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Abstract: - This paper focuses on developing an interchangeable electromagnetic contactor that essentially
features with high power efficiency, low electromagnetic noise, and high power resource usage. The magnetic
coils of this new IC-controlled method can be excited by AC or DC voltage and the range of the operating
voltage is shown to be much larger than the conventional contactor. A wide range of applications for the new
contactor is obtained. According to the electric performance requirement, the proposed controlling method, the
pulse width modulation (PWM), provides a suitable energy for the exciting coils under the different operating
condition. This is resulted in a stable operation between closing or opening process of the contactor greatly
leads to the reduction of noise and energy loss for the exciting coils. Thus, the using life of the contactor can be
greatly extended. In order to prove the validity of the proposed controlling method in this paper, severa
experiments had been performed and the results are shown the feasibility and reliability of the new design.

Key-Words: - Electromagnetic contactor, Electromagnetic noise, |C-controlled, Pulse Width Modulation,
Energy, Using life.

1 Introduction current during the time course for the DC system.
An AC electromagnetic contactor (abbreviated as The magnetic flux line produced by the magnet of
AC contactor) is a major component for using in the conductor will not change. This will result in no
closing/opening contacts of a load circuits. The power consumption due to the absent of hysteress
anaysis model for the contactor is a complex and eddy current. And it will resolve some problems
nonlinear system that is coupling the equations from [14-22], such as noise and overheating, commonly
electric and mechanical dynamics. In order to appear in the AC system. Based on the analysis, the
predict the performance of the conductor, designer magnetic force produced by the electromagnetic
needs to fully understand the relative theories about system varies according to the operation steps of the
both fields. Recently, they are couple of commercial conductor. In order to overcome the large magnetic
software appeared in the market due to the advance pot'entlal drop which resulted in the large magnetic
of the hardware of computer. Some of software can resistance of the gap between the movable magnet
be used for the optimal design of conductor as and static magnet, the excited c_0|Is of the conductor
introduced in [1-7]. During the closing phase of the needs higher voltage that provides a larger current
conductor, the presence of the bouncing behaviour inside the coils and produce a higher magnetic force.
results in producing the electric arc that causes Once the conductor entering the closing process, the
erosion damage on the conducting surface and less magnetic force will be required to maintain the
greatly reduced the lifespan of the conductor. Some closing process due to the no gap between the
researches proposed methods on solving this moveble magnet and the static magnet. A less
problem [8,9,11,12]. voltage will be imported on the excited coils to

During the operation of AC conductor, nearly supply the suitable electromagnetic force for the
90% of power consumption expensed inside the closing process of the conductor. Comparison to the
electromagnetic core and short-circuit ring. If an conventional conductor with the single source for
electric DC power is used to replace the AC thg exciting coails, the research by Walcott [10]
el ectromagnetic system for the conductor, the power points out that the power consumption can be

consumption will be greatly reduced. There is the reduced by 86% if the pulse-width modulation
invariant magnitude and direction of the electric (PWM) is implemented as the voltage control
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method for the exciting coils of the conductor. And,
the consumption of power will save up to 30~60%
due to the smaller radius of copper used for the less
power consumption case.

This research will develop an electrical control
board that implements PWM technology as the
controlling method that provides dynamical
modulation on the voltage of the exciting cails. The
automatic adjustment of the electric voltage level
for the exciting coails is according to the operating
step of the conductor. The control board will record
the fluctuating voltage level and self-adjustment of
the duty cycle in order to maintain the constant
voltage level for the exciting coils. The outcomes of
the implementing this control method will extend
the operation range of the externa voltage on the
exciting cails, reduce the electromagnetic noise, and
lower the consumption of the power and material.
Furthermore, the results of the function
improvement of the conductor will project onto the
performance of the design circuitry, the heat
generation, complexity, the production cost of the
circuitry. All leads to a prolongation of the lifespan
of the conductor.

