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to function. In order to deliver energy in optimal conditions that
increases their useful life, batteries need to be controlled.
Although lead acid batteries that are discarded are an
environmental problem, it is also true that, when recovered,
they have a recycling percentage of up to 80% [1], which is
much better than lithium batteries [2].

Abstract
People use batteries as sources of power for electrical and
electronic devices in their daily life. Nevertheless, these
possess temporary supply limitations due to their state of
charge (SOC). A technique used to determine the state of
charge is counting amperes, identifying the amount of
consumed and of missing amperes according to the initial
capacity of the battery. An electronic load consisting of an
operational amplifier and an IGBT were used in order to
maintain a constant current in the battery discharge process, as
well as a data acquisition system that specifies the time needed
to obtain the variables of current defined by the electronic load,
as well as the battery voltage. Without a heatsink, the Ice
current of the IGBT does not remain constant, due to
temperature increases exceeding 100°C in less than a minute.
A dissipation system with and without ventilation was needed,
and the one that kept the current constant was a heatsink for
AMD processor with a thermal solution greater than 90W with
active ventilation. The discharge curve was managed with it
while maintaining the temperature of the IGBT at a maximum
value of 46°C during the 4.5 hours, with a current of 4.19A.
The initial capacity of the lead acid battery used was close to
19Ah, a little less than that defined by the manufacturer for the
new battery (20Ah). One of the biggest problems in
determining the state of charge by means of ampere counting is
the accuracy of the sensor. To the current sensor used, you can
implement filtering stages that improve the SOC value as future
work. It should be used that the Vce is below the battery to be
discharged. Therefore, this system could not be implemented in
2V batteries, because the Vce voltage in the IGBT exceeds 2V
and cannot deliver a potential difference in the resistive load.

The information provided by the SOC can support the correct
decision of starting and stopping the charging and discharging
process in order to avoid battery failures, such as overcharge
and overdischarge [3]. Several investigations are focused on
determining batteries’ SOC, as shown in Table 1.
Table 1. Some investigations considering SOC
Consulted
source

I.

INTRODUCTION

Studied variables

[4]

Lithium ions
(Li-ion)

State of charge
(SOC) and state of
health (SOH)

[5]

Lithium ions
(Li-ion)

S OC

[6]

Lead acid
(Pb-Acid)
Lithium ions
(Li-ion)

SOC
SOH

Lead acid
(Pb-Acid)

Battery degradation,
i.e. temperature,
charge/discharge
profiles and battery
characteristics, SOC

[7]

Keywords: IGBT, SOC, heatsink, SOH, discharge, data
acquisition

Analyzed
batteries

The SOC of lead acid battery is the ratio between the current
capacity (CA) and the maximum capacity (CM), which varies
depending on the state of health (SOH). The CM (Q) is the
usable capacity at the average discharge rate and current
discharge temperature [8]. The relationship between the current

Electric vehicles and renewable energy systems suitable for
industry, businesses and homes are a significant contribution in
the face of global warming, affecting the entire planet. All these
systems require energetic support from rechargeable batteries
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capacity and the maximum capacity is determined by
equation 1.
𝑆𝑜𝐶 =

𝐶𝐴

II.

The active and saturation region values for the IGBT
GT60M303 for four VGE, voltage values, according to the
device data sheet [15], are shown in Fig. 1.

(1)

𝐶𝑀

MATERIALS AND METHODS

The values obtained by integrating current with which CA is
obtained are defined in equation 2 [9]
𝑡

𝐶𝐴 = 𝜂 ∫𝑡 𝐼(𝑡)
0

(2)

Where I is the current and 𝜂 is the battery’s performance
From the measurement of open circuit and in-line voltage, the
SOC can be obtained, taking into account that the battery is 12
volts, the full charge voltage is approximately 12.8 V (lead acid
batteries) and 11.4 when it is discharged [10]. However, it
requires having the battery offline, which is suitable for power
systems that have long interruptions between working times,
and not for interrupted work.
Fig. 1. IGBT output curves

The purpose of this study is to develop an electronic system that
extracts the physical variables such as voltage and current to
determine the SOC and thus, knowing the initial maximum load
capacity, obtain the SOH.

