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A B S T R A C T

This research aims to offer a power supply system based on power converters to supply electromagnetic con-
tactors from the power distribution grid. Its primary purpose is to minimise the voltage sag impact on the
contactor, eliminating the possibility of contacts tripping or excessive vibration. In addition to this, the con-
tactor’s inherent low power factor must be compensated, reducing the contactor’s impact on the power grid. To
complete these requirements, the power supply system comprises a Totem-pole PFC converter, a Buck converter
stabilising the supplied voltage, and an H-Bridge, decreasing the switch-off commutation time. The research
focuses on the converters’ design methodology, supported by a case study and experimental verification.
Considering the electromagnetic contactor characteristics, the system design requirements are systemised. The
analytically and experimentally obtained data shows that based on the chosen converters’ topologies, the sug-
gested power supply system provides contactor stable operation in a wide input voltage range, acceptable power
losses and high efficiency.

1. Introduction

The electromagnetic contactors, offered by many leading manufac-
turers [1-5], are an essential piece of equipment with many industrial
applications. The main parts of a contactor are the electromagnetic
system, AC or DC supplied, the contact system comprised of mechanical
contacts and the arc extinguishing system. Although a well-known
technology that has been around for decades, electromagnetic contrac-
tors are still an object of significant research. In [6], a novel construction
specialised for switching between two power sources has been investi-
gated. The dynamic characteristics of different novel electromagnetic
systems have been objects of significant study [7,8,9], showing the
modelling approaches based on equivalent circuits and Finite Element
Analysis (FEA).

Recent investigation has also focused on classical plunger-type
electromagnets, leading to their optimisation. For example, in [10]
and [11], the application of FEA based on specialised software products
is depicted, and the optimisation procedures are described. An electro-
magnetic system for specific operations has been demonstrated in [12],
showing a DC electromagnet with an installed power of 22 kW.

The vibration of the AC electromagnetic system is one of the leading

design components that determines its overall characteristics, reli-
ability, and quality, as has been shown in [13]. The techniques for vi-
bration mitigation have been an object of careful studies [14,15],
including those specialised for aircraft and aerospace applications [16,
17]. The precise analysis shows that the contact bouncing can be miti-
gated with specialised power supplies applied to the DC and AC elec-
tromagnets, as suggested in [18,19]. Based on different methods for
contact vibration and bouncing experimental testing and measurement
[20,21], their erosion due to the power supply influence can be regis-
tered and estimated precisely.

Another natural phenomenon occurring in the AC and DC contact
apparatus is the electric arcing and sparking, which occurs between the
contacts during their commutation [22-26]. Both phenomena have a
negative effect on electric contacts, reducing their lifespan and deter-
mining the device’s overall reliability. As research presents, the electric
arc or spark can be turned on due to contact vibration provoked by
electromagnetic power instability. Hence, AC or DC electromagnet
voltage variation could increase electric contact erosion or provoke
contact welding.

To solve the above-described problems, power converters with
different topologies to supply the electromagnetic systems have been
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investigated. In [27], a technique for the switch-off time of an electric
contactor’s electromagnetic system is presented. A digitally controlled
DC-DC converter used as a contactor’s electromagnet power supply has
been found in [28]. The system’s primary purpose is to measure the coil
impedance through the excitation voltage, coil current, and
Pulse-Width-Modulation (PWM) duty cycle. The research shows that
with 40 kHz PWM, the energy consumption during the contactors
ON-state can be reduced. Another solution based on converters supply
has been proposed in [29].

The above-presented advantages make the electronic power con-
verter widely used for electromagnets [30-32]. In [30], a full bridge
topology is applied to an electromagnet, operating with a closed-loop
control with a current sense resistor integrated into the middle of the
electromagnet’s coil. Another study utilising a resonant converter as a
contactor power supply system [31] shows the ability of a soft-switching
technique to be achieved, increasing the average contact closing speed
and reducing the contact closing time. Dedicated to the same aim, the
research published in [32] shows the near-to-zero switching technique
developed by a microprocessor system and a coil driver.