The remainder of the paper is organized as
follows. A short description of the mechanism of the
experimental apparatus is given in section 2. In
section 3, we describe the principles of the PWM
controller of our new contactor. In section 4, a
systematically discussion is on the wide-pulse
voltage method for the external voltage and the
circuit design for PWM. Based on above mentioned
control scheme, several experimental results are
presented in section 5 to illustrate the application of
the proposed methods. Finaly, in section 6 we
outline the main conclusions.

2 The Structure and Operation of AC

Contactor

Conventional contactors are devices composed by a
set of springs and magnetic circuit in which includes
the moveable contact and stationary contact, as
shown in Fig. 1. When a voltage is applied to the
coil, an electromagnetic filed will be established
around the magnet due to the exciting coils. A
attractive force appears between the movable
contact and the dtationary contact by the
electromagnetic force forces the movable contact
move in the direction of the closing the gap and
makes a contact with the stationary contact.

The exciting coil was used for generating the
magnetic flux that controls the electromagnet of
contactor operation. Asthe external power supply is
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Armebur

(b)
Fig. 1. Contactor configuration (a) opening position
(b) closing position.

applied to the exciting coil, based on the ampere’s
right-hand rule, there creates an aternating
magnetic flux and the magnitude of the alternating
magnetic flux is proportional to the coil current. The
electromagnet is made up by the low reluctance
meaterials as in the lamination structure to reduce the
eddy current.

Because of the lower reluctance feature of the
electromagnet of contactor, most of the fluxes will
flow and limit inside the electromagnet. According
to the principle of the virtual displacement, an
electromagnetic force will be generated between the
movable and stationary electromagnets [5]. Two
shading coils are installed on the pole surface of the
stationary electromagnet that will establish a smooth
electromagnetic field and make a reduction in the
noise level for the closing process. They also are
responsible for the development of a secondary
alternating magnetic flux to stabilize the operation
of contactor. The operation principle of the shading
coilsis described as followed:

2.1 One complete working cycle

Fig. 2 shows the current command profiles with the
operation in the conventional ac contactor. During
closng process in the conventional AC
electromagnetic contactor, the transition time is
shorter than the other two processes. After the
movable iron core has closed with the fixed iron, the
armature of the proposed AC contactor, little
electric power energy is absorbed by the AC
contactor within the holding process. Because the
total reluctance is greatly reduced when two iron
cores is closed together, therefore, the sdlf-
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inductance across the coil suddenly becomes larger
than in the closing process. When the maximum
releasing voltage is detected by the contactor, the
conventional ac electromagnetic contactor as long as
relies upon the spring tension force, theiron coresis
disengaged from each other. To wait the armature
moves away the fixed iron core till the tota
reluctance in the magnetic becomes large enough.
From the current command profiles of the AC
contactor shown in Fig. 2, if most of continual
working time of AC contactor is operated in the
holding process, the outstanding energy-saving
result should be obtained.

Fig. 2 Current command profiles with the operation
of conventional ac el ectromagnetic contactor.

2.2 Dynamic behaviour of electrical system

When the exciting coil of contactor is supplied with
an alternating current voltage, an alternating current
will flows through a loop formed by the exciting
coils and power source. The aternating current (i(t))

is assumed and given by:
it)=1,snw

(1)
where 1, is the magnitude of the alternating

current, w denotes the frequency of the alternating
current and t is time. According to the ampere’s
rule, aternating magnetic flux will be generated
and flows in the electromagnet. The intensity of
the alternating magnetic flux is proportiona to the
magnitude of the coil current. We assume that
magnetic flux is a sinusoidal function and lagging
the coil current. According to (1), the magnetic
flux (¢ ) can be expressed by the following

egquation:
bs =0mp SN

@)

where ¢,,, is the magnitude of the magnetic flux of

the exciting coils. Since the magnetic flux is
function of the time, and assume the magnetic flux
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passing through the shading coils is ¢ sinot ,
dmps 1S the magnitude of the magnetic flux of the
shading coils. The induced voltage (e, ) by the
shading coilsisgiven as:

di

€ :—LE

= —€,c® COSmt

©)

where L is inductance and eys = ¢ . For the

single one turn of the shading coil is setup, that is
L=1.

