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Abstract
This work simulates the performance of lithium batteries for electric vehicles under different charge and discharge rates. The 
simulation is based on similarity factors for power, voltage, and current, reproducing the current operation conditions of an 
electric vehicle at the model scale. Most current driving modes are analyzed corresponding to discharge rates from 0.1C to 
0.37C. The simulation also applies to determining the charging time using charge power in current conditions, from 6.1 kW 
to 18.3 kW (0.1C to 0.3C). Driving conditions derive from equations for vehicle motion, including all forces. Tests have been 
run under two configurations, continuous and alternate current circuits, to reproduce the two types of engines used by electric 
vehicles. The simulation shows good agreement in charge and discharge processes, with an average deviation of 3% related to 
current operating conditions and 1.6% between them, proving the validity of the simulation process.
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1. Introduction
One of the main challenges in electric vehicles is the enlargement 
of the autonomy of the batteries as well as the improvement of 
their performance and the increase of the lifetime [1,2]. Today, 
the principal source for electric vehicles is lithium batteries, either 
lithium-ion or lithium-polymer, although nickel-metal hydride 
batteries represent an alternative despite their lower performance 
[3-8]. High energy density provides Li-ion batteries with a high 
capacity, which derives in a long autonomy that reduces or enlarges 
with power requirements, as the battery capacity is affected by 
discharge rate [9-12]. The type of propulsion for electric vehicles 
adopts three main engine configurations: hybrid electric vehicle 
(HEV), plugged hybrid electric vehicle (PHEV), and fully electric 
vehicle (FEV), with the only difference in the autonomy, regarding 
the battery, which is maximum for the FEV and minimum for the 
HEV, with an intermediate value for the PHEV, closer to HEV than 
to EV [13-15]. In present days, there is a large variety of lithium 
batteries for electric vehicles with different configurations and 
structures depending on the type and composition of electrodes 
and electrolytes that tend to provide the best performance possible; 
therefore, it is very complicated to characterize the performance of 

all lithium batteries. Besides, the performance of a battery depends 
on the discharge rate and time of use, which makes it more difficult 
to predict the behavior of the battery [16-24]. These problems 
require running tests to characterize the performance of a battery 
to allow setting up critical parameters in the battery performance, 
like the current capacity to predict remaining charge and autonomy 
[25-27]. The correct battery capacity determination with discharge 
rate allows an accurate capacity calculation and operation time. 
Autonomy is essential for applications where additional power is 
not easily obtained, as in electric vehicles [28-30].

If we set up the maximum power and operating voltage, the battery 
capacity is automatically set up from Ohm’s law. This capacity, 
however, is not constant, as it depends on the discharge rate, which 
derives from the required power; therefore, if the electric vehicle 
engine demands a high-power the current extracted from the 
battery is high, thus the discharge rate, causing a reduction in the 
capacity of the battery and in the EV autonomy. Vice versa, when 
the power demand is low, the battery capacity increases, and the 
electric vehicle autonomy enlarges. An erroneous calculation in 
the capacity value may lead to a sudden energy supply interruption 
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with the consequent non-expected stop; this may happen if the 
battery control system does not calculate capacity accurately, 
which is difficult in many situations [31-36].

Electric vehicles motorize with continuous or alternate current 
engines; in the first case, the current is driven directly from the 
battery to the engine, provided the battery and the engine voltage 
match; in the second case, we require a DC/AC converter to 
transform the DC from the battery into the AC required by the 
engine [37-39]. In this latter case, the converter efficiency is 
relevant as the drained energy from the battery is not the same 
as the one supplied to the engine. Modern DC/AC converters 
currently operate at very high efficiency, 80% or higher, but we 
only achieve this value if the demanded power exceeds a certain 

percentage of the maximum conversion power; therefore, to extend 
the battery autonomy when using an AC electric vehicle engine, 
it is required to use the appropriate DC/AC converter to obtain 
the maximum efficiency at the operating power [40,41]. In low-
power engines, the energy saving when using a higher efficiency 
converter is modest, and many times, additional cost does not 
compensate for; however, in large-power engines like in electric 
vehicles, a low increase in the converter’s efficiency represents a 
high energy saving, thus a significant reduction in energy demand 
from the battery and an enlargement of its autonomy.

2. Theoretical Basis
Energy conversion in an AC/DC converter follows Ohm’s law 
according to the expression:
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V is the voltage and I the current, with the sub-indexes DC and AC account for direct and 
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Figure 1 Efficiency of an AC/DC converter 
 
Although Figure 1 is taken from a specific model, it represents the typical evolution of the 
efficiency of an AC/DC converter with the percentage of main output power with minimal 
differences between different brands and models. 
 
If the required power from the electric engine is P, and the operating voltage and current are 
VAC and IAC, the demanding current from the battery is given by: 
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That depends on the converter's efficiency. 

 We define the autonomy of a battery as the operating time for a set-up current; since the 
operating time depends on the battery capacity and the capacity depends on the discharge 
rate, we can express the autonomy in the following form: 
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Where Cr and Cn are the current and nominal capacity of the battery, ID the discharge 
current, and f the capacity correction factor. 
 
Recent studies have developed an algorithm for the f-factor that allows to determine the 
current capacity of the battery from its nominal value [43] in lithium-ion batteries; the 
algorithm provides the f-factor value using the real discharge time and the reference 
discharge time: 
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ID represents the direct discharge current IDC. 
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The equation 6 thus transforms into: 
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We noticed the influence of the converter efficiency that reduces the battery autonomy as it 
lowers. 
 
