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Abstract: This research presents a design for a power supply system specialized in supplying a solenoid electromechanical

system, a crucial component in automotive applications including electric vehicles. To meet Functional Safety (FS)

requirements, plunger position monitoring—a key feature mandated by functional safety standards—is implemented using

a microprocessor system. The proposed system topology aims to achieve Quality Management (QM) for the monitored

electromechanical system at ASIL B or ASIL D (Automotive Safety Integrity Level), contributing to advancements in the

automotive industry. The developed monitoring system incorporates two independent plunger detection mechanisms based

on current measurement, calculation, and position estimation. The proposed power supply utilizes a modified Forward

converter, with structural and methodological adaptations tailored to the solenoid’s characteristics. The results are analyzed

and supported by experimental verification, demonstrating the system’s potential for industry application.

Keywords: solenoid, electric vehicle (EV), Functional Safety (FS), ISO26262, actuator, forward converter

1. Introduction

Solenoid electromagnets [1–6] are essential components in the electric drivetrain, including Electric Vehicles (EVs)

today. Their design [1, 2] and optimisation [3, 4] are vital for advancing the electric drivetrain, making our research on the

solenoid power supply system highly important. Their analysis [5, 6] involves identifying key electromagnetic system

characteristics and ensuring solenoid performance in the required environment.

The solenoids’ power supply system establishes interface compatibility between the power source and the coil’s

parameters. In an EV application, a DC-DC converter could be integrated. To determine its specifications, the following

requirements could be systematised: (1) high-to-low voltage conversion from the EV battery (up to 800 V) to the actuator

operating at 12 V or 24 V; (2) a transformer-based converter providing galvanic isolation between primary and secondary

sides; (3) high power density, reliability, and efficiency; (4) electromagnetic compatibility. Based on recent research, the

Forward converter offers proven advantages for EV applications as an auxiliary power supply, potentially for actuators.

Although it is a well-known topology, the Forward converter still has significant research potential. In [7], an alternative

bi-directional Forward converter is proposed as part of the Vehicle-To-Grid (V2G) system. The converter achieves 94.21%

efficiency in forward mode and 93.78% in regenerative mode. Other recent sources present improved design procedures

based on modelling [8, 9] with advanced mathematical tools, leading to better efficiency and lower noise [10]. An efficiency
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enhancement for the forward converter could be achieved with the resonant topology suggested in [11], which shows that

high-to-low voltage (400 V/20 V) conversion can reach up to 95% efficiency at 65 W. GaN HEMT transistors could be

used as an alternative solution, including as part of the active clamp, as shown in [12].

As part of the EV, solenoid systems are subject to functional safety analysis according to the standard ISO26262 [13].

Depending on their position in the electric drivetrain, the required safety level can range from QM (Quality Management)

to ASIL (Automotive Safety Integrity Level) A, B, C, or D, with the safety level increasing from ASIL A to D. The

development and verification of the ASIL level [14–16], based on expert scrutiny supported by software tools and model-

based engineering, is a crucial aspect of the entire drivetrain design. Since power converters are central to the electric

drivetrain [17], their emergency operation and integrated redundancy must also be considered for the solenoid’s power

supply to meet the requiredASIL level. In this context, fault detection [18] is a mandatory component of solenoid operation,

ensured through plunger position detection. This mechanism should be based on microcontrollers rated at ASIL B or ASIL

D, which measure and estimate the plunger position using two or more independent detection methods.

This research aims to develop and complete the solenoid electromagnetic system for EV applications, including

plunger detection analysis, power supply design, and experimental verification. Therefore, the proposed system should

include a topology supporting ASIL B and D requirements for plunger detection. The solenoid power supply meets the

QM level and is achieved through adjustments in topology and design methodology based on the specific characteristics of

the solenoid.

The rest of the paper is organised as follows: Section 2 describes the system structure and provides an overview of

the functional safety requirements; Section 3 presents the mechanism for plunger detection; Section 4 outlines the design

process of the solenoid’s power supply DC-DC converter; experimental verification is discussed in Section 5; and the

conclusions are given in Section 6.

