


2 Structure design
The structure of the contactor is illustrated in Fig. 1. There is a
breaking spring at either side of the coil. To provide emergency
protection, the two springs are first pre-compressed either by hands
or using a motorised fixture. After pre-compression, the two
springs are blocked with two bolts. In this design, the breaking
springs stay out of the way and do not interfere with the closing
process. The springs only work when the contactor encounters a
breaking failure. For normal breaking, a repulsive voltage is
generated from the control unit and a voltage is applied to the
electromagnetic coil. The PM is demagnetised due to the
demagnetisation current in the coil. Consequently, the holding
force applied by the PM disappears and the contactor returns to the
open state. If the control unit fails to break the contactor, the failure
is detected by the protection module and the actuator is triggered.
The blocking bar rotates clockwise around the axis A under the
action of the actuator. Thus, the transmission lever and the block
lever are released. There are two locking bolts used in the
mechanism to prevent motion of the blocking bolts. Once the
resistance is removed, the breaking springs are released and the
contactor is forced to break. In this way, the protection mechanism
ensures that the contactor can break effectively even if failure

happens to the control unit. If there is no failure, the protection
mechanism remains idle, consuming no energy.

3 Multi-objective optimisation
3.1 Objective functions

The electromagnetic components of Fig. 1 can be simplified as
shown in Fig. 2. Multi-objective design optimisation of the PM
contactor must ensure that the closing operation is fast but with the
limited mechanical impact. The stiffness and pre-compression of
the breaking springs must therefore be optimised. In addition, the
PM contactor is used to switch the electric devices frequently and
the thermal effect of the coil design needs to be considered. To
reduce manufacturing costs, the volume of the structure must be
minimised. Mathematically, the optimisation is formulated by
considering a vector of the form

X = x1, x2, x3, x4, x5, x6, x7, x8, x9, x10, x11 , (1)

where x1 denotes the height of the PM, x2 is the diameter of the PM,
x3 is the compression of the breaking spring, x4 is the distance
between the moving core and the yoke, x5 is the height of the
moving core, x6 is the outer diameter of the yoke, x7 is the height of
the yoke and x8 is the stiffness of the breaking spring, x9 is the
excitation current, x10 is the coil width and x11 is the wire radius. To
obtain a uniform field distribution inside the coil, the coil height is
the same as the inner height of the yoke. Four objectives are chosen
for the multi-objective optimisation: structure volume, strike
energy, Joule heating power and closing time. The electromagnetic
component of the PM contactor is a cylinder structure and the
volume can be calculated as

Vm X = π x6

2
2

x7 . (2)

According to the energy conservation law

∫
x0

x
Fm X dx = 1

2kbxm
2 + E1 X , (3)

where E1 X  is the strike energy, Fm X  is the combined
electromagnetic force generated by the PM and the coil, xm is the
moving core displacement and kb is the stiffness of the reaction
spring. The strike energy E1 X  can be solved as

E1 X = ∫
x0

x
Fm X dx − 1

2kbxm
2 . (4)

It is seen in (4) that the electromagnetic force Fm X  needs to be
identified to obtain E1X. Equivalent magnetic circuit analysis is
used to identify Fm X . The equivalent magnetic circuit of Fig. 2 is
shown in Fig. 3, in which ℜm is the equivalent magnetic resistance
of the PM, ℜa1, ℜa2 and ℜa3 are the air gap reluctances, ℜp1, ℜp2

and ℜp3 are the reluctances of the moving core, ℜs1, ℜs2, ℜs3 and
ℜs4 are the reluctances of the static core and the yoke, Hc is the
magnetic coercive force, i is the excitation current, Nc is the coil
turns per metre and hm is the thickness of the PM. The interior
magnetic resistance of the PM can be expressed as

ℜm = Fψ
ϕ = Hchm

BrS
= Hcx1

Brπ x2/2 2 , (5)

where Fψ is the magnetomotive force of the PM, ϕ is the flux in the
magnetic path, Br is the PM remanence and S is the cross area of
the PM. The cross area of the magnetic path is the same. By using
the definition of the parameter vector X, the reluctances of the
moving core, the magnetic yoke and the static core can be
calculated as

