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ABSTRACT Conventional switchgear such as relays and magnetic contactors (MC) continuously consume
energy to maintain an open and/or closed state, contributing to unnecessary energy consumption, dissipation,
and heating. The minimization of such losses has become an important topic in recent years, leading to
the development of more energy-efficient technologies such as permanent magnet (PM) MCs. However,
concerns regarding the safety and reliability of PM MCs hindered the development of a zero-holding-energy
PM MC (ZMC) due to the loss of the controllability in emergency scenarios (such as power outages). This
paper presents a novel piezoelectric emergency subsystem (PES) that monitors the state of the input power
source and opens the ZMC in emergency circumstances. The proposed PES consumes no energy upon
charging its piezoelectric element, thus allowing the holding energy of the complete ZMC-PES system to
remain zero without affecting the normal operating regimes of the ZMC. Because the application of the PES
causes the ZMC to act as a normally-open MC, the ZMC-PES system can be conveniently controlled using
traditional solenoid MC control strategies, enabling an easy transition from the conventional to the proposed
technologies. The feasibility of the proposed PES is verified using data obtained from a fabricated prototype
of a complete ZMC-PES system. The proposed system is promising not only for industrial grids, but also for
vehicular microgrids as in electric aircrafts and ships where energy efficiency translated into the increased
battery lifetime.

INDEX TERMS Emergency sub-system, magnetic contactor, permanent magnet, piezoelectric cantilever,

zero-holding-energy.

I. INTRODUCTION

Increasing the efficiency of electrical energy generation and
distribution, as well as reducing overall energy consumption,
has become a crucial research topic in recent decades. This
is particularly important for the industrial sector, which in
the US, contributes to more than 30% of the total energy
consumption [1]. Furthermore, electric power generation and
manufacturing industries contribute up to 40% of the global
CO; emissions [2]. Conventionally, researchers have been
primarily focused on improving the efficiency of energy
generation and conversion. However, in recent years the
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efficiency of energy distribution and consumption has been
gaining increasing attention. Specifically, improving the
energy efficiency of devices that connect consumers in elec-
trical grids, such as relays and magnetic contactors (MCs),
has the potential to eliminate one source of energy consump-
tion completely, namely the energy consumed by an MC
while maintaining a closed state (holding energy). Efforts to
achieve zero-holding-energy devices have led to the devel-
opment of permanent magnet (PM) MCs. However, these
new designs have not yet achieved both sufficient energy
efficiency and reliability in a single device.

In addition to conventional industrial applications of MCs,
energy efficient MCs are important for vehicular micro-
grids ranging from small electric car grids to larger AC and
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DC grids of electric ships and aircrafts [3], [4]. Similar
reasoning also applies to high-efficiency renewable energy
utilization relevant for windfarm grids [5], [6].

Previously Fang et al. [7] and Shu et al. [8] have developed
PM MCs with stationary magnets that reduce the energy
consumption and show improved dynamic characteristics.
Wang et al. have shown the feasibility of PM MCs for volt-
ages as high as 126 kV [9]. However, such PM MCs require
a non-zero holding current. Thus, these PM MCs are also
subjected to common drawbacks of solenoid MCs such as
vibration and unstable contact positioning that hinder their
reliability [10].

Bak et al. [11] proposed an electronically-controlled PM
MC in which the holding energy is consumed only by the
electronic components. Recently, Gabdullin and Ro [12]
developed a zero-holding-energy MC (ZMC) that required no
holding current and used no active electronic components.
However, the ZMC had an important reliability issue that
caused the loss of controllability in the case of a power
outage, giving rise to a number of potentially harmful scenar-
ios. In the absence of an emergency power supply, a closed
ZMC is impossible to open after a power outage. As a
result, when power is restored all consumers are instanta-
neously connected to the grid causing a potentially dev-
astating overload [13]. Furthermore, the sudden starting of
rotating machines can pose a danger to personnel. Therefore,
the development of a normally-open ZMC is desired to ensure
the safety and reliability of the system.