2. System analysis

The topology of the suggested system (Figure 1) consists of the following units:

Figure 1. The general concept of the suggested system for solenoid plunger position estimation

1. DC/DC converter. A Forward topology is chosen, controlled by an Application Specific Integrated Circuit (ASIC)

capable of communicating its status through two channels—either to two independent ASIL D microcontrollers or to an

ASIL B microcontroller with two cores. The Forward converter must meet QM requirements, transforming High Voltage

(HV), potentially from the EV main battery, to Low Voltage (LV), suitable for solenoid coil DC voltage. To achieve this,

the power section of the Forward converter topology is modified by removing the output filter, as shown in Section 4.
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2. The solenoid electromagnetic system. It is a standard solenoid electromagnet [1–6] used to energise the actuators

for EV applications. The coil is equipped with current sensors to provide the necessary feedback signal.

3. Microcontroller Unit (MU). It can be divided into two independent ASIL D microcontrollers or a single two-core

SDIL B microcontroller, which independently estimates the plunger position according to the methodology presented in

the next section. In both feasible topologies, the plunger estimation is performed by the Primary Microcontroller (PM) and

the Secondary Microcontroller (SM) to ensure the required ASIL.

4. Vehicle Control Unit (VCU). The solenoid status is communicated with the vehicle control system (out of scope in

this research).

The main Functional Safety Requirements (FSR) to satisfy ASIL D for the plunger detection and the QM for the

DC/DC converter are arranged as follows:

1. The MU shall analyse the request from the VCU for the solenoid ON or OFF status.

2. The MU shall receive the current status from the solenoid feedback and analyse the plunger position.

3. The PM and SM shall detect the same status, supplying the signal to the DC/DC converter with two independent

channels.

4. The MU shall return fault status to VCU if a mismatch is detected.

5. The DC/DC converter shall compare the signals from the PM and SM.

6. If a mismatch is detected, the DC/DC converter shall return a fault status to the VCU.

7. The DC/DC converter shall supply the solenoid with the required DC voltage and current.

8. The DC/DC converter shall ensure galvanic isolation on the primary-to-secondary side.

9. The MU shall estimate the plunger position by detecting three current points: peak IPEAK , valley IVALLEY and

maximum IMAX during the Switch-ON solenoid transient process.

10. The UM shall estimate the transient Switch-OFF process with mechanical switches detecting the plunger’s initial

position.

The Fault-Tolerant Time Interval (FTTI) is 30-100 ms, comparable to solenoid Switch-ON and Switch-OFF times.

With this tolerance, the alarm signal can be communicated with the VCU after completing the transient process.

3. Solenoid plunger detection

Figure 2 illustrates the solenoid electromagnetic system. Its main components are the excitation coil supplied from

the power supply system (Section 4), a steel frame acting as an electromagnetic flux conductor, a plunger to apply force to

the actuator, and a spring to return the plunger to its initial position.

Figure 2. Solenoid electromagnetic system

When the electromagnet is energised, the coil’s current rises during the transient period, as shown in Figure 3. The

diagram can be divided into three sections, product of the plunger movement profile: 1) 0A− IPEAK The current rises,
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increasing the electromagnetic force, causing the plunger to start moving at IPEAK ; 2) IPEAK − IVALLEY The plunger is

moving, inducing back EMF, which causes a current reduction to the point of IVALLEY . 3) IVALLEY − IMAX The current rises

to its maximum point IMAX , limited by the electromagnetic coil resistance. The described critical points IPEAK , IVALLEY

and IMAX in the current transient process are essential for the plunger position estimation.

Given the above considerations, the plunger position can be determined by the current deviation caused by the change

in inductance. For this purpose, the fundamental equation of the solenoid system needs to be defined as:

V = Ri+
dΨ

dt
= Ri+L

di
dt

+ i
dL
dt

(1)

where: V is the voltage applied to the coil; R is the coil resistance; i is the current; Ψ is the flux linkage; L is the inductance.

As the equation shows, the plunger’s position will determine the coil’s inductance, hence the linkage flux. The

electromagnetic force F is given by:

F =
1
2
(iw)2

µo
πd2

4δ 2 (2)

where: i is the current; w is the number of coil turns; µo is the permeability; d is the plunger diameter; δ is the air gap.

