
ABSTRACT 
 
 

DUVAL, LUIS DENIT. Low Power Valve Actuation using Trans-Permanent Magnetics. 

(Under the Direction of Dr. Lawrence M. Silverberg.) 

 
 
The subject of magnetic actuators is very broad, and encompasses a wide range of 

technologies, magnetic circuit topologies, and performance characteristics for an ever-

increasing spectrum of applications. As a consequence of recent advances in soft and hard 

magnetic materials and developments in power electronics, microprocessors and digital 

control strategies, and the continuing demand for higher performance motion control 

systems, there appears to be more research and development activity in magnetic actuators 

for applications spanning all market sectors than at any time. Thus many actuator types and 

topologies are emerging with widely varying operational characteristics, in terms of 

displacement (rotary or linear), speed of response, position accuracy and duty cycle.  

 
In this dissertation, a rational approach for switching the states of permanent magnets 

through an on-board magnetization process is presented. The resulting dynamic systems are 

referred to as trans-permanent magnetic systems (T-PM). The first part of this research 

focuses on the governing equations needed for the analysis of trans-permanent magnetic 

systems. Their feasibility is demonstrated experimentally. In doing so, a method that has the 

potential of leading to new ultra-low power designs for electromechanical devices is 

introduced. 

 



In the second part of this research, the aforementioned developments in T-PM are applied to 

the problem of low power valves. Whereas alternate approaches to low power valve control 

may utilize latching to maintain valve position during inactive periods, an approach that 

eliminates the need for latching mechanisms is presented. Instead, the principles of T-PM are 

employed to switch the states of permanent magnets; the used of permanent magnets instead 

of electromagnets eliminates power consumption during inactive periods, thereby reducing 

power consumption to ultra-low levels.       

 

The magnets in a T-PM actuator are configured in a stack. The relationships between the 

strength and number of magnets in the stack and the stroke and resolution of the actuator are 

developed. This dissertation reports on the design and testing of a prototype valve actuator 

that uses a stack pf T-PM with alternating polarity. It is shown that this stack is well suited 

for discrete state process valves having a small number of states. It is concluded that the 

trans-permanent valve represents a promising valve actuation technology. 
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1.1   Motivation for the Study 

 

The subject of magnetic actuation is very broad. It encompasses many technologies, a wide 

range of magnetic circuit topologies and performance characteristics, and an ever-increasing 

spectrum of applications in just about all of the market sectors [1.1]. Modern magnets are far 

more powerful than those of only few years ago, which have greatly increased their 

usefulness in a wide range of products [1.2]. Continuing developments in power electronics, 

microprocessors and digital control, and the growing demand for higher performance motion 

control systems, has created a research and development environment in the area of magnetic 

actuators that is probably more active than at any other time [1.3]. Actuator types and 

topologies are emerging with widely varying operational characteristics, in terms of 

displacement (rotary or linear), speed of response, position accuracy and duty cycle [1.4].  

 

Permanent magnets date back to beginning of time and electromagnets date back hundreds of 

years; their behavior is well known. Permanent magnets do not require a supply of power to 

operate, but their field strength cannot be varied. In contrast, the field strength of 

electromagnets can be varied, but they require a continuous supply of power to operate. In 

many low-power applications it is desirable to achieve both of the advantages exhibited by 

permanent magnets and electromagnets simultaneously, namely, to maintain the ability to 

vary field strength and not to require a continuous supply of power. 

 

Ideally, the question arises whether it is possible to vary the magnetic field strength; for 

example, to move to a mid-range condition. Current would be applied to the accompanying 



 3
 

electromagnetic coil to vary the magnetic field strength and to open the valve to some mid 

range level. Alternatively, another current could be applied to the coil to add to the magnetic 

field taking the device to a different range condition. The understanding of general principles 

by which a magnetic field can be changed on board and the development of devices that are 

based on these principles is the subject of this dissertation. In short, a method or procedure 

for switching the states of permanent magnets in real-time is sought. In this dissertation, this 

is called trans-permanent magnetics (T-PM).  

  

Through T-PM the hope is to create a method for fail-safe operation of devices that remain 

locked when power is not supplied. This could lead to new types of low power devices, to 

new devices with drastically reduced wear, and possibly to other advantages, not foreseen. 

This dissertation will show that T-PM systems are possible, although their design is not 

trivial.          

 

1.2   Motivation for Trans-Permanent Magnetic Systems 

 

The motivation for the study of T-PM systems relies on the advantages exhibited by 

permanent magnets and electromagnets simultaneously, namely, the ability of a permanent 

magnet to create a force when no power is supplied and the ability of an electromagnet to 

provide a varying level of force.  

 

There are many methods for magnetizing hard materials. Perhaps, the most common method 

used in the manufacture of permanent magnets is the pulse magnetization process. This 
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procedure is done by an off-board process by means of an open magnetic circuit, partially 

open circuit or in circuit closed by a core [1.5]. Papers concerned with pulse magnetization of 

permanent magnets are scarce [1.6, 1.7, 1.8, 1.9, 1.10]. 

 

The discharging of a capacitor bank through an inductance coil can be described in a 

simplified way by means of a single ordinary differential equation. Temporal behavior of 

current flowing in the on-board magnetizer circuit is affected by the specific values of the 

circuit parameters and their mutual relations. In order to achieve values that saturate the 

permanent magnet, the following requirements must be satisfied: the duration of the current 

pulse, the peak current time, and the peak current density in the magnetizing winding. Those 

relationships are developed in Chapter 2.       

