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Abstract - Solenoids are. presently used as cheap and robust swilching components. These are variable
reluctance devices with their characteristics dictated by a highly nonlinear magnetic circuit. This paper
describes the development work done on.converting a switching solenoid info a proportional device. It first
investigates the magnetic characteristics of a.solenoid, followed by developing a control model for the device.
Based on this model, a dual rate cascade control scheme with a nonlinear force mapper is proposed for
proportional control. This scheme is tested out by simulation and implemented on a Digital Signal Processor

based control hardware.
1. Introduction

Solenoids are presently used as mechanical switching
components only. They are simple in construction,
rugged, relatively cheap to produce, and can be totally
enclosed and sealed quite easily. However, these are not
suitable for use in proportional control, largely due to the
nonlinearity of their magnetic circuit and force
equations. :

Figure 1. shows the typical construction of a linear
and limited travel solenoid valve. The total travel of
such a solenoid is very short: in most cases it is less than
one centimetre.
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Figure 1 Construction of a solenoid valve
Present proportional actuators employ moving coil
" techniques working under constant magnetic field. This
" arrangement decouples the control from the nonlinear
magnetic behaviour. On the other hand, solenoids are
variable reluctance devices with their characteristics
dictated by highly nonlinear magnetic circuit [1,2].
Therefore it is very difficult to operate a solenoid as a
proportional  actuator using traditional feedback
techniques. _

This paper describes the development and
experimental work done on converting a solenoid into a
proportional actuator. Section 2 examines the magnelic

and control characteristics of a solenoid. A control
model, including nonlinear magnetic characteristics is
developed. Section 3 describes the dual rate cascade
control strategy, and its mechanism of nonlinear
magnetic characteristics compensation. Finally, section
4 reports the simulation and hardware implementation
results of such a controller on switching industrial
solenoid.

" 2. Development of the Control Model

Before any form of control strategy is proposed, a full

control model of thé¢ solenoid need to be developed.

Solenoid is.a variable reluctance device with its force
derived- from the change of magnetic flux linkage.
Thercfore, the flux linkage relationships with current and
position form the bases.of the full control modetl [3,4,5].

2.1 Dynamic Characleristics of a Solenoid

A solenoid has a resistive and inductive circuit. Its
voltage equation can be expressed as:

v=pri+Zt )
d

where I is the terminal voltage and R is the resistance of
coil. The flux linkage A is a variable dependent on the
current of the coil / and the air gap distance x. Therefore
the voltage equation can be rewritten as:

AA(x,1)
a
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L, is the inductance of the external circuit. Of the
three terms in the equation (2), the first term is the
resistive voltage drop. The second term is the inductive
voltage duc to change of current. The third term is
known as “back e.m.f' or ‘motional e.m.f. and is caused
by the motion of the plunger. Equation {(2) can only be




solved if the magnetic characteristics of the solenoid are
known.

On the mechanical sxde the solenoid can be
represented by a mass spring system:

mi=F,

mag - K.rx _mpg (3)
where m,, is the mass of the plunger, K is the spring
constant, g is the gravitational constant and 4 is the
force produced by magnetic field when the coil is
. energised. Fy,q, can be calculated from the co-energy
W'. The co-energy can be cstimated from the integration
of flux linkage against current:

MW (x,i) 4

F::mg & . ( )
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0 ;

Since the variables i and x are fully independent and
separable in relation to Afxi), it is permissible to
*differentiate under the integral sign'. Equation (4) and
(5) becomes:

OA(x,0)
& i=const
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mag
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For instantaneous value of F,;5, when x does not
change during that short period of time, equation (6) can
be written as:

F _ A, 0) 1)

mag & (7)

From equations (2),.(3), and (7) we can write a non-

linear state model:
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In equations (8) to (10), % and ‘Z“ are obiéined

;f from a model of the magnetic characteristics. Flux
. linkage relationships with current and position needs to
be found to complete the state model.

2.2  Measurement of Flux

Many methods are available on measuring the
magnetic characteristics of switched reluctance motors
[11] [12], This paper uses a measurement technique
based on a.c. excitation and induced e.m.f. measured by a
search coil wound on the solenoid's plunger {1]. The

plunger is also slightly modified to accommodate a non
feric screw for accurate positioning during
measurement.

