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Abstract: As the capacity of the electrical system increases, so does the capacity of the electromagnetic
contactor (MC). This increases the burden on the MC drive, which consumes unnecessary power in
the system. MC is characterized by different initial starting-operating currents and holding currents
to maintain contact. However, the operating voltage is constant regardless of the operating state. The
initial starting current is considerably larger than that required to maintain contact. However, once
the electromagnetic contactor is in the closed state, the current to maintain the contact is relatively
small compared to the initial starting operating currents. Therefore, this study proposes two types of
two-level excitation-current type MC drives that can reduce the drive power by employing features
that have different conditions depending on the operating state of the MC. The overall drive power
is reduced by applying different excitation currents based on the operating state. The controller
and system proposed in this study were simulated using Powersim 9.1 (PSIM), and the feasibility
was verified by manufacturing an analog-type driver using LM2576 and a digital-type driver using
an MCU. The simulation and experimental results provide significant data for verifying the high
performance and reliability of the proposed controller and system.

Keywords: electromagnetic contactor (MC); flux density; excitation current; analog-type driver;
digital-type driver

1. Introduction

Recently, the importance of direct current (DC)-type electromagnetic contactors (MCs)
has increased owing to the activation of renewable power sources, microgrids, electric
vehicles, and the like [1-3]. In the future, when the full DC power demand is achieved,
many MCs are expected to be driven by DC power owing to the lack of sufficient alternating
current (AC) power [4,5]. Moreover, in the existing AC networks, the use of DC-type MC
is increasing to prevent the malfunction of the surrounding electronic devices owing to
arcs generated when the MC is turned off [6,7]. For this reason, studies on the electromag-
netic effect occurring in DC excitation-type electronic contactors are also being actively
conducted [8,9].

Currently, the rapidly increasing power demands of DC systems, including electric
vehicles, require larger capacity power converters and the capacity of MC is increasing
proportionally [10-12]. When the capacity of the MC increases, the required power also
increases, thereby increasing the burden on the power supply. The operation of an MC
can be divided into an initial operating state that changes from an open to closed and a
contact maintenance state that maintains the contact [13]. The initial operation of an MC
occurs when current is applied to the excitation coil configured inside the MC, the contacts
are attached by force, and an electric circuit is connected [14]. When the contact point is
maintained, the exciting current is continuously applied; when the supply of the exciting
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current is stopped, the electromagnet loses its force, and the contact point is opened by
a spring mounted inside, separating the electric circuit [15,16]. Here, the contact point
means that the movable contacts and station contacts shown in Figure 1 make contact
when an excitation current is applied. The initial starting operating current of the MC is
significantly larger than the holding current required to maintain the contact point, and the
voltage applied to the MC is often the same. At this point, the holding current required
increases as the capacity of the MC increases [17,18]. Due to the characteristics of the MC,
the holding current application time for which the contact is maintained is considerably
higher; therefore, reducing the power in the holding state is significantly helpful in saving
the system energy [19-21]. This study proposes a two-level exciting current-type elec-
tromagnetic contactor driver that can reduce the driving power using the characteristics
of different conditions depending on the driving state of the electromagnetic contactor.
The two-level excitation current can be divided into a starting current that can close the
MC when it is open and a minimum current that can maintain the contact point after it
is closed. The proposed two-level electromagnetic contactor driver applies an algorithm
that distinguishes the operation modes based on the excitation current ripple slope in the
initial starting state and the state in which the contact point is maintained. The controller
and system proposed in this study were simulated using Powersim (PSIM), and their
feasibility was verified by producing a low-cost prototype using LM2576. Simulation and
experimental results were used to obtain meaningful data to verify the high performance
and reliability of the proposed method and system.
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Figure 1. Structure of electromagnetic contactors.

2. Electromagnetic Contactors Analysis
2.1. Force Characteristics of Electromagnetic Contactors

The MC opens and closes the contact point using the force characteristics of the exciting
coil and spring mounted inside.