 

The states of soft permanent magnetic materials can be changed by varying the magnetic 

field strength in real-time by an on-board magnetization process [1.11, 1.12]. Control 

terminology, the permanent magnet provides regulation (holding the state) and the 

electromagnets provide tracking (changing the state). The state is changed by varying the 

magnetic field intensity of a tunable permanent by an on-board process [1.1, 1.2].  The 

following combinations of properties are potentially achievable:  

 

1. Soft Locking: Forces between permanent magnets elastically maintain the states.  

 

2.  Zero-Power Hold: In many applications, regulation is a continuous operation and tracking 

is intermittent. The T-PM consumes no power during regulation because the hold states are 
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maintained by permanent magnets [1.12]. This can reduce power requirements by several 

orders of magnitude. 

 

3.  Multiple Equilibrium Settings:  This dissertation will show that a T-PM valve can be 

designed to possess a set of equilibrium positions (state combinations) depending on the 

number of permanent magnets employed. The theoretical number of combinations is shown 

in Chapter 3 to be 






 +

= 2
1int

2
n

M  where n is the number of magnets.     

 

4.  Low Wear and High Reliability: Mechanical wear in a T-PM should be inherently low 

since the electromagnets are turned off most of the time, depending on the application.  

 

1.3   Technology Convergence  

 

The author has not found trans-permanent magnetic systems, as they were conceived in this 

dissertation, either in the research literature or as commercial products in catalogs. Therefore, 

they represent a new research and development area. The advantages of T-PM technology it 

make easy to visualize a spectrum of possible applications.  Like many other new devices, 

the convergence of relatively new technologies has enabled the T-PM system technology to 

become practical. The T-PM technology requires solid-state relays that can operate with a 

maximum supply voltage of 46 V and switch large currents up to 4 A in continuous operation 

[1.13], electrochemical super-capacitors that hold a very high charge that can be released 

very quickly, and take up very little space – all of which could be realized only recently.  
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These super-capacitors provide the energy needed for the T-PM pulse coil magnetization 

[1.14].  

 

Another enabling advancement is clearly the advent of microcontrollers that interface with 

machines rather than people, eliminating the need for monitors, keyboards, or any other 

devices that require human interaction. Microcontrollers are very inexpensive compared to 

the price of the final system [1.15]. The latest development of miniature wireless sensors and 

data acquisition systems will also play a role [1.16]. These tiny devices can be placed within 

implants, on spinning machinery, and within composite materials. Because they can tolerate 

extremely high G levels and high temperatures, sensor measurements can be made in 

applications where previously no data could be obtained. With these miniature sensors 

batteries are eliminated which means that the embedded sensors can be queried for the life of 

the structure. Significantly, development work is being conducted to increase the energy 

density of permanent magnets [1.17]. Other advancements are associated with better 

magnetic field modeling codes [1.18, 1.19, 1.20]. A recent NASA development, the Super 

Ni-Cd Spacecraft Battery, could enable T-PM systems to be used in large aperture surface 

deployment applications [1.21]. The convergence of technology creates possibilities that T-

PM systems and the necessary support equipment could become more efficient that PM 

motors, proportional valves, etc.  

 

 

 

 



 7
 

1.4 Overview of the Thesis 

 

This dissertation contains two papers. Chapter 2 contains the first paper entitled “Analysis of 

Trans-Permanent Magnetic Systems.” It focuses on the development of a method for 

switching the states of permanent magnets through an on-board magnetization process. That 

paper describes the governing equations needed for the analysis and the design tools of T-PM 

systems. This paper also demonstrates their feasibility experimentally. In doing so, the paper 

presents a method that has the potential of leading to new low power designs for 

electromechanical devices. That paper appears in the Journal of Dynamic Systems, 

Measurement and Control. 

 

Chapter 3 contains an edited version of a second paper entitled “Trans-Permanent Magnetic 

Valves Using Alternating Uniform Linear Stacks.” that was submitted for publication in a 

technical journal. This paper extends the developments of the first paper to the application of 

low-power valve control. Whereas a conventional approach to low power valve control 

would be based on latching mechanisms that turn off valves during inactive periods, this 

paper describes an approach that potentially eliminates the need for such latching 

mechanisms. Instead of latching mechanisms, the principles of T-PM are employed to switch 

the states of permanent magnets; the use of permanent magnets instead of electromagnets 

eliminates power loads during inactive periods, thereby reducing power consumption to low 

levels.  For example, a new class of solenoid valves (See “Next Generation Solenoids Draw 

Less Power and Produce More Force,”                                                                                               
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 www.machinedesign.com/ASP/stArticleID/55020/strSite/MDSite/viewSelectedArticle.asp) 

draws about 10 Watts of power during continuous operation. The T-PM valve would draw a 

comparable amount of power only during the periods when the capacitors are being charged, 

which could be as low as 0.01% of the time of continuous operation or lower, depending on 

the manner in which the T-PM valve is used. The T-PM actuator that is operated 0.01% of 

the time consumes about 10,000 times less power than the conventional 10 Watt valve.    

 

The magnets in a T-PM valve are configured in a stack. The relationships between the 

strength and number of permanent magnets in the stack and the stroke and resolution of the 

valve are developed. Then the paper reports on the design and testing of a prototype valve 

that uses an alternating uniform linear stack. The paper shows that the alternating uniform 

linear stack is well suited for digital process valves having a small number of states in 

contrast with digital regulating valves that have a large number of states. This paper finds 

that trans-permanent valve represents a promising valve actuation technology. 

