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A new flux-weakening control strategy for permanent magnet contactors is proposed. By matching
the dynamic attraction force and the antiforce, the terminal velocity and collision energy of the
movable iron in the closing process are significantly reduced. The movable iron displacement is
estimated by detecting the closing voltage and current with the proposed control. A dynamic
mathematical model is also established under four kinds of excitation scenarios. The attraction
force and flux linkage are predicted by finite element method and the dynamics of the closing
process is simulated using the 4th-order Runge-Kutta algorithm. Experiments are carried out on a
250A prototype with an intelligent control unit to verify the proposed control strategy. © 2011

American Institute of Physics. [doi:10.1063/1.3549554]

. INTRODUCTION

New applications and new operating principles of per-
manent magnets (PM) are extended to contactors. Most de-
velopment efforts of energy-saving PM contactors focus on
control circuit design, magnetic field and dynamic perform-
ance analysis.'™ To reduce the contact bounces which is the
main critical component that undermines the performance of
contactors, the control strategies of closing phase selection
and displacement profile have been reported.*> However,
there are insufficient studies on how the PM attraction force
is regulated in the closing course to ensure the dynamic
attraction force and antiforce match well enough in order to
prolong the PM contactor’s lifetime.

The purpose of this paper is to employ a new flux-weak-
ening control strategy for improving the dynamic perform-
ance of PM contactor so as to reduce the terminal velocity
and collision energy of the movable iron.

Il. CONTROL STRATEGY

Figure 1 shows the proposed flux-weakening control
strategy, in which the closing process is divided into four
stages, which are, namely, flux-strengthening phase I
(0 <x<xy), freewheeling phase II after flux-strengthening
is switched off (x; <x <x,), flux-weakening phase III
(¥, <x < x3) and freewheeling phase IV after flux-weakening
is switched off (x3 <x <xy). In phase I, positive pulse-width-
modulation (PWM) voltage U, is applied to the coil to
control the collision speed of the movable and stationary
contacts to reduce the first contact bounce. A negative modu-
lation voltage U, is applied to the coil at the flux-weakening
control displacement point (x =x,) in the flux-weakening
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phase III. This generates a negative current in the coil to
weaken the PM magnetic field so as to reduce the PM attrac-
tion force quickly toward the closing end to reduce the
second contact bounce.

lll. MAGNETIC FIELD ANALYSIS

Considering the structural symmetry of the proposed PM
actuator,” only 1/4 of the volume is needed in the analysis.
Neglecting both eddy current and hysteresis, the nonlinear
magnetic field satisfies the following governing equations:

Vxv(VxA)=J inQ
ey

VxvwWVxA—-B,)=0inQ,

where J is the current density of the exciting current, v is the
reluctivity, A is the magnetic vector potential, B, is the resid-
ual flux density of PM.

Figure 2 gives the flux density distributions with the PM
actuator at the flux-weakening control point (x, =13 mm)
under three different excitation conditions. It can be seen
that the PM magnetic field is gradually weakened as the neg-
ative current increases.

Figure 3 shows the attraction force and antiforce versus
displacement. When compared to the other two curves with-
out any intelligent control strategy, it can be seen that the
attraction force curve 3 of the proposed PM contactor under
the flux-weakening control strategy matches better with the
antiforce curve.

IV. DYNAMIC SIMULATION MODEL
A. Control circuit topology

Figure 4 shows the main circuit topology of the intelli-
gent control unit. When both Q; and Qs are switched on, the

© 2011 American Institute of Physics
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FIG. 1. (Color online) Flux-weakening control strategy.

coil generates a positive current to realize closing. When the
flux-weakening control point is reached, both Q; and Q3 are
switched off and both Q, and Q4 are switched on to generate
a negative current in the coil to reduce the attraction force to-
ward the closing end.

B. Movable iron displacement estimation

Figure 5 shows the equivalent magnetic circuit of the
double E-core PM actuator. Due to structural symmetry of
the actuator, Fig. 5(a) is simplified as Fig. 5(b).

As shown in Fig. 5, R, is the PM reluctance, Ryii—1..3)
and Rgjj—1 23 are the respective reluctances of the movable
and stationary iron middle column, yoke and the side col-
umn. R, and R, are the working air-gap reluctances of the
middle and side column, respectively.

Considering the flux leakage by a coefficient of flux
leakage k,, the flux produced by the PM in the movable iron
can be expressed as

Prom = Qme/ko' (2)

where @, is the total flux of the PM. By curve fitting, the
coefficient of flux leakage can be approximately given by

_10+hm

kq
I

3

where [ is the working air-gap length of the middle breaking
position, /iy, is the height of PM.