As shown in Figure 1, when there is no excitation voltage, the contact point is opened
using a spring. Power was then supplied to the internal coil to generate force, which closed
the contact point [22]. In an MC, the air gap at the time of opening is proportional to
the voltage withstand of the MC. To increase the voltage withstand, a magnetic circuit
with a large air gap should be constructed. Moreover, when closed, there is almost no air
gap in the magnetic circuit and a magnetomotive force that saturates the magnetic flux is
applied [23,24].

Figure 2a shows the magnetic circuit of the MC and Figure 2b shows the mag-
netic equivalent circuit. The reluctance R in a magnetic circuit is determined as shown
in Equation (1) by the structure of the magnetic circuit and magnetic materials mainly
used [25].
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Figure 2. Magnetic circuit structure and equivalent circuit of the MC. (a) Magnetic circuit of the MC,

(b) Magnetic equivalent circuit of the MC, (c) Simple magnetic circuit and an equivalent circuit.
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I shown in Equation (1) is the equivalent length of the magnetic circuit, A is the
equivalent area of the magnetic circuit, yiq is the permeability of vacuum equal to 47t x 107,
Ur is the relative magnetic permeability of the material, i is the permeability of the material
(4 = popr) [26]. Figure 2b shows the symmetric magnetic circuit structure based on
magnetomotive force F;, = Ni. To simplify the analysis of the magnetic circuit, Figure 2a,b
were replaced with a simple magnetic circuit and an equivalent circuit, respectively, as
shown in Figure 2c. In the magnetic circuit shown in Figure 2¢, [ is the effective length of
the iron core, l¢ is the effective length of the air gap is /;, and the magnetomotive force is
given by Equation (2).

)

B
Ni = Hglg + Hl, = V—ilg + Hele @)

At this time, it is assumed that the fringing effect that increases the cross-sectional
area of the air gap is ignored. This is because the air gap is very small when the MC is
closed state. If the fringing effect is ignored, the cross-sectional areas of the iron core and
air gap are the same. From Equation (2), the magnetic flux density of the air gap is defined
as Equation (3).

By = B, = —yoll—CHC + ?Ni ®)
8 8

In a simplified equivalent circuit, as shown in Figure 2c, if the magnetic resistance of
the iron core is ignored, almost all the magnetic field energy is stored in the air gap, and
the magnetic flux density of the air gap is as follows:

By = FONi @)
8
The force of the target system can be expressed as follows because the differential
value of the displacement of magnetically stored energy is force. Therefore, the equation
for force f,, is as follows:

A ‘qug 5.0
fn = B2 = N?i (5)
po & I3
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The resistance of the coil can be designed such that the force expressed in Equation (5)
is larger than the spring force when the MC is closed. Therefore, when there is no change in
the air gap, such as when opened or closed, the back electromotive force of the coil becomes
zero, and the current is determined only by the resistance, resulting in the same current.

2.2. Characteristics of Magnetic Flux According to the Gap of Electromagnetic Contactors

As shown in Equation (5), the force in an MC is determined by the magnetic flux
density and the cross-sectional area of the air gap. The magnetic flux density is determined
by the strength of the magnetic field and the magnetic materials; the magnetization curve
based on the magnetic materials is shown in Figure 3.
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Figure 3. Magnetization curve of according to magnetic materials.

The magnetic flux density increases almost linearly in areas where the magnetic field
strength is small but changes nonlinearly in areas where the magnetic field strength is
large; therefore, the magnetization curve, which is the B-H curve, is an important factor in
determining the characteristics of the magnetic circuit. Generally, the magnetic materials
used in relays are cast steel, and the magnetic flux density was designed to be approximately
0.8[T]. The reason for using a magnetic flux density of 0.8[T] is the maximum point in the
linear region of cast steel shown in Figure 3. Additionally, the magnitude of the force is
determined by the cross-sectional area of the magnetic circuit, as shown in Equation (5).
The magnetomotive force used to maintain a magnetic flux density of 0.8[T] in the magnetic
field circuit using the cast steel magnetic materials shown in Figure 3 is as follows:

E. = 510[At/m] (6)

Additionally, the magnetomotive force required in the air gap is as follows:
B
L, = —%8] 7
T 7

Therefore, the total magnetomotive force is defined as follows.
0.8
F:Fg—f—PC:%lg—i—SlO (8)

The current to generate the magnetomotive force in Equation (8) is as follows.