The current at the start conditions of the transient process (Figure 3, section 0A− IPEAK) will be described with the

equation:

i = Io(1− e−t/T ) (3)

where: Io =V/R
Respectively, the time constant at the starting process will be described as:

t = T ln
1

1− i
Io

(4)

The presented equations (1)-(4) describe the current diagram in Figure 3, highlighting three key points. An approach

for plunger movement involves their predefinition, consistent current measurements throughout the entire transient process,

and comparison with both microcontrollers (Figure 1). This also requires measuring the coil’s temperature, which could

compromise functional safety by adding another sensor with necessary redundancy. As shown in Figure 4, the transient

process is temperature-sensitive, since the coil’s resistance variation causes current variation.

The suggested system estimates the plunger movement by measuring the current points (Figure 4) and calculating

the current differences IPEAK − IVALLEY and IMAX − IVALLEY . Such an approach eliminates the need for precise current

determination and temperature measurement.

During the transient process, it can be expected that the current differences between IPEAK and IVALLEY will remain

constant despite the temperature variations. However, the preliminary measurements show that some current deviation is

possible due to multiple factors such as resistance nonlinearity, friction, temperature impact on the actuator, etc. Table

1 shows measured currents at different ambient temperatures at initial conditions, showing the variation in the currents

IPEAK , IVALLEY and IMAX . As can be seen, the current difference between IPEAK − IVALLEY and IMAX − IVALLEY varies within

8-12% between the two extreme temperatures. Such variations must be determined for the investigated electromagnetic

system, including the actuator, and implemented in the microcontroller’s calculation algorithm.
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Figure 3. Current through the electromagnet system coil. Switch-on transient process

Figure 4. Coil’s current variation with the temperature. 1: −10 oC; 2: 0 oC; 3: 20 oC; 4: 40 oC; 5: 50 oC. Section A: variation of the IPEAK ; Section B:
variation of the IVALLEY ; Section C: variation of the IMAX

Table 1. Measured current points and differences for the transient electromagnet switch-on process

Temperature oC −10 0 20 40 50

IPK 1.1 1.05 0.99 0.91 0.86

IVALL 0.83 0.78 0.73 0.66 0.61

IMAX 1.6 1.5 1.5 1.3 1.3

IPK − IVALL 0.27 0.27 0.26 0.25 0.25

IMAX − IVALL 0.77 0.77 0.77 0.64 0.69
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Another possible level of variation is in the time of measurement. For the presented data (Figure 4, Table 1), the peak

current IPEAK varies in a narrow range of 14.2 - 14.8 ms, respectively IVALLEY in a range of 19.5 - 21.1 ms and IMAX are

measured in a range of 38 - 39 ms.

4. The solenoid power supply system design

The power supply is an indispensable part of the suggested system, serving as an object of monitoring and control

according to the FSR. In the developed system, a forward topology was chosen. The proposed modification removes the

secondary side output filter (L1, C2), which is mandatory in the general topology, and supplies the solenoid system Ls with

only two rectifiers. This reduction in passive elements enhances power density, efficiency, and overall system reliability.

The design methodology utilised relies on a step-by-step approach, applied in accordance with the suggested converter

modification (Figure 5).

Figure 5. Forward converter secondary side modification for the supply of the solenoid system

The criteria for the winding ratio Nsec
Npri

determination is the output voltage to be executed at the maximum duty cycle

DC. Including the winding ratio in the buck gain Vout =Vin ×DC, the forward gain can be written as:

Vout

Vin
=

Nsec

Npri
·DC (5)

were Vout and Vin are respectively the output and the input voltage; Nsec and Npri are the secondary and primary numbers of

turns.

The On-time ton can be determined from these ratios and the switching frequency FSW :

ton =
Vout

Vin
·

Npri

Nsec
· 1

Fsw
(6)

The primary number of turns is calculated based on the transformer T1 core parameters as follows:

Volume 4 Issue 2|2025| 537 Journal of Electronics and Electrical Engineering



Npri ≥
Vin ·DC

Bmax ·Ae ·Fsw
(7)

were Bmax is the maximum flux density, and Ae is the required area.

