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1. Introduction

In order to support the next generation Naval machinery automation requirements, predictive and adaptive shipboard
machinery systems have been proposed [1]. Their objective has been to enable real time predictive capability to help achieve
a much higher degree of autonomy than has been achieved so far. This paper analyzes a critical part of the automation sys-
tem, namely, actuator-valve systems that form an important part of what are termed “smart valve” systems. It is expected
that the present research will add to the suite of analytical and numerical tools in addition to providing insight for dynamic
performance prediction and control systems design.

Typical automation systems used in the US Navy consist of actuators, sensors, controllers, valves, piping, electrical cabling
and communication wiring. Many types of valves are in use [2,3]. Gate valves, where the disk is in the shape of a “gate” or
wedge are often used as isolating valves for pieces of equipment or key components, such as control valves, for service during
maintenance and repair. Globe valves consist of a round disk or plug-type disk seated against a round port and are some-
times called balancing valves. Check valves are used to prevent, or check, reverse flow. Butterfly valves have a thin rotating
disk and may be used for throttling purposes in addition to on/off control. Water control valves can again be classified as
two-way and three-way mixing or diverting valves.

All of these valves are nonlinear; but it is common engineering practice to linearize the characteristic curves about oper-
ating points, and to ignore the nonlinearities for all aspects of modeling, design and control. For most control valves, a plot of
the flow versus valve position is nonlinear. Most control system designs take the slope (valve gain) as the basis for a line-
arized model. If we were to plot a process variable versus this flow, such as temperature or composition, it would also be
nonlinear. Here the slope would be the process gain. These are called operating point nonlinearities. If the process variable
stays close to its set point, the slope does not change much. Thus, for a constant set point, minimal dead time, and good
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tuning, the process nonlinearity is not much of an issue. On the other hand, the control valve may have to move significantly
to achieve tight control. The control loop is then more likely to be affected by the nonlinearity of the control valve. Generally
the slope of the installed characteristic gets flat at low and high positions.

This paper will focus in particular on solenoid actuated butterfly valves and follows up the previous work done by the
authors [4]. There have been numerous papers focusing on the valve analysis driven by pneumatic actuators coupled by a
rack and pinion mechanism because of its high precision of operation and offering rapid responses which have been em-
ployed by several manufacturers and companies. The industries offer a wide range of valves including butterfly types cou-
pled by a spring to save the usage of energy and driven by pneumatic-based actuators.

There is a very limited amount of research on accurate dynamic modeling of valves driven by solenoid actuators. This
paper exploits the ideas of using a spring and damper to yield smoother responses for the system coupled by a rack and pi-
non mechanism utilizing a solenoid actuator, the modulating type as shown in Fig. 1a, instead of the pneumatic types. The
geometrical parameters of the solenoid are the same as shown in Fig. 2 [5] for the calculation of values of the path’s reluc-
tance. In a solenoid actuator, the key aim is to close and open quickly which is a motivation to consider its nonlinear behavior
for the valve opening and closing processes. It is a strongly nonlinear device and needs to be modeled as such.

2. Mathematical modeling

The system consists of a solenoid actuator energized by an electric voltage (DC or AC) which moves a plunger. The plunger
is connected to a butterfly valve through a rack and pinion arrangement. The magnetic flux generates the needed electro-
magnetic force to move the plunger and subsequently results in the rotation of the butterfly valve by the coupled rack
and pinion mechanism. An ideal pressure angle is assumed for the rack and pinion mechanism with an assumption of no
backlash of the gears. The valve controls the flow in a pipe and is hence subject to hydrodynamic forces. The investigations
of the opening and closing processes of the valve indicate differences regarding the behavior of hydrodynamic torque. The
hydrodynamic torque results in a nonlinear resistance and an aiding torque for the opening and closing processes,
respectively.

2.1. Electromagnetics

There has been some recent work on modeling and analysis of solenoid actuators [5-11]. The work by Zavarehi et al. [7]
and Rahman et al. [8] is similar to our model of the solenoid actuators. The assumptions include small air gaps between the
plunger and yoke, and negligible fringing, leakage, and eddy currents. Also, ignoring saturation and magnetic field nonlin-
earity leads to the following.