F 0.8 510

TN T wNtTN ©)
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As shown in Equation (9), the air gap of the magnetic circuit changes when opening
and closing the MC is opened and closed, and the current value required to generate a
force above a certain value changes owing to this change in the air gap. In general MC
design, the current design of the exciting coil is defined as the value of the design flux
density when the MC is opened, that is, when the air gap is at its maximum, as shown in

the equation below.
0.8 510

irate = ‘uoingJnax + W (10)
The magnetic flux density regarding the gap in the MC is shown in Figure 4. It was
assumed that there was no magnetic saturation when the current value given in Equation (9)
was applied to the MC. In the open state with the largest air gap, the designed magnetic
flux density was achieved. However, in the closed state with the smallest air gap, the
magnetic flux density became significantly large. Accordingly, in an actual MC, magnetic
flux saturation occurs in areas where the gap is small. It can be confirmed that this single-
current excitation method generates more force than necessary when the MC is closed.
Accordingly, when the capacity of the MC is increased, the burden on the driving power
supply increases because of the large power loss during operation.
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Figure 4. The magnetic flux density regarding the gap in the contactor.
3. Proposed Two-Level Excitation Current Driver

3.1. Operation Description

The force of an MC is determined by the magnetic flux density, and depending on
the gap, the current with the same magnetic flux density has different values, as shown in
Equation (10). In Equation (10), the current for maintaining 0.8[T| magnetic flux density
according to the gap of the MC is shown in Figure 5.
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Figure 5. Current for maintaining magnetic flux density according to the gap.
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As shown in Figure 5, the current required to maintain a constant magnetic flux density
based on the gap in the magnetic circuit of the MC takes the form of a monotonically
increasing linear function. When the MC is open, the gap reaches a maximum, and the
current maintaining the same magnetic flux density reaches its maximum value. Conversely,
when the MC is in the closed state, the gap is minimized, and the current that maintains the
same magnetic flux density is minimized. The time when the gap changes in magnetism is
a significantly short period when the closed and open states change, and most operations
are in a closed state with a minimum air gap or an open state with a maximum air gap.
Therefore, by operating the MC by setting two current levels—the maximum current that
maintains the magnetic flux density constant in the open state and the minimum current
that maintains the same magnetic flux density in the closed state—the closed state can be
maintained with a small excitation current. For a stable closing operation, the excitation coil
was initially excited with the maximum current during the MC closing operation. After the
MC is completely closed, the excitation coil is excited with the minimum current that can
maintain contact. If the MC, which is mostly in a closed state, is operated in the proposed
manner, the power share of the power supply to drive the MC is significantly reduced.

Figure 6 shows the basic driving circuit of an MC with a two-level excitation current
that operates as a step-down converter. The magnetic circuit of a DC-driven MC has no
frequency-dependent hysteresis or eddy current loss. As direct-current-driven MCs are
manufactured with a single iron core rather than a stratified iron core, the loss increases
significantly if there is a ripple in the excitation current. Therefore, the excitation voltage
of a DC-driven MC should be a constant voltage application method without harmonic
voltages. The harmonic voltage generated by the switching shown in Figure 6 was removed
using an LC filter, which is a passive low-frequency filter to generate a constant voltage.
However, for economic reasons, when removing the LC filter and controlling the excitation
current of the MC by pulse width modulation (PWM), it is desirable to drive at a low
switching frequency to reduce losses caused by the harmonic current. The output voltage
according to the duty ratio of the step-down converter switch in Figure 6 is defined as
Vr = DV}, and various voltages can be produced depending on the duty ratio. However,
when constructing a step-down converter, as shown in Figure 6, the unit price increases
owing to the increase in the number of elements and complexity.

¥ v

Figure 6. The basic driving circuit of a contactor with a two-level excitation current.