Another problem solved by power converters implemented as a part
of the electromagnetic contactors and relays is the voltage sag and swell
appearing in the power distribution system. The voltage sag manifests
itself by a voltage drop with different durations, which can cause elec-
tromagnetic contactors to unintended tripping or permanent shutdown.
The voltage swell is a sudden increase of the supplied AC voltage,
generally detrimental for the electric/electronic equipment. Different
methods for voltage sag measurement, estimation, and experimental
study of its impact are developed. In [33], an evaluation method esti-
mates random voltage sag waveforms and the AC contactors’ operation
under arbitrary sags.

To minimise the impact on the AC contactors and relays, various
solutions accommodating electronic power supplies have been sug-
gested [34,35]. In [36,37], voltage sag protection by switching between
the main AC and auxiliary power supply has been studied. Power con-
verters could also be used for voltage sag compensation, as shown in [38,
39]. An application of a dynamic voltage restorer based on bi-directional
AC/AC converters to compensate for the voltage sag and swells has been
presented in [38]. The experimental verification is done with a 2kVA
prototype showing up to 94% peak efficiency and voltage sag/swell
compensation, 25% and 50%, respectively. In [39], a contactor’s power
is completed by supplying an AC-DC rectifier, a DC-DC Boost converter
with Power Factor Correction (PFC) and a two-switch DC-DC converter
has been designed and experimentally tested. A case study has supported
the converters’ design procedures. The experimental setup shows 37%
compensation of the voltage sag while keeping the power factor close to
0.97–0.98.

A future of the AC electromagnetic contactors is their low power
factor due to the significant inductance of the electromagnet’s bobbin.
This requires a converter for Power Factor Correction (PFC) to be uti-
lised as a part of the contractor’s power supply system. The PFC con-
verters are reviewed in [40], showing the main topologies. One of the
advanced topologies is the Totem-pole PFC converter completed with
GaN or SiC MOSFETs [41,42,43]. As shown in [44,45], this converter
offers high efficiency and power density due to the reduced number of
switches, zero crossing modulation and low power losses.

From the conducted literature review, the following conclusions are
summarised:

• The contactors for industrial purposes are vulnerable to voltage sags
in the power system, leading to contact tripping and major mal-
functions or system blackouts. This problem can be solved using
power converters to supply the contactor’s electromagnetic system.
Although different topologies have been studied [27-32], research on
the overall system’s efficiency improvement is necessary.

• The impact of power converters on the contactors’ commutation
phenomena, such as contact vibration, tripping, and commutation

time, needs additional investigation. The electromagnetic system
impact on the power switches manifested as overvoltage must be
determined and accommodated as a part of the designed procedures.
Also, recommendations for safety design margins, giving robust
design, must be systemised.

This research aims to design a complete power supply system based
on power converters to reduce the voltage sag impact on the electro-
magnetic contactors, ensuring their stable operation without contact
tripping or vibrations. The power supply system must compensate for
the electromagnetic system power factor, minimising its impact on the
power distribution grid. As a result of the conducted research, re-
quirements for the converter design must be concluded, giving high
efficiency, power density and stable operation of the electromagnetic
system considering its specific characteristics. Therefore, the novelty of
this research consists of finding a unique solution based on a combina-
tion of well-known converter topologies, which ensures a match be-
tween the power distribution grid and the electromagnetic contactors at
various conditions.

The rest of the paper is structured as follows: part 2 offers an analysis
of the chosen power converter topologies and their operation supplying
the electromagnetic system; part 3 presents a case study of the design
procedure of the entire power supply system depicting the application of
the fundamental theory; part 4 shows the experimental setup of the
designed converters; part 5 offers a conclusion summarising the ob-
tained results from design and experimental verification.

2. Analysis of the power converters for electromagnetic
contactors

Table 1 shows systemised data of the contemporary three-phase
electromagnetic contactors available on the market in the power range
between 10 kW and 700 kW. The data collected from leading com-
panies’ catalogues [1-5] shows that the electromagnetic system’s coil
power varies between 100 W and 1300 W. The same data is depicted
graphically in Fig. 1, showing the dependency between the conducted to
the load power versus the coil power. The increased coil’s power de-
mand is proportional to the load power due to the increased size of the
contact system and contact force.

A set of power converters is suggested to avoid the mutual impact
between the electromagnetic contactor and the power system. The
proposed topology is shown in Fig. 2. The converters’ application and
their choice justification could be arranged as follows:

Table 1
Estimated electromagnetic system coils’ power.