In case the operating mode of the electric vehicle, as usual, requires different power at 
different times, we must calculate the battery autonomy from the Depth-Of-Discharge 
(DOD) coefficient, defined as: 
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tD is the time corresponding to a partial discharge, and the sub-index i represents the order 
of the partial discharge. 
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The battery autonomy depends inversely on the maximum DOD value; therefore: 
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Where n indicates the maximum number of partial discharges allowed. 
 
Replacing the discharge current by the expression given in equation 2, we have: 

The equation 6 thus transforms into:
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That gives a practical expression to determine the current autonomy of a lithium-ion battery 
working as an energy source for the electric vehicle engine, provided the characteristics of 
the different discharge processes are known. 

 We obtain the battery voltage at every discharge process using equation 8, where the 
time t is now the discharge time tD; therefore: 
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Although equation 16 looks a very complex algorithm, most of the involved parameters are 
fixed, like the reference time, tref, constants a and b, nominal capacity of the battery, Cn, and 
the initial and final voltage of the battery, VDC,o and VDC,f, that correspond to the battery fully 
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total capacity of 26.1 Ah. The battery connects to an AC/DC converter from the company 
VICTRON, model Phoenix 12-800, which operates within the range 9.2-17.2 VDC for the 
inlet current and with a constant output voltage of 220 VAC within a variation range of ±1 
VAC. The converter generates a pure sine wave in the 0-800 W range, with a maximum 
overload of 50% in the converting power. The AC circuit consists of a group of ohmic 
resistances connected to the AC output of the converter. The resistances simulate the 
external loads, and the associated electric power consumption represents the energy demand 
by the electric engine in a current situation. The resistances can be combined to set up a 
variable current demand, simulating different driving conditions, idling, acceleration, 
deceleration, braking, ups and downs, or constant speed. We control the discharge battery 
using specific software (AMR Control V5) that allows the recording of voltage and current 
measurement of the battery made by a data acquisition system ALMEMO 2590-AMR from 
the company ALHBORN. The sensors used for the measurements automatically determine 
the range of operation, adjusting the precision of the measurement through an internal 
electronic control circuit. In our case, the accuracy in measuring the voltage and current was 
±0.1 mV and ±1 mA. A power analyzer, P-6000 PCE Group, controls AC parameters, 
allowing measurement and recording of AC voltage and current in continuous mode. The 
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Equation 15 gives a practical expression to determine the current autonomy of a lithium-ion battery working as an energy source for the 
electric vehicle engine, provided the characteristics of the different discharge processes are known.

We obtain the battery voltage at every discharge process using equation 8, where the time t is now the discharge time tD; therefore:
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Although equation 16 looks a very complex algorithm, most of the 
involved parameters are fixed, like the reference time, tref, constants 
a and b, nominal capacity of the battery, Cn, and the initial and final 
voltage of the battery, VDC,o and VDC,f, that correspond to the battery 
fully charged and fully discharged state.

3. Experimental Device
Tests run on a Li-ion battery. The battery block consists of a group 
of 36 cells, 4 in series and 9 in parallel, of 4.2 Vpe and 2900 mAh 
of capacity, for a global voltage of 16.8 V and a total capacity 
of 26.1 Ah. The battery connects to an AC/DC converter from 
the company VICTRON; model Phoenix 12-800, which operates 
within the range 9.2-17.2 VDC for the inlet current and with a 
constant output voltage of 220 VAC within a variation range of 
±1 VAC. The converter generates a pure sine wave in the 0-800 
W range, with a maximum overload of 50% in the converting 
power. The AC circuit consists of a group of ohmic resistances 
connected to the AC output of the converter. The resistances 
simulate the external loads, and the associated electric power 
consumption represents the energy demand by the electric engine 
in a current situation. The resistances can be combined to set up a 

variable current demand, simulating different driving conditions, 
idling, acceleration, deceleration, braking, ups and downs, or 
constant speed. We control the discharge battery using specific 
software (AMR Control V5) that allows the recording of voltage 
and current measurement of the battery made by a data acquisition 
system ALMEMO 2590-AMR from the company ALHBORN. 
The sensors used for the measurements automatically determine 
the range of operation, adjusting the precision of the measurement 
through an internal electronic control circuit. In our case, the 
accuracy in measuring the voltage and current was ±0.1 mV 
and ±1 mA. A power analyzer, P-6000 PCE Group, controls AC 
parameters, allowing measurement and recording of AC voltage 
and current in continuous mode. The software LABVIEW controls 
the process of measurement and recording to avoid excessive 
data. The power analyzer provides not only the AC voltage and 
current but also the power factor and the power consumption. 
Voltage is measured with a precision of ±1 V, while the accuracy 
in measuring current is ±0.1 A. Likewise, the factor power and 
power consumption have an accuracy of ±0.01 and ±0.1 W. Table 
1 shows the battery composition. 
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Table 1. Structure and composition of tested batteries [44] 
 

Element Chemical component 
Cathode LiNiaCobMn1-a-bO2, 0<a<1, 0<b<1 
Anode Carbon/Silicon Graphite  

Separator PE 
Can  Ni-plated Fe 

Electrolyte  cyclic and linear carbonates, LiPF6 
Plate 1 Al 
Plate 2 Cu 

 
The external load consists of two types of resistances from the company ARCOL, with a 
maximum dissipation power of 150 W and 100 W; the nominal values of the resistances 
vary from 22 W to 1 kW. Resistances can be grouped in series or parallel to obtain a 
specific current. The resistances used in experimental tests have low thermal coefficient, 
which makes the change in the resistance value with the temperature almost negligible.   