  

 

 

 

 

 

 

 

 

http://www.machinedesign.com/ASP/stArticleID/55020/strSite/MDSite/viewSelectedArticle
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2.1   Introduction 

 

Permanent magnets and electromagnets date back hundreds of years; their behavior is well 

known. Permanent magnets do not require a supply of power to operate, but their strength 

cannot be varied. In contrast, the strength of electromagnets can be varied, but they require a 

continuous supply of power to operate. In many low-power applications it is desirable to 

achieve both of the advantages exhibited by permanent magnets and electromagnets 

simultaneously, namely, to maintain the ability to vary strength and not to require a 

continuous supply of power. This paper introduces a method for achieving these advantages 

using trans-permanent magnetic (T-PM) systems. Several of the potentially beneficial T-PM 

applications are valves, force actuators, and displacement actuators. In these applications the 

system can be held in one state or another (opened or closed) for an indefinite period of time 

without consuming power or fuel or experiencing significant wear. Flow valves can be held 

open for months at a time during which flow is allowed to continue. The surface of a 

spacecraft antenna can be reconfigured to optimize throughput and held in position for years. 

Shut-off dampers in HVAC ducts can be held open throughout a season.   

 

The T-PM has the potential of leading to simpler designs of dynamic systems in these and in 

other applications by eliminating the need for latching mechanisms that would otherwise be 

required in order to achieve the same low-power characteristic.  

 

T-PM systems are composed of four basic parts: a tunable permanent magnet, a non-tunable 

permanent magnet, a coil, and an LRC circuit (Fig. 2.1). Varying the strength of the tunable 
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permanent magnet - through magnetization, varies the force between the tunable permanent 

magnet and the non-tunable permanent magnet. The tunable permanent magnet is magnetized 

by creating a large short-duration electromagnetic field around the tunable magnet, which in 

turn is created by a large short-duration current that is produced from a discharging LRC 

circuit. Note that large, short-duration magnetizing pulses are already used for off-board 

magnetization [2.1], and a similar approach will be used in this paper for on-board 

magnetization.    

  

This paper demonstrates the feasibility of T-PM systems and develops the needed design and 

analysis tools. Section 2.1 describes the equations that govern the force between permanent 

magnets with rectangular cross-sections, shows how the magnetization curve is used, and 

then develops the needed relationships associated with the LRC circuit. Section 2.3 describes 

an experimental set-up that was developed in order to verify the feasibility of T-PM systems, 

and presents experimental results and analytical predictions. Section 2.4 concludes the paper. 

 

2.2   Governing Equations 

 

Consider two permanent magnets with rectangular cross-sections, as shown in Fig. 2.2. An 

efficient method of calculating the force between the two magnets when the two magnets are 

identical to each other was developed in [2.2]. It is rather easy to extend these results to 

permanent magnets that are different [2.3]. The force between two different permanent 

magnets is 
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in which Nr and Nθ denote the number of radial and circumferential divisions in the 

discretization, µ0 = 4π x 10-7 Wb/Am is the magnetic constant of free space,  M1 is the 

magnetization in the tunable magnet, M2 is the magnetization in the non-tunable magnet, h 

denotes the gap, t1 denotes the thickness of the tunable magnet, t2 denotes the thickness of the 

non-tunable magnet, and R denotes the radius of the tunable magnet, which is equal to the 

radius of the non-tunable magnet (Fig. 2.3). Equation (2.1) assumes that the magnetization is 

constant throughout the inside of each magnet. The flux density normal to the surface 

between the two magnets is  

 

A
F

B 02µ
=                                                     (2.2) 

 

where F is the magnetic force between the magnets, given in Eq. (2.1), and A is the cross-

sectional area between the magnets [2.4].   
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The magnetization of the tunable magnet is governed by the magnetization curve of the form 

shown in Fig. 2.4 [2.1]. In the case of the T-PM, the B-axis refers to the permanent field of 

the tunable magnet and the H-axis refers to the short-duration electromagnetic field created 

by the short-duration current produced from the discharging LRC circuit. Let the initial state 

of the tunable magnet be located at either point (0 Br) or point (0 -Br), depending on whether 

the interior surface is initially North or South. A short-duration field greater than or equal to 

HC causes the permanent field to move from point (0 Br) to point (-HC 0) or from point (0 -

Br) to point (HC 0). Note that the strength of the permanent field of the non-tunable magnet is 

not altered by the short-duration electromagnetic field whether or not it is in close proximity 

to the electromagnetic field. The strength of the permanent field of the non-tunable magnet is 

not altered because the non-tunable magnet is a "hard" magnet that requires a higher level of 

magnetization than is applied to the tunable magnet, which is a "soft" magnet. 

 

The short-duration electromagnet field created by the current in the coil of wire is 

 

0l
iN

H m 
=                                                       (2.3) 

 

where im is the maximum current in the coil, N is the number of turns, and l0 is the length of 

the coil [2.6]. 

 

The purpose of the LRC circuit is to store charge and to discharge it into the coil (Fig. 2.5). 

The left loop of the circuit charges the capacitor and the right loop discharges the capacitor. 