In general case, the radius of the shading coail is
larger than the exciting coils and will need less turn
of coil. And, the impedance is dominant by the
resistance. The current of the shading coilsis:

I =0 COSot

4

where the ¢, is defined as wé /Ry . And,
Oms >> Ops due to the small value of Ry . The
magnetic flux produced by 1, is denoted as
Ko Coswt . K is a constant. The relationship
between the main flux and the shading coils is
shown on Fig. 3. From Fig. 3, we found that the
shading coils voltage must lag the exciting coil
voltage by a phase angle 90°. These two kinds of
magnetic fluxes can not go to zero at the same. Here,
for simplicity, we assumed that both the exciting

coil and shading coils have the same amplitude of
the alternating magnetic flux, that is ¢,y = dpps = ¢ .

The electromagnetic force created between the
movable and stationary  electromagnet  is
proportional to the square of the magnetic flux. The
electromagnetic forces for the exciting coils and
shading coils are given by:

f, =02 sin? ot

Q)

f, = 92 cos? ot

(6)

where the f, and f, is the electromagnetic forces
that are generated by the exciting coil and shading
coils respectively. Total electromagnetic force, f

of contactor is the sum of these two e ectromagnetic
forcesand is given as:

f = ko @

where the constant k is the constant ratio of the
electromagnetic force to square of flux. From (7),
the electromagnetic force will be kept at a constant
value. In other words, the function of the aternating
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current contactor is performed like the direct current
contactor.

Magnetic
flux

A
¢—. ¢|
< »
| ¥
™ time
(@
Movable electromagnet iron
¢p ¢S
—— e,
A A AA
Shading ring
Fixed electromagnet iron
o NG |
Fig. 3. Time-varying magnetic flux and shading
coils.

2.3 Dynamic behaviour of mechanical system
Fig. 4 shows the equivalent mechanical mechanism
of the AC contactor. Similarly, the dynamic
behavior of the trandational mechanical systems
could be expressed by employing Newton’s law of
motion. Thus,

d2x _ dx

f :m0|—2+D—+K(x—x0)—Fe
t

” ©)

The electrical energy inputW,, can be expressed as
W, = [ qict ©

From Faraday’s law, we can solve for the induced
voltage g in terms of the flux linkage 2 , that is

g =dr/dt [12], and substituted into (9) resultsin
W, = j id. (10)

An amount of energy is transferred from
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mechanical system to magnetic system, W, is

written as the work done by the magnetic force F,

along with the opposite translational directionx .

<« W,

Weo
Lossless energy-

Blectrical system conversion system

***************

Mechanical system

Fig. 4. Elementary contactor system.

W, = —I F.dx (11)

Substitution of (10) and (11) into (8), we obtains

W, = J' idx—J'Fedx (12)

2.4 Magnetic circuit.

The geometry and equivalent magnetic circuit of the
developed ac PM contactor with colenoid actuator is
shown in Fig. 5. Clearly, the considered magnetic
mechanism of the ac PM contactor is symmetrical.
Therefore, the magnetic circuit anaysis can be
simplified greatly. Compared with conventiona ac
EM contactor, we can see that a permanent magnet
has been arranged on the fixed E-type core. By
applying the magnetic circuit analysis technique, the
magnetic equations can be written as shown below

(R +Ryq + Ry + Ryg + Ry — (Rg + Ry3)dy = Ny + Frg
—(R3+R@)hs + (R + Ryo + Ry + Ry5)h, =1y

(13)
where the reluctances in each part of the magnetic
circuit are calculated respectively by using
reluctance principle and expressed as follows:

m1:|1+|1'+|3 - I, - I,
uOur Al 2u0ur A2 2u0ur AS
X+e X X I
Ry = —— Ryp = ——— ,Ryg = R, =
. UoA - 2ugA, . 2uyAg ! Uoy Ay
(14)
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As can be seen in (14), the reluctance in each part of
magnetic circuit is generaly a function of the
average length of individual magnetic circuit. After
the total reluctance R(x) is obtained, the equivalent
inductance value L(x) from the coil view point can

also be derived by the following formulas:

N2

BT

(15

where N isthe number of windings of coil.