Charging of the battery was made with a professional automatic charger ULTRAMAT 18S 
from the company Groupen that controls the voltage and current of every cell of the battery 
through an internal equalizer system, allowing a maximum difference voltage between cells 
of 1 mV. We configure the charger to optimize the battery charging according to the type of 
battery. The maximum charge current is 20 A with a precision of 0.1 A. The battery charger 
is connected to a PC using specific software to record charging voltage and current. Figure 2 
shows the schematic representation of the experimental system. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Layout of experimental device 
 

Table 1: Structure and Composition of Tested Batteries [43]

The external load consists of two types of resistances from the 
company ARCOL, with a maximum dissipation power of 150 W 
and 100 W; the nominal values of the resistances vary from 22 
W to 1 kW. Resistances can be grouped in series or parallel to 
obtain a specific current. The resistances used in experimental 
tests have low thermal coefficient, which makes the change in the 
resistance value with the temperature almost negligible. Charging 
of the battery was made with a professional automatic charger 
ULTRAMAT 18S from the company Groupen that controls the 

voltage and current of every cell of the battery through an internal 
equalizer system, allowing a maximum difference voltage between 
cells of 1 mV. We configure the charger to optimize the battery 
charging according to the type of battery. The maximum charge 
current is 20 A with a precision of 0.1 A. The battery charger 
is connected to a PC using specific software to record charging 
voltage and current. Figure 2 shows the schematic representation 
of the experimental system.
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Figure 2: Layout of Experimental Device

4. Experimental Procedure
The batteries used in the experimental tests are new, so aging 
effects are avoided. Tests were run at constant temperature in a 
thermally controlled room within a maximum variation of ±1º C, 
which makes the temperature effects on the battery performance 
negligible. Before starting tests, we characterize the battery block 
using a reference discharge current and time to verify the battery 
current capacity. We charge the battery block before running the 
operation. The characterization discharge ended at the cut-off 
voltage for this type of battery according to the discharge rate (see 
Figure 3). We repeat the characterization process to check possible 
deviations in the determined capacity. We establish the average 

value from the characterization tests as the reference capacity. The 
maximum deviation between values was 0.3%.

After the discharge process, the battery charges using a 
programmable source that uses the appropriate charging procedure 
for this type of battery [44]. The charge develops at an identical 
current as discharge to avoid applying a capacity correction factor; 
therefore, we can compare supplied and extracted charge to and 
from the battery; if the comparison shows a deviation higher than 
1%, the battery is discarded and replaced by a new one. Figure 3 
shows the voltage of the characterization charging process.
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Figure 3 Cut-off voltages for Li-ion batteries 
 
We compare the capacity obtained during the characterization process with the nominal 
value provided by the manufacturer [46]. We observe that the nominal and the average 
current capacity slightly diverged, 26.1 Ah for the nominal capacity and 24.5 Ah for the 
average current capacity. Because the deviation is significant, we apply a correction factor 
of 0.061 to increase the accuracy of the results. The same procedure was applied to the 
battery voltage to verify if the nominal voltage matched the real one after measuring with a 

Figure 3: Cut-off Voltages for Li-ion Batteries

We compare the capacity obtained during the characterization 
process with the nominal value provided by the manufacturer 
[45]. We observe that the nominal and the average current capacity 
slightly diverged, 26.1 Ah for the nominal capacity and 24.5 Ah for 
the average current capacity. Because the deviation is significant, 
we apply a correction factor of 0.061 to increase the accuracy of the 
results. The same procedure was applied to the battery voltage to 
verify if the nominal voltage matched the real one after measuring 

with a professional voltmeter HP 34970A that has a resolution 
of 0.1 mV. The result of the testing showed a difference between 
the nominal voltage, 16.8 V, and the tested one, 16.6 V, which we 
consider as a reference voltage for the fully charged battery.

Since the simulation seeks to reproduce as faithfully as possible 
the behavior of the battery in an electric vehicle, and because the 
electrical battery characteristics of our model differ from a current 
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battery operating in an electric car, it was necessary to establish a 
conversion relationship between the model and the current battery; 
therefore, we compared power and voltage used in electric vehicles 
to those of our battery blocks. To make a correct simulation of 
the battery performance, we define three conversion factors: one 
for the accumulated energy in the battery, another for the battery 

voltage, and a third one for the discharge current. These factors 
correspond to the ratio of the values for the electric vehicle battery 
to the ones in our battery block.

Mathematically, these factors are:
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To simplify the calculation, we decided to operate with an energy factor of 150 and a 
voltage factor of 30, which leads to a current factor of 5 since we obtain the current factor 
from equation 17 as the ratio fξ/fV (18). 
 
As a reference we used a mid-range electric vehicle, whose battery has a characteristic 
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The energy factor is close to the foreseen ratio of 150. 
 
