Detection of Plunger
Movement in DC Solenoids

w3 TEXAS INSTRUMENTS

Manu Balakrishnan
System Engineer

Motor Drives

Texas Instruments

Navaneeth Kumar N 4 /

System Architect
Motor Drives
Texas Instruments

/s



Abstract

The detection of the plunger movement in solenoids is required to ensure proper
operation of the solenoid actuator. This paper proposes a method to detect the
movement of plunger in a solenoid by sensing the solenoid current. The solenoid
excitation current have a prominent dip during power up due to the back EMF
generated by plunger movement. The solenoid current dip due to back EMF remains
constant irrespective of the temperature. The solution proposed in this paper utilizes
this characteristic of the solenoid current in detecting the movement of the plunger in
the solenoid valve. Absolute difference in current dip is measured and is used to define
the threshold for detection of plunger movement. The detection logic circuit senses
the solenoid current and when the current drops below the predefined threshold, it will
be interpreted as the end of plunger movement. The proposed method is validated at

different temperatures.

I. Introduction

Electromechanical solenoids are used in valves,
relays and contactors. Solenoid coils are rated to
operate from 12-V to 24-V DC and 110-V to 230-V
AC systems with a power consumption ranging
from 8 to 20 W), Electromechanical solenoids
consist of an electromagnetically inductive coil
wound around a movable steel or iron slug called
the armature, or plunger[g]. Solenoid coils need
more current only during actuation, called the pull

in current, to pull the plunger into the solenoid.
However once the solenoid is actuated, the solenoid
coil needs approximately 30% of its nominal current,
called the hold current, to keep the plunger in the
same position[7]_[9]. Solenoid coils operating with
nominal current consistently raise the temperature
in the coil due to higher power dissipation. Once
the plunger movement is detected, the steady state
current can be reduced to the hold current value to
minimize the power dissipation in the solenoid. The

detection of the plunger movement is required to
ensure the proper operation of the valve, relays or
contactors.

There are different methods and algorithms available
in the literature, to detect the movement of plunger
in solenoids. The use of Hall sensors is explained
in [3], [4]. However Hall sensors may fail to detect
the faulty or slow movement of the plunger. Some
algorithms use the excitation current profile of the
solenoid® ® to detect the proper operation of
solenoids. However the current profile depends on
the working temperature of the solenoids. These
methods may fail to detect the faulty operation of
solenoids during temperature variation.

This paper proposes a method to detect the
movement of the plunger in solenoid which is
immune to temperature variation. The method
utilizes the current profile of the solenoid due to
motion Back EMF to detect the plunger movement.
In this paper modeling and characterization of
solenoids is explained in section Il. The effect of



temperature variation on solenoid characteristics
is evaluated. The different plunger movement
detection methods are detailed in section lll. The
proposed method and the experiment results
showing the performance of the proposed method
at different temperature are also covered.

1. Modeling and
characterization of
solenoid coils

Linear solenoids are electromechanical devices
which convert electrical energy into a linear
mechanical motion which is used to control

an electrical or pneumatic or hydraulic system.
Figure 1 shows the cross sectional view of an
electromagnetic solenoid. The solenoid consists
of an electromagnetically inductive coil wound
around a movable armature, or plunger. The coil is
shaped such that the armature can be moved in
and out of its center, altering the coil’s inductance®.
The plunger provides mechanical force to activate
the control mechanism, for example opening and

closing of a valve.
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Figure 1: Cross sectional view of an electromagnetic
solenoid

The solenoid is operated by applying an excitation
voltage to the electrical terminals of the solenoid.
This voltage builds up current in the solenoid

winding. This current produces a magnetic flux
that closes through the solenoid’s housing, plunger
and air gaps which form a magnetic circuit. The
magnetic field, through the main air gap, exerts an
attractive force on the plunger intent to pull it inside
the housing.

In general a typical solenoid consists of an
electromagnetic system and a mechanical system.
The electromagnetic system converts applied
voltage to magnetizing current which in turn
produces an electromagnetic force. The mechanical
system consists of the plunger and return spring
producing the linear movement due to the
electromagnetic force.