To measure. the induced flux, an a.c. .voltage is. fed .

into the solenoid coil, with the plunger fixed at a
predetermined position.. Voltage and current waveforms
are digitised and recorded into the computer at 5kHz per
channel (100 sampling points per a.c. cycle). This
procedure is repeated again with plunger posxtlons
incremented at 0.5mm interview. The whole process is
completed when all the plunger positions' voltage and
current wavcforms have been measured. The
measurement set up is shown in figure 2.
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Figure 4 Flux linkage versus current

Flux and flux linkage through the plunger can be
obtained by the following equations:

1 1t

= . 4 11
()] : J;e(t) dt

Aty =N-D(t) (12)

where @(t) is the flux, A®) is the flux linkage, e(?) is the
voltage output from the search coil, N is the number of
turns of the solenoid coil, and N is the number of turns
of the search coil. Figurc 3 shows the hysteresis loops at
different plunger positions -obtained from  this
measurement method.

By joining the vertex of the hysteresis loops, the
magnetic characteristics of flux linkage versus current at
different positions (figure 4), and the flux linkage versus
position at different current levels can be obtained (figure
3). :

Change of flux linkage creates force on the plunger,
as described in equation (7). Therefore force is also a
two dimensional relation with current and position as
shown in figure 6. The plot is obtained by actual
measurement of static force against position and current.
Alternatively, the force function can be calculated by
applying equation (7) to the graphic plot of figure 5.
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Figure 5 Flux linkage versus position

3. The Proportional Actuator

There is little in recent literature which deals with
proportional control of solenoids. For the related
problem of rotary switched reluctance motors, M. Illic-
Spong et al [7,8] used Feedback linearizing technique to
tackle the problems of nonlinearity. Though it has
produced promising results in simulation, the method is
too complicated to implement in real time. D.G. Taylor
[9] used reduced order composite control for the variable
reluctance motor, however, external analogue hardware
is required to linearise the current voltage relation of the
switched reluctance motor. ‘

force (N)
16

12

position-(mm)
Figure-6 Variation of force against position and current -

Exploiting the fact that the current dynamics is at
Jeast an order faster than the mechanical dynamics, this
paper proposes a dual rate cascade control approach. A
fast inner loop current controller is employed (o regulate
the current-voltage nonlinearities of the solenoid, while a
slower outer loop trajectory controller is used to control
the mechanical dynamics. On top of this, a nonlinear
function is included to compensate the nonlinearities of
force against current and position. Figure 7 is the overall
block diagram of the control system.
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Figure 7 Block diagram of the control system

3.1  The Current Controller
A current controller is employed to linearise the current-

voltage relation of the solenoid. A simple P1 controller is
proposed.

Pl controllet

Figure 8 The current controller

Position can be assumed to be stationary during the
control time frame of the current controller, since current




dynamics are much faster than mechanical dynamics.
Thus, equation (2) can be simplified to:

V=Ri+L(i)-g—;;+E(i)% (13)

where L(i)=L, +% and E(i) =.i_£’.. E(i) constitutes a
disturbance term to the current controller as shown in
figure 8. However, under normal operation, E(i)
constitutes less than 5% disturbance to the overall
equation. Moreover, E(i) is approximately constant over
operation range of i, as shown in figure 5. Also, figure 4
shows that L(i) is also approximately constant within the
operating range, except when x=0. Thus, a PI controller
is sufficient to control a solenoid which essentially has a
resistive-inductive loading.

Standard Ziegler Nichols procedure can be used to
tune the controller. Since the controller is least stable
when inductance is large, the current controller should be
tuned at x=0, when the inductance is at its largest.
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Figure 9 Response of the current controller

with anti-windup .

Solenoids have large inductance; to avoid excessive
saturation to the integrator during step inputs, anti-
windup features should be present in the controller.

Figure 9 is the dynamic response of the current
controller. The worst case step response time is less then
0.01sec.

3.2  The Nonlinear Function Mapper for Force Control

' The nonlinear function bridges the link between the
" trajectory controller and the current controller. It
' receives force requirements from the trajectory controller
and outputs desired current set points to the current
controller. Since the relations of force, current, and
position are nonlinear in nature, a lookup table is used to
translate the force and position inputs to desired current
outputs.