However, the development of a normally-open ZMC poses
fundamental challenges. In a power outage scenario, con-
trol signals cannot be sent and devices that require input
energy to open a ZMC (such as solenoid actuators) cannot
be used. Furthermore, conventional monitoring systems that
continuously consume energy are not appropriate for a zero-
holding-energy system. Hence, a technology is desired that
is able to store sufficient energy and release it to achieve
emergency opening in the case of a power outage. Further-
more, such technology must consume no additional energy to
preserve the stored energy. This technology must also have
a rapid automatic response, on the order of milliseconds,
to ensure the safety of the grid and personnel. Novel smart
materials, such as shape memory alloys (SMA) or magnetic
shape memory alloys (MSM), comply with the energy storage
requirements but require a control signal for activation in
emergency situations [14], [15].

This paper proposes a sub-system that satisfies the afore-
mentioned requirements and monitors the supply voltage
to react instantly when the input voltage is removed. The
proposed piezoelectric (PZT) emergency sub-system (PES)
consists of a PZT cantilever bender (PB), a 45 VDC battery,
and a rectifier. Piezoelectric actuators, especially PBs, have
previously been widely applied as high-frequency resonance
mechatronic devices [16]-[18], energy harvesters [19]-[22],
and high-precision sensors [23], but their application as
DC zero-energy-consumption macro-switch elements has not
been studied in detail. The implementation of the proposed
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PES allows the ZMC to act as a normally-open MC, while the
ZMC-PES system satisfies the zero-holding-energy require-
ment. Furthermore, the lifetime of the battery is extended
because the PES only consumes battery energy under emer-
gency circumstances, hence resulting in a reliable, energy-
efficient, and cost-effective technology.

Il. DESIGN AND ANALYSIS OF THE PROPOSED PES

A. INVESTIGATING THE POSSIBILITY OF DESIGNING A
ZERO-HOLDING-ENERGY PES

The desired sub-system for emergency opening of ZMCs
should comply with the operating principles shown in Fig. 1.
When the input power is available, the subsystem should store
the required energy and be on standby while consuming no
additional energy. Furthermore, it must not affect the normal
operating of the ZMC. On the other hand, in the case of
a power outage, the sub-system should release the stored
energy and open the ZMC to disconnect its load.

Conventional PES
Power supply
220VAC/60HZ | Control | Standby
> ZMC
Normal h/ Normal operating
operating — Load
Continues
(a)
Conventional

%> PES

¢ Emergency opening

3¢ > ZMC

P | Disconnecting the load
ower
outage »] Load

(b)

FIGURE 1. (a) Normal operating of PES-ZMC system and (b) emergency
opening in case of power outage.

Power supply
220VAC/60HZ

This study investigates the feasibility of a PZT-based sub-
system as a solution to the challenge of achieving safe and
reliable ZMCs. PZT elements are commonly used for micro-
positioning [24], [25] or high-frequency ultrasonic applica-
tions rather than bulk macroscopic motion [26]-[28]. For
the latter purpose, preloaded PZT stack actuators can be
used, although they provide large forces for an extremely
limited displacement [29]. Furthermore, PZT actuators are
commonly used in resonance conditions for stroke amplifi-
cation [16]-[18], [30]. Unfortunately, these solutions cannot
be applied to solve the power outage scenario examined by
this study due to the unavailability of an energy source in
the case of a power outage, which makes the resonance-mode
utilization unsuitable. However, PBs can be used to increase
the displacement at expense of stiffness and output force.
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Furthermore, PBs respond to a DC voltage and maintain their
deformation, acting as a monitoring element.

The proposed PES takes advantage of the ability of
PZT materials to deform when storing electric charge [31].
PZT switches of this type have been proposed; yet, they are
less known than other piezoelectric actuators [32]. Hence,
the PZT element acts as a capacitor with infinite impedance
when connected to a DC circuit, as shown by the denomi-
nator in (1). Hence, a PZT element in a DC circuit prevents
any further charge or power (Ppp(noiq) in (1)) from being
transferred after it is charged, and the voltages in the circuit
are balanced as shown in Fig. 2. This ensures that energy is
consumed by the PES only when charging the PB, and the
PB maintains its deflection at constant voltage with no further
energy consumption.