The associated voltage to the battery used in the above calculation is 460 V, leading to a 
voltage factor of: 
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The voltage factor also approaches the expected value of 30. Since the time is a constant, 
the energy factor can be associated with the power factor. According to equation 18, the 
current factor is: 
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To simplify the calculation, we decided to operate with an energy factor of 150 and a voltage factor of 30, which leads to a current factor 
of 5 since we obtain the current factor from equation 17 as the ratio

As a reference we used a mid-range electric vehicle, whose battery has a characteristic energy of 60 kWh, leading to a conversion factor 
of:

The energy factor is close to the foreseen ratio of 150.

The associated voltage to the battery used in the above calculation is 460 V, leading to a voltage factor of:

The voltage factor also approaches the expected value of 30. Since the time is a constant, the energy factor can be associated with the 
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That is not very far from the predicted value of 5.

Using these factors, discharge or charge current in the model is 
determined from the current values in the electric vehicle operation 
divided by the current factor. The current in the current operation 
mode for the electric vehicle is obtained from Ohm’s law once 
the required power is known. To determine the different values 
of the current in the read operation mode, we have established 
five different driving modes: standby, flat terrain, ascent, decline, 
and acceleration. We assume the velocity of the electric vehicle 

is constant in all modes except acceleration, where the velocity 
increases, and standby, where the electric vehicle stops. The 
required power in every mode is determined from statistical 
analysis based on daily operational mode in electric vehicles.

Table 2 indicates the values of the required power in real conditions 
for every driving mode as well as the real and simulated current.

Values of required power have been calculated using the following 
classical mechanics equations:
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Where Pt represents the required power, F is the global force and v is the velocity. FI, Fv, 
and FR are the inertial, drag, and frictional forces, respectively, being FT the tangent 
component of the vehicle weight. Mathematically, the forces are defined by: 
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Being m the vehicle mass, a the acceleration, ρ the air density, Cd the drag coefficient, A the 
reference area, μ the friction coefficient, and α the slope of the road.  The product (ACd) in 
the drag force is known as drag area, with a typical value of 0.790 m2 for an average full-
size passenger car [47]. Therefore, we express the drag force as: 
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The coefficient Cx is called the aerodynamic coefficient. 
 
To calculate the parameters involved in equation 23, we have considered the following 
conditions: 
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Table 2. Operational parameters for the simulation 
 

Parameter Value 
Vehicle mass  900 kg 

Friction coefficient 0.055 
Maximum slope ±2.4% 

Aerodynamic coefficient 0.485 
Acceleration rate 1.92 m/s2 

Deceleration rate 
(decline) 

-0.333 m/s2 

Acceleration rate (ascent) 0.167 m/s2 

 
These parameters are coherent with current conditions for a utility vehicle driven in a city 
with no severe declines or ascents, running on an average velocity of 70 km/h on flat terrain 
and accelerating from zero to 100 km/h in 14.5 seconds, which is a very current acceleration 
for city cars. This value agrees with referenced data from previous studies [48].  
We have supposed a friction coefficient value in the middle of the usual range (0.013-0.100) 
that corresponds to normal driving with conventional tires at normal inflating pressure [49]. 
The aerodynamic coefficient has been determined by applying equation 24 and taking the 
average value of the drag coefficient and reference area range for city cars [50]. 
 
Under the mentioned conditions, using equations 22 and 23 for the forces in the different 
driving modes, we obtain the values in Table 2 for the required power. 
 
Now considering the operating voltage of the electric vehicle engine, applying Ohm’s law 
and using the current factor (equation 21), we determine the operating and simulated current 
(see Table 3). 

 
Table 3. Required power (EV) and operating and simulated current 

 
Mode Power 

(kW) 
Operating 
current (A) 

Simulated 
current (A) 

Decline 5.7 12.391 2.325 
Flat terrain 13.0 28.261 5.302 

Acceleration  18.7 40.652 7.627 
Ascent 26.4 57.391 10.768 

 
The values of the simulated current (continuous current) are calculated considering the 
efficiency of the AC/DC inverter using the expression: 
 

 DC inv AC AC DCI I V V      (25) 
 
Where ηinv is the inverter efficiency, and VAC and VDC are the operating voltages of the 
electric vehicle and battery. 
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These parameters are coherent with current conditions for a utility 
vehicle driven in a city with no severe declines or ascents, running 
on an average velocity of 70 km/h on flat terrain and accelerating 
from zero to 100 km/h in 14.5 seconds, which is a very current 
acceleration for city cars. This value agrees with referenced 
data from previous studies [47].  We have supposed a friction 
coefficient value in the middle of the usual range (0.013-0.100) 
that corresponds to normal driving with conventional tires at 
normal inflating pressure [48]. The aerodynamic coefficient has 
been determined by applying equation 24 and taking the average 

value of the drag coefficient and reference area range for city cars 
[49].

Under the mentioned conditions, using equations 22 and 23 for 
the forces in the different driving modes, we obtain the values in 
Table 2 for the required power. Now considering the operating 
voltage of the electric vehicle engine, applying Ohm’s law and 
using the current factor (equation 21), we determine the operating 
and simulated current (see Table 3).

Table 3: Required Power (EV) and Operating and Simulated Current

The values of the simulated current (continuous current) are calculated considering the efficiency of the AC/DC inverter using the 
expression:

Where ηinv is the inverter efficiency, and VAC and VDC are the 
operating voltages of the electric vehicle and battery.

We assume the inverter efficiency is constant in the operational 
range, as well as the battery voltage. For calculating the simulated 
current, we consider the battery voltage at full charge since the 

slope of the voltage decrease is low, and the running time for every 
simulated driving mode is relatively short compared to the time of 
full discharge.