Contactor coil
power
(W)

Maximum
conducted
power (kW)

Estimated conducted power to the
three-phase
load at different voltages (kW).

V minimum – V nominal – V
maximum

180 V – 220 V
–
240V

400 V –
440 V –
480V

500 V –
550 V –
600V

100 10 7.8 8.7 10.5
200 30 22.8 25.2 30.4
300 50 37.8 41.9 50.5
400 65 48.7 53.9 65
500 100 69.3 76.7 92.5
600 180 129.3 143.2 172.5
700 200 150 166 200
800 230 172.5 190.9 230
900 420 315 348.6 420
1000 500 375 415 500
1300 700 525 581 700
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• AC-DC Totem-pole PFC converter. As clarified from the researched
literature [40-45], the Totem-pole topology has advanced charac-
teristics that offer high power density and efficiency. In this topol-
ogy, the main requirements for this converter are power factor
compensation and operating in a wide input voltage range,
compensating the system voltage sag.

• DC-DC buck converter. This converter is required to reduce the
voltage after the Totem-pole converter, according to the electro-
magnetic system’s voltage. The DC voltage could be applied to DC
electromagnetic systems at the nominal rated voltage or to AC sys-
tems, recalculated and reduced to the required level to prevent coil
damage. This requires a precise analysis of the AC and DC electro-
magnetic systems, which are experimentally estimated in this
research. The buck converter was chosen for its main advantages:
transformer-less topology, simplified structure and control tech-
nique, good efficiency, and power density.

• H-Bridge supplies the switch-on and switch-off processes to reduce
the switch-off time.

The control system (outside the scope of this research) controls the
converters and provides the interface with two start/stop buttons.

Fig 3 shows the power converter circuit elements according to the
block diagram in Fig. 2. Module 1, the Totem-pole PFC, consists of two
GaN transistors (Q1, Q2) for High-Frequency side (HF-side) switching,
two MOSFET (Q3, Q4) for Low-Frequency side (LF-side) switching,
input inductor L1 and filter capacitor C1. Module 2 is the Buck converter
comprising transistor Q5, diode D1, inductor L2, and filter capacitor C2.
The H-bridge is given in Module 3. It consists of four MOSFETs (Q6-Q9),
supplying the contactor coil’s L3.

During the positive half-period, Fig. 4, Q2 operates as a boost switch
with duty cycle D, and Q1 operates with a D-1 duty cycle. The transistor
Q4 is switched ON during the entire half period. Transistor Q3 is

permanently switched off. Conversely, during the negative half-period,
Fig. 5, Q1 operates as a boost switch with duty cycle D, and Q2 oper-
ates with a D-1 duty cycle. The transistor Q3 is switched ON during the
entire half period, and Q4 is permanently switched off.

The Buck converter operation modes are shown in Fig. 6. This con-
verter is controlled independently from the PFC converter. The tran-
sistor Q5 operates with duty cycle D, and the diode D1 operates with D-1.

The H-bridge modes of operation are depicted in Fig. 7. In the ON
state (Fig. 7A), the contactor is supplied from the converters through
transistors Q8 and Q7. The off-state (Fig. 7B) is supported with Q6 and
Q9 to reverse the voltage over the coil, reducing the switching-off time.
For this purpose, a short impulse with a duration equal to the contactor
off-time and opposite polarity must be applied. A Voltage-dependent
Resistor (VDR) is connected in parallel to L3 to reduce the commuta-
tion overvoltage.

Fig. 1. Conducted power vs coil power of electromagnetic contactors. 1.
Maximum conducted power; 2. Estimated power at different load volt-
ages (Table 1).

Fig. 2. Power converters with an electromagnetic contactor.

Fig. 3. Power converters for an electromagnetic contactor. Module 1 – Totem-
pole PFC; Module 2 – Buck converter; Module 3 – H-bridge.

Fig. 4. Totem-Pole PFC converter. Positive half-period cycle. A) Transistor Q2
charges the inductor L1 through Q4; B) Transistor Q1 conducts the current
through the output capacitor and the load through Q4.