Due to the output L1-C2 filter removal, the solenoid LS acts as the converter loads, applying its inductance Lo and

resistance Ro. The expected output current ripples ∆irip can be derived from the equation:

Ls =

(
1− Vout

Vin
·

Npri

Nsec

)
· Vout

∆irip ·Fsw
(8)

considering that Ls is preliminarily determined as a solenoid parameter:

∆irip =

(
1− Vout

Vin
·

Npri

Nsec

)
· Vout

Ls ×Fsw
(9)

The mean value of the primary current should be calculated based on the expected converter’s overall efficiency

η = Pout
Pin

·A realistic expectation, taking into account the L1-C2 reduction, could be 0.85 ≤ η ≤ 0.9. Therefore, the primary
side mean current Iprim,mean will be:

Iprim,mean =
Pout

η ·Vin ×DC
=

Pin

Vin ·DC
(10)

where Pout and Pin are respectively the output and input power.

The primary peak current in the demagnetising winding (Nmag) is:

∆iprim, peak =
∆irip · Iprim,mean

2 · ILs,max
(11)

where ILs,max is the maximum solenoid current.

The peak current value through the transistor Q1 is reached at the end of the period ton, calculated from the equation:

∆iQ1 =
Vi · ton

LM
(12)

where LM is the primary side transformer inductance.

The sum of the last three equations (6) - (8) provides the total maximum peak primary current:

IS,peak = Iprim,mean +∆iprim, peak +∆iQ1 (13)

Q1 RMS current is expressed with the equation:
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Is,rms = Iprim,mean ·
√

DC ·

√√√√√√√
1+

∆iprim, peak+

(
∆iQ1

2

)
Iprim,mean

2

3
(14)

The calculated Is,rms value is used to determine the conducting PS,cond and switching PSW power loss as follows:

PS,cond = I2
S,rms ·Ron (15)

EON =
Is,rms ·Vin

2
·
(
td(on)+ tr(on)

)
(16)

EOFF =
Is,rms ·Vin

2
·
(
td(o f f )+ t f (o f f )

)
(17)

PSW = (EON +EOFF) ·FSW (18)

where EON is the on-energy, calculated from the datasheet timing td(on) time ON-delay and tr(on) rise time; EOFF is the

off-energy, calculated from the datasheet timing td(o f f ) time OFF-delay and t f (o f f ) fall time.

Ultimately, the total transistor loss will be represented by the sum of the conducting and switching losses, expressed

by the equation:

PS,total = PS,cond +PSW (19)

The diode D1 demagnetisation current is calculated from:

ID1, demag =
Vin · ton

LM
(20)

The diode D1 RMS current is calculated from:

ID1,RMS = ID1, demag ·
√

DC
3

(21)

with the diode conducting loss:

PD1 = ID1,max ·VF (22)
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Considering an equal number of turns in Npri and Nmag, i.e., the turn ratio is
Npri
Nmag

= 1 the reverse D1 voltage can be
calculated from:

VD1 > 1.1 ·Vin (23)

The maximum voltage can be estimated with a 20% safety design margin, used for diode selection:

VD1,max ≥ 1.2 ·VD1 (24)

The maximum reverse voltage estimation for both diodes D2 and D3 can be calculated using the equation:

VD2,D3 > 1.1 ·
(

Vi,max ·
Nsec

Npri
−VF

)
(25)

with a safety design margin, the criteria for D2 and D3 voltage selection is:

VD2,D3,max ≥VD2, D3 ·1.2 (26)

Both current RMSs will be given with the equation:

ID2,D3 =
ILs√

2
(27)

The conductive and switching (reverse-recovering) power losses of both diodes will be determined:

PD2,D3,cond = ILS ·VF (28)

PD2,D3,sw =
VD2,D3,max ·Qrr ·FSW

3
(29)

Where the Qrr is the diodes’ reverse recovery charge.

PD2,D3,total = PD2,D3,cond +PD2,D3,sw (30)

Forward converter input design parameters:

• Input voltage range 200 V≤Vin ≤ 400 V
• Output voltage Vout = 12 V
• Output current Iout = 2A
• Output power Pout = 24 W

Journal of Electronics and Electrical Engineering 540 | Borislav Dimitrov, et al.



