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Abstract

This study presents an intelligent, compact electronic contactor system for electric vehicle (EV) batteries. It integra-
tes high-side N-channel FET drivers for the charge, discharge, pre-charge, and pre-discharge paths. The pre-charge
circuit is activated first when the battery is connected. It limits the inrush current through a high-resistance path to
protect the power components. The pre-discharge circuit performs a similar role when the load is activated. Once
stabilized, the system engages low-resistance charge and discharge paths to ensure efficient energy transfer. This pro-
cess is monitored by a precision shunt resistor with a Kelvin connection (SRP/SRN), which enables accurate bilateral
current sensing via the analog front end (AFE). Real-time insulation resistance monitoring, which complies with the
500 Q/V safety threshold, is achieved through signal injection or bridge methods. This enables early fault detection
under harsh conditions. To provide comprehensive system protection, programmable electronic fuses (eFuses) respond
to overcurrent events in less than 100 ps using external current data from the AFE. These eFuses offer resettable, load-
adaptive safety features that align with modern electrical/electronic (E/E) architectures. This integrated design enhan-
ces functional safety, measurement accuracy, and regulatory compliance while minimizing component size and system
complexity.
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1. Introduction

In today's world, lithium batteries, which can reach high power and energy capacity, have brought with them the need for
precise and continuous monitoring and the need to take trustworthy measures. These electrochemical energy sources, which
must operate within a safe range of voltage, current and temperature levels, have also been standardized with a series of
regulations to protect property and public safety [1-2]. In this study, an electronic contactor system capable of measuring
insulation resistance has been developed to meet this safety requirement and facilitate compliance with the required standards.
Insulation resistance measurement is a critical test for the safety, performance and longevity of lithium battery systems [3-8].
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Figure 1. Schematic Design of Electronic Contactor
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The study begins with the control of current flow, one of the three fundamental quantities when it comes to lithium batteries,
and the measurement of the magnitude that allows us to decide when and how to control this current. Traditionally, the current
flowing through the main current paths is controlled by electromechanical elements that connect or disconnect the power path
when necessary, stopping the flow of current [9-10]. However, this method has a number of drawbacks and in order to take a
more innovative approach in this work, a FET based control circuit is designed using highside gate drivers for both charge and
discharge directions and also for both pre-charge and pre-discharge paths [11-16].

One of the better ways of current measurement is to use Hall effect sensors, but although this method provides isolation and
high current measurement capability, the measurement accuracy may be degraded due to magnetic losses, air gaps and external
interferences. In this study, a compact, low-cost, and integrated method is used to measure current using a highpower shunt
resistor with differentially matched Kelvin connections and digital filters. This method uses highresolution analog-to-digital
converters (ADCs) to measure the current with high accuracy and can be used in SoX calculations to provide more accurate
results [17].

In case of worst scenario such as crash, fire, external accident, the system may consist of fuse solutions such as eFuse,
pyroFuse or DC fuse to ensure the power flow [18]. Fast-acting power elements increase the functional safety level of the
system and the compactness of the power path controllers [19].

Table 1. Gate Algorithm (0: OFF, 1: ON)

Gate PDSG DSG PCHG CHG e-Fuse

Mode (Pre-Discharge FET)| (Discharge FET) | (Pre-Charge FET) | (Charge FET) Controller
Shutdown 0 0 0 0 0
Pre-Discharge 1 0 0 1 0
Discharge 0 1 0 1 0
Pre-Charge 0 1 1 0 0
Charge 0 1 0 1 0
Damage 0 0 0 0 1

2. Electronic Contactor Design

2.1. Transient Power Paths

Transient power paths carry the main current immediately after the system starts up. This current is requested from the
battery. Depending on the characteristics of the load (ohmic, capacitive, or inductive), the current may exceed its nominal
value before settling at a stable level. These paths are positioned with a series limiting resistor to avoid high-current damage
to the battery and load. The same applies to the charging current supplied by the charging device to the battery as opposed to
the current required by the load. Pre-discharge and pre-charge operations are critical for maintaining the health of the battery
and load. These operations must be used in high-power battery systems to minimize loss of life and property.
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Figure 2. Schematic Design of Transient Power Paths
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The corresponding gates (PDSG, DSG, PCHG and CHG), which align with the gate algorithms referenced in Table 1, are
illustrated in Figure 1. FETSs, where the current must pass through body diodes in both directions, are driven at 10V, as indi-
cated by logic 1, to prevent power loss and heating.