1=

i —Crs Excited staleij'r;é Qj E

2 J T Reladsie V-0
1 1

Ipp E_ R i

FIGURE 2. Response of a PB to a DC voltage (Vpc), maintaining a
deformed state with no energy consumption. Vpg, Rpg. Ipg. and Cpg are
the voltage, resistance, current, and capacitance of the PB, respectively.

The state of the PB is described by

V2 V2
Ppphotay = IppVpc = Zig = - bc = -0 (@
Rpp + oCrp
8tip =f (lSa lpa hy, hps ds1, Yy, Ypa VDC) 2

where &, is the displacement of the PB’s tip, ¥y and Y,
are the Young’s moduli of the metal shim and PZT layers,
respectively, and d3; is the transverse piezoelectric constant.
The geometrical parameters of the PB are shown in Fig. 3.
Solving (2) is discussed in the next subsection.

The PB does not produce enough force to open the ZMC,
and a 45 VDC battery is used for that purpose as discussed
in detail in Section III. Instead, the PB controls a contact that
connects or disconnects the battery to the ZMC. Therefore,
the PB acts as a zero-holding-energy monitoring element for
the input voltage, instantaneously reacting to a loss of voltage,
which is essential for a prompt response in power outage
circumstances.

B. DESIGN AND ANALYSIS OF THE PB FOR PES

Whereas (2) shows a general expression for &, obtain-
ing an exact analytical solution is a rather complex
problem. Finding the deflection of a PZT cantilever
tip with high precision requires a complex system of
differential equations to be solved, and even simplified mod-
els are rather difficult to analyze [25], [33]-[35]. More-
over, analyzing coupled electro-mechanical behavior of
PB requires both electrical and mechanical sub-systems to
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FIGURE 3. Structure of the bimorph PB showing its geometrical
parameters.

be considered simultaneously [20], [36], [37]. Obtaining an
analytical solution for PZT structures more complex than
the bimorph PB shown in Fig. 3 further complicates the
problem, as in case of pre-strained cantilevers [38]. However,
numerical methods could ensure accurate analysis and sub-
stantially reduce the analysis time when complex structures
are considered [39], [40].

Thus finite element analysis (FEA) was employed in this
study using JMAG software as shown in Fig. 4 to ensure
large macroscopic tip displacement of PBs. To evaluate PB tip
displacement, zero displacement boundary conditions were
applied at the fixed end of the PB while other PB parts
remained free. PB excitation was modeled by applying
60 — 300 V to each PZT layer and zero voltage to the
metal shim. The PZT material was Lead Zirconate Titanate
PZT-5A with density 7500 kg/m®. PZT-5A was chosen as
affordable high sensitivity and permittivity material with very
high piezoelectric coupling factor [41]. It also has better
thermal stability compared to other piezoceramics which is
extremely important for industrial applications where ambi-
ent temperature can vary greatly and prolonged operat-
ing without performance deterioration is required [42]. The
parameters of PZT layers are

2 75 751 0 0 0
750 12 751 0 0 0
751 751 111 0 0 0

EE=1"9 o o 210 0o o |®
o 0 0 0 21 0
o 0 0 0 0 226

T

21000
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04200
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FIGURE 4. Deformation of a PB in response to the applied DC voltage,
analyzed using JMAG.
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0 0 0 0 123 0
e=1] 0 0 0 123 0 0 ®
-53 -53 158 0 0 0

where E, is stiffness matrix in 10'° Pa, and e is coupling
matrix in C/m? [43], [44]. The shim was made of phosphor
bronze with density 8780 kg/m?> and following mechanical
parameters

17 88 88 0 0
88 17 88 0 0
88 88 17 0 0
0 0 0 82 0
0 0 0 0 82
0 0 0 0 0 82

E;= &)

(el eNeBeNe]

where E is stiffness matrix in 10! Pa.