Fig. 1  Structure of the PM contactor
 

Fig. 2  Simplified geometry of the electromagnetic component
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ℜa1 = ℜa2 = ℜa3 = x4

μ0π x2/2 2 , (6)

ℜs1 = ℜs2 = x7

μ0μrπ x2/2 2 , (7)

ℜp1 = ℜp2 = ℜs3 = ℜs4 = (1/2)x6

μ0μrπ x2/2 2 , (8)

where μ0 is the permeability of the free air. The magnetic path
consists of solid #10 magnetic steel (AISI 1010 equivalent). Eddy
current losses can be omitted since the contactor is excited with
constant current and the duration of the current is very short. To
consider the nonlinearity of the relative permeability μr, we assume
the ratio between the flux density and the field is described by the
Froëlich equation [22]:

B = aH
1 + bH , (9)

where the parameters a and b are identified from the experimental
data. After identification, the values a = 0.001 and b = 0.0006 are
used. The parallel reluctance in Fig. 3 can thus be written as

ℜpal = 1
2 ℜp1 + ℜa1 + ℜs1 + ℜs3 . (10)

The reluctance of the pole of the moving core can be calculated as

ℜp3 = x5

μ0μrπ x2/2 2 . (11)

Combination of (5), (10) and (11) gives an expression for the total
reluctance of the magnetic path:

ℜtol = ℜm + ℜpal + ℜp3 + ℜa3 . (12)

To consider the flux leakage in the magnetic path, a position-
dependent coefficient kσ is used, which is interpolated as the
function of the position of the moving core and the thickness of the
PM [15]:

kσ = x4 + x1

x1
. (13)

Thus, the flux in the moving core can be written as

ϕm = ϕ
kσ

. (14)

According to Ampere's law

Hchm + Nci = kσBaS ℜm + ℜpal + ℜp3 + ℜa3 , (15)

where Ba is the flux density in the moving core. From (15), Ba can
be solved as

Ba = Hcx1 + Nci
ℜm + ℜpal + ℜp3 + ℜa3

. (16)

Experimental measurements have been conducted to verify (16). A
thin layer pickup coil is wound on the moving core and a
Lakeshore 480 flux metre is used to measure the dynamic flux
density. The bandwidth of the flux metre is 50 kHz and the
sampling frequency is 100 kHz. A digital current source is used to
supply the excitation current with a magnitude of 800 mA. The
result is shown in Fig. 4. Since we have considered the influences
of both nonlinear permeability and flux leakage, the calculated flux
distribution is consistent with the measurement.

The attraction force generated by the PM and the coil can be
expressed as

Fm X = Ba
2S

2μ0
= Ba

2π x2/2 2

2μ0
. (17)

To determine the closing time of the PM contactor, the velocity of
the moving core is calculated:

v X = v0
2 + 2∫

x0

x Fm X
M dx, (18)

where M denotes the mass of the moving component and v0 is the
initial velocity. Since dt(x)/dx = 1/v(x), we have dt(x) = dx/v(x).
Then the time integration can be expressed as follows:

∫
t0

t
dt x = ∫

x0

x dx
v x = ∫

x0

x dx
v0

2 + 2∫x0
x (Fm X /M) dx

. (19)

So the closing time T X  can be calculated as

T X = t = t0 + ∫
x0

x dx
v0

2 + 2∫x0
x (Fm X /M) dx

, (20)

where t0 denotes the initial time and x0 is the initial position.
The Joule heat effect of the electromagnetic coil needs to be

considered in the optimisation process. A cross section of the coil
is shown in Fig. 5, in which each circle represents a coil turn. The
coil height is denoted with l and it is considered the same as the
inner height of the yoke. By using the formula of arithmetic

Fig. 3  Equivalent magnetic circuit model
 

Fig. 4  Comparison of calculated flux density with experimental
measurement
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sequence summation, the total length of the coil wire Lt can be
calculated as

Lt = x10x2πl
4x11

2 + x10
2 πl

4x11
2 . (21)

The Joule heat power can be expressed as

Ph X = i2ρ
Lt
Ac

= ρx9
2 x10x2l + x10

2 l
4x11

4 , (22)

where Ac denotes the cross-sectional area of the wire.