The discharging LRC circuit is governed by 
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Vq
C

qRqL =++ 1
&&&                                                  (2.4) 

 

in which L denotes the inductance in the coil, R denotes the discharge resistance of a circuit 

resistor, C denotes the capacitance of the storage capacitor, q denotes charge, V denotes an 

applied DC voltage, and over-dots denote time-differentiation [2.7]. The effect of inductor 

non-linearity is neglected; this is justified later by the close agreement between the 

measurements and the predictions, although it cannot be concluded that inductor non-

linearity can be neglected in other configurations. By closing the switch, current is 

discharged through the coil over a period of time T. The discharge time T must be larger than 

the internal settling time Ti associated with the molecular vibration in the tunable magnet 

during the magnetization [2.5].  The response of the circuit was over-damped for the range of 

parameters selected in the experimental set-up. The over-damped response is (open circuit) 

 

2

)()(
0

1

,
22







−=








 +−++= −−+−

α
ωαβ

β
βα

β
βα βαβα tt eeCVq

                             (2.5a,b) 

 

in which CVo denotes the stored charge in the capacitor, α is the mean decay rate, and ω is 

the undamped frequency of the circuit, given by 

 

.1,
2

LC
L

R == ωα                                             (2.6a,b) 
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Define the discharge time T of the circuit as the time required to remove 99% of the charge 

from the capacitor. The discharge time can be obtained in closed-form from Eq. (2.5) for 

1/ <<αω  by neglecting the rapidly decaying component of the response, to get  te )( βα −−

 

=T  







++− βα
β

βα
2

100
1ln1                                          (2.7) 

 

Also, from Eq. (2.5), the maximum current im and the time tm of the maximum current are 

obtained in closed-form, 
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From Eqs. (2.7) and (2.8) the ratio of the time of the maximum current and the discharge 

time is  
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This analysis suggests a relatively easy design process for the T-PM (Fig. 2.6). The design 

process can begin with a desirable force-gap pair (F, h) in Eq. (2.1). The force-gap pair 
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characterizes the mechanical work that can be done by the T-PM. The B-field required to 

achieve the desired (F, h) pair is determined in the coil design from Eq. (2.2). The H-field 

required in the electromagnet to achieve the required B-field is determined from the 

magnetization curve. The maximum current im in the coil to achieve the needed H-field is 

determined from Eq. (2.3). The LRC parameters for the discharging that are required in order 

to achieve the needed maximum current and the needed settling time are determined from 

Eqs. (2.7) and (2.8). The time constant T is bound from below by an internal settling time Ti 

associated with the molecular vibration in the tunable magnet during magnetization. The 

LRC circuit is driven by a power supply.  

 

2.3   Experimental Set-Up and Results 

           

The T-PM concept is reduced to practice in the following set up (Fig. 2.7). A ceramic magnet 

having a relatively high coercivity was selected for the non-tunable (hard) permanent magnet 

(Dexter Magnetic Technologies P253, [2.8]) and an Alnico magnet having relatively low 

coercivity was selected for the tunable (soft) permanent magnet (Dexter Magnetic 

Technologies P61C0250B, [2.8]) as shown in Table 2.1. The saturation induction Bs of the 

non-tunable magnet is 2346 G and the saturation induction of the tunable magnet is 13056 G. 

Notice that remanence is inversely proportional to coercivity. Before evaluating the 

performance of the T-PM system, the selected parameters were verified experimentally.    

 

The force between the magnets was determined two ways. First, the force was predicted from 

Eq. (2.1) given levels of magnetization M1 and M2 that were specified by the vendor (Fig. 
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2.3). Then, the force was measured using a scale. Figure 2.8 compares the predicted force 

versus the gap with the measured force versus the gap. The predicted force was also 

substituted into Eq. (2.2) to yield a predicted B-field. The predicted B-field and the B-field 

measured using a Hall-effect sensors are compared in Fig. 2.9. The Hall-effect sensor was 

placed at the center of the magnets in the middle of the gap.  The agreement between the 

predictions and the measurements is on the order of the measurement resolution. The error 

between the measured and predicted force was 4.9% and the error between the measured and 

predicted B-field was 5.5%.  

 

The diameter and length of the tunable permanent magnet dictated the parameters of the coil 

except the number of turns. From Eq. (2.3), holding H constant, the number of turns is 

inversely proportional to the maximum current discharged into the coil. The number of turns 

was selected to be 350. The coil, armature, and permanent magnetic material parameters are 

shown in Table 2.2. The required maximum current in the coil was determined from Eqs. 

(2.7) and (2.8). Toward this end, an R0, R, and a C in the LRC circuit needed to be selected. 

The selected parameters are shown in Table 2.3. Notice that the discharge time is T = 0.4526 

sec (safely above Ti), and the DC input voltage to the circuit was conveniently set to V = 12 

Volts. The resistance R and the capacitance C were determined from Eqs. (2.5b), (2.6a,b), 

(2.7) and (2.8a).  

   

The charge and current across the capacitor during the charging of the capacitor are shown in 

Fig. 2.10 and 2.11 respectively. Since the charging of the capacitor and the discharging of the 

capacitor are performed in different parts of the circuit using different resistors, the time 

constants associated with the charging and the discharging are determined independently. 
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The charge and current across the discharging capacitor are shown in Fig. 2.12 and 2.13. 

Notice the rapid rise time of the current and the relatively slow settling time that is 

characteristic of the over-damped response, and that enables the maximum current achieved 

to be sufficiently large to create a sufficiently large B-field for the magnetization.  

 

2.4   Concluding Remarks 

 

This paper introduced an on-board method of switching the states of permanent magnets.  