• Switching frequency Fsw = 100 kHz
• Maximum duty cycle DC = 50%
The flowchart in Figure 6 offers a visual representation of the design process described. Based on the input parameters

accepted above, the final results are provided in Table 2.

Figure 6. A flow chart illustrating the design process

Table 2. Comparison results of backbone improvements

Equations Results

5, 6, 7, 8 Npri = 69; Nsec = 4; ton = 5 µ s; Bmax = 0.3; Ae = 97.1×10−6

9, 10, 11 ∆irip = 0.58A; Iprim,mean = 0.14A; ∆iprim, peak = 0.02A

12, 13, 14 ∆iQ1 = 0.74A; IS,peak = 0.9A; Is,rms = 0.19A

15, 16, 17 PS,cond = 109.8 mW; EON = 0.68 µJ; EO f f = 2.26 µJ

18, 19 PSW = 293.6 mW; Ptotal = 0.4 W

20, 21, 22, 23, 24 ID1,demag = 0.74A; ID1,RMS = 0.3A; PD1 = 0.52 W; VD1 > 440 V; VD1,max ≥ 528 V

25, 26, 27 VD2,D3 > 24.96 V; VD2,D3, max ≥ 29.95 V; ID2,D3 = 1.4A

28, 29, 30 PD2,D3,cond = 1 W; PD2,D3,sw = 8.3 mW; PD2,D3,total = 1 W

The selected semiconductors used for the experimental verification prototypes are as follows: Q1 – IPP60R099C6XKSA1

(TO-220 package) or IPD80R1K4P7 (DPAC package); D1 – MURS160T3G (SMD); D2, D3 – MBRS340T3G (SMD).

5. Experimental verification

The experimental verification was conducted in the following order: 1) the suggested system was designed, including

the DC/DC converter and MU; 2) a standard low-voltage vehicle solenoid actuator was used, additionally equipped with

current sensors; 3) the VCU was physically emulated to detect the conducted emergency signals and to measure the

obtained time constants; 4) the system was tested, and the oscillograms were recorded to visualise its operation; 5) the

thermal operation of the designed forward converter was tested and recorded with an infrared camera. The experimental

results are visualised in Figures 7–13 as follows:
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Figure 7 shows the transient process of the experimentally tested solenoid, where diagram 1 represents the voltage

applied to the coil and diagram 2 depicts the current through the coil. The process is completed for the time T2 = 35 ms,

giving a peak current Ipeak = 2A and valley current Ivalley = 1.6A at the time T 1 = 17 ms. The maximum current at the

steady-state conditions reaches Imax = 2.45A. The experiment shows the transient process’s leading conditions; therefore,
the measured data have been used to adjust the MU’s time parameters.

Figure 8 shows the transient process with the lock-up plunger. The MU detected this condition and communicated the

emergency signal (diagram 3) to the VCU. The time for this operation is equal to the transient process, e.g., T1 = 35 ms.

With this, the statement above, according to the FTTI parameter, is satisfied.

Figure 9 shows the operation of the designed and prototype forward DC/DC converter with the suggested modification

following Figure 5. Drain-to-source Q1 voltage is displayed in diagram 1. The oscillations are acceptable; however, they

could be reduced with an additional snubber circuit. The operation of the primary-side diode D1 appears in diagram 2.

Transformer core demagnetisation occurs during the transistor’s off-time. The PWM control signal to transistor Q1 is

shown in diagram 3, with a maximum duty cycle of 48%, and the MOSFET current is illustrated in diagram 4. Figure

10 depicts the current through the demagnetisation diode D1 as part of the primary converter side experimental study.

Diagrams 2, 3, and 4 correspond to those in Figure 9.