According to Fig. 5(b), by combining (2) and (3), the
leakage magnetic reluctance is given by

2(Rpe + Re/2)
k,— 1

R =

(@ BS) ©

FIG. 2. (Color online) Flux density distributions. (a) PM only. (b) PM and
i=—0.25A. (¢) PM and i = —0.5A.
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FIG. 3. (Color online) Attraction force and antiforce vs displacement.

where Ry is the total reluctances of ferromagnetic material.
The total reluctance of the magnetic circuit is

1 [l 1
%——[—g-l-lo— (1+—)x+ l

= R, 5
oS s k urmka] )

where [, is the working air-gap length of the both sides, /. is
the total length of the closing magnetic circuit, x,,, is the rel-
ative permeability of the ferromagnetic material.”

According to Ampere’s law,

Ni + Fm = ch + (Pgapé}%gap (6)

where Fy, is the magnetomotive force (mmf) of the PM, N is
the CF)il turns, @g,, is the flux th.rougI} the working air-gap,
Rap is the reluctance of the working air-gap.

Substituting the working air-gap mmf @, Respwith a
constant C;, the coil inductance L can be obtained as

N? SN?

B letkolo—(kot Dx | Ltb(NitFy
D I ST AN

L=

+C (D

where a and b are the constants of the fro€lich equation, S is
the cross section area of the PM. Thus, the movable iron dis-
placement x can be estimated by’

ol tkelo koS N2 g
ko + 1 ke + 1\ + [ (u—iR)dt — Cii "
l. + b(Ni +F,
alks + 1)

where £, is a modified constant to consider the air-gap fring-
ing flux.

FIG. 4. Main circuit topology of the intelligent control unit.
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FIG. 5. Equivalent magnetic circuit.

C. Dynamic model

The PM contactor is a coupled system which satisfies
the voltage equivalence and D’Alembert’s mechanical
motion equations simultaneously. The coil is driven by posi-
tive and negative PWM pulses during the closing process in
which there are four working states, namely, flux-strengthen-
ing, freewheeling after flux-strengthening is switched off,
flux-weakening and freewheeling after flux-weakening is
switched off. The system under the four working states satis-
fies the same type of differential equation as follows:

iz_z = *u—i(Yyx)R

dv _ Fyx)—Fr(x)

dz’ix m

dt=v

M|t*f,,0*0 Ui, u|t:ta| =0

l//|t:1a0:0 lpO? Vli=t0=0 = 0, x|t:ta[):0 =0

l//|t:t,,1 = lpt[,w v|t:ta| = Vias x|t:ta| = X, )
=ty o V|t:z,,2 = Vs Xli=p, = Xt

u|t:l;,3 = U, u|t:t;,4 =0
1=lp3 lpfm’ v|t:t;,3 = Vi, x|t:[,,3 Xty
— lpt;,u Vi=tyy = Voo x|t:t/,4 KXipg
=ty wu:? v|t:t,‘2 = Vi) x|t:t,‘2 = Xty

where v is the closing velocity, m is the mass of the motion
parts, F' is the dynamic attraction, Fy is the antiforce. The
control voltage u is “+” under both flux-strengthening and
flux-weakening states. Conversely, “—” is assumed under
freewheeling state.

4 [ Current simulation 2
| Velocity |
3 simulation | 1.5
27 11 7
2 y £
1 “Velocity 0.5 =
experimenty,
0 0
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-1 -0.5
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FIG. 6. (Color online) The simulated and experimental results of velocity
and current.
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FIG. 7. (Color online) Experimental waveforms of three control schemes.
(a) Without intelligent control in black lines and commercial contactor in
red lines. (b) Flux-weakening control at x, =9 mm (CH1: 500 mV/div corre-
sponds to 2.5 mm/div; CH2: 100 mV/div corresponds to 1 A/div; CH3: 2 V/
div; CH4: 2 V/div; CHS: 2 V/div; CH6: 200 mV/div corresponds to 2 A/div)
(time scale: 5 ms/div for black lines; 10 ms/div for red lines).

The 4th-order Runge-Kutta method can be used to simu-
late the dynamic performance of the PM contactor during the
closing process by coupling the electric circuit equation,
magnetic field and motion equation together.

V. SIMULATION RESULTS AND EXPERIMENT

Figure 6 shows the simulated velocity of the movable
iron and current curves as well as experimental waveforms
during a complete closing process. It can be seen that the ex-
perimental results agree well with the simulated ones.

Figure 7 shows the experimental contact bounce wave-
forms of a PM contactor with and without flux-weakening
control as well as that of a commercial contactor. It can be
seen that soft landing of the movable iron can be realized in
the proposed control. This is because the positive and nega-
tive currents in the coil are effectively controlled and the first
and the second contact bounces are thus reduced signifi-
cantly for the PM contactor with flux-weakening control
when compared to the other two kinds of contactors.

VI. CONCLUSIONS

This paper reports a novel flux-weakening control strat-
egy which has been successfully applied to a PM contactor
to improve its dynamic performance and hence prolonging
its electrical lifetime. Experimental results are shown to ver-
ify the proposed control strategy as being correct and effec-
tive for adjusting the PM magnetic field.
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