The resulting dynamic systems were referred to as trans-permanent magnetic systems. The 

analysis tools for the design of trans-permanent magnetic systems were first developed. 

Then, the feasibility of these systems was demonstrated successfully in an experiment. 

Discharge times that were on the order of one second are achievable using coils surrounding 

a magnet that has a relatively small number of turns and using capacitors in the range of 0.02 

Farads. It is concluded from these experiments that trans-permanent magnetic systems offer 

great promise in the design and development of low-power devices.    
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Figure 2.4   Magnetization curve 
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Figure 2.7   Experimental Set-up 
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Figure 2.8   Comparison between predicted and measured force  
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      Figure 2.9   Comparison between predicted B-field and measured B-field  
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Figure 2.10   Charge response of charging R0C circuit 
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Figure 2.11   Current response of charging R0C circuit 
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Figure 2.12   Charge response of discharging LRC circuit 
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Figure 2.13   Current response of discharging LRC circuit 
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Table 2.1   Magnetic Material Properties 

 
 
 
 
 

Ceramic 1  Alnico 5 

 

 
 
 
 
 
 
 
 
 
 
 
 

     

 
 
 

    0.23 T     1.24 T 
   Residual Magnetization
                  rB  
 
 
 

   147 kAm-1 50.9 kAm-1  
        Coercivity Force 
                 cH  
 
 
    259 kAm-1 54.1 kAm-1 
Intrinsic Coercivity Force 

                 ciH  
 
 
 
 

   8.36 kJm-3  43.8 kJm-3 
Energy Product 
        maxBH  
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Table 2.2   T-PM Design 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Armature
 

 

 

 

Mean diameter of coil , in 1.525 D
Width of coil l , in   0.635 o

Inner diameter of coil ID , in 0.975  
Outer diameter of coil , in 1.75 OD
Mass M , lb 0.0154
Alnico 5: 
Magnets

 

Diameter , in   1.0                     1Φ
Thickness , in   0.535 1t
Volume V , in1

3   0.4202        
  
Ceramic 8: 
 

Diameter , in   1.0  2Φ
Thickness , in   0.242 2t
Volume , in2V 3   0.19 

Number of turns    350 N
Coil

Type of Wire    26 AWG 
Inductance , H   3.57x10L 3 
Resistance R , Ω   7 

Length , in    0.21  h
Air gap
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    Table 2.3   Circuit Parameters 
 
 
 
 

 
 
 
 

         Nominal  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     
 

Resistance , Ω         47 oR
Capacitance , Farads    0.0141 F
Inductance , H     3.57x10L 3 
Inductor resistance R , Ω         7       
Power Supply [DC] , Volts       12 oV

           Values 
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Chapter 3 

 
 

Trans-Permanent Magnetic Valves Using Alternating 

Uniform Linear Stacks 
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3.1   Introduction 

 

The development of digital process valves and digital regulating valves is of growing interest 

in the industry. Digital control, power-reduction, reliability, and speed are among the 

parameters that need to be improved [3.1, 3.2]. This chapter focuses on actuation 

improvements aimed at drastically reducing power consumption and wear.  The approach 

that has been adopted in this paper is to apply recent developments in T-PM to valve control.  

Whereas T-PM has been applied to linear actuators [3.3] and to motors [3.4], this valve 

actuation application has not been considered previously.   

 

Trans-Permanent Magnetics can be defined as the on-board process by which the polarity of 

permanent magnets is switched [3.5]. Note that the general principles employed in T-PM are 

similar to the general techniques used for off-board rapid magnetization [3.6]. The basic 

components in a trans-permanent magnetic system consist of a soft permanent magnet, a hard 

permanent magnet, a pulse coil, and a control circuit. In its simplest realization, a large 

current of short duration (pulse) flows through a pulse coil surrounding a soft magnet. The 

pulse changes the polarity of the soft magnet, thereby changing the state of the valve. As this 

chapter demonstrates, the needed control authority and the needed stroke in valve 

applications can be achieved using a linear stack of magnets. The potential reduction of 

power that is achievable with the trans-permanent valve results from the elimination of the 

power draw that otherwise exists to hold electromagnets in position during inactive periods. 

The potential reduction in actuation of power is extremely large in valves that operate 

infrequently. The potential decrease in mechanical wear that is achievable with the trans-
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permanent magnetic valve results from the replacement of mechanical latching mechanisms 

with pulse-coils that have no moving parts. The potential decrease in electrical wear that is 

achievable with the T-PM valve results from the infrequent operation of the circuit. Like 

reduction of power, the potential reduction of wear, both mechanical and electrical, is 

extremely large in valves that operate infrequently.  

