiles for the FTP72 legislative drive cycle at 25 ◦C ambient temperature in order
to simulate real-world driving scenarios [26]. Analogous to SOC, State-of-Energy (SOE) measures
remaining energy (in Watt-hours) [4]. Recently, researchers have argued that SOE may be a more direct
indicator of the driving range because it takes into account the energy wasted to self-heating within a
battery/cell [8,27].

To validate a SOE estimation algorithm, Wang et al. employed the current profile for the dynamic
stress test (DST) at 25 ◦C ambient temperature to simulate typical working conditions [8]. Similarly,
Hosseinzadeh et al. employed current profiles for the Worldwide harmonized Light vehicles Testing
Procedure Class 3 (WLTP-3) to validate their electro-thermal model between 5 and 45 ◦C ambient
temperature range [21].

There is limited understanding with regards to the distinction between capacity (in Ampere-hours)
and energy (in Watt-hours). For example, Jaguemont et al. employed discharged energy to measure
lithium-ion cell performance at low ambient temperatures whereas Li et al. used discharged capacity
to investigate the same [28,29]. However, in their development and validation of a model for an HEV
battery pack, Jaguemont et al. employed a current-based approach and validated their model against
an arbitrary current profile (with fixed nominal voltage) [19].

In their research, Barai et al. argue that discharged energy considers cell voltage evolution with
changing operating temperature and hence accounts for heat losses to self-heating [30]. They reported
that while the discharged capacity increased with C-rate, discharged energy decreased with C-rate at
25 ◦C ambient temperature. Grandjean et al. recommended that at low ambient temperatures, it is
better to discharged cells at a higher C-rate to extract a greater capacity [31]. However, it may be the
case that at lower ambient temperatures, due to higher self-heating, a greater fraction of cell capacity
discharged is wasted instead of actually delivering energy at the wheels [32,33].
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The systematic use of power profiles for various legislative drive cycles for ECM validation is
absent in literature. There is no investigation quantifying the impact of using power profiles instead
of current profiles on state functions such as SOC and SOE. There is no investigation how the power
profiles will affect ECM accuracy for various model orders, particularly at lower ambient temperatures.
The differences in considering energy (Wh) instead of capacity (Ah) have not been quantified at
cell level.

In this study, the authors compare current and power approaches for validating ECMs operating
at low ambient temperatures. To obtain the current profile for the current-based approach, the power
profile for a single cell was divided by the fixed nominal voltage (3.7 V) at each time step. These current
values are only correct for a fixed voltage of 3.7 V and are not indicative of the actual current flowing
through the cell to meet the power demands of a legislative drive cycle. For the power-based approach,
the power profile for the power-based approach is the power demand calculated for a single cell [18].
In this case, the cell cycler modifies the current drawn from the cell based on the instantaneous cell
voltage to meet the power demand at each time step.

The legislative drive cycles investigated in the paper are: NEDC, the FTP75, the US06 and WLTP
(Class 3). The legislative drive cycles chosen as part of this manuscript were chosen based on the
following considerations: (a) New European Driving Cycle (NEDC) was chosen as it is a modal drive
cycle part of the EU standards and is commonly used by researchers to compare cell performance
and to validate equivalent circuit models; (b) Federal Test Procedure (FTP75) was chosen as it is a
transient drive cycle part of the EPA standards and includes a cold-start phase which means that the
vehicle is started at the ambient temperature which may be the case in cold weather conditions; (c) The
US06 Supplemental Federal Test Procedure (US06) was chosen as it is representative of aggressive
high speed and high acceleration driving behaviour. The US06 has one of the highest power demand
to energy demand ratios amongst legislative drive cycles; (d) Worldwide harmonized Light vehicles
Test Procedure Class 3 (WLTP-3) was chosen as it is a proposed global standard for quantifying the
urban range of light weight electric vehicle. These four legislative drive cycles are representative of
European Union (NEDC), American (FTP75, US06) and Global (WLTP-3) standards and thus cover a
vast majority of real-world driving scenarios.