Fig. 5. Totem-Pole PFC converter. Negative half-period cycle. A) Transistor Q1
charges the inductor L1 through Q3; B) Transistor Q2 conducts the current
through the output capacitor and the load through Q3.
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3. Design of the power converters

The design of the power converters follows a step-by-step analytical
procedure, determining the main parameters of the power semi-
conductors and passive elements. The results are used for the parts se-
lection. The design procedures are supported with a case study depicting
their application in the practical design.

3.1. Design methodology of the power converters

The main equations for the power circuit design of the Totem-pole
PFC converter are given in Table A.1 (Appendix) [40-45]. The design
methodology starts with the input inductor calculation, including its
inductance L1, the maximum ILmax and RMS ILrms currents. The total
inductor power loss PL.total is a sum of the conducted loss PLcond and the
core loss PLcore, estimated according to the manufacturers’ guidance [46,
47].

The High-Frequency side GaN transistors Q1 and Q2 are selected
according to the results of the switching Isw current and estimated input
voltage. The total power loss PTotal.sw is a sum of the conducting Pcond.sw
and switching Pswitch.sw for the transistor operating as a Boost switch. For
the transistor operating as a rectifier, only the conducting Pcond.R loss
apply, calculated from the current IBoost.R through it.

The power loss PMOSFET.R for the Low-Frequency side, MOSFETs Q3
and Q4 can be estimated only based on the conductive power loss. The
output capacitor C1 depends on the output power Po, the output voltage
range and the hold-up time thold. Capacitor’s Equivalent Series Resis-
tance (ESR) is determined based on the tanδ angle loss. H-Bridge tran-
sistors will dissipate only conductive loss, applied from two transistors
connected in series. Eventually, the overall efficiency will be estimated
based on the power loss of the three modules.

The Buck converter methodology is presented in Table A.2
(Appendix).

3.2. Case study

The case study aims to support the investigated converters’ design
procedure, given in Tables A.1 and A.2. Table 2 shows the input design
parameters of the power part of the Totem-pole PFC, Buck and H-bridge
modules, as shown in Fig. 3. The main requirements of the design system
are as follows: a) to provide a stable operation in a wide input voltage
range 90 − 265 V AC compensating the voltage sag; b) operating with
efficiency over 95% at a nominal voltage of 230 V AC; c) reducing the
electromagnetic system coil current ripple to 2% at nominal conditions
to ensure the stable operation of the contact system.

Table 3 shows the results obtained from the equations (1–33) applied
to the input design parameters in Table 2. The data shows that an overall
efficiency of 95% is achievable by following several design recommen-
dations: a) The high-frequency side Totem-pole transistors must be
enhancement mode GaN High-Electron-Mobility Transistors (HEMT)
with no reverse recovery charge. Therefore, cascode GaN transistors are
not acceptable for this design; b) Trade-off decision between minimising
the inductor resistance, giving low power loss, and minimising its size,
offering better power density, must be made; c) the MOSFETs could be 2
to 3 times oversized on Drain-Source current to minimise the conducting
loss as a central part of the power loss in the LF Totem-pole PFC
converter.

4. Experimental setup

The results of the experimental verification of the suggested system
are depicted in Fig. 8–Fig. 17.

Fig. 8 shows the AC contactor direct supply from the power grid with
nominal voltage 230 V, 50 Hz. The experimental circuits are supplied by
a steady-state microgrid, which determines the input voltage shape and
variable characteristics. Fig. 8A shows the experimental circuit with the
allocation of current and voltage probes. It consists of a Solid State Relay
(SSR) as a control switch to avoid the vibration of a contact switch and
an oscilloscope. The laboratory equipment used (Fig. 8–Fig. 16) is as
follows: AC mains 230 V; OSC – oscilloscope Keysight DSOX1204G; DC

Fig. 6. Buck converter operation modes. A) Transistor Q5 (PWM controlled) is
ON with duty cycle D; B) Freewheeling cycle through the diode D1 with duty
cycle D-1.

Fig. 7. Modes of operation of the H-Bridge. A) Contactor ON state; B) Contactor
OFF state.

Table 2
Input design parameters of the power supply system according to Fig. 3.