 

The next section describes the principles of operation of T-PM valves. The relationships 

between the strength and number of permanent magnets in the linear stack and the stroke and 

resolution of the valve are developed in Section 3.3. Section 3.4 describes the alternating 

uniform linear stack and section 3.5 describes valve–spring design. The control circuit is 

developed in section 3.6. A prototype valve is introduced section 3.7 and is tested in section 

3.8. Section 3.9 summarizes the results. 

 

3.2   Principles of Operation 

 

Figure 3.1 depicts the basic components in a T-PM system [3.5]. As a general rule and as a 

matter of practical importance, the B-H magnetization curve is prohibitively steep, in the 

sense that it requires the application of prohibitively accurate electromagnetic fields to 

control the resulting level of magnetization [3.6]. Therefore, the purpose of on-board 

magnetization is only to change the polarity of the permanent magnet from one extreme to 

the other, that is, to switch the north and south poles of the magnet.   
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The change in polarity of a permanent magnet can be regarded as a binary operation. On the 

other hand, the number of desirable states of the valve may be more than two. In digital 

process valves, the states consist of the open state, the closed state, and possibly several 

intermediate states. In digital regulating valves, the digital states approximate a continuous 

function ranging between the open state and the closed state, so the number of states is 

relatively large. The constraints between stroke and resolution in a single pair of magnets 

allow for the design of a valve with only a few states. The ability to produce a larger number 

of valve states and the relaxation of the constraints between stroke and resolution are made 

possible by considering a linear stack of magnets instead of just a pair. Figure 3.2 depicts a 

linear stack of magnets. In general, the stack can consist of magnets of different field 

intensities and types - some hard and some soft. The question arises as to the relationship 

between the different ways the magnets are arranged and the resulting stroke and resolution. 

In the figure, identical hard magnets and identical soft magnets are alternated. In this 

arrangement, the hard magnets provide physical separation of the soft magnets from each 

other during polarization.   

 

The control circuit is shown in Fig. 3.3. The control circuit consists of five functional blocks: 

Block 1 is the power input block. Block 2 preprocesses the signals before they’re sent to 

blocks 3 and 4. Block 3 is a charge storage block. Block 4 is the processing block where 

logical operations are stored. Block 5 is the stack of permanent magnets and electromagnets. 

The circuit is described in detail in section 3.6.    
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3.3   Linear Stack Relationships 

 

Consider a general linear stack of n magnets. Stiff cushions can be placed between the 

magnets. The cushions would be sufficiently stiff that their elastic deflections are negligibly 

small compared to the changes in the gaps between repelling magnets. Without loss of 

generality, assume that the right end of the stack is fixed and that the operation of the valve is 

governed by the position of a valve shaft, which is located to the left of the stack. The 

mathematical prediction of the precise magnetic force between any two repelling magnets 

can be a complex undertaking [3.4, 3.5]. The measurement of the magnetic force between 

any two repelling magnets is comparatively simple. Whether by prediction or by 

measurement, assume that the compressive magnetic force between the i-th magnet and the 

i+1-th magnet has been determined to be F = fi(g), where g denotes gap. A typical fi(g) curve 

is shown in Fig. 3.4. The operating range of the gaps between the magnets is bound from 

below by a bearing friction force and bound from above by the strength of the magnets. The 

magnets across the stack are subjected to identical compressive forces that depend on the 

directions in which the magnets are polarized. The compressive force is magnetic between 

any two adjacent magnets that are polarized the opposite way and the compressive force is 

elastic between any two adjacent magnets that are polarized the same way. Let P = 1 

designate one direction a magnet is polarized and P = -1 designate the opposite direction. 

Then the i-th gap is   
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where F is the compressive force. Assume that the orifice of the flow valve is positioned to 

the left of the stack along with a valve spring. Then F = k x, in which k denotes the valve 

spring constant and x denotes the compression of the spring. The valve–spring needs to 

always be in compression in order to keep the entire stack in compression and prevent slop. 

Indeed, the valve–spring is a key factor in the behavior of the valve; specifically, it 

determines the compressive force F.   

 

A combination of gaps is associated with a particular way in which each of the magnets is 

polarized. Let the number of combinations of gaps be denoted by M (Note that M in Chapter 

2 referred to magnetization). As shown in Fig. 3.5, the length L of the stack and the length D 

of the valve are   
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where L0 is the length of the magnets, is the i-th gap associated with the j-th 

combination, and l

)( j
ig

0 is the unstretched length of the valve spring.  The superscripts refer to the 

particular combinations of gaps. The range (stroke) R of the valve is defined as the difference 

between the length L(1) of the stack when one gap is in magnetic repulsion and the length L(M) 

of the stack when n – 1 gaps are in magnetic repulsion, i.e., the first combination is 

associated with one gap in repulsion and the last combination is associated with all of the 

magnets in repulsion. From Eq. (3.2a) 
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The force in the spring is  

 

),2,1(,)()( MjkxF jj K==                                                 (3.4) 

 

Note that the spring force F(j) is equal to the magnetic force between the magnets that are 

repelling each other. Letting j = 1 and j = M in Eq. (3.4), we get from Eqs. (3.2) and (3.4) 

 

.)1()( xxR M −=                                                         (3.5) 

 

Note in general that  while . Once hard and soft magnets are selected, 

Eqs. (3.4) through (3.6) can be used to specify the valve–spring as described later in the 

paper for the case of alternating uniform linear stacks.  

)1()( xx M >
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The length L of the stack is called the state of the valve. In regulating valves, in which a 

continuous range of states is sought, the states can be ordered. The maximum difference 

between them yields the resolution E of the system. The performance parameters of the 

system are the range R and the resolution E. Determining the resolution of the system is 

clearly a combinatorial problem.   
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The primary design parameters in a trans-permanent valve, whether a process valve or a 

regulating valve, are the magnetic strengths of the magnets. They dictate the fi(g) curves. The 

lengths of the magnets factor out of the range and resolution calculations, although they can 

enter into the design of the magnets, shielding, and the resulting fields.  