3.2 Optimisation of the closing process

It has been discussed that for the multi-objective optimisation of
the PM contactor, the contactor volume is expected to be small.
This implies that Joule heating in the coil is limited. Also, the
closing process is desired to be fast but minimal mechanical
impact. The following evaluation function is constructed to
implement the multi-objective optimisation:

f X = λ1Vm X
Vm0

+ λ2E1 X
E0

+ λ3T X
T0

+ λ4Ph X
Ph0

, (23)

where Vm0, E0, T0 and Ph0 are the initial design parameters based on
an existing PM contactor, λ1, λ2, λ3 and λ4 are the weighted factors
which satisfy the following equation:

λ1 + λ2 + λ3 + λ4 = 1. (24)

A GA is used to minimize (23) [23, 24]. The objective is to find a
vector x∗ in the solution space X∗ that minimises the evaluation
function (23). To apply the GA, a solution vector x∗ ∈ X∗ is
encoded as a string of binary numbers called a gene. Genes are
cascaded to form a longer string called a chromosome. The genetic
algorithm operates with a collection of chromosomes, called a
population. As the search evolves, the population includes fitter
and fitter solutions, and eventually it converges to the solution x∗.
The flowchart of the GA is illustrated in Fig. 6. 

When determining which pair of strings is selected from the
current population Θ, the selection probability P xi  is calculated as
follows:

P xi = f xi − f min Θ
∑ j = 1

N f xj − f min Θ
, (25)

where f xi  is the fitness of individual i, N is the population size
and f min Θ = min f x x ∈ Θ . In the optimisation of the closing
process, the estimation function needs to be subjected to the
following constraint conditions:

i. The permanent magnet is placed inside the magnetic yoke

x1 < x7, x2 < x6 . (26)
ii. The height of the moving core should be less than the distance

between the moving core and the stator, which is

x4 < x5 . (27)
iii. To ensure that the contactor can be closed when subjected to

the excitation current, the ampere–turns product needs to be
greater than minimal value, Nci = x9x10/(4x11

2 ) > Fδ, where
Fδ = 4000 is identified from the force magnitude of the
reaction spring in our design.

The convergence of the objective functions in the closing process is
illustrated in Fig. 7 and the optimisation results are listed in
Table 2. It can be seen from Fig. 7 that the four objective functions
converge to steady-state values in about 260 runs. The optimal
parameters listed in Table 2 show that the closing performance of

the contactor has been improved through the optimisation process.
The volume of the contactor is decreased by 46.46%, which is
beneficial for reducing the manufacturing costs. The closing time
has been decreased by 23% and the strike energy is decreased by
54.12%. Since a thicker wire is used, the Joule heat has been
decreased by 26.8%. These optimisation results show that the

Fig. 5  Symmetric geometry of the electromagnetic coil
 

Fig. 6  Flowchart of genetic algorithm
 

Fig. 7  Optimisation of the objective functions (closing)
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contactor is closing faster and the mechanical durability can be
increased.

3.3 Optimisation of the forced breaking

In this section, the forced breaking process is optimised based on
the optimisation results discussed in the previous section. It is
noted that the behaviour of the forced breaking only depends on the
spring compression x3 and the stiffness x8. According to the energy
conservation law

1
2 x8x3

2 + 1
2kbx4c

2 = ∫
x0′

x4c

Fmcdx + E2 X , (28)

where E2 X  is the strike energy in the forced breaking process and
the subscript c denotes the optimised value in the previous section.
The optimised hold force Fmc can be calculated based on (17), by
taking current i as zero. The strike energy of the forced breaking
can be solved as

E2 X = 1
2 x8x3

2 + 1
2kbx4c

2 − ∫
x0′

x4c

Fmc dx . (29)