The low ambient temperature range chosen was between −15 ◦C to 25 ◦C. The lower limit of
−20 ◦C ambient temperature was chosen as it is representative of harsh winter conditions [19,34,35].
The upper limit of 25 ◦C ambient temperature is chosen as it is the minimum validation temperature
where ECM performance is compared in the literature [10]. The starting SOC for each experiment
was chosen as 65% SOC based on the OCV-SOC relationship collected. Experimental comparison is
made on the basis of the relative capacity/energy values and relative peak current/power values. The
modelling comparison is made on the basis of accuracy in output voltage estimation, change in SOC
and estimated rise in operating temperature.

The manuscript is structured as follows: in Section 2, the experimental and modelling
methodology used as part of this study is detailed. In Section 3, the effect of using both current-based
and power-based approaches on lithium-ion cell characterization and equivalent circuit modelling
is reported. The paper continues with a discussion of the impact in Section 4, and finishes with
conclusions in Section 5.

2. Materials and Methods

2.1. Pouch Cells

Commercially available 40 Ah lithium-ion pouch cells with Nickel-Manganese-Cobalt (NMC)
cathode and graphite anode were used in this study (see Table 1). The size, shape and chemistry of the
cell was chosen based on similar cells used in passenger BEVs (e.g., a Nissan Leaf).
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Table 1. Performance Characteristics of 40 Ah Lithium-ion Pouch Cell.

Maximum
Constant

C-Rate

Maximum
Pulse C-Rate

(10 s)

Nominal
Voltage [V]

Upper Voltage
Limit [V]

Lower Voltage
Limit [V]

Operating
Temperature
Range [◦C]

8C 10C 3.7 4.2 2.7 −20 to 60

2.2. Legislative Drive Cycle Analysis

Four legislative drive cycles are investigated: NEDC, the FTP75, the US06 and WLTP (Class 3).
Using a backward facing model, the legislative speed versus time profile was converted to a vehicle
level power versus time profile [18,36]. The conversion was carried out for a typical passenger
BEV with a gross vehicle weight of 1945 kg (curb weight is approximately 1600 kg [18,36,37]). Other
parameters were: Coefficient of Drag, CD = 0.28, Density of Air, $ = 1.225 kg/m3, Frontal Area of Vehicle,
A = 2.744 m2, Gravitational Acceleration, g = 9.81 m/s2, Friction Coefficient, fr = 0.01 [36,37]. The
gear-box ratio (G) was 7.94. The motor efficiency was assumed to be 0.7 at ambient temperatures [18],
and 100% regenerative-braking efficiency (RE).

Since the study is focused at low ambient temperatures, a 5 kW load for cabin-heating was added
at every time step [38]. It was assumed that the vehicle battery pack consisted of 48 modules and each
module consisted of four cells arranged in a 2P2S architecture [18]. The nominal voltage of a single cell
was 3.7 V, and nominal voltage of the battery pack was 355.2 V. The power demand per second of a
single cell was calculated. The energy available from the battery pack at the nominal pack voltage was
28.4 kWh, comparable to a real BEV [39].

2.3. Equivalent Circuit Model Validation

To compare between current-based and power-based validation of ECM operating at low
ambient temperatures, a 2nd order ECM with one-state hysteresis was developed using MATLAB
2017b (Simulink, The MathWorks, Natick, MA, USA). This model was developed due to agreement
in literature that it is a compromise between increasing model accuracy and increasing model
complexity [16,40]. The SOC for the ECM was updated based on the operating temperature and
the input current by employing a 2D-lookup table. The Resistor-Capacitor (RC) parameters depended
on SOC, operating temperature and magnitude/direction of input current (via 3D-lookup table) and
were obtained using a least-squares curve-fitting technique from pulse power characterization data for
10 s charge/discharge pulses (Table 2).

Table 2. Test Matrix for Pulse Power Characterization of Lithium-ion Pouch Cell.

Ambient Temperature [◦C] SOC [%] Discharge Pulse C-Rates Charge Pulse C-Rates

−20, −10, 0 & 25 20, 50 & 80 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 8C & 10C 0.1C, 0.2C, 0.5C, 1C, 2C & 3C

The operating temperature was calculated using the cell surface temperature and a 1st order
thermal model. The surface temperature of the cell was measured by attaching a single k-type
thermocouple to the geometric centre of one surface of the pouch cell [33]. The OCV-SOC relationship
was obtained at 25 ◦C ambient temperature from the method described in [41] using stepped 1C
charge/discharge at intervals of 4% rated capacity. To estimate the SOC, the nominal capacity
values were obtained from constant current continuous discharge duty cycles at different ambient
temperatures and discharge C-rates. The ambient temperatures were those shown in Table 2 and the
constant current continuous discharge C-rates consisted of 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 8C.