Figure 7. Switching on the transient process of the solenoid. 1- Voltage; 2-Current; T1 = 17 ms; T2 = 35 ms; Ipeak = 2A; Ivalley = 1.6A; Imax = 2.45A

Figure 8. Switching on the transient process of the solenoid with a lock-up plunger. 1- Voltage; 2-Current; T1=35ms; 3-emergency signal conducted to
the VCU
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Figure 9. C-DC converter primary side experimental verification. 1 – Q1 Drain-Source voltage; 2 – D1 voltage; 3 – PWM; 4 – Q1 Drain current

Figure 10. DC-DC converter primary side experimental verification. 1 – Q1 Drain-Source voltage; 2 – D1 voltage drop; 3 – PWM; 4 – D1 current

Figure 11. DC-DC converter secondary side experimental verification. 1 – Solenoid voltage; 2 – T1 secondary side voltage; 3 – PWM; 4 – Solenoid
current
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Figure 12. DC-DC converter secondary side experimental verification with added capacitor C2. 1 – Solenoid voltage; 2 – T1 secondary side voltage; 3 –
PWM; 4 – Solenoid current

Figure 13. Thermal operation of the designed forward converter. 1 MOSFET; 2 – Transformer; 3 – ASIC (out of scope in this design); 4 – secondary side
rectifier

The operation of the converter’s secondary side with the inductor L1 and the electrolytic capacitor C2 removed is

shown in Figure 11. The voltage over the solenoid and the current through it are shown, respectively, with diagrams 1 and 4.

The current ripples in these conditions do not exceed 20-25% due to the freewheeling operation supported by the diode D3.

Diagram 2 shows the transformer secondary side voltage, and diagram 3 shows the primary side PWM for synchronisation.

The achieved result guarantees the solenoid’s stable operation without plunger vibrations. Nonetheless, further

improvements are possible by connecting a ceramic capacitor in parallel with the actuator coil (C2, Figure 5). For this

experiment, an SMD ceramic capacitor of 1µF and 24V is used, calculated by the following equation:

Cout =
Iout(rip)

8 ·Fsw ·Vout(rip)
(31)
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where Iout(rip) is the output current ripple (10 mA); Vout(rip) is the output voltage ripple (12 mV).

As shown in the last oscillogram, the proposed modification significantly reduces the output ripples while still meeting

the requirement for increased power density by removing the input inductor and electrolytic capacitor.

Finally, Figure 13 illustrates infrared thermal images of the prototyped converter. The measured temperatures in the

main components are as follows: MOSFET (Q1) 43.34 ℃, secondary side rectifier (D2) 58.43 ℃, transformer core (T1)

93.52 ℃. The steady-state temperatures recorded for the transistor (A), rectifier (B), and transformer (C) are acceptable.

6. Conclusions

This research presented a study on a solenoid plunger detection system applicable to automotive drivetrains, achieving

an ASIL B or ASIL D classification according to ISO26262. The proposed topology (Figure 1) demonstrated stable

operation in plunger detection, supported by two independent microcontrollers to meet the redundancy requirements of

ASIL D. The emergency signal was sent to the VCU due to the lock-up of the immovable plunger. These results confirm

the achieved functional safety level in [7–12], satisfying the FS requirements with a modified converter topology.

The designed and experimentally tested forward converter matched the solenoid interface with the recommended

modification. Removing the output filter (L1, C2) also improved the converter’s power density, which is crucial for

automotive applications. The forward converter’s overall operation aligns with the designed procedures [7–12], while the

research extended them further in the specific application described. Therefore, the presented design methodology can be

regarded as a valuable approach specifically related to the system investigated.
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Abbreviation

FS Functional Safety

QM Quality Management

ASIL Automotive Safety Integrity Level

EV Electric Vehicles

V2G Vehicle-To-Grid

ASIC Application Specific Integrated Circuit

MU Microcontroller unit

PM Primary Microcontroller

SM Secondary Microcontroller

VCU Vehicle Control Unit

ESR Functional Safety Requirements

FTTI Fault-Tolerant Time Interval (FTTI)

IPEAK Peak current of the solenoid (A)

IVALLEY Valley current of the solenoid (A)

IMAX Maximum current of the solenoid (A)

L Inductance of the solenoid (H)

w Number of coil turns

µo Permeability

d Plunger diameter (m)

δ Plunger air gap (m)
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Vout Forward converter output voltage (V)

Vin Forward converter input (V)

Npri Primary transformer turns

Nsec Secondary transformer turns

η Forward converter efficiency

Fsw Forward converter switching frequency (Hz)

ton On-time of the MOSFET (s)

Iout(rip) Output current ripple

Vout(rip) Output voltage ripple
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