B = uH, (1)

where, B is the magnetic flux density, H is the magnetic field strength, and u is the magnetic permeability.

I
c
LI-J R di/dt

Pinion Rack /\/ \A
Butterfly Disk
Vo———> D

=\

(a) Schematic model (b) Solenoid actuator electric
circuit

Fig. 1. Schematic models of the system and the solenoid electric circuit.
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Fig. 2. Solenoid actuator configuration in millimeter [5].

Using Ampere’s circuital law for the magnetic motive force, the magnetic field intensity is proportional to the current, i,
and the number of coils, N. Applying it to the magnetic circuit,

7{ Hd¢ = Ni, )
where, ¢ is the length of the closed magnetic path (m). 4, the flux linkage (Wb) and ¢, the magnetic flux are related as follows:
J = Né¢. 3)
Also, simplifying Eq. (2) and combining with Eq. (3) with respect to the stated B — H relationship, one has,
l
Ri=c @)
Ni
= , 5
PSR 5)

where, S; is the projected cross-sectional area of the media normal to the magnetic flux, and R; is reluctance of the media.
Note that the magnetic flux has an inverse relation with the reluctance. Using the principle of virtual work, the electromag-
netic force can be computed by the following relationship.

Fag = 1 ©
By definition,
a [ e
Frnag :a/o Ax, 1)di. (7)
The reluctance of Eq. (4) can be shown to be represented by the following relation for the closing process.
ZH:R,« =C; + Cox. (8)

i=1

For all the above relations, x indicates the displacement of solenoid plunger (which is the air gap). Combining Eqs. (3), (5)
and (8), the total generated electromagnetic force for upward motion of the plunger can be calculated as follows.
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C,N%*i?
2(Cr + Co(Gax — X))

where gpqe shows the maximum stroke of plunger.

Eq. (9) demonstrates strong nonlinearity among the generated electromagnetic force, current, and plunger displacement.
Note that all the stated equations are just valid for the closing process of the valve which is accomplished by the upward
vertical motion of the plunger. The solenoid actuator can be modeled as an electronic circuit as shown in Fig. 1b.

)

mag —

. di
V =Ri+ a (10)
Combining Egs. (3), (4), (5), and (10), a state equation can be written for the current.
di  (V—-Ri)(Ci + Co(8max — X)) Cyix
dt N? (G4 Cogn — X)) an

2.2. Fluid mechanics

As shown in Figs. 1a and 3, the butterfly valve rotation angle is affected by the hydrodynamic torque exerted by the fluid
flow in the pipes, which has been subject to some experimental and theoretical investigations. Hydrodynamic torque acting
on a butterfly valve has been researched by [12-15]. As shown in Fig. 3, the ratio of the jet (V}, between the wall boundary
and the free-flow streamline) and inlet velocities of channel (Vy) is written as follows [12]:

7] 2

Vo (Ca +Ca)(1 —sin(a))’ (12)

where, C.; and C, are upper and lower contraction coefficients. Shown in Fig. 4a is the sum of C;; and C,, versus the valve
rotation angle for both the opening and closing processes of the valve.
The hydrodynamic torque (T},) is given by the following equation.

2
1, = 8PTDVo T;g Vo (“;—é) , (13)
Combining Egs. (12) and (13), the hydrodynamic torque is written as follows.
3 32pT.D3V;
" 3l(Car + Ca) (1 — sin(o))

(14)

F, mag
Pinion
A ¥
- mx T
kx cx

F, |

Fig. 3. The free body diagrams of both the butterfly valve and solenoid actuator.
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(b) Hydrodynamic coefficient
Fig. 4. Sum of C; and C., and hydrodynamic coefficient for both of the opening and closing processes.

where, p is the fluid density; T, is the torque coefficient; D, is the pipe diameter, and o presents the valve rotation angle. The
torque coefficient value can be calculated by a table look up process versus the valve rotation angle. With all parameters
being constant, the variation of the torque coefficient with the rotation angle is illustrated in Fig. 4b for both the opening
and closing processes of the valve. It is clear that the relationship is strongly nonlinear. Note that these relations were ob-
tained from a Computational Flow Dynamic calculation and do not have explicit analytical expressions.