2.4. Battery Testing Equipment and Analysis

All experiments discussed in this paper were conducted in a Weiss Gallenkamp Votsch (VC 3
4060) thermal chamber (Konigswinter, Germany) (Figure 1). The lithium-ion cells were cycled using a
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Bitrode (MCV 16-100-5) cell-cycler and the relevant cycling software (VisuaLCN) was employed. The
data was analysed using MATLAB 2017b.

Energies 2018, 11, x FOR PEER REVIEW  5 of 16 

 

 
Figure 1. Graphical representation of test setup inside the thermal chamber. 

3. Results 

3.1. Experimental Results 

Based on the power-based approach described in Section 2.2, the cell level energy and power 
demands of various legislative drive cycles were calculated (Table 3). The US06 was the most 
aggressive of the four legislative drive cycles considered as part of this study (Table 3). This is 
evidenced by the energy required per km at the cell level (1.81 Wh/km), the RMS power demand 
(212.92 W) and the peak power demand (801.97 W).  

The NEDC has the lowest power demands of the four legislative drive cycles under 
consideration (Table 3). This is evidenced by the RMS power demand (83.71 W) and the peak power 
demand (337.04 W). The energy and power demands of a particular legislative drive cycle will be the 
same irrespective of the ambient temperature. Thus, in the rest of this paper, the energy and power 
demands for the various legislative drive cycles reported in Table 3 are taken as the 100% baseline to 
show the deficits in a current-based approach at low ambient temperatures. For example, for the 
US06, the energy demanded is 1.81 Wh irrespective of operating conditions (Table 3). This is the 100% 
baseline energy demand for the US06.  

Table 3. Energy and Power Demands of Legislative Drive Cycles (Power-based Approach). 

Drive Cycle NEDC FTP75 US06 WLTP-3 
Duration [s] 1184 1880 600 1800 

Distance [km] 10.93 17.67 12.81 23.26 
Total Energy Required [Wh] 19.00 30.71 23.15 32.19 

Energy Demand [Wh/km] 1.74 1.74 1.81 1.38 
RMS Power Demand [W] 83.71 86.61 212.92 98.28 
Peak Power Demand [W] 337.04 346.03 801.97 32.53 

Based on the current-based approach described in Section 2.2, the cell level capacity and current 
demands of various legislative drive cycles were calculated (Table 4).  

Table 4. Capacity & Current Demands of Legislative Drive Cycles (Current-based Approach). 

Drive Cycle NEDC FTP75 US06 WLTP-3 
Total Capacity Required [Ah] 5.14 8.30 6.26 8.70 

Capacity Demand per km [Ah/km] 0.47 0.47 0.49 0.37 
RMS Current Demand [A] 22.33 23.31 55.94 26.30 
Peak Current Demand [A] 91.09 93.52 216.75 89.87 

Pouch Cell 

Test Jig 

Cell Cycler 

Figure 1. Graphical representation of test setup inside the thermal chamber.

3. Results

3.1. Experimental Results

Based on the power-based approach described in Section 2.2, the cell level energy and power
demands of various legislative drive cycles were calculated (Table 3). The US06 was the most aggressive
of the four legislative drive cycles considered as part of this study (Table 3). This is evidenced by the
energy required per km at the cell level (1.81 Wh/km), the RMS power demand (212.92 W) and the
peak power demand (801.97 W).

Table 3. Energy and Power Demands of Legislative Drive Cycles (Power-based Approach).