Fig.5. Developed ac PM contactor, (a) sketch of the
geometry and (b) equivalent magnetic circuit

2.5 Work-Energy theorem.

On the basis of the behavior of magnetic energy-
conversion system is conservative and losdess; the
energy transfer from mechanical system to electric
system or vice versa is determined by the moving
direction of armature. The work done dw,, by the

mechanical system which equals the variation of
armature displacement multiplies the magnetic force;
it can be further deduced as followg13]:

W, = —jx" Frag O
X

%

=| mvdv
Vo

I — —lmvo2 = AE,
2 2

(16)

where the initial velocity of armaturev, is assumed
to be zero, the fina Kkinetic energy of
armature E, = (mv?)/2 is determined by the final

velocity of armature v at the moment of two
contacts impact. As we known, the fina kinetic
energy of armature is equivalent to the energy
transfer from the magnetic field to the mechanical
system. Equation (16) is well-known as work-
energy theorem.
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3 Principles of the PWM Controller

The block diagram of the proposed electromagnetic
contactor is shown on Fig. 6. Both the AC and DC
power input voltages are allowable in our new
contactor. In order to maintain the constant voltage
level in the exciting coils, PWM technology is
implemented and used to modulate the variation of
input voltage by dynamically adjustment of duty
cycle of output pulse of controller. After analysis
the operation sequence of the contactor, the less
electromagnetic force is required to maintain the
making process when the contactor enters the
making process. The power consumption of the
exciting coils is proportional to the sguare of the
electromagnetic force. From the consideration of
reducing of power consumption of the exciting cails,
a lower voltage level will apply to sustain the
minimum requirement for the making process. This
is the reason that the application of PWM
technology can achieve a longer life span of the
conductor by means of low power consumption.

Power supply Surge Bridge
ACorDC~  UPPrEeSON - pegifier
ciucuit

Detecting circuit

AC contactor

Closng
signal dircuit

Seding
sgnal cdrcuit

@
’ 3 @wa MOSFET

Fig. 6. The function block diagram of the pfoposed
actuator of AC contactor.

<

“4’ » Time
.

Fig. 7. Operation principle of the proposed PWM
method.

The voltage level of the exciting coils in the
proposed contactor is controlled by the operation
sequence of the power transistor (PTR). As shown
in the Fig. 6, the operation of the PTR is much look
like the operation of a mechanical switch. The
operation is controlled by a control board that is
consisting of analogy components. The relationship
between the voltage level of exciting coils and the
external voltage input of the contactor is shown by
the PWM waveform on the Fig. 7. Comparison of a
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saw-teeth wave V,;; to a DC reference voltage V,« ,

avoltage pulse Vv, of exciting coilsis obtained. As
the variation of reference voltage, the time t,, for
high level voltage output will be longer and the
output duty cycle of PWM will be bigger. The
relationship between contactor coil and input line
voltage can be calculated from the equation for the
average voltage generated by a PWM waveform.

\Y/

coil

_y, ton
“Vin g (17)

=dV;,

where the parameter d is defined as t,, /T, T is
called the period of duty cycle, V. is the exciting
coil of contactor driving voltage; V,, is the output

direct current voltage of the bridge rectifier which
built in the electronic control module. By the
geometry relationship, (17) can be approximated by:

Vmax _Vref
V... =V

min

Veoit *Vin (18)

max

Viex @nd V., are the maximum and minimum

voltage, respectively. For the invariant of Vv, , the

ratio of V,,, and V,;, will be constant. Rearranging
(18), we get:

K

Vier = Vimax VI

n

where constant K is defined asV ., Viax —Virin) -

Form (19), the raising the level of the external
control voltage (V;,) will result in the increase of

DC reference voltage V, . By the PWM operation,

(19)

the time t,, for the high level voltage reference of
pulse issued by PTR will be shortened. Therefore,
the average voltage level of exciting coils will be
reduced. In the opposite end, the t,, will be longer
and the V;, will increase when the input of external
voltageislower.