A. Mathematical modeling of the
solenoids

The simplified electrical equation of a solenoid can

be written as in (1).

d¥(i,x)
dt

V=iR+

1

Where V is the applied voltage, R is the cail
resistance and W is the flux linkage. The first term
of the equation refers to the resistive drop and

the second term is the induced voltage!! . The
inductance of the coil depends on the position of
the plunger (x(t)) since the magnetic reluctance

of the solenoid depends on the plunger position.
Therefore the flux linkage in the coil depends on the
current in the coil and the position of the plunger.
Equation (1) can be expanded to obtain (2).
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Substituting ¥ = Li

VoiR+ Ly, I dLix) dx

L= )
dt dx = dt

The third term in (2) and (3) refers to the motional
back EMF (electromotive force), a voltage induced



due to reluctance changes by plunger

movementm' [2].

The electromagnetic force on the plunger is the
gradient of the accumulated energy in the working
air gap and core of the solenoid. The developed
electromagnetic force depends on the solenoid

current and the inductance gradient[z].

_ OE(i,x)
%

F

The mechanical model of the solenoid actuator

can be expressed by the motion equation which
consists of the electromagnetic force developed,
force by the return spring, damping, the force
exerted by the load on the solenoid (ex: pressure of
the fluid through the valve) and any other forces for

more accurate model.

B. Characteristics of solenoid coil

The solenoid is operated by energizing the solenoid
coil with an excitation voltage. Figure 2 shows the

magnetic flux distribution of the solenoid during the
excitation and Figure 3 shows the typical excitation

current characteristics of a solenoid. As soon as
the solenoid is energized, the current increases,
causing the electromagnetic force to increase until
it becomes strong enough to move the plunger
and the corresponding magnetic flux distribution is
shown in Figure 2(a).
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Figure 2(a): Solenoid is energized and the
electromagnetic force is strong enough to move the
plunger. (b) Plunger moved completely

current begins to rise
Figure 3: Excitation current characteristics of a
solenoid

In Figure 3, at point 1 the plunger starts moving
and the corresponding solenoid current is termed

as | The plunger movement induces back EMF

PEAK*
in the solenoid coil as explained earlier and this
causes a brief reduction in the solenoid current. At
point 2, the plunger has moved completely and the

current gets reduced to | The corresponding

VALLEY"
flux distribution in the solenoid is shown in Figure
2(b). After complete movement of the plunger, the
solenoid current continues to rise until it reaches its

maximum level limited by the coil DC resistance.

C. Effect of temperature on the
solenoid current characteristics

There are different factors which affect the excitation
characteristics of solenoid coil like external load on
the solenoid, operating temperature, spring tension,
damping, friction on the plunger movement path,
solenoid mounting orientation and so on.

To study the effect of temperature on the solenoid
a typical solenoid is characterized at different
temperature. The solenoid current is measured



using a 1 Q) sense resistor connected in series
with the solenoid coil. Figure 4 and Figure 5 show
the solenoid current at two extreme temperatures
of =30°C and +45°C. The curves shift up as the
temperature decreases because of the reduction
in resistance of the solenoid coil. However the

currents

difference between the I, and |, -,

remains constant across temperature spread.
Figure 6 shows the current drawn by the solenoid at
different temperatures.
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Figure 4: Solenoid current characteristics at -30°C
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Figure 5: Solenoid current characteristics at +45°C
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Figure 6: Solenoid current curves at different
temperatures

lll. Plunger movement
detection in solenoids

Different methods are available in literature to detect
the position of the solenoid. Some of the methods
and algorithms are explained in following sections.

A. Plunger movement detection
using Hall sensor

Hall sensors are commonly used to sense the
plunger position in the solenoid. The use of Hall
sensors is based on the principle that the movement
of the plunger causes variation in flux Iinkage[sl' 4,
A Hall sensor is used as the sensing device to
detect the magnetic flux density produced by the
solenoid coil and hence the output of a Hall sensor
is proportional to the position of the plunger. The
Hall sensor will be mounted at a suitable place to

detect the variation in flux linkage.