In addition to the hydrodynamic torque affecting the rotation angle of the valve, the bearing torque is another prominent
effect which must be investigated. We present the methods of calculations of both the compressible and incompressible
flows. The experimental relation stating the magnitude of bearing torque, for a compressible flow, was derived by [16].

T
Tb,comp = §,UD5CRD3,AP. (15)
In extracting Eq. (15), AP is calculated as follows.
AP:%pKVé, 16)
where,
(Y g
= (V_0_1> ' (17)

Since Cg is dependent on the disk geometry, disk position, and valve pressure ratio (VPR), the exact value is likely un-
known. However, C; is dependent on both the lift and drag force coefficients and can be expressed by
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Cr=1/C; +C5. (18)

Modeling C; and Cp using powers of the sine and cosine functions based on the behavior of the individual coefficients for a
fluid operating at conditions included in [16], and approximating their behavior at disk positions of 0 deg and 90 deg yields
the following approximations.

€, =1.1% /sin ((%)3180), (19)
Cp = {/cos(a). (20)

Egs. (19) and (20) are strictly empirical and were developed from a curve fit to the measured results. For incompressible flow
[17], the bearing torque is as follows.

T
Towaer = g UD;D2AP. (21)

Clearly, the bearing torque would always act in a direction opposite to that of the valve rotation.
In addition to the above, we will need to include a seating torque whose behavior is similar to that of the bearing torque.
The following equation describes a relation of the seating torque and the pipe diameter [17].

T, = CsD?, (22)

where, C; is the coefficient of the seating area.
Adding the torques calculated by Egs. (14), (15), and (22), the total toque on the valve is obtained. Clearly, it has a highly
nonlinear relationship with the valve rotation angle.

2.3. Dynamics

As stated earlier, the dynamical equations must be modified with respect to the opening and closing processes of the
valve. As shown in Fig. 3, for the closing process, the dynamical equations of the plunger and butterfly valve can be written
as the following.

mX + cX + kx = Finag — F, (23)
Jo+bo=rF +Tp—Ty—Ts, (24)

where, m is the mass of the solenoid plunger; Tj, is the bearing torque; T}, shows the hydrodynamic torque; k is spring stiff-
ness; c indicates damping coefficient. For the opening process, the EOM can be written as follows.

Jé+ b6 =rFe — Ty — Ty — Ts. (25)

2.4. Numerical results

A Simulink model was developed based on the equations presented for modeling of the butterfly valve driven by the sole-
noid actuator for both the opening and closing processes of the valve. The parameters used in the simulation are given in
Table 1. We examine both the regular (springless) and modulating (with spring) actuators. For both the processes, Figs.
5-7 show the applied currents, vertical displacements and velocities of plunger, and finally valve rotation angles for the var-
ious magnitudes of the inlet velocities. Fig. 5a shows the applied current of the solenoid (using regular type) for both the
compressible and incompressible flows where important differences can be noted. Considerable fluctuations can be observed
while using the regular actuator without a spring and a damper. A good solution can be found in the modulating actuator

Table 1

Model parameters.
Parameters Values
Plunger mass (m) 0.1 kg
Moment inertia of the valve disk (J) 0.104 x 107
Pipe diameter (D,) 0.2032 m
Stem diameter (Ds) 0.0254 m
Friction coefficient of bearing area (1) 0.2
Coefficient of seating area (C;) 0.2
C 1.5683 x 10°
(&} 6.3207 x 108
Fluid density (p) 1000 kg/m?
Relative permeability (p,) 630 (NA~2)

Radius of pinion (r) 0.05m
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Fig. 5. Applied currents vs. time for both the compressible and incompressible flows.

which utilizes a spring and a damper for yielding smoother responses as shown in Fig. 5b. Obviously, a compromise must be
made between the response time of the system and its oscillatory behavior. The stated rules are also valid for the opening
process of the valve while the applied currents present considerable differences for both the compressible and incompress-
ible flows.