Parameter Value Parameter Value

Totem-pole PFC converter (Module 1) Buck converter (Module 2)

Input voltage range 90− 265 V AC; 50Hz Input voltage
maximum

450 V DC

Output voltage minimum
Output voltage maximum

350 V DC
400 V DC

Input voltage
minimum

320 V DC

Output
voltage
minimum
Output
voltage
minimum

180V DC
240V DC

Nominal power 500 W Nominal
power

500 W

Switching frequency 70 kHz Switching
frequency

100kHz

Inductor current ripple 20% Inductor
current
ripple

2%

Hold-up time 10 ms
Targeted PFC efficiency 98% Targeted

Buck
efficiency

97%

H-Bridge (Module 3)

Parameter Value

Input–Output voltage (the transistors voltage drop is neglected) 180 V – 240V
Nominal power 500W
Targeted H-Bridge efficiency 99%
Targeted system efficiency 95%
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RS power supply 30 V 10A; Power analyser HMC8015 Rohde& Schwarz;
SSR – Fotek 24–380 V.

Fig. 8B shows the voltage (1) and the current (2) at steady-state

operation, giving a power factor of 0.56 and determining the sug-
gested necessity of an active PFC correction electronics system. The
transient turn-on process (Fig. 8C) depicts the peak current exceeding
the 5–8 times nominal current.

Fig. 9 investigates the main AC contactor’s times of turn-on (T1 =

16.35ms, Fig. 9B), contact vibration (T2 = 3.41 ms, Fig. 9B) and turn-off
(T3 = 8.45 ms, Fig. 9C). The experimental circuit (Fig. 9A) includes a
current probe to measure the current (1) through the contactor’s Normal
Open (N.O.) contacts.

Fig. 10 shows a DC electromagnetic system powered from a DC
source with a nominal voltage of 180 V (Table 2). Fig. 10A gives a turn-
on time of T1=36.5 ms, measured between the contactor’s DC voltage
(1) and the current through the contactor’s contacts. The turn-off time is
T2=13.1 ms (Fig. 10B). The figure shows the coil voltage peak in the
opposite direction (1) at the turn-off moment, which reaches several
kilovolts without the VDR. The same experiment with the VDR
(Fig. 10C) shows the voltage limitation to the VDR nominal voltage and
current through the VDR of 1.06A with a continuation of 450µs.

Fig. 11 shows the experimental verification of the PFC Totem-pole
converter, conducted separately with a variable resistor as a load
(Fig. 11A). The input voltage (1) and current (2) waveforms with no PFC
correction in stand-by operation are given in Fig. 11B. In this operation
the power factor is 0.37. The power factor is corrected to 0.98 with a
nominal power of 500 W (Fig. 11C).

Fig. 12 shows the experimentally verified efficiency of the Totem-
Pole PFC converter, conducted with a power analyser (Fig. 12A). The
maximum efficiency is 98.7% (Fig. 12B), which corresponds to the
targeted efficiency in the design procedure (Table 4).

The voltage sag in the power line is depicted in Fig. 13. For experi-
mental purposes, the waveform is obtained from a programable power
supply.

Fig. 14 shows the effect of the voltage sag on the AC contactor
directly powered by the power grid, as presented in Fig. 8 and Fig. 9.
Contacts tripping (Fig. 14A) is registered with the voltage change over

Table 3
Design results according to the input parameters in Fig. 4.

Design parameters Result Equation
Totem-Pole PFC converter

Inductor L1, (Wurth, Iron powder toroid) Rdc 220μH; 45mΩ (1)
Inductor L1 losses and peak current 1.54W; 5.56A (2, 3, 4,

5)
HF side GAN transistors (IGLD60R190D1S)
RMS current

1.2A (6)

Switching and conducting and total GAN
transistor power loss

1W; 0.9W;2.2W (7, 9, 10)

Total HF side power loss 2.2W (13)
LF side MOSFET (IPA65R190C7XKSA1) RMS
current

1.33A (14)

Transistors power loss 0.89W (15)
Totem-Pole PFC estimated efficiency η 98.8% (33)
Output capacitor C1; VCmax; RESR 470μF; 400V; 20mΩ (16, 17)
Output capacitor RMS current and power loss 1.1A; 24mW (18)

Buck converter

Inductor L1, (Wurth, Iron powder toroid) Rdc 150μH; 55mΩ (21)
Inductor L1 power loss and RMS current 3.5W; 5.56A (22, 23)
Transistor Q5 (IPA65R190C7XKSA1) total
power loss