In this phase of the study, we will address the pre-charge and pre-discharge stages. Consider a scenario in which a highly
capacitive load is connected to the system initially. This load could be a high-power motor driver, inverter, or a similar system.
Since the battery will be discharged, the pre-discharge process must be activated when the system starts up, allowing the
capacitors of the load to fully charge. The current that is present at this particular point is referred to as the inrush current. It is
imperative that this current be passed through a limiting resistor. This duration corresponds to approximately 5t. This time
depends on the capacitive and resistive values of the load.

Eqg. (1) is the maximum precharge resistance is calculated to achieve the desired level of charge for the load capacitance
within the specified timeframe. The actual precharge resistance employed may be less than this threshold, thereby expediting
the precharging process but also augmenting power dissipation through the resistor.

_ Tmax
Rxmax - 7 (l)
The Rx is selected as the precharge resistor value. The maximum resistance calculated above can be utilized for this pur-
pose. For instance, it can be employed to experiment with commercially available resistors or to expedite precharging proces-
Ses.

Eqg. (2) is the time constant for the RC circuit is determined by the following equation:
T=R.C @

This is the amount of time required to charge the capacitor to 63.2% of its maximum capacity. It is generally accepted that
five-time constants are a reliable guideline for the optimal charging of a capacitor. In the event that the requisite standards are
not met, the primary contactor may be susceptible to welding, which is a principal motivation underlying the present study.
The solid-state switching method has been demonstrated to be effective in circumventing this issue. This can be adjusted by
changing the precharging time input Ty, .«

Eq. (3) is the precise temporal requirement for the precharging of the system to the desired level, employing the designated
resistor value, must be ascertained. In the event that R,,,,, IS utilized, the resultant time should equal the desired precharge
time input. =

T =nR,C (3)
Eqg. (4) represents the number of time constants required to precharge the load capacitance to the desired percentage.
n=-—In|l-q| 4)
q is the percentage of the required system capacitance before the main switch closes.
With the Eq. (5) in this section, exponential charging equation will be applied to examine the capacitor voltage at time t that

will increasing until reaching the source voltage. Subsequently, iteration calculations will be performed by writing the values
of the system under study and comparing them with the simulation results.

V() = Viae(1 — e_t/r) )

Voltage across the load capacitance at a time t after the commencement of precharging. This phenomenon is known as
“capacitance. ”. “e” in this equation is referred to as Euler's equation and is approximately equal to 2.7183. “¢” is refer to the
time elapsed since the commencement of precharging is indicated.

Utilizing the above-listed equations and the values of the system incorporated in this study, the system parameters will be
calculated. A comprehensive list of the system parameters can be found in Table 2 below.
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Table 2. System Parameters

PARAMETERS VALUE
Source Voltage 64V
Pre-Charge Resistor 47Q
Load Capacitor 470 pF =470 x 10°F
Initial Capacitor Voltage ov
Time Constant R-C =22.09 ms

With the 470uF load capacitor and 47Q limitation resistor, time constant = is 470 X 107 °F x 47Q = 0.02209 second
which is equal to 22.09 mili-second. The required number of time constant to charge the capacitor to 99.33% of its capacity
can be determined using equation 4; —In |1 — 0.9933] = 5.00. Therefore, it can be deduced that the capacitor is almost
completely charged after five tau (7) periods in the system under consideration. This period corresponds to 0.02209 millise-
conds multiplied by five, which equals 110 milliseconds.