Figure 10 is the force profile of the solenoid, this
information is stored as a two dimensional look up table.
A 20x20 elements look up table with two dimensional

linear interpolation is sufficient to describe the force
profile with an accuracy of £5% [10].

current (A)

T
/1%
N /s

0.1 o
% 2 4 6 8 10
position (mm)
Figure 10 ~ Measured force profile of the solenoid

3.3  The Trajectory Controller

The trajectory controller forms the essential part of
the slow sub-system. It is a typical PID controller. The
controller's operation is based on the assumption that the
current controller has perfect tracking capability, and the
non linear function mapper generates the linearised
current command ig to the current controller. Equation
(7) is rearranged to form the mechanical equation:

F=mp-—d21-‘ti+Ks-x+mp-g : (14)

The required force is calculated from the plunger's
position x, and acceleration dv/dr. The acceleration
value, derived from the output of the PID controller, is
fed into equation (14) to calculate the required foxce .. -

4, Implementation and-Resulis

A typical industrial switching solenoid valve is
employed to implement the proportional actuator. This
type of solenoid is being used in many types of industrial
applications. Its construction is shown in figure 1. The
solenoid has the following specifications:

Make Goyen Controls

Type Two stage switching solenoid
valve

Stroke length 10mm

Operating voltage | 24V d.c.

Maximum current | 0.6A

Resistance 40ohms

Inductance 0.35-1.1H

No of turns of coil | 2240

4.1  Simulation of the Controller

The control system including full model of the
solenoid is simulated to find out the performance of the




system. Figure 11 is the block diagram for the
simulation,

Results of the simulated trajectory response and step
response of the controller is shown in figure 13.

4.2  Hardware Setup

A Digital Signal Processor is used to implement the
controller in hardware. A half bridge power MOSFET
drivers with 165V supplies are used in the output stage.
The outer loop samples at 1kHz, while the inner loop
samples at 4kHz. PWM chopping frequency is set to
12.5kHz. The hardware setup is shown in figure 12.

o THEPOSITION CONTROLLER _ _ _ _ _. -
i
i
; X X i
*req : tajectory | F lre v
] controlter el ?gg;rnﬁg{or —3 Pwm ?
i
3
b R
_. MODEL OF THE SOLENOID
LERD | e
§ l[vl\ X 5
1 { [ K4
P FJF .
1
Ly e
t
Figure 11 Simulation of the controller
MOSFET
PWM driver
bsp ] “)‘D‘O@ solenoid
l_’ ..t ;
current \ i
1
i
position LVDT Lot
interface
< 5
~v
Connected to a PC for

overall issue of trajectory commands

Figure 12 Setup of the control system

43  Results

Figure 13 shows the simulated step response and
trajectory tracking response of the proportional solenoid.
The simulated results show that the controller can control
the plunger with reasonably high accuracy, speed and
stability.

These results are very similar to the results obtained
from hardware implementation, which are shown in
figure 14. This confirms that the solenoid's model is
valid and is sufficiently accurate.

The trajectory response of figure 14b shows that the
response is more oscillatory when the air gap is small.
This is partially due to the hysteresis effect and the
increase of inductance, which tends to make the control
system less stable. It is also caused by the-bulging of the
spring, which creates additional friction to the travel of
the plunger. Therefore it is best to avoid the 0-1.5mm
operating region.

The other end of the operating region is also difficult.
Figure 10 shows that the inward force produced can
never be greater than 1N when plunger is at 9mm. The
outward force produced by the spring is also very weak,
since the spring is nearly fully extended at this position.
The operational force range is very limited around this
region. Therefore it is also best to avoid the 8.5-10mm
operating region.
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Figure 13 Simulated responses of the controller: (a) step
response, (b) trajectory following

To conclude, the operating range of the solenoid
should be limited to 1.5-8.5mm for the chosen solenoid.
Figure 15 shows the stiffness of the control system. The
restoring force acting on the plunger is measured when
the plunger is deviated from its original set point position
of Smm. There is a large force change around the *
0.lmm region, then the force change becomes more



gentle outside this region. Overall the reasonably high
stiffness of the system indicates that the system can be
controlled to a high degree of accuracy.
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5. Conclusion

This paper proposes a method of converting a normal
switching solenoid to work as a proportional actuator.
The control characteristics of the solenoid is investigated
and a nonlinear control model is obtaincd. Then, an
intelligent control strategy based on dual rate cascade
control and force compensation is proposed. This control

method is implemented on a typical industrial solenoid
valve.  Both computer simulation and hardware
implementation confirm that the solenoid can be
controlled with reasonably good accuracy. However it is
best to avoid travelling into the two end limits, because ‘of
hysteresis and limited force range.

The proposed method is simple, easy to 1mplement
and the control algorithm can easily be transported to a
low cost processor.
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