 

Consider the six arrangements of hard and soft magnets shown in Fig. 3.6. In each 

arrangement, the left end is fixed and the right end is free. In the first arrangement, one soft 

magnet is employed. In the next two arrangements, two soft magnets are employed and in the 

last three arrangements three soft magnets are employed. The gap between two hard magnets 

has only one state, between two soft magnets has two states and between a soft and hard 

magnet has two states. It follows when hard and soft magnets are alternated that the number 

of soft magnets is minimized and the number of possible states is maximized.  Also when 

soft and hard magnets are alternated the hard magnets shield the soft magnets from each 

other. Thus, it is generally recommended to alternate soft and hard magnets.    

 

The interest lies in examining the number M of combinations of states L(j), (j = 1, 2, … M) 

that are achievable with a particular arrangement and the associated number N of 

independent design parameters. The number of independent design parameters is equal to the 

number of gaps n – 1. Indeed, the magnetic strengths of the soft and hard magnets can be 

selected to independently prescribe the gaps, at least in theory.  
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3.4   Alternating Uniform Linear Stacks 

 

The following describes the cases that employ soft magnets of equal strength, and hard 

magnets of equal strength. These types of stacks are called uniform stacks. Although the 

stacks are uniform, the number of possible stack lengths can still be relatively large. With 

only one type of hard magnet and one type of soft magnet, there are still three magnetic force 

curves; they’re associated with pairs of adjacent soft magnets, pairs of adjacent hard 

magnets, and pairs of adjacent hard and soft magnets. However, when the hard magnets and 

the soft magnets are alternated, there is only one magnetic force curve, reducing the number 

of possible gaps to two – the zero gap associated with equally polarized magnets and the non-

zero gap associated with oppositely polarized magnets. The following considers alternating 

linear stacks (non-uniform) and then alternating uniform linear stacks.   

 

First consider the number M of combinations of stack lengths in an alternating stack, which 

depends on the number n of magnets. In Fig. 3.6, the first, second, and forth arrangements 

were alternating, and the soft magnets were placed on the left ends of the stack. When the 

polarization of a soft magnet is changed, the lengths of two adjacent gaps surrounding the 

soft magnet change if the soft magnet is in the interior of the stack. If the soft magnet is on 

either end of the stack, then changing the polarization only affects the gap of the one magnet 

that is adjacent to it. It follows that the number of achievable states in alternating stacks is 

 

M = 






 +

2
1int n

2 .                                                                                         (3.6) 
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For the purposes of developing digital process valves employing alternating uniform stacks, 

the question arises as to the smallest number of magnets that yield MD distinct states, where 

MD is typically a small number (below 10), and as to the resolution that can be achieved. The 

number of distinct states in an alternating uniform stack is  

 

nDM =                                                                 (3.7) 

 

From Eq. (3.6), the number of combinations of states in alternating stacks increases 

exponentially with the number of magnets. However, Eq. (3.7) shows that when the 

alternating stacks are uniform the number of distinct states increases linearly with the number 

of soft magnets.  It follows as a general rule, that alternating uniform stacks are potentially 

well suited for digital process valves wherein the number of states is relatively small. On the 

other hand, non-uniform alternating stacks are potentially well suited for digital regulating 

valves (although the design process could be complicated), wherein the number of states is 

typically large.   

      

3.5   Valve–Spring Design 

 

As described earlier, the valve spring is a key factor in the behavior of the valve because it 

determines the compressive force F acting on each of the magnets. In the case of alternating 

uniform stacks, the valve–spring design becomes comparatively simple. The steps associated 

with determining the valve–spring are determined from Eqs. (3.3) through (3.5). They are 

summarized as follows: 
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Step 1: Select a pair of soft and hard magnets. This specifies the f(g) curve.  

Step 2: Select F(1) (corresponding to one magnet in repulsion) on the f(g) curve. F(M)  needs to 

be larger than the bearing friction force that is found in the system.  

Step 3: Select the range R of operation and calculate the gap associated with F(M)
 (i.e., when 

all of the magnets are in repulsion) from  
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Step 4: Calculate F(M)
 from the f(g) curve letting g =  .)(M

ig

Step 5: Calculate the valve–spring constant from 
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M )1()( −=                                                           (3.9) 

 

Step 6: Calculate the length of the valve D and the unstretched length l0 of the spring using 

the constraint 
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3.6   Control Circuit 

 

Figure 3.3 shows a photo and a schematic of the control circuit partitioned into 5 blocks, as 

mentioned earlier in the paper. The circuit specifications are given in Table 3.1. 

 

In Block 1, diode U1 and LED1, are placed ahead of the power switch and function as 

voltage protection for the control circuit. The switch in block 1 affects Blocks 2 and 3.  

 

In Block 2, by closing the switch, current flows through the resistor R2, to reduce the 36 

input voltage to the 12 volts needed for the LM7812 IC, which regulates the input voltage to 

the microprocessor in Block 4.  Capacitors C1 and C2 are filters, C4 and R5 provide 

additional protection, and diode U3 protects the microprocessor from possible back emf 

emanating from the inductors in Block 5. LED2 indicates that Block 2 is properly charging 

the capacitor in Block 3.  

 

In Block 3, by closing the switch in Block 1, current flows through resistor R4 to charge up 

the capacitor bank C3. The Diode U2 prevents C3 from discharging into Block 1 and protects 

Block 1 from back emf emanating from Block 5. The value of C3 and R6 were selected to 

rapidly discharge the current in an over-damped manner [3.5].  