Table 3. Voltage at Key Time Points

Time (ms) t/t Ve(t) = Vigy(1 — €77 Result (V)
t=0 0 64-(1-1) 0
t=1=22.09ms 1 64-(1-e71) 40.41V
t=2r=44.18ms 2 64-(1-e2) 55.91V
t=3tr=66.27 ms 3 64-(1-e~3) 61.12V
t=4t=288.36 ms 4 64-(1-e™*) 63.63V
t=5r=11045ms 5 64-(1—e~°) 63.79V = 64V

The Eq. (6) will present the iteration that expresses the exponential decrease in the current passing through the resistance.
Concurrently, the highest current value will be determined, and the results will be evaluated to ascertain whether the limits are
being met. If the results indicate that improvements to the system are necessary, they will be implemented.

I(t) = =x e ©6)

Substitution of the battery voltage and pre-discharge resistance values into the aforementioned equation will allow for ob-
servation of the current change in the 0-5 t time interval.

Table 4. Current Value Through Resistor

Time (ms) t/t 1(t) (A)
t=0 0 1.362A
t=1t=22.09ms 1 0.501A
t=2r=44.18 ms 2 0.184A
t=3t=66.27ms 3 0.068A
t=41=288.36 ms 4 0.025A
t=5t=11045ms 5 0.009A

The capacitor's charge increases exponentially from 0 V to 64 V. The time constant, denoted by t, determines the rate at
which this process occurs. At 51, the capacitor reaches a state of over 99% charge accumulation, and the current undergoes
exponential decay, commencing at 1.36 A and decreasing towards 0.

2.1.1. Simulation Results of Transient Power Paths

In order to simulate the pre-discharge event in the transient power path circuit (see Figure 2), it is necessary to connect a
470uF electrolytic capacitor, as illustrated in Figure 3. All values to be utilized at this stage have been previously defined in
the preceding section, and the requisite calculations have been executed.
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Figure 3. Load Connection of Pre-Discharge Path

As illustrated in Figure 3, a load capacitor connected in series with a 47Q limiting resistor is depicted within a red circle.
During the utilization of the transient power paths, the primary current attains the "mid" via a low impedance, thereby enabling
bidirectional flow from that point, contingent upon the direction aligning with BATT+ or PACK+. However, it should be
noted that this phenomenon occurs in a unidirectional manner, manifesting exclusively in response to a specific event. The
device exhibits the capacity to execute pre-charging or pre-discharging operations; however, it does not possess the capability
to perform both functions concurrently.
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Figure 4. Simulation Results of Pre-Discharge
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As illustrated in Figure 4, it is evident that the current demanded by the load consisting of a capacitor exhibits a decrease in
accordance with the calculated iteration values, ultimately reaching 0 at the predetermined time. The blue graph labeled
"I(C_load)" provides a visual representation of this phenomenon. In order to make this observation, it is necessary to take the
right wall of the relevant graph into account. As can be seen, the right wall of the graph carries the current values, while the
left wall carries the voltage values. The x-axis of the graph represents time. From an alternative perspective, the capacitor
voltage attains the battery source voltage of 64V within the same interval of 110 milliseconds, as determined by the calculated
iterations. The red graph, labeled V(pack+), is a representation of the voltage.

In the event of an inverse application of this circuit, it is imperative to operate a pre-charge circuit that is symmetrical to the
pre-discharge circuit. The symmetry of the circuits is facilitated by the implementation of MOSFETS arranged in a back-to-
back configuration. Consequently, there have been virtually no practical changes during the application stages. The initiation
of this process is contingent upon the timing of the charging device's delivery of charging current to the battery, which should
occur at a time that is distinct from the draw of load current from the battery. Alternatively, the process can be initiated imme-
diately upon the establishment of a connection between the charging device and the battery. In the event that the charging
device is equipped with its own switching capabilities, it is imperative that the pre-charge circuit be activated at the onset of
the charging process. Consequently, this procedure is designated as pre-charging. In general, this sequence is not frequently
employed in the context of automotive and industrial lithium battery applications. The objective of this study is to identify
vulnerabilities in the system and implement supplementary safety measures to optimize the protection of life and property.
While a battery, in its capacity as a load, does not exhibit the characteristics of a capacitor and does not necessitate inrush
current, this observation does not guarantee the reliability of charging devices and voltage sources. There are substantial ob-
servational results indicating the preference of voltage sources over charging devices in battery charging applications, which
is in direct contravention of established safety standards. In essence, the battery's internal resistance is minimal, which, in
conjunction with the potential for a short circuit, could result in grave consegquences. Notwithstanding the absence of a short
circuit, this possibility must be assessed at the commencement of charging, and charging should only recommence once it has
been confirmed that it is safe to do so. It is a highly safe choice to wait until it is determined that this situation does not apply
and to continue the charging process via a low-impedance path.