The method to set up the corresponding current to every simulated 
driving mode is determining the electric resistance using the 
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Ohm’s law. Applying Ohm’s law and taking into account equation 
24, the value of the resistance is given by:
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The sub-index i indicates the simulated driving mode case. 
 
The resistances for the simulation are presented in Table 4. 
 

Table 4. Resistance values for the simulated driving modes 
 

Mode Simulated current (A) Resistance () 
Decline 2.325 1228 

Flat terrain 5.302 539 
Ascent 7.627 374 

Acceleration 10.768 265 
 
 
EXPERIMENTAL TESTS 
 
The first test is devoted to characterizing the battery block used in the simulation process. For 
this purpose, we submit the battery to a conventional discharge at the reference current that 
corresponds to the nominal capacity provided by the manufacturer. We repeat the process 
three times to determine possible deviations in the current capacity values from test to test. 
We consider the average value of the three discharging tests as the battery capacity 
current value. The average value diverged from the nominal capacity by 6%. 24.5 Ah for the 
tested average capacity versus 26.1 Ah of nominal capacity. 
 
The charging tests run using a ULTRAMAT 18S automatic charger that includes a controller 
for balancing the voltage of battery cells within a maximum deviation of 1 mV. The charger 
identifies the type of battery and charges the battery up to the maximum voltage using a 
programmable protocol; in our case, the charger automatically sets up this protocol 
corresponding to the current sequence of lithium battery charging. 
 
The charging current varies from 2.5 A to 7.5 A, trying to reproduce the battery current 
charge in electric vehicles from an external source. According to the conversion factors, the 
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The sub-index i indicates the simulated driving mode case.

The resistances for the simulation are presented in Table 4.

Table 4: Resistance Values for the Simulated Driving Modes

5. Experimental Tests
The first test is devoted to characterizing the battery block used in 
the simulation process. For this purpose, we submit the battery to 
a conventional discharge at the reference current that corresponds 
to the nominal capacity provided by the manufacturer. We repeat 
the process three times to determine possible deviations in the 
current capacity values from test to test. We consider the average 
value of the three discharging tests as the battery capacity current 
value. The average value diverged from the nominal capacity 
by 6%. 24.5 Ah for the tested average capacity versus 26.1 Ah 
of nominal capacity. The charging tests run using a ULTRAMAT 
18S automatic charger that includes a controller for balancing the 
voltage of battery cells within a maximum deviation of 1 mV. The 
charger identifies the type of battery and charges the battery up to 
the maximum voltage using a programmable protocol; in our case, 
the charger automatically sets up this protocol corresponding to 
the current sequence of lithium battery charging.

The charging current varies from 2.5 A to 7.5 A, trying to reproduce 
the battery current charge in electric vehicles from an external 
source. According to the conversion factors, the range used in the 
experimental tests corresponds to a current power source from 6.1 
kW (2.5 A) to 18.3 kW (7.5 A), which matches the low and medium 

charging range in operational wall boxes, 4.6 kW to 7.4 kW for the 
low range and 11 kW to 22 kW for the medium range [50,51]. We 
can notice the predicted values for the current power source in the 
simulation are in half of the range of current operating conditions 
for low and mid-range; therefore, the charging in the simulation 
process is in close agreement with current conditions. Although 
this range does not cover all options for battery recharging in 
electric vehicles, it represents the most accessible ones since the 
power source is limited.

The experimental tests pursue, among other objectives, to 
evaluate the battery autonomy for different operating conditions, 
maintaining the conversion relationship between the simulation 
and the current working conditions. To this goal, we set up the 
resistance corresponding to the simulated driving mode, and 
the battery connects to the inverter, draining a current given by 
equation 25. Since driving current conditions combine the different 
driving modes, a conventional driving journey is simulated 
through the time and conditions of every driving mode; therefore, 
a single test results for the combination of five different steps, 
each corresponding to a single driving mode that is characterized 
by its discharge current and running time. In such conditions, the 
extracted charge from the battery is given by:
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The values applied for this procedure are from Table 2, where the time for every driving 
mode is the current time in current driving conditions. 

During the time lapse between two steps, the battery recovers until the voltage is constant; 
this recovering time, although not present in current conditions, is included in the simulation 
procedure to evaluate its influence on the performance and autonomy of the battery. 

Tests were run under two different time conditions, short and long-running times, 
representing two types of travel, one for short driving distances and the other for longer 
ones. 
 
TEST RESULTS 
 
The battery charging process develops using currents within the interval 2.5 A to 7.5 A. 
Figure 4 shows the results of this process. 

 Charging currents from 2.5 A to 7.5 A corresponds to a simulated power from 41.5 W to 
124.5 W and current power from 6.1 kW to 18.3 kW; applying the power factor, we obtain 
the equivalent power in current conditions, which are 6.121 kW and 18.363 kW. Since the 
type of alternate current, monophasic or tri-phasic, used in recharging electric vehicle 
batteries depends on the power, we consider this when calculating the current power 
supplied to the battery during the recharge.  

The values applied for this procedure are from Table 2, where 
the time for every driving mode is the current time in current 
driving conditions. During the time lapse between two steps, 
the battery recovers until the voltage is constant; this recovering 
time, although not present in current conditions, is included in the 
simulation procedure to evaluate its influence on the performance 
and autonomy of the battery. Tests were run under two different 
time conditions, short and long-running times, representing two 
types of travel, one for short driving distances and the other for 

longer ones.