According to the [6], the instantaneous force that
tends to close the air-gap in the contactor can be
expressed by:

¢2

f =

2u,S

where S is the cross sectional area of the pole of

contactor and ¢ is the instantaneous flux that is

proportiona to the current of the exciting coils. In

the following andysis, the coil voltage v(t) is
assumed to be sinusoidal with aform

(20)

v(t) =V sin(wt) (21)
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where current is 90° lagging with voltage due to the
inductive load of the exciting coils. The attractive
force in the making process is equa to the
counterforce  produced by the spring. The
instantaneous force tending to close the air-gap is
given as.

. ¢2m,min

f .o =X -
min 21,S

(22)

Opmin 1S the minimum flux required to keep the
making process. And p, is the free space

permeability. The minimum hold-in-voltage
(Vhoia,min ) IS Qiven by:
Nc (I)m,min
Vhold,min = —n (22)

V2

where N, is the cail turns and o the frequency of
the externa power .

The physical meaning of (22) is that if the
externally applied coil voltage is must higher than
the minimum coil voltage vi4 m,, the contacts of

contactor will be hold during the voltage fluctuation
in terms of flux and frequency.

4 Interchangeable AC/DC Power
Source
In addition to this innovative electronically

controlled contactor can normally operate under
both AC and DC power supply, it is aso capable of
flexibly choosing the operation voltage range in
term of the power line voltage level through the
switch. Normally, we assumed that the power
supply voltage is V, the 2V of the power supply
voltage also be compatible with our proposed power
control circuits. Integration of this roughly power-
supply selection method into the PWM technology,
the flexibility of power supply is improved greatly
and the operation voltage range of contactor is
widely extended. In the following, we prepare to
describe this roughly selection method and PWM
technology respectively.

It is shown in the Fig. 8, no matter what the kinds

of the power supply, V,,, the power source has got
to go through the bridge rectifier and the bridge
rectifier’s output terminals produces DC voltage.
According to the actually the operating voltage
range of power supply, user can utilize the voltage-

level-selection switch, S, and properly choose the
circuit configuration. The output voltage of the
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power voltage selection circuit, V., , always keep at
constant voltage output.

v v

Fig. 8. Thecircuit structure for modulati né the
different input voltage levels.
Make use of the switch, S,., the power supply

of contactor could be supplied with both AC and
DC power supply. According to the operating
necessities in the application fields, the switch S

was responsible for the selection of the coil voltage
level . As shown in the Fig. 8, we assumed that the
voltage level of node A isV,. The voltages across

the terminals of the capacitors C, and C, was

obtained by the voltage-divider law and represented
asfollows:
Gy (15)
M c+c, A

In order to obtain a better operating performance
of contactor, the PWM technology is used to
regulate the coil voltage based on the operation
phase. Refer to the Fig. 9., we found that the cail
current of contactor in the moving phase is larger
than any other operating phases. Sufficient
electromagnetic force is needed to move the
movable parts of the contactor. The coil voltage
should be supplied with pick-up voltage. As shown
in Fig. 9, the cail voltage is supplied with a square
wave or the duty cycle is 100% pulse in the moving
phase. When the moving phase is completed, the
operation of contactor enters the closing phase.
After the movable irons have closed with the fixed
irons, the needed coil current for producing
electromagnetic force becomes less. Therefore, the
coil voltage is supplied by a series of pulses that are
generated by the PWM controller. By monitoring
the power line voltage level, the output voltage of
the electronic module intend to keep a constant
value under self tuning the duty cycle of PWM
which significantly reduces the nomina operating
power dissipation of the contactor.

For the sake of improving the operating
efficiency of a contactor, we intended to develop a
new electronically controlled contactor based on the
power and materials saving necessities. The

ISSN: 1991-8763

878

Chih-Yu Hung, Chieh-Tsung Chi

electronic control circuit is designed and composed
of some analogue devices. The circuit is compacted
in a printed circuit board that is conveniently
plugged in the conventional contactor.