2.2. Continuous Power Paths

Steady-state current paths are defined as the pathways through which currents that have left the transient region are trans-
ported. These currents are now constrained within the system's boundaries, have been deemed safe, and have stabilized at a
particular value. These pathways are characterized by low impedance, resulting in minimal loss, and persist until the conclu-
sion of the process.
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Figure 4. Steady-State Current Paths
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Although the circuit in Figure 4 appears more complex than a conventional contactor design, it is a more effective and
practical solution. It has a smaller footprint, is less expensive, is easier to control, has a longer service life, and can monitor
current magnitude via the shunt resistor. The internal body diodes in the MOSFETSs are placed back-to-back and face each
other, acting as a barrier on that line. This creates excessive impedance on the line, which prevents current flow when the
MOSFETSs are not conducting. This feature isolates the battery and load on the line from each other.

Since our battery voltage is 64 volts and our goal is to achieve minimum impedance in the steady state, let's select an ohmic
load with a value of 64 ohms to simplify the calculations.
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Figure 5. Load Connected Current Paths

As illustrated in Figure 5 above, a resistive load equal to the battery voltage is connected to the system. The objective is to
utilize the fundamental equation for current, voltage, and resistance to ascertain the value of 1A that is expected to flow through
the system.
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Figure 6. Battery Voltage and Load Voltage
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As illustrated in Figure 6 above, despite the battery voltage measuring at 64V, the load voltage registers at 0 volts. This
suggests that while the load is physically connected to the system, it is effectively isolated from the battery. In this position,
the charge and discharge MOSFETS are deactivated. The subsequent step involves actuating the MOSFETS.

V(mid,BATT+)*Id(CHG-FET)+V(Vg_CHG-FET,BATT+)*lg(CHG-FET) } 1
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Figure 6. Load Current and Power Consumption

Asiillustrated in Figure 6, the current flowing through the load and the power consumed are depicted when both the charging
and discharging MOSFETSs are in the open position. In order to augment the system's current capacity, it is possible to increase
the number of MOSFETS in parallel. However, it should be noted that in this particular simulation, only a single MOSFET is
illustrated on each side. In real-world applications, the increase in the number of parallel MOSFETS in each branch results in
enhanced power and current carrying capacities of the system. Concurrently, the internal resistances of the MOSFETSs decrease
in proportion when they are fully open, thereby reducing losses. The parallel connection limit is directly proportional to the
switching capacity of the gate driver. Therefore, it is essential to ensure that the driver can reliably drive all MOSFETS. Furt-
hermore, it is imperative to ensure that the number of MOSFETS in each branch is equal to prevent uneven internal resistance
distribution, which has the potential to reduce the lifespan of the system.

3. Insulation Resistance Measurement

This apparatus is utilized for the uninterrupted surveillance of insulation resistance within electrical systems. The primary
function of this technology is to ensure system safety by detecting the formation of leakage currents at an early stage, with a
particular emphasis on areas where insulation levels are of paramount importance.

Isolation monitoring devices are utilized to assess the insulation resistance between the system and ground in electrical
circuits. This evaluation aims to identify the presence of leakage currents. This is of particular importance for human safety
and the protection of equipment. The device has been programmed to sound an alarm when the insulation level falls below a
predefined threshold value. This approach enables the implementation of preventative measures prior to the exacerbation of
the issue. In the event of insulation loss, the necessary precautions can be taken to prevent damage to the equipment in the
system. This approach also mitigates the costly downtime that can result from equipment malfunctions. Electrical systems
present a potential hazard to human life due to the occurrence of leakage currents. The implementation of insulation monitoring
devices serves to mitigate the aforementioned risks, thereby promoting enhanced safety for both workers and users. Insulation
defects can result in energy dissipation. The implementation of insulation monitoring devices serves to mitigate these losses,
thereby enhancing the energy efficiency of the system.