Whereas known analytical relationships between the geo-
metric parameters in (2) were used as initial guidelines for
the PB design, only a few studies have reported on the break-
down voltage of PZT layers [45], [46], which is extremely
important for the current study due to the intended long-
term operation of the PB under a relatively high DC voltage.
As such, the PZT electric field strength was kept below
1.5 kV/mm. Furthermore, ultra-thin benders that produce
large displacement also produce insufficient force and are
difficult to manufacture due to potential cracking during fab-
rication and higher susceptibility to mechanical stresses and
vibration in industrial operating environment [47]. Therefore,
PZT layers no less than 0.2 mm wide and a metal shim
0.15 mm wide were analyzed to ensure that the breakdown
voltage would not be exceeded even under 300 VDC and the
designed system was relatively simple to manufacture.

Table 1 summarizes the FEA results and shows that for the
fixed heights of the PZT layers, the length of the PB should
be increased considerably to ensure a sufficiently large dyp.
Therefore, the PBs with a total length exceeding 50 mm can
be expected to provide a §;, > 1 mm. However, the appli-
cation of the PB can be unreliable if a slight change in the
applied voltage results in a dramatic decrease in . On the
other hand, extremely long PBs would result in unnecessary
increase in size and price of PB and PES. Thus, a 70 mm
long PB is the most promising candidate for application in
a PES. The 10 mm difference in PZT layer and shim lengths
in Table 1 aims to provide PZT-free space for fixing the PB to
housing and allocating the moving wire of PES on the shim.

C. EXPERIMENTAL FEASIBILITY VERIFICATION OF THE
DESIGNED PB

Table 2 summarizes the parameters of the fabricated PBs
labeled PB55 and PB70. The PB prototypes were manufac-
tured in collaboration with Dong-Il Technology Ltd., South
Korea [47]. Fig. 5 shows the experimental setup with a PB
and a Keyence LK-35 high-precision laser position sensor
ensuring +0.05% accuracy for the position measurement.
The experiments were conducted in the 0-300 VDC range
using a controlled DC voltage source. This range corresponds
to the intended operating conditions of the PBs.
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TABLE 1. FEA results for 5, in mm of bimorph PBs with hp = 0.2 mm,
hs = 0.15 mm obtained using JMAG.

Vae
I, mm I,, mm
60V 120 V 200 V 300 V
30 20 0.03 0.07 0.11 0.17
40 30 0.09 0.19 0.31 0.46
55 45 0.26 0.51 0.91 1.31
70 60 0.56 1.1 1.76 2.78

TABLE 2. Parameters of the fabricated large tip displacement PBs.

Specimen [, mm [, mm a, mm  h,, mm A, mm Cpp, nF
PB55 55 45 5 0.2 0.15 14.6
PB70 70 60 5 0.2 0.15 18.1

FIGURE 5. PB70 (1) displacement measurement setup including a
Keyence LK-35 laser sensor head (2) and a power and measurement
unit (3).

Fig. 6 shows that the PB55 and PB70 specimens both
exhibited a near perfect linear response, which is benefi-
cial because otherwise the complex means of mitigating
nonlinearity and hysteresis are required [48], [49]. Most
importantly, the PBs maintain their performance at relatively
high voltages, indicating that the breakdown voltage of the
PZT layers was not reached and the PBs can be reliably
utilized in conventional power grids. Furthermore, the large
displacement achieved, particularly for PB70, indicates that
the designed PBs can provide sufficient macroscopic dis-
placement to control low-weight external loads such as wires,
to control a contact.

Fig. 6 also indicates that the designed PBs can sustain a
considerable drop in voltage while maintaining a relatively
large tip displacement. For example, PB70 provides more
than 1 mm displacement even at 50% of the maximum
DC voltage. On the other hand, upon removing the voltage
the PBs were observed to return to their initial (relaxed)
states, indicating that the relaxation of the PBs would result
in closing the emergency circuit of the PES.