Drive Cycle NEDC FTP75 US06 WLTP-3

Duration [s] 1184 1880 600 1800
Distance [km] 10.93 17.67 12.81 23.26

Total Energy Required [Wh] 19.00 30.71 23.15 32.19
Energy Demand [Wh/km] 1.74 1.74 1.81 1.38
RMS Power Demand [W] 83.71 86.61 212.92 98.28
Peak Power Demand [W] 337.04 346.03 801.97 32.53

The NEDC has the lowest power demands of the four legislative drive cycles under consideration
(Table 3). This is evidenced by the RMS power demand (83.71 W) and the peak power demand
(337.04 W). The energy and power demands of a particular legislative drive cycle will be the same
irrespective of the ambient temperature. Thus, in the rest of this paper, the energy and power demands
for the various legislative drive cycles reported in Table 3 are taken as the 100% baseline to show the
deficits in a current-based approach at low ambient temperatures. For example, for the US06, the
energy demanded is 1.81 Wh irrespective of operating conditions (Table 3). This is the 100% baseline
energy demand for the US06.

Based on the current-based approach described in Section 2.2, the cell level capacity and current
demands of various legislative drive cycles were calculated (Table 4).

The current and capacity demands of the various legislative drive cycles are tacitly assumed
to reflect power and energy demands of the legislative drive cycles, however, that is only true at
the nominal voltage of 3.7 V. An illustrative example of the differences between the two approaches
for NEDC at 65% starting SOC and −15 ◦C ambient temperature is given in Figure 2. While the
RMS power for the power-based approach is 83.71 W, the corresponding value for the current-based
approach is 71.15 W. This implies that energy demanded will also be higher for the power-based
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approach. While the total energy demanded by the NEDC at the cell level is 19.00 Wh for power-based
approach, the total energy demanded for current-based approach is only 16.20 Wh; a reduction by
14.82%. While the peak power demanded for power-based approach is 337.04 W, the corresponding
value for current-based approach is 261.13 W; a deficit by 22.52%.

Table 4. Capacity & Current Demands of Legislative Drive Cycles (Current-based Approach).

Drive Cycle NEDC FTP75 US06 WLTP-3

Total Capacity Required [Ah] 5.14 8.30 6.26 8.70
Capacity Demand per km [Ah/km] 0.47 0.47 0.49 0.37

RMS Current Demand [A] 22.33 23.31 55.94 26.30
Peak Current Demand [A] 91.09 93.52 216.75 89.87
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approach for NEDC at −15 ◦C ambient temperature and 65% starting State of Charge (SOC).

In Figure 3, it can be seen that the discrepancy for the current-based approach (compared to the
power-based approach) in peak power delivered was higher than the discrepancy in energy delivered
as ambient temperature reduces.
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Baseline Peak Power and Relative Energy Demanded for Various Ambient Temperatures and Legislative
Drive Cycles for 65% starting SOC employing current-based approach: (a) NEDC, (b) FTP75, (c) US06
and (d) WLTP (Class 3).
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For example, for US06, while the relative energy delivered reduces from 97.25% to 78.31% as
ambient temperature decreases from 25 ◦C to −15 ◦C, the relative peak power reduces from 93.03% to
64.50% (Figure 3c). For a particular legislative drive cycle, the relative energy and power demands
for which a cell should be tested for is given relative to the ambient temperature (the ‘green’ line in
Figure 3).

In the rest of this section, the results for cells cycling under power-based approach will be
compared against the current-based approach. An illustrative example for NEDC at 65% starting
SOC is given in Figure 4. The current demanded for the power-based approach generally tends to be
higher than the current demanded for the current-based approach at −15 ◦C ambient temperature.
This implies that capacity used for the power-based approach (5.95 Ah) will also be higher than the
capacity used for the current-based approach (5.14 Ah); which see an increase by 15.76%. In Figure 4,
during power-based approach, the current demands of the NEDC are not met by the cells (circled).
This is due to cells reaching cut-off voltage (2.7 V) during that time.
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Depending on cell voltage and instantaneous current, the cells reached cut-off voltage at different
points for each drive cycle. Using the power-based approach at −15 ◦C ambient temperature and 65%
starting SOC (Figure 5).
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SOC and −15 ◦C ambient temperature: (a) NEDC, (b) FTP75, (c) US06 and (d) WLTP-3.
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However, due to lower power and current demands for current-based approach; no such
observation was made for any of the drive cycles at −15 ◦C ambient temperature and 65%
starting SOC. That is, the cells would all be considered to meet with the drive cycle demands in
current-based approach.