5.77W (24, 25,
26)

Diode D1 (RHRP1560) total power loss 3.42 W (27, 28)
Buck converter estimated efficiency η 97.2% (33)
Output capacitor C2; VCmax; RESR 10μF; 400V; 20mΩ (29, 30)

H-bridge

Transistors Q6 − Q9 (IPA65R190C7XKSA1) power loss per
transistor

1.55 W (31)

H-bridge total power loss with two ON series transistors 3.1 W (32)
H-bridge estimated efficiency 99.4% (33)
Total estimated efficiency 95.3% (33)

Fig. 8. Experimental verification of AC electromagnetic contactor. A – experimental circuit; B – sinusoidal voltage (1) and current (2) at steady-state conditions; C –
voltage (1) and peak current (2) at turn-on transient process.

Fig. 9. Experimental verification of AC electromagnetic contactor at transient conditions, estimating the contactor turn-on and turn-off. A – Experimental circuit; B –
Turn-on time (T1 = 16.35 ms), contacts vibration time (T2 = 3.41 ms), current through the contactor’s contacts (1), sinusoidal voltage on the contactor’s coil (2),
peak voltage through the contactor’s coil (3); C – Turn-off time (T3 = 8.45 ms), current through the contactor’s contacts (1), and the voltage on the contactor’s
coil (2).

B. Dimitrov et al.
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the contacts (1), and increase of the contactor’s coil current (2) up to the
peak current as shown in Fig. 8C, waveform 2. The exact process is
depicted in better resolution in Fig. 14B.

The control of the DC electromagnetic contactor with the output full-
bridge circuit is experimentally tested according to Fig. 15A. The per-
manent ON impulse (1) is supplied to transistors Q6 and Q9, and the
supply in the reverse connection during the turn-off time is supplied by a
single impulse (2) with duration T1 = 7.5 ms on transistors Q8 and Q7.
The turn-off time is reduced to T2 = 9.6 ms registered with the contacts
current (3). The voltage over the contactor’s coil is limited to double the
supplied voltage in the opposite direction (4).

An alternative version of the power supply system is presented in
Fig. 16A.

The modification shown in Fig. 16 reduces the contractor’s turn-on
time. In this circuit, the Totem-Pole PFC converter and the Buck con-
verter are not changed, as the primary amendment applies only to
Module 3. Instead of the Full-bridge schematic, this module consists of
only two switches – Q6 supplying high voltage (350V-400 V, Table 2)
from the Totem-Pole and Q7 supplying the nominal voltage from the
Buck converter. The switching process between Q6 and Q7 is ensured
with a dead time of 150–200 ns to prevent their simultaneous operation.
Diodes D3 and D4 (Fig. 16A) are added to avoid the transistors Q6 and
Q7 reverse diodes conduction. The experimental circuit is given in
Fig. 16B, and the obtained results in Fig. 16C. The high voltage is sup-
plied to the contactors coil L3 during the transient turn-on process with a
short impulse (1, T1 = 25 ms), which causes a time reduction of T2 = 22

Fig. 10. Experimental verification of DC electromagnetic contactor. A – Turn-on time (T1 = 54 ms), DC voltage on the contactor coil (1), the voltage over the
supplied load (2) and current (3) through the contactor’s contacts; B – Turn-off time (T2 = 13.1 ms), DC voltage on the contactor coil (1), voltage (2) and current (3)
through the contactor’s contacts; C – voltage peak limitation of the VDR1 (Fig. 3), DC voltage on the contactor coil (1), current through the VDR (2) and current (3)
through the contactor’s contacts.

Fig. 11. Experimental verification of Totem-Pole PFC converter. A – experimental circuit; B – input voltage (1) and current (2) at stand-by conditions; C - input
voltage (1) and current (2) at nominal power and PFC operation.

Fig. 12. Experimental verification of the efficiency of the Totem-Pole PFC converter. A – Experimental circuit; B – Efficiency vs converter power.

B. Dimitrov et al.
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ms according to the current through the N.O. contact (2). After the turn-
on process is completed, the contactor remains in a permanent ON state,
supported by the transistor Q7 (4). Waveform 3 shows the voltage over
the contactor coil during the entire process.