Ill. ZMC-PES SYSTEM ANALYSIS AND FEASIBILITY
INVESTIGATION

A. DESIGN OF THE PROPOSED ZMC-PES SYSTEM

The studied ZMC-PES system shown in Fig. 7 includes a
ZMC with two coils, both connected to a 220V/60Hz power
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FIGURE 6. Experimental measurement of a PB response to DC voltage.

FIGURE 7. Electrical connection of the ZMC-PES system to the
conventional power supply grid.

supply via two button switches labeled SE1 and SE2. There is
an electromechanical switch, labeled SM, built into the ZMC
that ensures that current can only flow in one of the coils
at a time [12]. When the ZMC is closed, SE3 is closed and
SE4 is open, meaning that only the opening coil (OP) can be
energized; and when the ZMC is open, SE3 is open and SE4 is
closed, so that only the closing coil (CL) is connected to the
power supply (see Fig. 7).

The PES consists of a rectifier, a PB controlling a contact,
and a 45 VDC battery. The PB reported in Section 2 is
connected via a rectifier to the same AC power supply as the
ZMC. Therefore, the state of the PB is coupled to the state
of the power source rather than the state of the ZMC. The
PB controls a contact in an emergency circuit connecting the
OP to a 45 VDC battery (arranged as a series connection of
five conventional 9 V batteries), bypassing the opening coil
switch SE1 as shown in Fig. 7. The PB contact is normally
closed, as the PB is relaxed at zero voltage and only deflected
to open the contact when the rated voltage is applied. Hence,
the emergency circuit is unused when the conventional power
source is operating and the ZMC is controlled by the switches
SE1 and SE2.

When the input voltage is removed, as in case of power out-
age, there are two possible scenarios for the PES connected
to the ZMC:

1) The PES is connected when the ZMC is open. When
ZMC is in the open state, connecting the battery to the
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OP has no effect because SE3 is open. Hence, the current
flow is prevented and connecting the PES does not result in
any kind of energy transfer.

2) The PES is connected when the ZMC is closed. The
intended operation of the PES involves connecting it when
the ZMC is closed. As shown in Fig. 8, in the absence of
the PES, the ZMC remains closed when the AC voltage is
removed. This is due to the PM holding force and the lack
of power available to open it, posing a potential danger to
the grid and personnel. However, Fig. 9 shows that connect-
ing the PES results in opening the ZMC due to the current
provided by the battery. When the ZMC is closed and the
PES is connected, the OP is connected to the battery as shown
in Fig. 7. When the ZMC is opened by the repulsion between
the emergency opening current and the PM magnetic field,
the SM disconnects the OP by opening SE3, ensuring that
current does not continuously flow in the emergency circuit.
Hence, the ZMC-PES is a zero-holding-energy system that
acts as a normally-open MC.

Normal operating: Input power is ON
ZMC can be OPEN or CLOSED

| Two possible scenarios

ZMC is OPEN | | ZMC is CLOSED

Sudden power outage occurs
Input power is OFF

y y

ZMC remains OPEN ZMC remains CLOSED
(Safe) (Potential danger)

FIGURE 8. Response of ZMC in a sudden power outage scenario
preserving its previous state.

Normal operating: Input power is ON
ZMC can be OPEN or CLOSED
PB is UP, PES is OFF

| 7wo possible scenarios
v

A 2
ZMC is OPEN
PB is UP, PES is OFF

ZMC is CLOSED
PB is UP, PES is OFF

Sudden power outage occurs
Input power is OFF

A

\ 4

A N
ZMC remains OPEN ZMC is OPEN by PES

(Safe) (Safe)
PB is DOWN, PB is DOWN,
PES is ON PES is ON

FIGURE 9. Emergency opening of ZMC by PES in the case of a power
outage.