Our principal interest here is the investigation of the valve behavior for incompressible flow, in particular, water. Shown
in Fig. 6 are several aspects of the different behaviors of hydrodynamic torque for both the closing and opening processes. For
the closing process, both the plunger vertical motion and disk rotation take shorter times to reach their steady state values
with increasing values of the inlet velocities of the flow. The variables (x and o) show different behaviors for the opening
process while slower responses can be observed which is probably due to resistance behavior of the hydrodynamic torque.

Increasing values of the inlet velocities result in considerably smaller values of both the plunger displacements and sub-
sequently the valve rotation angles for the opening process than the values of the closing process. This point can be used for
the optimization of energy since the closing process seems to be more effective yielding higher values of the valve rotation
angles for the same applied currents than those of the opening process. The plunger velocity has behavior similar to that of
the plunger displacements regarding the opening and closing processes as can be seen in Fig. 7. The figure indicates much
higher values of the plunger velocities for the closing process than for the opening process.

As can be seen in Fig. 8a and b, higher steady state values are seen for the total acting torques for the opening process due
to their additive terms than that of the closing process. A variation in the number of coils can be examined to evaluate the
performance and response times of the system for both the processes. Fig. 9a and b presents the effects of different values of
N for the plunger displacements; the valve rotation angle follows the same behavior. Increasing values of N result in slower
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response times of the system while it yields higher values of the valve rotation angles and plunger displacements for both
the opening and closing processes (as expected). The rate of current, on the other hand, has an inverse relationship with the
number of coils yielding slower response times to reach their steady state values as can be seen in Fig. 10.

Consequently, the electromagnetic force follows the same behavior in that it has a direct relationship with the applied
current yielding slower response times and higher values of the both plunger displacements and the valve rotations. A suit-
able controller can be designed to drive the valve to the desired angles. An adaptive controller has been developed by the
authors and is reported elsewhere [18]. As might be expected, higher values of control currents show higher values of the
valve rotation angles.

It should be noted that increasing the number of coils and/or the current could invalidate the linear field assumptions
made in deriving the model and invalidate the results.

Shown in Fig. 11 is the complete process of the valve opening and closing with the selected sequence of closing/opening
regarding the used modulating actuator when the current presents 4A. Obviously, the plunger exhibits the same behavior as
the valve.

3. Discussion
Regarding Figs. 6 and 8, one can observe smoother profiles of the hydrodynamic torques affecting the butterfly valve rota-

tion angles due to the modulating actuator with a spring. Obviously, increases of the inlet velocities yield shorter response
times of the valve closing process while it generates slower response times with increasing values of the number of coils as
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shown in Figs. 6 and 9. Also, higher values of both the opening and closing angles can be observed by increasing values of the
number of coils. Note that one is able to distinguish between decreasing values of the valve opening angles and slower re-
sponse times of the opening process with increasing values of the inlet velocities in comparison with the closing process.
Increasing values of the control currents lead to the same behavior for both the closing and opening processes.

The analysis provides a clear picture of the underlying physical and mathematical process. The analytical model also pro-
vides a basis for design improvements, and a convenient and manageable mathematical model for parametric studies. In
addition, any design optimization is only possible with a simpler model such as the analytical model. Finally, the controller
design would simply not be possible without an analytical model.

4. Conclusions

This paper developed accurate analytical models for butterfly valves operated by solenoid actuators. Analytical equations
are derived and solved. The generated electromagnetic force of the solenoid actuator is modeled using magnetic circuit equa-
tions. A rack and pinion mechanism has been used due to its high precision of operation and rapid responses. The model has
been studied for both the compressible (air) and incompressible (water) flows regarding the differences of the bearing tor-
que’s term for both the opening and closing processes.

The effects of the system parameters on the dynamic response have been investigated. The sequence of operation has
been selected while the closing/opening process using a modulating solenoid yields optimum responses of the system. Also,
several design parameters are identified. All indications from the simulations are that there are several important nonlinear
dynamic phenomena present especially at higher speeds. Current work is focusing on a nonlinear dynamic analysis with a
nondimensional model as well as an adaptive controller.
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