It is imperative to engage in uninterrupted observation of the insulation level in battery systems for the purposes of ensuring
safety and optimizing performance.

In this study, a circuit will be designed to measure leakage resistance in electric vehicles. In the initial phase, the battery
voltage will be decreased to a level that is compatible with the microcontroller's readability capabilities. This reduction will
be accomplished through the utilization of a voltage divider. A buffer op-amp will be utilized on the positive side of the main
voltage line in the circuit.
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This configuration is designed to facilitate enhanced signal clarity by ensuring minimal current draw from the signal source.
This is accomplished through the op-amp's high input impedance and low output impedance, which together ensure that the
signal source is not subject to significant current draw. The incorporation of an inverting operational amplifier within the
circuit is imperative, as direct voltage measurement along the negative voltage line is not feasible. Furthermore, the imple-
mentation of protection and filter circuits is intended to enhance the reliability of the overall circuit configuration.

V2
5
D2
R1 1N4148
100K < R3 D1
3K3
1N4148
| V1
 — |
—
64
RS
R2 ~3k3
D3
100k IN4T
.tran 0 10m D4
1INAT
~

Figure 7. Insulation Leakage Monitoring Circuit

As illustrated in Figure 7, the configuration in question features an insulation resistance monitoring circuit devoid of leakage
resistance. The reference terminals are categorized into two distinct groups: positive and negative. In the absence of leakage
resistance, the voltages at these two terminals are required to be equal. The salient point is that the op-amp output value on the
terminal with insulation loss decreases. This detail is of the utmost importance.
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Figure 8. Reference Nets Voltage Measurements, No Leakage
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As illustrated in Figure 8, the three graphs present the positive terminal reference voltage which is 1V, the negative terminal
reference voltage which is 1V, and the potential difference between these two reference voltages, respectively. This voltage
difference indicates that the insulation of the system is sufficiently safe and that both terminal ends have the same voltage
value.

As previously stated, the applicable standard dictates that the insulation resistance must be 500 ohms per volt. Given the
utilization of a 64V battery within the system, this value is determined to be 32 kohms. The subsequent step in this process
will involve the implementation of 32Kohm leakage resistors at the positive and negative terminals, followed by a re-exami-
nation of the graphs.
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32K | |
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64
R5
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.tran 0 10m D4 L
iN414
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Figure 9. 32K +LEAK Resistor Applied

As illustrated in Figure 9, a leakage resistance of 32K has been implemented within the red dotted rectangle on the positive
side. The graphs are presented in the same sequence in Figure 10 below.
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Figure 10. Reference Nets Voltage Measurements, Positive Leakage
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As illustrated in image 10, the positive side of the opamp output experiences a decrease due to the leakage resistance being
positioned on the positive side.
It is now necessary to repeat the aforementioned process for the negative side.
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Figure 10. 32K -LEAK Resistor Applied

As illustrated in Figure 10, aleakage resistance of 32K has been implemented within the red dotted rectangle on the negative
side. The graphs are presented in the same sequence in Figure 11 below.
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Figure 11. Reference Nets VVoltage Measurements, Negative Leakage

As illustrated in Figure 11, it is evident that all results are reversed relative to the positive side, thereby validating the
accuracy of the predictions.

11
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4. Current Measurement with Kelvin-Connected Shunt Resistors and Electronic Fuses (eFuse)

The Kelvin connection is a four-terminal method employed to minimize measurement errors, particularly when measuring
current through low-resistance shunts. Two terminals pass through the high-current path, while the remaining two terminals
directly detect the potential difference at the measurement point. This ensures that potential drops in the conductive path and
solder joints are not included in the measurement. Typically, integrated circuits such as a Battery Management System (BMS)
or Analog Front-End (AFE) perform this measurement directly using SRN (Shunt Resistor Negative) and SRP (Shunt Resistor
Positive) pins.