Fig. 17 offers finer details of the turn-on process of the electromag-
netic contactor, which was realised in the experiments described above.
The turn-on time is T1=22 ms, corresponding with the result in Fig. 16C,
measured between the coil’s voltage rise (3) and the contact’s current
(1). The current through the contacts coil is waveform 2. The experiment
was conducted with high voltage and continued at 500 ms, showing no

increase in the contactor’s coil thermal loss during this period.

5. Conclusions

This paper offers a solution to an industrial-applied problem man-
ifested as electromagnetic contactors malfunctioning during voltage sag.
In addition, the suggested system (Fig. 2, Fig. 3) operates with PFC and is
highly efficient, matching the current standards and requirements for
efficiency, reliability, and compatibility.

The results from the conducted practical design and experimental

Fig. 13. Voltage sag of the power line.

Fig. 14. AC electromagnetic contactor operation under voltage sag. A – contacts tripping under voltage sag during the entire voltage sag appearance, voltage over
the contacts (1), the current through the contactor’s coil (2), and the voltage over the contactor’s coil (3). B – contacts tripping in a fraction of the voltage sag time,
the voltage over the contacts (1), the current through the contactor’s coil (2), and the voltage over the contactor’s coil (3).

Fig. 15. Contractors control with the Full-Bridge (Fig. 3, Module 3). A – experimental verification circuit; B – turn-off transient process, PWM permanent on impulse
(1), PWM reverse direction turn-off impulse (2) with duration T1 = 7.5 ms, current through the contactor’s contacts (3), showing the turn-off duration of T2 = 9.6
ms, the voltage over the contactor’s coil (4).

B. Dimitrov et al.
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verification of the suggested power supply for electromagnetic systems
of AC and DC contactors can be summarised as follows:

• The voltage sag (Fig. 13) has a detrimental effect on the electro-
magnetic contactors, causing contact tripping and an unacceptable
increase in the coil’s current. This can damage the contactor or the
appliances supplied by it.

• The Totem-pole PFC converter is applicable for the suggested to-
pology, operating stably during the voltage sag at the designed
output nominal power, reaching a power factor compensation of
0.98 (Fig. 11) and an efficiency of 97% (Fig. 12).

• The turn-off process with reverse voltage supported by the H-Bridge
contributes to the time reduction and overvoltage limitation

(Fig. 15). This approach can be recommended for critical applica-
tions of safety systems, where minimising the turn-off time is of
primary importance.

• The turn-on time could also be reduced with the circuit in Fig. 16,
which switches between high and nominal voltages. The time
reduction in the experimentally verified system is from 54 ms to 22
ms. The high-voltage control impulse duration could be considered
equal to the expected turn-on time, which does not increase the
electromagnetic system power loss.

• The design procedure (Table 2 and Table 3) for the three modules
(Fig. 3) gives correct results, which have been experimentally veri-
fied and can be recommended for future research and development.

Fig. 16. An alternative version of the proposed system. A – experimental verification circuit; B – turn-on transient process, PWM turn-on impulse on transistor Q6
with duration T1 = 25 ms (1), current through the contactor’s contacts (2), duration of the turn-on process T2 = 22 ms, voltage on the contactor’s coil (3), PWM
permanent on impulse on transistor Q7 (4).

Fig. 17. Transient turn-on process of the contactor. T1 = 22 ms, current through the contactor’s contacts (1), current through the contactor’s coil (2), and voltage on
the contactor’s coil (3).
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Appendix

Table A.1
PFC Totem-pole (Module 1, Fig. 2) main design equations.

PFC Totem-Pole power part Desing

Inductor inductance (L) and maximum current (ILmax)

L1 =
V2
ACmax

Vr% × Pout

(

1−

̅̅̅
2

√
× VACmax

Vout

)

× T (1)

ILmax =

̅̅̅
2

√
× Pout

VACmax

(

1+
Vr%

2

)

(2)

ILrms =
Po

VACmax
(3)

PLcond = I2Lrms × RDC (4)
PL.total = PLcond + PLcore (5)
Where: L1 is the inductance of the input inductor; VACmax is the maximum input AC voltage; Vr% is the voltage ripples in percentage; Pout – nominal output power; Vout is the output
voltage; T is the period (T = 1/Fsw); ILmax is the maximum inductor current; ILrms is the inductor RMS current; PLcond, PLcore, PL.total are respectively the conducting, core and total power
losses (software estimated in this research); RDC is the inductor resistance.