3.2. Hardware Description

The system that drives the MC should be simple yet highly reliable. The system
should also be organized such that it reduces energy losses to improve the durability of the
MC. Therefore, this study proposes a two-level excitation current driver that can ensure
the high reliability and durability of the MC. This study proposes two types of two-level
excitation current drivers, an analog and a digital type, which can be selectively approached
depending on the system configuration. Both types of drivers perform operations through
the same steps. Step 1: Apply a maximum current that makes the magnetic flux density
constant so that the MC can operate in the open state. Step 2: Have a waiting time for
the time to transition to a stable decommissioning state. Step 3: After switching to a
stable closed state, apply a minimum current to maintain the same magnetic flux density.
Additionally, a method of obtaining information on the open and closed circuit of MC
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through information on the slope of the excitation current and determining the state of MC
was applied.

3.2.1. Analog-Type Two-Level Excitation Current Driver

The analog-type two-level excitation current driver is a simple driver like LM2576
that can be implemented using commercially available power supply chips. Currently,
numerous companies are producing dedicated chips for small-capacity SMPS, which
have the advantage of being inexpensive. Therefore, the economic disadvantages can
be overcome by appropriately selecting a small-capacity switching mode power supply
(SMPS) chip with a built-in driving circuit.

The characteristics of the LM2576 chip are that it is extremely inexpensive, and it can
adjust the output voltage more simply by setting the feedback resistance. Particularly, this
chip has the advantage of operating at a high switching frequency of 52 [kHz] and has no
problems even when the output is short-circuited, owing to the current-limiting circuit.

Figure 7 shows the proposed two-level electromagnetic contactors driving circuit
using LM2576. The proposed driving circuit can be utilized in two ways. The first is a
method of driving electromagnetic contactors using the chip on/off terminal of LM2576
with an applied input voltage V;,,. This method has the feature that it can be used without
an additional driving circuit to drive the MC. The second method involves applying an
input voltage to the turned-on LM2576 chip. This method can easily be applied to systems
already in use.

ON/OFF
JL

Figure 7. Proposed analog two-level MC driving circuit using LM2576.

The proposed driving circuit uses a time delay by the R-C circuit and a low-frequency
filter in the voltage-feedback circuit to generate a two-level voltage. The delay in the
circuit should be set to a value greater than the closing time of the MC. In this circuit, the
output voltage is determined by the voltage feedback voltage distribution circuit resistance
as follows:

B Rrp2
VR = Vies X (1 + Rm) 11)

3.2.2. Digital-Type Two-Level Excitation Current Driver

A digital two-level excitation current driver drives an MC using a modified step-
down converter. Although the unit cost of the digital-type driver is somewhat higher than
that of the analog-type driver, it has the advantage of measuring the status information
about the MC to improve reliability. Figure 8 shows the configuration of a modified step-
down converter for driving a two-level excitation current driver, which aims to minimize
the disadvantage of higher unit cost by eliminating the independent power source for
driving the switch. In this topology, the input voltage is applied to the MC excitation coil
through the switch when it is turned on, and the power is disconnected through a wheeling
diode when it is turned off. Typically, the excitation coil of an MC has a significantly
large inductance value; therefore, the current owing to the voltage is characterized by a
low-cutoff frequency low-pass filter (LPF).
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Figure 8. Proposed digital two-level MC driving circuit.

Figure 9 shows the operating waveform of the proposed digital two-level excitation
current driver. As aforementioned, when controlling the exciting current of an MC, it
is desirable to drive it at a low switching frequency to reduce losses owing to harmonic
currents. As shown in Figure 9, the power switch circuit is driven at a significantly lower
frequency than the sampling frequency of the controller; therefore, the controller can
measure a current waveform close to the instantaneous current. Using these characteristics,
this study applied a method to obtain the open- and closed-circuit information of an MC
through the slope information of the excitation current and determine the state of the
MC. The slope of the excitation current when the excitation voltage is applied is defined
as follows:

Vi
PT. | (DT,
ey |
Al
I
L4 LD
1)
1o | T
Lo | e

Figure 9. Operation waveform of digital two-level drivers.