In Figure 6, it can be seen that employing a power-based approach affects the peak current
demands of the cell more than the cell’s capacity. This is evidenced by the fact that none of the
cells were able to meet the instantaneous current (and hence, power) demands of the cells at −15 ◦C
ambient temperature (Figure 5). To ensure that the energy requirements of a drive cycle are tested in a
power-based approach, it is desirable to ‘over-test’ the cell in terms of capacity requirements (Figure 6).
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On the other hand, to ensure that the instantaneous power demands are met in a power-based
approach, it is important to consider that higher currents will flow through the cell than what may
have been considered in a current-based approach. Higher operating currents will lead to greater
self-heating and hence, higher temperature rise. For example, for the power-based US06 at −5 ◦C
ambient temperature (Figure 6c), 135% of peak current demands and 115% of capacity demands
compared to the current-based approach have to be considered for equivalence of testing. As ambient
temperature reduces (in other words, current demand increases), the internal cell resistances will
increase which consequently results in an over-potential increase and cell voltage decreases at a faster
rate. This leads to a reduced power delivered and hence, reduced energy as ambient temperature
reduces. This is despite ensuring consistency in current and hence, capacity delivery.

Employing a 3.7 V fixed voltage throughout a duty cycle is unrealistic as it fails to account not just
for the lower operating cell voltages but also for the deviation from mean cell voltage. An illustrative
example for the current-based NEDC at 65% starting SOC and −15 ◦C ambient temperature is given in
Figure 7. While the nominal reference voltage is 3.7 V, the mean cell voltage for the profile is 3.42 V
and the standard deviation from that mean cell voltage (σ) is 0.17 V.

In Figure 8, the standard deviation from mean cell voltage (σ) for power-based approaches
are compared to the corresponding values for the current-based approach at different ambient
temperatures and legislative drive cycles. It can be seen that σ increases as ambient temperature
decreases for a particular legislative drive cycle. For example, for the FTP75 as ambient temperature
reduces from 25 to −15 ◦C, σ increases from 0.04 V to 0.20 V (Figure 8b). Further, σ recorded a higher
value for the more aggressive drive cycle. While for NEDC, σ increases from 0.04 V to 0.22 V; but the
corresponding rise for US06 is from 0.06 V to 0.31 V (Figure 8a,c).
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The σ for power-based approach is higher than σ for current-based approach. For example,
for WLTP at −15 ◦C ambient temperature, while σ for the current-based approach is 0.21 V and
power-based approach is 0.25 V (Figure 8d). This implies that voltage profile for the power-based
approach is more transient than for the current-based approach. Due to dynamically changing cell
voltages, the true energy and power demands of various legislative drive cycles are not captured in
a current-based approach in cell testing, which in turn implies that the cells may not considered to
meet the drive cycle demands in the current-based approach. This further affirms the argument that
using a profile with a fixed reference voltage (3.7 V in the current-based approach) is misleading for
low ambient temperature characterisation for lithium-ion cells; particularly for legislative drive cycles
with high current/power demands.

3.2. Modelling Results

In Figure 9, the output voltage profile estimated by the 2nd order ECM is compared against the
experimental voltage profiles for the current-based legislative drive cycles at 25 ◦C ambient temperature
and 65% starting SOC. The normalized root-mean-squared-error (RMSE) in output voltage estimation
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averaged across the four legislative drive cycles was 11.8 mV, which is comparable with typical errors
reported in the previous published reports [10,16].
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As ambient temperature decreases, the ECM accuracy in output voltage estimation decreases for
all the legislative drive cycles (Figure 10). The 2nd order ECM (‘2RC’), depending upon the legislative
drive cycle, showed the lowest accuracy in output voltage estimation at −5 ◦C (US06) and 5 ◦C (NEDC,
FTP75 and WLTP-3) ambient temperatures (Figure 10). This was seen for both current-based and
power-based validation profiles.Energies 2018, 11, x FOR PEER REVIEW  11 of 16 
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Figure 10. Comparison of model accuracy (RMSE) for current-based (I (t)) and power-based (P (t))
approaches at low ambient temperatures for 65% starting SOC for various legislative drive cycles for
‘2RC’ ECM: (a) NEDC, (b) FTP75, (c) US06 and (d) WLTP-3.