High-Frequency Side Q1, Q2 Low-Frequency Side Q3, Q4

Isw =
Po

VACmax
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
8

̅̅̅
2

√
× VACmax

3πVout

√

(6) IMOSFET =
Po

VACmax
×

̅̅̅̅̅̅̅
0.5

√
(14)

Pcond.sw = I2Boost.sw × RON (7) PMOSFET.R = I2MOSFET × RON (15)

ILavg =
Po

VACmax
×
2

̅̅̅
2

√

π (8)
Were, IMOSFET is the RMS current; PMOSFET.R is the conducting loss.

Pswitch.sw =
(
Eon +Eoff

)
×Fsw (9)

PTotal.sw = Pcond.sw + Pswitch.sw (10)

IBoost.R =
Po

VACmax
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

8
̅̅̅
2

√
× VACmax

3πVout

√

(11)

Pcond.R = I2Boost.R × RON (12)

PHF.Total =
PTotal.sw + Pcond.R

2
(13)

Where, for the boost switch Isw is the RMS current; Pcond.sw is the conductive loss; RON is the transistor Drain-to-Source resistance; ILavg is the average inductor current; Pswitch.sw is the
switching loss; PTotal.sw is the total loss. For the rectifier switch: IBoost.R is the RMS current; Pcond.R is the conducting loss; PHF.Total is the total average loss.

Output Capacitor

C1 ≥
2 × Po × thold
V2
o − V2

out.min
(16)

RESR =
tanδ

2πf × C1
(17)

IC1.rms =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8

̅̅̅
2

√
× P2o

3π × VACmax × Vout
−
P2o
V2
o

√

(18)

PC1 = I2C1.rms × RESR (19)
Where: C0 is the output capacitor; RESR is the required maximum Equivalent Series Resistance (ESR); IC.rms is the output capacitor RMS current; thold is the hold time; PC1 is the capacitor
power loss.

Table A.2
Buck converter (Module 2, Fig. 2) and Full-bridge (Module 3, Fig. 2, Fig. 3) design equations.

Buck DC-DC power part Design

Dmax =
Vout

Vin.min
; Dmin =

Vout

Vin.max
(20)

L2 =
Vout

Fsw
×
1 − D
ΔIL1

(21)

Ipk = Iout +
ΔIL
2

(22)

(continued on next page)
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Table A.2 (continued )

Buck DC-DC power part Design

PDCRloss.buck = I2out × RDCon (23)

PON =
VIN × Iout

2
× tON × FSW; POFF =

VIN × Iout
2

× tOFF × FSW (24)

PSW = PON + POFF (25)
PTotal = PSW + PDCRloss (26)
PVFD1 = VFD1 × Iout × (1−Dmin) (27)
PswD1 = Qrr × Vin × Fsw (28)
PD1total = PswD1 + PVFD1 (29)

Cout (min) ≥
ΔIL1

8 × FSW × ΔVout
; Cin ≥

Iout
Fsw × Vin pp

× [D × (1 − D)] (30)

Where: L2 is the inductance of the Buck inductor; Dmax and Dmin are the maximum and minimum duty cycles; Vin.max and
Vin.min are the maximum and minimum input voltages; Ipk is the peak current; PDCRloss.buck is the conducting power loss;
PSW is the switching current calculated from ON-time PON and OFF-time POFF loss; PTotal is the total transistor loss; PVFD1
is diode conducting loss; PswD1 is the dode switching loss; PD1total is the diode total loss; Cout (min) and Cin are the output
and input capacitors.

H-Bridge power part (Q6-Q9) design equations

PMOSFET.H.bridge = I2L2 × RDCon (31)
PDCRloss.H.bridge = 2 × PMOSFET.H.bridge (32)
Where: PDCRloss.H.bridge transistors conductive power loss; IL2 contactor electromagnetic system current; RDCon transistors
Drain-Source resistance.

Estimated efficiency

η =
Pout

(Pout + Ploss)
× 100 (33)
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