Table 3 summarizes the ZMC-PES emergency opening
operation shown in Fig. 9, which can be described by the
following steps:
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TABLE 3. Description of the ZMC-PES emergency opening steps in case of
a power outage.

Step Input ZMC  SE3 PB PES PES Time,
power state state state state Iap, A ms
1 ON 1 1 Up OFF 0 -
2 OFF 1 1 Rel. OFF 0 010
3 OFF 1 1 Down ON 0 05 10 30
4 OFF 10 1 Down ON 0.5 30 50
5 OFF 0 0 Down ON 05 0 50
6 OFF 0 0 Down ON 0 >50

For states: 1 — closed, 0 — open; Rel. stands for relaxation

1) While input power is still ON, the ZMC is closed, the PB
is UP, and the PES is disconnected (OFF).

2) When a power outage occurs, input power is cut OFF,
the ZMC is still closed, but the PB starts relaxing. The
PES is still disconnected.

3) Approximately 10 ms after the power outage, the
PB reaches the DOWN position and the PES is connected.
An emergency opening current then starts flowing in the
opening coil of the ZMC.

4) Approximately 20 ms later the ZMC armature starts
moving due to the repulsive force between the emergency
current and PM.

5) Approximately 20 ms later the ZMC armature reaches
the OPEN state, the SM disconnects the opening coil from
the PES, and the current in the emergency circuit starts falling
towards zero (see Fig. 14).

6) Approximately 50 ms after the blackout the emergency
opening is finished, the emergency current is zero, the ZMC
is in the open state and its load is disconnected. There is then
no danger to personnel or the grid if the input power suddenly
turns back on.

B. EXPERIMENTAL VALIDATION OF THE DEVELOPED
ZMC-PES

Fig. 10 shows the experimental setup with a conventional AC
network used as a power supply, corresponding to the diagram
in Fig. 7. A Tektronix 4000 oscilloscope was used to measure
the voltage and current waveforms as shown in Fig. 11.

The ZMC-PES verification experiment was conducted in
the following manner. First, as the power was supplied to the
ZMC and the PB switch via a rectifier, the PB70 moves a
contact from the position shown in Fig. 12 (a) to the position
in Fig. 12 (b), breaking the emergency circuit. Fig. 13 illus-
trates the same performance exhibited by PB55. Whereas
the exact displacement of PBs was not measured during this
experiment, Figs. 12 (b) and 13 (b) show visible mm-scale
displacement produced by PBs under rectified AC voltage.
With the PB up, the PES disconnected and power available,
the ZMC can be operated normally using the button switches
SE1 and SE2. In order to verify the emergency opening
operation, the ZMC was closed using SE1 before the source
voltage was removed. This resulted in the PB transitioning to
arelaxed state and forming a contact between the moving and
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FIGURE 10. ZMC-PES experimental verification setup. The AC power is
supplied at position (1) to the ZMC (2) and the PB switch (6) via a
rectifier (5). The PB70 (7) moves a contact (8) to connect to a wire (9). The
ZMCs normal operation is controlled by the switches SE7 (3) and SE2 (4).
The PES battery (10) is connected to the OP of the ZMC. An oscilloscope
(11) is used to measure the voltages and currents.

|

Vi
||V
‘ A
Vi PB

Ry

FIGURE 11. PES experimental circuit for the investigation of the rectified
voltage waveform, current flow, and energy consumption.

@

FIGURE 12. PB70 (7) controls a contact made of a moving (8) and a
stationary (9) wire in (a) closed state of PB switch during power outage
and (b) open state corresponding to normal operation.

(b)

stationary wires, hence connecting the PES so that the battery
was connected to the OP of the ZMC.

Figs. 12 and 13 also illustrate the negligible effect of wire
weight on PB displacement in PES experiment. This is due
to very thin wires used to conduct low transient PES current
shown in Fig. 14. Fig. 14 also shows the corresponding
ZMC armature displacement during the emergency opening
when the battery is connected. As the ZMC opens, the OP is
disconnected from the PES by the SM and the PES current
drops to zero. Therefore, this experiment successfully verifies
that PZT-ZMC system acts as a normally-open MC, which is
essential for the safety and reliability of ZMC technology.