6. Test Results
The battery charging process develops using currents within the 
interval 2.5 A to 7.5 A. Figure 4 shows the results of this process. 
Charging currents from 2.5 A to 7.5 A corresponds to a simulated 
power from 41.5 W to 124.5 W and current power from 6.1 kW 
to 18.3 kW; applying the power factor, we obtain the equivalent 
power in current conditions, which are 6.121 kW and 18.363 kW. 
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Since the type of alternate current, monophasic or tri-phasic, used 
in recharging electric vehicle batteries depends on the power, we 

consider this when calculating the current power supplied to the 
battery during the recharge.  

 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Charging process at different simulated currents 
 
The charging process represented in Figure 4 ends before the flotation process to avoid 
unnecessary extra charging that reduces the efficiency of the process and tends to degrade the 
battery. 
 
Standardization charging protocol defines the following characteristics [53]: 
 

Table 5. Standard conditions for battery recharge in electric vehicles 
 

Type of charge Type of current Maximum charge 
power (kW) 

Domestic Monophasic 2.3 
Low range Monophasic 4.6 

Low-mid range Monophasic 7.4 
Mid-range Tri-phasic 11-12 
High range Tri-phasic 22 

Very high range Tri-phasic 43 
 
Depending on the battery capacity, the charging time for every type of charge indicated in 
Table 5 is different [54]. However, we can estimate the expected charging time for a battery 
of 60 kWh, like the one used in our simulation, using data from manufacturers [55], which 
leads to the following results (see Table 6): 
 
The values for 60 kWh correspond to an interpolation since this energy is not a current 
manufacturer value. 
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The charging process represented in Figure 4 ends before the flotation process to avoid unnecessary extra charging that reduces the 
efficiency of the process and tends to degrade the battery. Standardization charging protocol defines the following characteristics [52].

Table 5. Standard Conditions for Battery Recharge in Electric Vehicles

Depending on the battery capacity, the charging time for every 
type of charge indicated in Table 5 is different [53]. However, we 
can estimate the expected charging time for a battery of 60 kWh, 
like the one used in our simulation, using data from manufacturers, 
which leads to the following results (see Table 6) [54].

The values for 60 kWh correspond to an interpolation since this 
energy is not a current manufacturer value. 

 

 
 

Table 6. Estimated charging time (h) for electric vehicles 
 

 Charging power (kW) 
Battery energy 

(kWh) 
3.7 7.0 22.0 43-50 

40 11 6 2.6 1 
75 21 11 5 2 
60 16.7 8.9 4.0 1.6 

 
If we now apply the estimated values from Table 6 to the charging power in our simulation, 
we obtain (Table 7): 

 
Table 7. Estimated charging time for the simulation process 

 
Simulated current (A) 2.5 3.5 4.5 5.0 6.0 7.5 

Real power (kW) 6.1 8.5 11.0 12.2 14.6 18.3 
Real charge time (h) 10.7 8.0 6.3 5.8 4.9 4.0 

Simulation test charge time (h) 10.8 8.1 6.2 5.5 4.7 3.8 
Deviation (%) 0.9 1.3 1.6 5.2 4.1 5.0 

 
Comparing the predicted values with those obtained in the discharge test from our simulation, 
we observe a good correspondence, showing an increasing deviation with the discharge 
current produced by increasing uncertainty in measuring as the discharge current increases, 
but within a low value, 3% on average. These results are in close agreement with the predicted 
charging times by wall box manufacturers [54], as indicated in Figure 5, which proves the 
validity of the simulation process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Evolution of the EV battery charge time with power source 

Table 6: Estimated Charging Time (h) for Electric Vehicles

If we now apply the estimated values from Table 6 to the charging power in our simulation, we obtain (Table 7):
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Simulated current (A) 2.5 3.5 4.5 5.0 6.0 7.5 

Real power (kW) 6.1 8.5 11.0 12.2 14.6 18.3 
Real charge time (h) 10.7 8.0 6.3 5.8 4.9 4.0 

Simulation test charge time (h) 10.8 8.1 6.2 5.5 4.7 3.8 
Deviation (%) 0.9 1.3 1.6 5.2 4.1 5.0 

 
Comparing the predicted values with those obtained in the discharge test from our simulation, 
we observe a good correspondence, showing an increasing deviation with the discharge 
current produced by increasing uncertainty in measuring as the discharge current increases, 
but within a low value, 3% on average. These results are in close agreement with the predicted 
charging times by wall box manufacturers [54], as indicated in Figure 5, which proves the 
validity of the simulation process. 
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Where tC is the charging time and P is the power source. 
 
We notice there is a good correlation between predicted and simulated values to a potential 
line, as well as a close correspondence from simulated values to predicted ones within an 
average deviation of 6.6%; therefore, we can extrapolate our simulation to higher and lower 
values of the power source within a low error. 
 