It is seen from Figs. 1 and 2 that the breaking spring compression
x3 is less than the distance between the moving core and the stator
x4. The full forced breaking process can be divided into two
periods. In the first period, the moving core is subjected to three
external forces, the restoring force from the breaking spring, the
restoring force from the reaction spring and the holding force from
the permanent magnet. The total force FT1 can be written as

FT1 = Fr + Fb − Fmc if xt < x3, (30)

where Fr is the force from the reaction spring, Fb is the force from
the breaking spring and xt is the displacement of the moving core in
the forced breaking process. By using the similar procedure of
calculating the closing time T X , the forced breaking time of the
first period T21 X  is calculated as

T21 X = ∫
x0′

x3 dx

v0
2 + 2∫x0′

x3(FT1/M) dx
(31)

In the second period, when xt is larger than x3, the anti-force from
the breaking spring is zero and the moving core is only subjected to
the combined force of the reaction spring and the permanent
magnet. The total force FT2 can be calculated as

FT2 = Fr − Fmc if xt ≥ x3 . (32)

The forced breaking time of the second period T22 X  can be
calculated as

T22 X = ∫
x3

x4c dx
v0′2 + 2∫x3

x4c(FT2/M) dx
, (33)

where v0′ is the velocity at x = x3. Thus, the total forced breaking
time is

T2 X = T21 X + T22 X . (34)

Now we construct the evaluation function as

f b X = β1E2 X
Eb0

+ β2T2 X
Tb0

, (35)

where β1 and β2 are the weighted factors, and Eb0 and Tb0 are the
initial design parameters. The same optimisation procedure
developed in the previous section is used to minimise the function
f b X  and the optimisation process needs to be subjected to the
following constraints:

i. The force from the breaking spring and the reaction spring
needs to be greater than the holding force of the permanent
magnet, which is

2x8x3 + Fr > Fmc . (36)
ii. The spring compression x3 should be less than the optimised

x4c.

The optimisation results are shown in Fig. 8. The optimised
parameter values are shown in Table 3, where the breaking time
has been decreased by 7.68% and the strike energy has been
decreased by 16.78%. The short breaking time is helpful to
extinguish the electric arc and the small strike energy is useful to
increase the mechanical durability of the system.

Table 2 Optimisation results of the closing process
Parameters Initial value After optimisation
PM height x1, mm 4 7
PM diameter x2, mm 12 16
distance between core and stator
x4, mm

10 12

core height x5, mm 27 23
yoke diameter x6, mm 40.5 30
yoke height x7, mm 36.9 36
excitation current x9, mA 200 893
coil width x10, mm 4 4.479
wire radius x11, mm 0.2 0.5
strike energy, N mm 1093 501.46
closing time, ms 13 10
volume, mm3 47,536 25,450
joule heat, W 0.2368 0.1733

 

Fig. 8  Optimisation of the objective functions (forced breaking)
 

Table 3 Optimisation results of the forced breaking process
Parameters Initial value After optimisation
spring compression x3, mm 8.6 6
stiffness x8, N/m 3000 3420
strike energy, N mm 411 311.1
breaking time, ms 14.46 13.35
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4 Breaking control strategy
4.1 Control modules

There are three modules in the controller design, the normal control
module, the failure detection module and the breaking protection

module. The block diagram of the controller is illustrated in Fig. 9. 
The normal control module is used for the normal operations
control of the contactor. There is a control unit embedded in the
control module to supply the constant current for closing. Feedback
is implemented with a current sensor. Breaking failure is detected
by measuring the auxiliary contact voltage. Failure can be
confirmed if this voltage remains unchanged when the breaking
signal has been received. The protection module will not be
triggered if the contactor breaks correctly in each operation. If a
breaking failure is detected, the protection module will be activated
and the contactor will be forced to break under the actuation of the
forced breaking mechanism.