As the ambient temperature decreases, for a particular legislative drive cycle, the change in
SOC from 65% starting SOC (∆SOC) increases for both current-based and power-based approaches
(Figure 11). For example, for the current-based NEDC from a 65% starting SOC, while the final SOC is
52.5% at 25 ◦C ambient temperature, it is 49.2% at −15 ◦C ambient temperature (Figure 11a). While
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there is a negligible difference at 25 ◦C ambient temperature; as the ambient temperature decreases, the
discrepancy in the SOC evolution for the current-based and power-based approaches for a particular
drive cycle is greater (Figure 11). For example, for the current-based FTP75, from a 65% starting
SOC, the final SOC decreases from 44.7% at 25 ◦C ambient temperature to 40.4% at −15 ◦C ambient
temperature (Figure 11b); a reduction of ~9.6%. However, correspondingly for the power-based FTP75
the final SOC changes from 44.6% at 25 ◦C to 36.8% at −15 ◦C ambient temperature. This is a reduction
of ~17.5%. This can be explained by the relatively higher power demands in the power-based approach
due to higher currents passing through the cell (Figure 6). This means that SOC decreases faster for a
given drive cycle for the power-based approach potentially affecting range.
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(d) WLTP-3.

The discrepancy between current-based and power-based approaches has not only electrical
implications, but thermal ones as well [42]. For a particular legislative drive cycle, employing a
power-based approach led to a faster rise in the cell operating temperature compared to that for the
current-based approach (Figure 12). This divergence increased with decreasing ambient temperature
and increasing power demands of the legislative drive cycle. This discrepancy may affect thermal
management strategies when it comes to real-world automotive applications [43,44]. For example,
it holds the potential to reduce the amount of liquid heating required for battery packs. This will
reduce the volume of oil/glycol, etc. required to heat the battery and will induce thermal runaway
faster. If phase-change materials are considered, the size of the material used may need to be reduced.
This in turn may cause battery pack weight to decrease; reducing cost.
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4. Discussion

For a particular legislative drive cycle, the relative energy and power demands for which a cell
should be tested for is 100% irrespective of the operating conditions in terms of ambient temperature
and/or SOC. A current-based approach fails to ensure that this consistency in energy/power delivery
is maintained as ambient temperature decreases and leads to ‘under-testing’ of the cells. It was shown
in Figure 3 that the relative energy delivered reduces from 98.93% (25 ◦C) to 83.17% (−15 ◦C) across
all four legislative drive cycles. Similarly, the relative peak power delivered reduced from 95.97%
at 25 ◦C ambient temperature to 71.12% at −15 ◦C. Thus, the discrepancy in using a current-based
approach as ambient temperature decreases is greater in terms of power delivery than for energy
delivery. This implies that instantaneous power considerations are more important than cumulative
energy considerations as ambient temperature decreases. This is particularly relevant in terms of
characterising cell performance more accurately and obtaining more realistic validation data for the
creation of equivalent circuit models (ECMs). Furthermore, the relative energy and relative peak
power tested at −15 ◦C for the current-based NEDC is 85.18% and 72.98%, respectively (Figure 3a).
Whereas, the corresponding values for the US06 are 78.31% and 64.50%, respectively (Figure 3c).
Correspondingly, the peak power demanded is higher for the US06 than the NEDC by 137.95%
(Table 3). This indicates that any issues with the current-based approach to cell testing at low ambient
temperatures would be amplified, especially when power demand of the drive cycle increases.

The root of the issue underpinning the current-based approach for testing lithium-ion cells for
legislative drive cycles is that the dynamic nature of the cell voltage is not captured during cycling.
This is not an issue at 25 ◦C ambient temperature where the standard deviation from mean cell voltage
averaged across the four legislative drive cycles is only 0.05 V. However, this becomes an issue at
lower ambient temperatures. For example, the corresponding standard deviation at −15 ◦C ambient
temperature is 0.21 V. It was shown in Figure 5 that if a power-based approach is employed, the cells
reach cut-off voltage (2.7 V) at different points during tests at −15 ◦C ambient temperature. However,
this was not shown for the corresponding current-based approach. This suggests that, if using a
current-based approach, a cell may be classed as meeting the demands of a certain legislative drive
cycle at −15 ◦C ambient temperature, but misleading which could lead to issues in subsequent design
architecture [45].