&
Contactor
Moving

phase

Closing Opening

phase

aperat ion

phase
It = Time
[ 1 !

Coil

valtage

== Time

o
Coil
current

A !
SN

el

— - [
Fig. 9. Thetypical cail voltage, and coil current of
AC contactor under one completed operating cycle.

Power supply
AL or [T

I_ It :-
P

= Bedpe
peetilier

v
o O <

zircuit I
L — §
L ur |

Comtrol circuit
POwEr souee

(b)
Fig. 7. Electronic controlled AC contactor: (a)
functional block diagram (b) PWM contral circuit.

Fig. 10(a) shows the functional block diagram of
electronically controlled contactor. The coil voltage
of contactor is regulated by the power MOSFET.
During the operation of the contactor, both the one-
shot circuit and PWM circuit begins to generate
signal at the same time. These two signals are
combined together with logicd OR gate. The
resulting signals of the OR-gate output are utilized
to trigger the power MOSFET for obtaining the
pulse-type coil voltage. PWM control circuit, which
is part of the control circuit, is presented in the Fig.
10(b). Based on the different operating
characteristics of contactor, the high-level sustaining
time of the one-shot generator is regulated by a low-
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pass filter which is consists of a resistor and
capacitor.

5 Experimental Results

The new electronically controlled contactor
prototype was constructed at our laboratory. Fig. 11
is a picture showing the new electronic control
contactor that includes a conventional contactor and
electronic control board. Due to the addition of the
electronic control board, AC or DC power supply
could be used as the coil voltage.

Conventional contactor i ; .
Electronic control board

CEA -.-J!l.n- :’l'h \'Ir

b
W
Fig. 11. The photograph of a completed
electronically controlled AC contactor.
When the contactor is situated at moving phase,
a higher current is absorbed by the coil in order to
create an electromagnetic force high enough to
overcome the spring counterforce and move the
movable electromagnet gradually toward the fixed
electromagnet. As shown in the Fig. 12, the channel
1 is the coil current waveform when the contactor

works on the moving phase. After the moving phase,

we observed the Fig. 13 that the coil current
waveform in the closing phase, the coil absorbs less
current for creating an electromagnetic force so as to
keep the mechanical contacts from tripping. From
lots of practical applications, we known that most of
the time the contactors are kept in the closing phase.
If we can moderately regulate the coil voltage, the
power dissipation of coil should be reduced greatly.
Meanwhile, the utilization of the electrical and
mechanical materials will be significantly decreased
aswell.

In order to extended the operating voltage range
of the cail, the coil voltage can be supplied with
both AC and DC power supply, and the voltage
level, V and 2V , is dlowable to used in our new

electronically controlled contactor, as shown in Fig.
14. Regardiess of the kinds of the power supply,
once that the input voltage of contactor is, V and
2V , the output voltage aways keep in a nominal

coil voltage, V .
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Fig. 12. The coil current waveform of contactor in
the moving phase.

e w

3 [Tek TDS210] Data Waveforms CH 1 500 mV S0uS
B) [Tak TDS240] Dats Wiaprstorss CH.3 20 ¥ 59 ug 1

Fig. 13. Channel 1 and 2 are the coil current and
drain-to-source voltage of the power MOSFET.

1 [T k TDS2H)] Drata. Waeforms CH 1 20 W1 § . .
B) [Tk TDE2L0] Diats Wasrefioros CH2 20 (W1 5 1 1

Fig. 14. Channlel shows that the input voltage of
the externa power is at the rating voltage (V) or
double the rating voltage (2V). Channel 2 shows
that the voltage imported on the exciting coils
remains on the rating voltage level.

6 Conclusion
A new contactor that consisted by an innovative
electronically controller is designed and presented
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here. An electronic control board is built that
incorporated the functions such that, regulating the
voltage fluctuation, accommodate both DC and AC
power supply used, and achieving the goal of power
and material saving. For the experimental results,
the newly designed controller is validated and
feasible in the practical operation.
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