E A

In the drive presented in Figure 9, the voltage applied to the excitation coil was

constant because it was applied directly to the input voltage. Therefore, the slope of the
excitation current is given by the inductance, which varies with the gap in the MC.

dis _is(p) —is(0) (12)

dis Vi _
a Ly " (13)

Therefore, by using the measured value of a in Equation (12) and the voltage applied
to the inductor using Equation (13), the inductance can be predicted based on the current
gap state of the electronic contact, and the open and closed states of the electronic contact
can be determined based on the magnitude of this value. Consequently, the state of the MC
can be measured using the slope of the current ripple in the inductor, which indicates that
the reliability of the system in which the MC is configured can be increased.
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L(lg) = (14)

4. Simulation and Experiment

As shown in Equation (5), the force of an MC is proportional to the square of the
current and inversely proportional to the square of the air gap. Therefore, in an MC with
the same excitation current, the force in the closed state is greater than that in the open state.
Therefore, in the closed state, the contact can be maintained even if the excitation current
is reduced. Therefore, to reduce the driving losses of an MC, it is necessary to reduce the
current in the closed state.

Figure 10 shows a schematic of the PSIM simulation used to validate the feasibility of
the two-level excitation current driver proposed in this study. The simulated circuit diagram
consists of a power component that drives the MC, a control component that controls the
two-level excitation current, and a component that detects the operating status of the
MC. The state of the MC was configured to calculate the electromagnetic force of the MC
using the current and output inductance according to the void state of the magnetic circuit.
Figure 11 is the simulation result waveform to confirm the characteristics of the two-level
excitation current driver proposed in this paper. The order of the resultant waveforms is as
follows, starting from the top: MC applied voltage, MC displacement, current, inductance,
reluctance, and driving power. As shown in the resulting waveform, a power-supply
voltage of 24[V] is applied directly at the beginning of the MC closing operation.

VR
Vdc_in Vde_in
1 VR
. Gate
[ >°j)

Power component

M1 e | M1 ;)—Ul ) (1] } ) Gate
) M2 (=7 Carry(__}
. Vo_s
(Vo — .
—0 O camy

Control component

Vo_s (}- L
@ L Displacement
DLL .
. Magentic_R

Operating state detector

Figure 10. Simulation circuit for MC operation analysis.

A total of 200[msec] after the power was applied and the closing operation was
completed, PWM was performed to reduce the excitation current. As a result of the
simulation, the current in the closed state was set to 50[%] of the rated current of the MC,
and a driving power reduction of approximately 70[%| was observed.

A prototype for characterizing the driver proposed in this study is shown in Figure 12.
Figure 12a shows an analog-type two-level drive circuit using LM2576 and Figure 12b
shows a digital two-level drive circuit using a microcontroller unit (MCU) TMS320F280025.
And LS Electric’'s MC-65a product was used to verify the actual two-level excitation current
control operation.
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Figure 12. Proposed two—level excitation current driving circuit. (a) Proposed analog type driving
circuit, (b) Proposed digital type driving circuit.

To verify the operational characteristics of the actual MC, the DC-driven MC, power
supply, and driver proposed in this study were configured.

Figure 13 shows the waveforms of the experimental results used to compare the
characteristics of the conventional control method and two-level excitation current-control
driver proposed in this study. The conventional excitation method shown in Figure 13a
operates at an excitation current of approximately 2.2[A] when a voltage of 24[V] is applied.
To confirm the operating characteristics of MC, an experiment was carried out using a
general excitation current method. As a result of the experiment, closing time (T,,) was
measured as 200[msec] and opening time (T, ¢f) was measured as 300[msec]. Accordingly,
two-level excitation current control was performed after 400[msec] to maintain a stable
closed state after the MC operation. Figure 13b shows the resulting waveform of the analog
two-level excitation current driver. Similar to the previous experiment, the behavioral
characteristics of the MC were verified based on an on/off signal. The maximum duty of
LM2576 is 0.98, and it operates as the maximum duty in the initial state for turning the MC
into a closed state. After the stable closed state, the duty rate is set to be 0.4 after about
400[msec] so that a two-level excitation current is formed. This means that energy efficiency
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is saved in proportion to the reduction of the excitation current. Accordingly, it may be seen
that power is reduced by about 85% when the maximum duty is 0.98 and the two-level
excitation current duty is 0.4, for the same input voltage.