According to the previous curves, electronic charging can be
designed to maintain a constant current used in the discharge of
a battery for research purposes. Although the maximum current
is 60 amps in the IGBT used, the manufacturer's curves project
higher levels. Furthermore, as shown in Fig. 2, the maximum
current will be limited by the resistor located between F and G,
the battery voltage between A and B which must be greater than
the voltage Vce of approximately 2V in which the constant
current is less than 22A for a determined Vge.

The aging of a battery influences its performance and its output
parameters [11], so, as the battery ages, it reduces its initial
SOH by reducing the maximum charge capacity. A battery’s
SOH will thus be related to the variation of its current
maximum charge with respect to the initial maximum capacity
as shown in equation 3 [12].
𝑆𝑂𝐻𝑖 (𝑘) =

𝐶𝑖,𝑚𝑎𝑥 (𝑘)
𝐶𝑖,max _𝑛𝑒𝑤

(3)

Where k is the value of the k-th cycle of charging and
discharging.
The experimental downloading process is carried out by means
of an electronic load, which can vary the current ratio required
for the battery and discharge it at different speeds [13].
This study analyzes a used battery with a maximum initial
capacity of 20Ah (Ampere-hours) when it was new, which has
had little use. The data were acquired through an embedded
system and an electronic load designed from an IGBT as a
power control element, corroborating the values of the
manufacturer's data sheet, which calculates the life of the
electronic power devices and the conditions under which these
fails. Such an estimate of the useful life and reliability tests are
generally carried out through the accelerated power cycle. The
device is composed of several layers of different materials with
different coefficients of thermal expansion. This causes the
power modules to experience cutting voltages within their
composition, causing deformations and eventually leading to
device failure [14]. Tests that allowed defining IGBT behavior
before different values of current between collector and emitter,
and the stability of the current according to the temperature
reached, were carried out.

Fig. 2. Basic electronic charging scheme.

The voltage at the load resistance is adjusted to the positive
input voltage value of the operational amplifier LM358m,
which is adjusted by the voltage divider between R2 and the
Pot potentiometer of Fig. 2. In this case, the maximum value of
the voltage divider would be equal to 9.62V which would limit
the voltage in the load to 9.61V and the maximum current to
the value of the load resistor itself (100W 1Ω power resistor).
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Fig. 3 shows the electronic load with the heatsink, the IGBT
GT60M303 and the resistance that defines the control voltage
level (1), the activation system of the IGBT by means of an
operational amplifier (2), and the connection for a 12 volts fan
(3).

Fig. 5. Implemented data acquisition system
Fig. 3. Electronic load initially designed

The experiment was carried out using lead acid batteries of
20Ah in initial, healthy conditions. These were subjected to a
discharge of 4.19 amps until the voltage dropped semiparabolically, the general scheme for the acquisition of the
battery’s current discharge and the adaptation for automatic
charge (by means of Smart fast charger SON-1210B +).

In this case, a load resistance of 1 Ω and 100W was used, which
allows maximum current due to the approximate power of the
resistor:
This maximum value must be guaranteed by the voltage
divider, and it must not exceed 9.62V.

The embedded system permanently monitors the current to
count consumed amps until the voltage drops to a certain value,
where the electronic load cannot supply the programmed
current and the charging process begins again to complete a full
cycle. This project carries out the charging and discharging, yet
only the latter is analyzed because the design is focused on
electronic charging. The implemented scheme is shown
in Fig. 6.

An electronic charge was also implemented with a computer
heatsink that has a forced ventilation temperature control as
shown in Fig. 4.

Fig. 4. Heatsink final electronic charge.

Fig. 6. General scheme of experimental setup

To achieve thermal values, a Skeek Thermal camera with a
thermal sensor of 206x156 with a detection range of -40°C to
330°C and a field of 36° was used.

III.