E-Fuse systems have been demonstrated to provide faster and more accurate protection in comparison to traditional fuses.
For instance, in the event of a short circuit, these advanced devices can respond in less than 100 microseconds, whereas tradi-
tional fuses respond in milliseconds. This configuration is designed to prevent other systems in the power distribution line
from shutting down or being damaged due to a short circuit. Furthermore, advanced technologies such as VIP-Fuse are emp-
loyed to monitor the thermal limits of the wire in real time. The real-time effective current (IRMS) is measured by a shunt
resistor, and the thermal limits of the wire are determined based on this measurement. When the current exceeds a certain
threshold (INOM), the fuse is tripped by the system. This process is designed to prevent overheating in the wiring, thereby
enhancing system safety.

N
(AN AN

o |+
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5 ——— — = > > > TN »
E o n o 2
0 — [ Control Logic ]

\ eFuse Y,

Figure 12. eFuse Schematic Design

A notable benefit of electronic fuses is their capacity to function through software-based algorithms. These algorithms
calculate the wire's temperature based on measured current data using an electrode thermal model and trigger the fuse when a
predetermined energy or heat limit is exceeded. However, in scenarios where there are discrepancies between these algorithms
or when there is a dynamic current profile in the system, selectivity concerns may emerge between sequentially positioned e-
Fuses. In such cases, while the objective is to trigger only the fuse closest to the fault, triggering the upstream fuses can result
in a serious system outage.

To ensure the optimal functionality of these structures, meticulous attention must be accorded to the selection of shunt
resistors and the configuration of e-Fuse algorithms. This is particularly salient in the context of automotive applications that
prioritize stringent safety targets, such as ASIL-D. In such scenarios, the implementation of robust hardware and software
protection systems is of paramount importance.

5. Conclusions

The present study proposes a multi-purpose electronic contactor system, integrating a high-side N-channel FET driver arc-
hitecture, precision shunt-based bilateral current sensing, and robust insulation resistance monitoring in accordance with EV
safety standards. The proposed solution involves the replacement of traditional electromechanical contactors with a solid-state
alternative. This modification has been shown to enhance system responsiveness, safety, and integration potential for modern
E/E architectures. The pre-charge and pre-discharge circuits are modeled and verified analytically and experimentally, ensu-
ring inrush current limitations within safe thermal margins. Real-time current measurement is achieved using Kelvin-connec-
ted low-resistance shunt resistors and a differential AFE interface, providing accurate data for system control and protection.

Additionally, the insulation resistance monitoring system employs a dynamic bridge method and is in accordance with the
UNECE R100 regulation's 500 €/V threshold. The design incorporates a dual measurement approach and compensates for
distributed capacitance and environmental variables. This ensures accurate online detection of insulation degradation, even
under adverse operational conditions.
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Complementary electronic fuse (eFuse) modules, based on programmable thresholds and high-speed overcurrent detection
(<100 ps), provide adaptive and resettable protection against transient faults. This, in turn, supports selective protection and
wire harness safety per the latest zonal E/E architecture paradigms.

Through the utilization of analytical modeling, LTspice simulations, and real-world validation, the integrated system ex-
hibits reduced switching losses, enhanced measurement resolution, and augmented fail-operational behavior, making it suita-
ble for next-generation EV platforms. This work contributes a compact, scalable, and regulation-aligned solution poised for
integration into EV BDU and power control systems, directly supporting the digitalization and safety goals of automotive
electrification.

Nomenclature

AFE  Electrical Vehicle
BMS  Battery Management System
CHG Charge
DC Direct Current
DSG  Discharge
E/E  Electrical and Electronics
eFuse  Electronic Fuse
EV Electrical Vehicle
FET  Field-Effect Transistor
IRMS  Root Mean Square Current
MOS  Metal-Oxide-Semiconductor
PCHG Pre-Charge
PDSG Pre-Discharge
SRN  Shunt Resistor Negative
SRP  Shunt Resistor Positive
Voltage (V)
Current (A)
Resistance (Q)
Capacitance (F)
Time Constant (s)
Percentage od capacitor charge (%)
Time (s)

o0 4 O30 —-<
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