The second test group aims to characterize the battery discharge process. The discharge tests 
run to determine the behavior of the battery under simulated conditions, reproducing current 
operation at the model scale. We set up the discharge current at five values: 2.6 A, 3 A, 4.7 
A, 6.6 A, and 9 A. The limitation in the battery discharge is due to the restriction imposed 
by the automatic control unit for the discharge current (10 A). According to the conversion 
factor for the current, the above values correspond to operating discharge intensity of 13.9 
A, 16 A, 25 A, 35.1 A, and 48 A, which results in a power of 6.4 kW, 7.4 kW, 11.5 kW, 
16.2 kW, and 22 kW, considering the operating voltage of the electric vehicle, 460 V. These 
values, for the simulated 60 kWh/460 VDC battery block in an operating electric vehicle 
correspond to a discharge rate from 0.1C to 0.37C, with operating times from 9.4 h to 2.7 h, 
which can be considered moderate values appropriate for conservative driving mode. 

Tests run without stopping the discharge process between two consecutive discharges, 
simulating a real operation mode where the driving moves from mode to mode without 
interruption.  

Figure 6 shows the experimental tests for the discharge at the above currents in the battery 
block of the simulation model. 
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an average deviation of 6.6%; therefore, we can extrapolate our 
simulation to higher and lower values of the power source within 
a low error.

The second test group aims to characterize the battery discharge 
process. The discharge tests run to determine the behavior of the 
battery under simulated conditions, reproducing current operation 
at the model scale. We set up the discharge current at five values: 
2.6 A, 3 A, 4.7 A, 6.6 A, and 9 A. The limitation in the battery 
discharge is due to the restriction imposed by the automatic control 
unit for the discharge current (10 A). According to the conversion 

factor for the current, the above values correspond to operating 
discharge intensity of 13.9 A, 16 A, 25 A, 35.1 A, and 48 A, which 
results in a power of 6.4 kW, 7.4 kW, 11.5 kW, 16.2 kW, and 22 
kW, considering the operating voltage of the electric vehicle, 460 
V. These values, for the simulated 60 kWh/460 VDC battery block 
in an operating electric vehicle correspond to a discharge rate from 
0.1C to 0.37C, with operating times from 9.4 h to 2.7 h, which 
can be considered moderate values appropriate for conservative 
driving mode.

Tests run without stopping the discharge process between two 
consecutive discharges, simulating a real operation mode where 
the driving moves from mode to mode without interruption. Figure 
6 shows the experimental tests for the discharge at the above 
currents in the battery block of the simulation model.
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Figure 6: Discharge Process for the Battery Block (Simulation Model) (DC Circuit)

According to this value, we can determine the discharge time, as shown in Table 8.
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According to this value, we can determine the discharge time, as shown in Table 8. 
 

Table 8. Discharge time for the simulation model 
 

Current (A) Time (h) 
9 2.10 

6.6 3.05 
4.7 4.17 
3 6.55 

2.6 8.24 
 

These values were compared to the results of the calculation of the discharge time for the 
battery block using the expression: Dt P  (29), where ξ is the battery energy at full charge 
and P is the extracted power. From the battery characteristics and the required power, we have 
(Table 9): 
 

Table 9. Comparison of the discharge time for the current operation mode and simulation 
model 

 
Energy 
(kWh) 

Power     
(kW) 

Real time (h) 
(SOC=1) 

Real time (h) 
(SOC=0.8) 

Simulation 
time (h) 

Deviation 
 (%) 

 
 

60 

6.4 9.4 7.52 8.24 9.6 
7.4 8.1 6.48 6.55 1.1 
11.5 5.2 4.16 4.17 0.2 
16.2 3.7 2.96 3.05 3.0 
22 2.7 2.16 2.10 2.8 

 
We observe from Table 9 that the simulation values agree with current operation data, except 
for the longest discharge time, within a maximum deviation of 3%, proving the validity of the 
simulation model. The singularity for the lowest power case is due to the uncertainty in 
defining the cut-off voltage point. If we use the reference voltage, 12.98 V, the cut-off point 
(black dot) corresponds to a discharge time of 8.24 h; however, if we consider the cut-off 
point as the one where the linear evolution of the voltage changes (white dot), the discharge 
time is 7.64 h, in closer agreement with the operating time, having a deviation of 1.6%, within 
the average value. 
 
We discharge the battery block using the resistance bench instead of the discharge control unit 
to verify the simulation model results. The procedure reproduces the operating conditions in 
an electric vehicle with the external resistance playing the role of driving load. We select the 
resistance value to fulfill the operational conditions following Ohm’s law. 
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These values were compared to the results of the calculation of the discharge time for the battery block using the expression:  Dt Pξ=  
(29), where ξ is the battery energy at full charge and P is the extracted power. From the battery characteristics and the required power, 
we have (Table 9):

Table 9: Comparison of the Discharge Time for the Current Operation Mode and Simulation Model

We observe from Table 9 that the simulation values agree with 
current operation data, except for the longest discharge time, 
within a maximum deviation of 3%, proving the validity of the 
simulation model. The singularity for the lowest power case is 
due to the uncertainty in defining the cut-off voltage point. If we 
use the reference voltage, 12.98 V, the cut-off point (black dot) 
corresponds to a discharge time of 8.24 h; however, if we consider 
the cut-off point as the one where the linear evolution of the 
voltage changes (white dot), the discharge time is 7.64 h, in closer 
agreement with the operating time, having a deviation of 1.6%, 

within the average value.

We discharge the battery block using the resistance bench instead 
of the discharge control unit to verify the simulation model results. 
The procedure reproduces the operating conditions in an electric 
vehicle with the external resistance playing the role of driving load. 
We select the resistance value to fulfill the operational conditions 
following Ohm’s law. Since the resistances bench uses elements 
with already set up values, we added a variable resistance to adjust 
the resistance to the required value; however, due to the lack of 
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precision in establishing the variable resistance, it was impossible 
to obtain the correct value, thus operating with the closest possible 
one.