On the other hand, employing a power-based approach to ensure consistency in energy/power
delivery leads to certain considerations which may have been overlooked in the current-based
approach. The cells are ‘over-tested’ in terms of capacity and current demands as ambient temperature
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decreases (Figure 6). While, this difference is negligible at 25 ◦C ambient temperature (average 1.25%
extra capacity demand), it becomes increasingly prominent at lower ambient temperatures (average
18.48% extra capacity demand at −15 ◦C). Furthermore, the peak current demand is affected more
than the corresponding capacity demand (Figure 6). This is evidenced by the fact that none of the
cells were able to meet the peak current demands at −15 ◦C (Figures 5 and 6). Not accounting for
these higher currents could also have safety implications, e.g., there is a greater risk of the cells being
cycled outside their nominal operating window which could lead to cell venting, thermal runaway
and lithium plating short-circuit issues [46,47].

Thus, using a current-based approach towards validating battery performance at low ambient
temperatures may lead to under-testing (energy and power demands of realistic drive cycles) whereas
using a power-based approach may necessitate over-testing (capacity and C-rate capability of cell)
which may have been overlooked otherwise. For example, in a battery pack, let it be assumed that a
commercial decision has to be made to decide the number of cells in parallel. If using the current-based
approach; any decision made on deciding the number of cells in parallel for a battery module will
be incomplete as it may not take into account higher operating currents and consequently, greater
heat generation rates, as seen in the real-world. For both current-based and power-based approaches
to validate an ECM, the accuracy in output voltage estimation decreases as ambient temperature
decreases from 25 ◦C. However, as ambient temperature further decreases, the accuracy in output
voltage estimation increases further. This can be explained by greater coupling of electrical and thermal
behaviour at low ambient temperatures and slower electrochemical processes [10,19]. For ‘2RC’ ECM,
the performance validation tends to be more accurate in the power-based approach than current-based
approach, especially at low ambient temperatures. A power-based approach necessitates higher
operating currents, lower voltage operation and hence, greater self-heating and lower SOC operation.
It is expected that temperature gradients result in internal SOC gradients may then be captured more
accurately for higher operating currents and for lower operating voltages [29,42,48,49].

In Figure 11, it was shown that there is a discrepancy between SOC estimated for the current-based
vs. power-based legislative drive cycle. This discrepancy become more pertinent when the ambient
temperature decreases and drive cycle aggressiveness increases. For the power-based approach, lower
SOC is estimated for higher operating currents which may lead to a more pessimistic, albeit realistic
estimation of the remaining driving range. This in turn may be more in line with real-world behavior
of BEVs at low ambient temperatures. This discrepancy will also be relevant for energy management
strategies for PHEVs where accurate SOC window is critical for design decisions [50]. As an example,
it was shown in Figure 11 that for 65% starting SOC and −15 ◦C ambient temperature, the end-SOC
for the current-based approach would be 41% in the FTP75 drive cycle. However, the end-SOC would
be 37% if this was based on the power-based approach. Therefore, for the current-based approach,
the conclusion from the cell level experiments would be that the FTP75 is met by the cell without
switching over to the charge sustaining mode; but the conclusion for the power-based approach would
be the opposite.

5. Conclusions

Evidence provided in this paper should allow academia and industry to choose power (or
energy) instead of current (or capacity) as the fundamental approach in a model-based design process.
Existing validation methods for ECMs are inadequate for automotive applications at low ambient
temperatures. Employing a current-based approach instead of a power-based approach leads to
under-testing the performance of lithium-ion cells in terms of energy and power demanded for realistic
drive cycles. This discrepancy becomes more prominent as ambient temperature decreases and/or
power demand of the drive cycle increases. SOC estimation by employing a power profile is a more
realistic interpretation of driving range as compared to that via a current profile. Owing to lower
SOC and higher current estimates in the power profiles, the heat generation rates would be higher
than for the current profiles. This could lead to implications for heating systems at low ambient
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temperatures. In short, employing a power-based approach to cell level modelling would lead to
an improved confidence for subsequent design decisions, especially improving battery performance
estimation for real-world vehicular operations especially at low ambient temperatures. This could
ultimately contribute to improving thermal management strategies for lithium-ion cells operating at
low ambient temperatures, which in turn could improve driving range estimation of battery electric
vehicles in cold weather conditions.
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