RESULTS

The current values for the electronic load were projected for a
maximum of 10.4A (limited by the load resistor). The
relationship between the IGBT curve given by the
manufacturer was contrasted (approximate value defined in the
IGBT data sheet GT60M303) for VGE = 7V and the
experimental curve, shown in Fig. 7. This figure shows a small
variation between these curves, which may be due to
differences in environmental conditions between the

In order to acquire the current and voltage curve to calculate
SOC, the current values of electronic loads and the activation
control are carried out by means of a data acquisition card built
for this. It consists of serial port acquisition, micro SD storage,
real-time clock and periodic information capture control every
10 seconds by means of an embedded Arduino Nano system
(Fig. 5).
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manufacturer's curve and the real one.

Ampere (Fig. 9).

Fig. 9. Minimum and maximum levels achieved with
a current of 1A and a heatsink with ventilation

Fig. 7. Experimental check of datasheet for VGE =
7V

For 3 amps, the temperature goes from 39°C to 100°C in 4
minutes. This indicates that this load with this heatsink fails to
evacuate the heat caused by charge movements inside the
IGBT, and that, therefore, a heatsink with a greater area of
dissipation and air flow in the ventilation is required. To lessen
this problem, a heatsink was implemented to maintain a
constant temperature, used in the cooling of processors,
adapting a temperature and output sensor by PWM. With this
type of heatsink, it was possible to keep the temperature almost
constant for a fixed current of 4.19 Amps ( Fig. 10), given that
in 1 hour and 20 minutes the maximum temperature was 46°C
and the current, as seen in data acquired by the datalogger,
remained almost constant ( Fig. 11). It was also found by means
of the ampere count that the battery capacity was 18.85Ah,
while the initial maximum capacity battery indicated was 20
Amps, so the battery’s current SOH was 94.25% applying
equation 3.

As the objective is to design an electronic load that has constant
current, it should be clear that this IGBT is suitable in Vce
ranges greater than 2 volts (Fig. 1) for the load with maximum
current of 10.4A in resistors of 1Ω or higher amperage for
lower value resistors.
The encapsulation temperature increases in the IGBT as the
current demanded by the load increases. Thus, for a current of
0.93 amps without a heatsink, the encapsulation temperature
goes from 33°C to 90°C in 2 minutes (Fig. 8), while for a
current of 2.11 amps, it goes from 33°C to 90°C in 30 seconds.
A quick disconnection is therefore required since the joint for
the IGBT used has a maximum temperature of 150°C. The
maximum temperature value for the IGBT used is 150°C,
which implies that a heatsink must be used to be kept at room
temperature so that the Ice current is constant within that limit.

Fig. 8. Minimum and maximum thermal levels experienced in
the encapsulation of the GT60M303.

Fig. 10. Thermal levels reached in 1 hour 30 minutes

Using an aluminum heatsink increases heating times and
reduces the maximum thermal limit reached. Thus, for a 10cm
x 5cm heatsink, it is possible to go from 33°C to 48°C in 2
minutes, subjecting the electronic load to a 974mA current;
from 33°C to 74°C in 2 minutes in a current with a 1920Ma
electronic charge; and from 33°C to 97°C in 2 minutes with a
current of 3160mA.
By adding the forced ventilation system, the temperature of the
IGBT in the encapsulation is kept more constant, going from
59°C to 61°C in 5 minutes, and the Ice current that is recorded
remains approximately constant when the load is regulated to 1

Fig. 11. Current (right axis) and voltage (left axis) values
obtained in a discharge cycle
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IV.

CONCLUSIONS
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Transactions on Transportation Electrification, vol. 2,
nº 4, pp. 454-464, 2016.

Electronic loads must have a proper cooling system that
maintains a constant discharge current in order to deliver an
accurate SOC value.
The design of the IGBT charges must ensure that the Vce is
well below the battery to be discharged. Thus, this system could
not have been implemented in 2V batteries, because the Vce
voltage in the IGBT exceeds 2V and could not deliver a
potential difference in the resistive load. Moreover, the system
would be in the saturation zone and not in the linear region
where the current remains constant.
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