There are some drawbacks if a Hall sensor is used
for detecting the plunger position. The mechanical
mounting of these sensors are complex and their
performance is affected by aging. In a faulty solenoid
the plunger movement can be slow due to any
factors like friction, rusting, etc. However the Hall
sensor will provide a signal at the end of the plunger
movement. Hence using a Hall sensor cannot detect
such slow or faulty movement of the plunger.

B. Plunger movement detection
using the excitation current
profile of the solenoid

In literature, various solutions have been proposed
which utilizes the excitation current profile of the
solenoid for detecting the proper movement of a
solenoid.

The solenoid plunger position detection algorithm
described in [5] makes use of the solenoid



characterization data. The current required to start
the movement of the plunger, the current at the end
of plunger movement and the corresponding time
obtained during solenoid characterization are stored
in the controller as predetermined values. During
normal operation the measured time and actuating
current values are compared with the predetermined
values. The difference between the measured and
predetermined values is used to decide the proper

functioning of the solenoid.

There are algorithms which measure the slope of
the excitation current profile of the solenoid®. The
inductance of the solenoid depends on the plunger
position. Therefore the slope of the current curve
before and after the plunger movement will be
different. The algorithm explained in [6] measures
the slope of the current curve at three different
instances and compared to detect the position of
the plunger.

These algorithms are not addressing the
effect of temperature variation on the solenoid
characteristics.

C. Plunger movement detection
using fixed reference for peak
and valley current

This is another plunger movement detection method
utilizing solenoid current profile. The detection logic
uses two comparators with fixed references for
detecting peak and valley current. The plunger will
be characterized at one temperature T1 (Figure 7)
and these values are used

to obtain | and |

PEAK
as the reference thresholds for the comparators.

VALLEY’

Comparaor1 has reference threshold of I,

the

comparator1 output becomes high. Comparator2

and when the solenoid current reaches | .,

will be enabled when comparator 1 output reaches

high. Comparator2 reference is | and when

VALLEY

the solenoid current dips to | comparator2

VALLEY

output becomes high and this signal is used as

the indication signal for movement of the plunger.
However as the temperature changes, the solenoid
nd

s ey @Nd hence the comparator may not detect the

curves shifts up or down, which changes |.,, @
proper plunger movement. In short, pre-fixing the
threshold may fail to detect the plunger operation

properly with temperature variation.

Solenoid Current
at Temperature T2

Reference for

Comparator 1 =—*=—"=—" T1>T2

Reference for __
Comparator 2

Solenoid Current
at Temperature T1

Figure 7: Fixed references for peak and valley
current

IV. Proposed method
of plunger movement
detection

The proposed method to detect the plunger
movement utilizes the excitation current profile

of the solenoid. This method is derived by
characterizing the solenoid at different temperatures.
Figure 6 shows the current drawn by the solenoid
at different temperatures. The curves shift up as the
temperature decreases because of the reduction

in resistance of the solenoid. But it can be noticed
that the difference between the peak and valley of
the solenoid current dip due to back EMF remains
constant irrespective of the temperature. This
characteristic of the solenoid current is utilized



in detecting the movement of the plunger of the

solenoid valve.
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Figure 8: Threshold using absolute difference
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Absolute difference between | and |

PEAK VALLEY (aS

shown in Figure 8) is measured and is used to
define the threshold for detection of plunger
movement. The threshold is set slightly above

[ and is referenced to | so as to make the

VALLEY PEAK

detection circuit immune to temperature variation.
Figrue 9 shows a typical solenoid driver circuit. The
solenoid current controller is used to control the
peak and hold current of the solenoid by using a
switching device like BJT or MOSFET®!,

24/48V DC
SOLENOID
DRV110
(Solenoid
Controller)
Bl Low Solenoid
F= Pass urren
% Filter
GND

Figure 9: A typical solenoid driver with current
sensing

Figure 10 shows the block diagram of the plunger
movement detection circuit consisting of an

amplifier, active peak detector, op-amp adder and a
comparator. The detection logic is implemented by
simple op-amp circuits rather than using a sensor or
controller.
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Figure 10: Block diagram of the proposed method
of plunger movement detection

The solenoid current is detected using a sense
resistor. The voltage across the sense resistor is
amplified by the op-amp and is fed simultaneously
to the active peak detector and the level shifter
consisting of buffer and op-amp adder circuit.