The results shown in Fig. 14 allow the emergency opening
power consumption to be evaluated, which further trans-
lates to the number of times the emergency opening can be
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(b)

FIGURE 13. PB55 (7) controls contacts (8) and (9) in (a) closed and
(b) open states of the PB switch.
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=]

o
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Armature displacement (mm)

Emergency opening coil current (A)

( ) Coil current
g Armature displacement

0 5 10 15 20 25 30 35 40 45
Time (ms)

FIGURE 14. PES current and displacement of the ZMC armature during
the emergency opening.

performed before the battery is drained, given by

c Vpl,t,

(6

where W}, is the total energy stored by the battery in J, Vj, is
battery voltage in V, I, is emergency opening current in A,
and ¢, is the time over which the emergency current flows
in s. Considering that a pack of five conventional 9 VDC
batteries stores approximately 81 kJ of energy, the estimated
Ne is 90000 operations. As the system is designed to operate
only in emergency situations, this implies an extremely long
lifetime.

C. VOLTAGE WAVEFORMS AND ENERGY CONSUMPTION
OF THE PES

Fig. 15 shows that the PB decreases the oscillations in the
rectified voltage by naturally acting as a capacitor. The
experiment showed only a slight derivation from a perfectly
constant value of the rectified DC voltage, which can be
attributed to the +5 V accuracy of the measurement unit for
the measured 285 VDC signal level.

This measurement was also verified with a Fluke 177 mul-
timeter, giving a result of 28540.1 VDC. In order to estimate
the energy consumption with a higher accuracy, the voltage
drop V,, across a test resistor Ry, (seen in Fig. 11) was
measured, showing no measurable voltage above the 10 mV
limit imposed by the measurement noise. This experiment
allows an upper bound of the continuous current consumption
of the PB to be given as shown in Table 4. Such a low upper
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FIGURE 15. Effects of connecting the PB on the waveform of the rectified
voltage.

TABLE 4. Estimated power consumption of the PES derived from
experimental data.

Vow, V R, Q Vs V Ly, mA Ppp, kW
285 325 <10 <0.03 <0.3

bound of energy consumption essentially indicates that the
PB does not consume any energy while deflected under a
constant DC voltage, meaning that the entire PES subsys-
tem also has zero continuous energy consumption. Energy
loss (damping) associated with PB switching is also negligi-
ble due to rarity of extremely short switching operations and
overall non-resonance operating conditions of the PB [50].
Therefore, the ZMC-PES is a zero-holding-energy system
that acts as a normally-open MC in case of sudden power
outage.

IV. DISCUSSION

A. COMPARISON OF THE PROPOSED ZMC-PES WITH
CONVENTIONAL TECHNOLOGY

Table 5 shows a comparison between the main parameters of
novel and conventional MCs. For reliability considerations,
the reader is referred to the cited literature in Table 5. Notably,
only ZMCs and the ZMC-PES have zero or nearly-zero
holding energy consumption, Py, in a closed state. On the
other hand, conventional solenoid MCs and energy-saving
PM MCs maintain an open state in the case of a power

TABLE 5. Comparison of power consumption and reliability of the
conventional and proposed MCs.

Py of Power .
MCtype P, W 1000 outage ~ Dangerduring - Overall
MCs, W state power outage  reliability
Solenoid 10-20 10000- Open No Low
MC [52] 20000
PM MC 2-5 2000- Open No Average
[71, [56] 5000
Electronic 0.5 500 Open/ Yes Low
MC[11] Closed
ZMC [12] 0 0 Open/ Yes Average
Closed
ZMC-PES  <0310° <0310° Open No High
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outage and are not subjected to the reliability concerns
described in this paper. However, their reliability is hindered
by continuous vibration, heating, and a potential for contact
welding [51].