The circuit schematic of the normal control module is shown in
Fig. 10. The power supply P1 is from the electric utility. The
current direction in the excitation coil is controlled by the thyristors
Q1, Q2, Q3 and Q4. When the contactor needs to close, Q1 and Q3
will become conducting and the direction of the current flow is
marked as arrow 1. The moving core will be attracted downward
by the combined force of the coil and the permanent magnet. In the
opposite, if Q2 and Q4 are switched on, the current flow will be with
the direction of arrow 2. The permanent magnet will be
demagnetised and the contactor will return to the open state under
the actuation of the reaction springs.

The schematics of the failure detection module and the breaking
protection module are illustrated in Fig. 11. Usually the breaking
failures result from a power supply failure. In order to increase the
breaking reliability, the power supply to the protection module P2
is selected as the 380 V line voltage of the contacts. This design
enables that the power supply always can be guaranteed as long as
the contactor is in the closed state.

4.2 Control logic design

The voltage at point A in Fig. 11 is marked as the external breaking
signal VA and the voltage at point B is marked as VB. If there is no
external control signal, VA is maintained high and the contactor is
kept in the close state. If VA is low, a breaking signal is received
and the contactor needs to break instantly. VB in Fig. 11 denotes the
auxiliary contact voltage. The contactor breaks correctly if VB is
low. The contactor encounters breaking failure if VB is high. Here
we use VC to represent the trigger voltage of the actuator coil in
Fig. 11. If VC is high, the actuator is triggered and the contactor is
forced to break. The truth table of the logic controller design is
shown in Table 4. It is seen from the table that the condition to
trigger the actuator is AB. Since AB = A + B, so the controller can
be implemented with one OR gate and two NOT gates. In Fig. 11 it
is observed that one of the NOT gate is constituted by R6 and Q1 to
obtain B at BD. The diodes of D1 and D2 are connected in parallel.
The OR gate is implemented with D1, D2 and R7 to get A + B at
DQ. R8 and Q2 are connected with the same structure as R6 and Q1,
and A + B can be obtained at QQ to finally control the actuator
coil.

In practice, there is a time delay between the voltages at A and
B. The time sequences of the two voltages are not exactly
synchronous and the time delay can be observed from Fig. 12. It is
seen that there is time delay Δt between the fall edges of VA and
VB. In this circumstance, the trigger condition AB will always be
satisfied, regardless of what the real control input is. In order to
solve this problem, we use an RC circuit to compensate the time
delay. The RC circuit is composed of R7 and C3. It is seen from
Fig. 11 that C3 starts to discharge when the breaking signal is
received. The thyristor Q3 will not be conducted before C3 is
discharged to the threshold voltage. If it is detected that VB is still
high after C3 reaches the threshold voltage, Q3 is conducted and the
actuator will be triggered (Fig. 15).

Fig. 9  Block diagram of the controller design
 

Fig. 10  Circuit schematic of the normal control module
 

Fig. 11  Circuit schematics of the failure detection module and the
breaking protection module

 
Table 4 Truth table of the logic design
Input Output
A B C
0 0 0
0 1 1
1 0 0
1 1 0
 

Fig. 12  Waveform analysis chart
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5 Experimental research
5.1 Evaluation of the time delay circuit

In order to implement the RC circuit design, the magnitude of Δt
needs to be identified. A breaking experiment is performed to
investigate the value of Δt (Fig. 13). A laser sensor is used to
measure the breaking displacement and an oscilloscope is used to
record the measurement data. The sampling frequency is set as 50 
kHz. The experimental result is shown in Fig. 14. It is noted that
what we have plotted in the figure is VB and the inverting of VB.
Here we use VB2 to represent VB. In order to plot VA and VB2 in the
same window, the magnitude of VA has been scaled by 10. It is
seen from Fig. 14 that the breaking signal is received at time
t1 = 49.9 ms. The auxiliary contacts break at t2 = 95.3 ms. The time
delay Δt is around 45.4 ms. This value is used in the RC circuit

design by considering some safety margin. The time delay is
calculated according to the following equation:

td = RdCd × ln V1 − V0

V1 − Vt
, (37)

where V1 is the capacitor voltage after discharge, V0 is the voltage
before discharge, Vt is the capacitor voltage at time t, Rd is the
resistance and Cd is the capacitance. In our design, the capacitor
threshold voltage is selected as 5 V, V0 = 12 V, V1 = 0 V,
Rd = 30 kΩ, Cd = 2.2 μF and the calculation result of td is 57 ms.