Figure 11, on the following page, shows the
waveforms at different nodes in the plunger position
detection circuit. The peak detector output tracks
the solenoid current till point 1, where the solenoid
plunger starts moving. After this point the solenoid
current decreases because of the back EMF and
the current dips to point 2. But the output of the
peak detector will remain to a value equal to the
peak value at point 1, and is fed to the non-inverting

input of the comparator.

The amplified solenoid current is level shifted by
adding the predefined threshold, the absolute

difference between |, and |, .-
input of the comparator is fed with level shifted

The inverting

solenoid current.
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Figure 11: Waveforms at different nodes in the
proposed plunger movement detection circuit

The output of the comparator |, goes high and is
latched when the level-shifted current falls below the
peak detector output. When the solenoid is faulty or

didn’t move or moved slowly, the solenoid current
will not have a dip or dip of sufficient magnitude
to fall lower than the predefined threshold set by

the circuit parameters and hence the output of the

comparator | will be always low.

TRIP

The absolute difference between |, and |, -,

(threshold) varies with different types of solenoid. In

the proposed circuit the threshold is set by using
a resistive divider. Therefore with different types of

solenoid, based on the absolute difference between

loeac @Nd 1, the resistive divider values can be

adjusted to define the threshold.

Figure 12: Solenoid driver board having plunger
movement detection circuit

Figure 12 shows the image of the solenoid driver
board having the plunger movement detection
circuit.

Figure 13 shows the experiment test results of the
plunger movement detection circuit. When the
plunger has moved completely the solenoid current
dips to the valley point and the comparator output

|- latches to high.
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Ch4 — Solenoid current Ch1 — Non inverting input of the comparator
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Figure 13: Experiment test results of the proposed
method

The solenoid and the driver board are kept inside
the thermal chamber and been tested at different
temperatures. Figure 14 and Figure 15 show the
results of the test done at an ambient temperature
of +55°C and —30°C respectively. The fault
indication output signal is high till the plunger has
not moved and goes low at the end of the plunger
movement. The results validates that the plunger

|&® 0oV & 100V 1
= € 500ma Bgfa00ms 123500 B S 350V <10Hfo15256

Ch4 — source current Ch1 = ligp (Output of the comparator)
Ch2 — Fault Indication output signal Ch3 — Amplified solenoid current

Figure 14: Experiment test results of the proposed

method at +55°C



movement detection circuit is properly detecting

plunger movement at different temperatures.

and when the current drops below the predefined
threshold, it will be interpreted as the end of plunger
movement. The experiment results at different

Figure 15: Experiment test results of the proposed
method at -30°C

V. Conclusion

In this paper a method is proposed to detect

the proper movement of a plunger in a solenoid.
The proposed method detects the movement of

a plunger in a solenoid by sensing the solenoid
current. The method utilizes the prominent dip in the
solenoid excitation current characteristics between

peak current (I..,) and valley current (I, ), due the

PEAK
back EMF generated by the plunger movement. The
solenoid is characterized at different temperatures
and it is observed that the solenoid current dip due
to back EMF remains constant irrespective of the
temperature. The solution proposed in this paper
utilizes this characteristic of the solenoid current

in detecting the movement of the plunger of the
solenoid valve. Absolute difference between I,

and | is measured and is used to define the

VALLEY
threshold for detection of plunger movement. The

detection logic circuit senses the solenoid current

Stop i | Hodse Fitter D1
Y /\/—-———- temperatures validate the proposed method.
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