Before running the discharge tests, and because we use the DC/
AC converter at variable conversion powers, it is necessary to 
determine the efficiency of the DC/AC conversion with the power. 

To this goal, a specific test was run using a professional AC power 
analyzer PCE-6000 that measures voltage, current, power, and 
power factor. Figure 7 shows the results of the test. We establish 
the power ratio as the relation between the current and the 
maximum converter power. The solid line in Figure 7 represents 
the correlation to the experimental values (diamond spots).
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Figure 7. Converter efficiency 

 
Table 10 shows the operational values of the simulation process during the discharge of the 
battery block attached to an AC circuit through a DC/AC converter.  
 
IDC (ref) indicates the reference discharge current according to previous tests, while IDC 
(sim) shows the current discharge current measured during the simulation with the AC 
circuit. VDC is the average of the current operating voltage of the battery block throughout the 
discharge process, experimentally measured. PDC corresponds to the battery delivering power 
calculated using Ohm’s law. The voltage and alternate current values are experimentally 
measured using the appropriate devices, a professional AC power analyzer PCE-6000 that 
provides voltage, current, power, and power factor. From the voltage and intensity, the 
alternate power is determined using Ohm’s law and the converter efficiency from the 
equation: conv AC DCP P   (30). The values of the resistance, RAC (t) and RAC (sim), correspond 
to the theoretical value applying Ohm’s law, and the current value used during simulation 
process. 
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IDC (ref) indicates the reference discharge current according 
to previous tests, while IDC (sim) shows the current discharge 
current measured during the simulation with the AC circuit. VDC 
is the average of the current operating voltage of the battery block 
throughout the discharge process, experimentally measured. PDC 

corresponds to the battery delivering power calculated using Ohm’s 
law. The voltage and alternate current values are experimentally 
measured using the appropriate devices, a professional AC power 
analyzer PCE-6000 that provides voltage, current, power, and 
power factor. From the voltage and intensity, the alternate power is 
determined using Ohm’s law and the converter efficiency from the 

equation:  conv AC DCP Pη =  (30). The values of the resistance, RAC 
(t) and RAC (sim), correspond to the theoretical value applying 
Ohm’s law, and the current value used during simulation process.

 
 

 
 

 
Table 10. Operational parameter values for the battery discharge simulation using AC circuit 

 
IDC (ref) 

(A) 
IDC (sim) 

(A) 
VDC 
(V) 

PDC 
(W) 

ηconv PAC 
(W) 

VAC 
(V) 

IAC 
(A) 

RAC (t) 
() 

RAC (sim) 
() 

9 9.04 14.61 132.1 0.80 105.7 227.6 0.464 490.5 490 
6.6 6.58 14.65 96.4 0.82 79.0 226.9 0.348 652.0 650 
4.7 4.71 14.50 68.3 0.80 54.6 227.5 0.240 947.9 950 
3 2.99 14.73 44.0 0.74 32.6 227.3 0.143 1589.5 1590 

2.6 2.61 14.56 38.0 0.69 26.2 227.4 0.115 238.3 240 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Discharge process for the battery block (simulation model) (AC circuit) 

 
 

Table 11. Discharge time for DC and AC simulation model 
 

Reference real power     
(kW) 

DC configuration 
(h) 

AC configuration 
(h) 

Deviation 
(%) 

6.4 8.24 8.30 0.7 
7.4 6.55 6.55 0.0 
11.5 4.17 4.20 0.7 
16.2 3.05 3.10 1.6 
22 2.10 2.10 0.0 

 
Simulated discharge tests using an alternate circuit produced similar values in the discharge 
time as when using the continuous current circuit (Figure 8). If we compare data from Figures 
6 and 8, we realize that the deviation in the discharging time between the DC and AC 

Table 10: Operational Parameter Values for the Battery Discharge Simulation Using AC Circuit
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Table 11: Discharge Time for DC and AC Simulation Model

Simulated discharge tests using an alternate circuit produced 
similar values in the discharge time as when using the continuous 
current circuit (Figure 8). If we compare data from Figures 6 and 
8, we realize that the deviation in the discharging time between the 
DC and AC simulation models is negligible, as indicated in Table 
11; therefore, both models, AC and DC, are validated.

7. Conclusions
A simulation process has been developed to determine the behavior 
of a lithium-ion battery that supplies power to an electric vehicle.  
The simulation, based on conversion factors for operational battery 
voltage, extracted current and delivered power, allows estimating 
the charge and discharge time in a battery under different charge 
and discharge rates. The simulation has been applied from very 
low to moderate power requirements, using conventional driving 
modes. Four different driving modes have been simulated: flat 
terrain, acceleration, ascent, and decline, as they are the most 
representative of the current driving.  The simulation shows a good 
agreement between current operation data and experimental results 
for all the charge and discharge rates, within an average deviation 
of 3%. This low value validates the proposed methodology for 
estimating the autonomy of a battery and the recharge time.  The 
proposed method has been applied to simulated DC and AC circuits 
with similar results, showing a maximum difference of 1.6% in the 

time prediction for the discharge time of the battery under various 
discharge rates. The method can thus be applied to either DC or 
AC-powered electric vehicles [55].
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