5.2 Comparative experiments

In order to verify the functionality of the forced protection
mechanism, two groups of comparative experiments are conducted
to investigate the performance of the protection module and the
mechanism. In the first group, the PM contactor is in the closed
state and the power supply to the normal control module is
removed. Breaking results are illustrated in Fig. 15. It is seen that
when the breaking signal is received at t3 (the breaking voltage
VA = 0 at this point), both the capacitor voltage VB2 and the
auxiliary contact voltage VC are zeros. After the capacitor voltage
is discharged to the threshold value, it is detected that VB2 = VB is
still zero. The trigger condition AB is satisfied and VC changes to
high voltage at t4. Thereafter the voltage of VB2 changes to high at t5

and the breaking displacement xt is observed from the figure. This
proves that the contactor breaks correctly even if the power supply
to the control module is removed. In the second group of
experiments, the contactor is kept in the closed state and the power
supply is reconnected. The experimental result is shown in Fig. 16. 
It is seen that the breaking signal is received at t6. The power of the
normal control module has been restored and the contactor breaks
correctly at t7. This happens before the capacitor voltage discharges
to the threshold value and condition AB is not satisfied. The
protection mechanism is not triggered and it is observed in Fig. 16
that VC maintains low voltage in the whole breaking process.

5.3 Verification of the emergency protection

A durability test of the proposed PM contactor is discussed in this
section. This test is conducted to verify that when the contactor is
in the working condition, whether the circuit still can be cut off
(emergency protection) when a breaking failure happens. Four
contactor prototypes have been fabricated based on the optimised
parameters. According to IEC 60947-4, the prototypes are tested
with a current equal to three times the rated current of 25 A.
Closing and breaking cycles are applied to the contactors and the
cycle numbers are recorded by a counter. The test is stopped if the
contactor fails to close or the contactor is forced to break. In order

Fig. 13  Experimental setup
 

Fig. 14  Measurement result of the time delay
 

Fig. 15  Experimental result of forced breaking
 

Fig. 16  Experimental result of normal breaking
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to measure the forced breaking behaviour in the durability test, a
data acquisition unit is designed. The unit is not activated until it is
triggered by a step voltage. Here we choose the actuation voltage
VC as the trigger signal and the measured result is shown in
Fig. 17. It is seen from the figure that when a breaking failure
happens, the main circuit still can be cut off (VB2 = High). These
results demonstrate that the breaking failure issue exhibited by
other designs has been successfully solved with the proposed
design. It is emphasised that the recorded data in Fig. 17 is the last
cycle of the durability test. The normal control module fails to
break the contactor in the last test cycle. Under the actuation of the
protection mechanism, the contactor is forced to break and the
main circuit is successfully switched off by the contactor. The
durability test results of the four prototypes are illustrated in
Table 5. The forced breaking mechanism works successfully in the
test and potential electric damages have been avoided.

6 Conclusions
A new PM AC contactor is proposed which can be forced to break
if failure happens in the normal breaking process. The multi-
objective optimisation is used to design the contactor. The closing
and breaking performances have been improved after optimisation.
A control strategy based on logic circuit design is proposed to
control the protection mechanism. Experimental results show that
if the normal control module works correctly, the protection
module will not be activated. If the contactor encounters the
breaking failure, the protection mechanism will be triggered and
the contactor will be forced to break. A durability test is performed
to verify the functionality of the contactor. It is seen in the test
results that the protection mechanism successfully breaks the
contactor in the last cycle of the durability test.
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Fig. 17  Forced breaking in the durability test
 

Table 5 Durability test results of the four prototypes
No. Test cycles State
1 24,181 failed to close
2 13,522 failed to break, the coil is burnt, forced breaking
3 22,914 failed to break, the coil is burnt, forced breaking
4 18,291 failed to close
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