(a)
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(b)

Figure 13. Comparison of MC driving characteristics. (a) Existing excitation method, (b) Proposed
two—level excitation method.

Figure 14 shows the experimental waveforms when an input voltage was applied to
the LM2576 chip using an analog two-level drive circuit. The voltage waveform applied by
the MC shown in Figure 14a is initially a ramp waveform owing to the capacitor present
in the drive circuit. The output voltage becomes 24[V] at the beginning of the closed-loop
operation. However, the feedback voltage using the RC filter for control is a monotonically
increasing function; therefore, it operates at the maximum duty ratio. When the MC is
completely closed, the output voltage is controlled by the PWM to the desired voltage, and
the excitation current can be lowered accordingly. Figure 14b shows the waveform of the
closed state. It can be observed that the duty ratio is approximately 0.4, which results in a
lower excitation current compared with the initial operation.
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(a)

(b)

Figure 14. Experimental result waveform by analog driver. (a) Analog two-level drive circuit result
waveform, (b) Analog two-level drive circuit result waveform of the closed state.

Figure 15 shows the resulting waveform for driving an MC using a digital two-level
drive circuit. It can be seen that the digital driver normally determines the operating state
of the MC, regardless of the excitation current control. This implies that the reliability of a
system in which an MC is configured can be increased.

MC Voltage sensor [500mV/div]
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I 1]

MC Current [1A/div]

e
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i
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p6: ..
[Tmebase 500 msl m

Figure 15. Experimental result waveform by digital driver.
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Figure 16 shows the waveforms used to verify the reliability of the closed state of the
MC. Figure 16a shows the resulting waveform when the MC is normally configured, and
Figure 16b shows the waveform when the contact operation error is forcibly generated
by inserting a 2[mm] insulator into the contact part of the MC. As can be observed from
the experimental waveform results, the slope of the excitation current was determined to
detect whether it was normal, and the contact status output was confirmed to be normal.

MC Voltage sensor [S00mV/div] B o = e MC Voltage sensor [500mV/div] } AP DY
L] [ R FEEEREE R I
MC Current [1A/div] ‘ ‘ 1
: MC Current [1A/div] :
L N ; .| |
— ] T .’“‘ 1 ‘ 1 L eI P
MC Current sensor [200mV/div] _ MC Current sensor [200mV/div] - | -
H L

(a) During normal operation result waveform (b) During abnormal operation result waveform

Figure 16. Characteristics of the closed state of the MC.

5. Conclusions

In this study, a two-level excitation-current-type MC drive that can reduce the drive
power using the features of different conditions depending on the driving state of the MC
was proposed. The proposed driver operates by applying different excitation currents
depending on the operating state, thereby reducing the overall driving power. Moreover,
analog- and digital-type topologies were proposed for various applications of the proposed
method, and an algorithm that can determine the operation status based on the ripple of the
excitation current was applied to increase the operational reliability of the MC. Simulations
and experiments were conducted to verify the feasibility of the proposed method, and the
following conclusions were drawn:

1. The proposed analog two-level excitation scheme, which uses LM2576 to drive
an MC, has economic advantages when applied to existing systems. In addition, the
method that uses the on/off control terminal of the LM2576 has the advantage of being
implemented in a simple architecture without separate drives.

2. Digital drivers for MCs are available for a wide range of voltages above the MC
rating. Furthermore, it has the advantage of ensuring high reliability by detecting contact
malfunctions based on the ripple information of the excitation current.

3. Finally, the two-level excitation current driver proposed in this study can reduce
the drive power by more than 50-70% compared to the conventional method. Therefore,
the power required by the MC can be effectively reduced to reduce the power burden on
the system. Further, when used in EVs, it is expected to help improve the driving range by
effectively reducing power.
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