Therefore, it is significant that the proposed ZMC-PES
system solves the power outage scenario problem of ZMCs,
while taking advantage of their superior performance as indi-
cated by Table 5. Furthermore, Table 5 shows that the energy
consumption accumulates when a facility operates numerous
(e.g., 1000) contactors, except in the case of ZMCs. More-
over, the energy consumption of the ZMC-PES system does
not necessarily increase with the number of ZMCs because a
single PES can control multiple ZMCs as shown in Fig. 16.
In this case the number of ZMCs only affects the lifetime
of the battery. Replacing the battery is a more cost-effective
solution compared to the expenses arising from the continu-
ous energy consumption and maintenance costs of thousands
of conventional MCs. Thus, the expenses associated with
such systems can be reduced significantly by implementing
the ZMC-PES.

ZMC ZMC ZMC ZMC

Conventional

PES Power supply
220VAC/60HZ

Normal
operating

FIGURE 16. The possibility of operating multiples ZMCs with a single PES
using conventional power supply.

B. OTHER APPLICATIONS OF THE DEVELOPED PES
Whereas the PES was proposed for controlling an AC ZMC
in this paper, it can be used for DC contactors as well. Since
DC is a necessary requirement for operating the PES, it will
be naturally compatible with DC devices without requiring
any rectification. Furthermore, an application of the PES
in DC circuits is even more promising because the holding
energy of DC MCs exceeds that of AC MCs [52].

In addition, the application of the PB proposed in this paper
can be used for the development of a zero-holding-energy
switch for DC grids. The PB switch can control low currents
in response to the DC control voltage, while consuming no
energy in either open or closed states. The PB also has a
monitoring function, acting in response to the change in
the applied voltage rather than a simplistic on/off operation.
It should be noted that when connecting larger wires, or
breaking non-zero current, the PB load should also be taken
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into account. Thus, wider PBs that produce larger forces can
be generally recommended for such applications.

This makes the developed PB and PES-controlled PM MCs
particularly promising for aircraft microgrids due to their
ability to minimize the energy consumption with low-weight
contactors or switches. Because aircraft microgrids utilize
DC networks [53], [54] the application of the developed PB
switch and PES will allow the fuel consumption to be reduced
by substituting numerous conventional switches on an aircraft
with the proposed technology. Furthermore, the same argu-
ment applies to electric ships that operate large sophisticated
grids, where the reduction in energy consumption translates
to increased battery lifetime and prolonged overall operating
time of an electric vehicle [4], [55].

V. CONCLUSION

This paper proposes a PES that solves a critical safety prob-
lem of ZMC:s in the event of a power outage, thus eliminating
the main drawback in the implementation of ZMCs. This was
achieved by incorporating a zero-holding-energy PB switch
to monitor the input voltage and instantaneously connect the
opening coil of the ZMC to an inexpensive battery in the event
of a power outage, thereby leading to prompt opening and
disconnection of the ZMC'’s load. The proposed ZMC-PES
system acts as a normally open MC with zero holding energy.
The feasibility of the proposed ZMC-PES system was con-
firmed using data obtained from a fabricated prototype, which
verified the short response time and zero continuous energy
consumption. The PB switch developed as part of the PES
also showed potential as a zero-holding-energy control ele-
ment for DC circuits, thus rendering it particularly suitable for
autonomous vehicular microgrids and mechatronic devices.
Comparisons of the ZMC-PES with traditional MC technol-
ogy show its higher reliability and energy efficiency. Unlike
traditional ZMCs, the proposed normally-open ZMC-PES
system can be controlled using conventional solenoid MC
control strategies, indicating the possibility of a convenient
transition between conventional and future MC technologies.
The proposed technology is particularly promising because
it can be used by energy generation facilities, in distribution
grids, and by end users. Moreover, the proposed ZMC-PES
system can be installed in AC and DC vehicular microgrids
to improve the energy-efficiency and lifetime of electric vehi-
cles such as aircrafts and ships.
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