 

Block 4 consists of two main parts – the BasicX-24 microcontroller (NetMedia, Inc. [3.7]) 

and the L298 high current dual full-bridge driver (STMicroelectronics, Inc. [3.8]).  The 

microcontroller contains the instructions that operate the tunable magnets. It is externally 
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programmed in Basic by connecting to a host computer communication port (The 

corresponding code can be found in Appendix A).  The L298 driver is responsible for 

switching the direction of the current flow through the tunable coils when the capacitor bank 

is being discharged. The driver can operate inductive loads up to 46V with continuous DC 

output currents up to 4A. The driver also contains over-temperature protection and high noise 

immunity.  The microcontroller output commands the two L298 drivers to appropriately 

polarize the tunable coils. Although not shown in the schematic, ground resistors of 1 kΩ 

were used to ensure protection to the driver and two 10 kΩ resistors connected directly to the 

+Vcc input were used to protect the drivers from electric shock. The microcontroller easily 

provides enough source current to drive the internal L298 transistors into saturation. Detailed 

schematics of the microprocessor and the L298 are found in Appendix B. 

 

Block 5 represents the permanent magnets and the tunable magnets (pairs of soft magnets 

and coils). The magnet types and sizes, and the number of turns in the coils were selected so 

that the current in the discharging capacitor was sufficiently high to enable the soft magnets 

to be fully polarized by the current in one direction or another (See Table 3.2).     

 

3.7   Prototype Valve 

 

The fourth arrangement given in Fig. 3.6 was prototyped. A photograph of the prototype 

valve is shown in Fig. 3.7.  As shown, the prototype valve consists of n = 5 magnets, three 

soft and two hard. The number of distinct states is MD = n = 4. The two hard magnets in the 

system were set up so that their north poles were both on the left side of the system. This 
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way, the middle two gaps are either both in repulsion or both in attraction. The alternating 

uniform stack of three soft magnets and two hard magnets rides on linear bearings that slide 

along a central non-ferrous shaft. The linear bearings were press-fit into the centers of the 

annular shaped magnets.  In the prototype, when the magnets are all in repulsion, the valve is 

fully closed, and when the magnets are all in attraction the valve is fully open. Stiff rubber 

dampers of 0.31 cm (0.122 in) in thickness were placed between each of the magnets. They 

serve the purposes of protecting the magnets from each other when making contact, and they 

decrease the force between any pair of attracting magnets, which later decreases the needed 

length of the valve spring.  

 

The first step in the design process consisted of selecting the soft and hard magnets. The soft 

magnets are Alnico 5 and the hard magnets are Ceramic 8. The associated curve of the 

magnetic force versus the gap is shown in Fig. 3.4. Then the coils surrounding the soft 

magnets were designed (See Table 3.2). This part of the design process is described in detail 

in [3.5]. The remaining steps of the design process are particular to valves, and they were 

turned into the procedure described in Section 5 of this paper. Following this procedure, in 

step (1) a theoretical range of R = 1.2DO  = 0.538 cm (0.212 in) was selected, in which DO = 

0.448 cm (0.177 in) is the diameter of the valve orifice. In step (2), the spring force F(1) was 

selected using the f(g) curve in Fig. 4.  F(1)  needed to be larger than the maximum bearing 

friction force of 2.5 N (0.562 lb). As F(1) is selected farther away from the friction limit, the 

spring constant becomes lower, which follows from Fig. 3.8, and Eqs. (3.8) and (3.9). For a 

robust design, F(1)  was selected in the “middle” of the curve at 17.25 N (3.88 lb) where g(1) = 

0.254 cm (0.10 in). In step (3), the theoretical gap g(6) of 0.134 cm (0.053 in) was calculated. 
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In step (4), the F(6) = 17.92 N (4.03 lb) was calculated. In step (5), the theoretical spring 

constant is k = 1.3 N/cm (0.72 lb/in). In practice, 4 different springs were tested (More data 

using the other springs is provided in Appendix C); the spring constants of the tested springs 

are 1) k = 0.5 N/cm (0.29 lb/in, 2) k = 0.6 N/cm (0.34 lb/in, 3) k = 1.1 N/cm (0.65 lb/in), and 

4) k = 1.3 N/cm (0.72 lb/in) (Century Springs, Inc. [3.10]).   Using Eq. (3.11), D – l0 = 1.56 

in. The following describes the testing of the prototype.   

 

3.8 Testing 

 

The testing of the system really began with the measurement of the magnetic force between 

the hard and soft magnets shown in Fig. 3.4. The magnetic force curve was generated as 

follows: The Alnico 5 magnet and the Ceramic 8 magnet were placed together in attraction 

with a spacer between. The thickness of the spacer is the gap g. Then, the magnets were 

hung; the Alnico 5 was placed on top and increasing amounts of weight were applied to the 

Ceramic 8 until it separated from the Alnico 5 magnet. This test was then repeated for 

different gaps. Note that the magnetization curve that was generated for attracting magnets is 

the same as the magnetization curve for repelling magnets. The measurement error was on 

the order of 9% [3.5]. 

 

The second test that was performed simply verified that the poles of the tunable magnets are 

successfully switched by the pulses. This test also verified the functionality of the control 

circuit. 
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The third test needed to measure the states L(j) , (j = 1, 2, 3, 4) of the valve. Although in 

theory there are M = 4 states, in practice, there are more. For example, one gap in attraction 

while the others are in repulsion theoretically represents one state. The particular gap that is 

in attraction doesn’t matter. In practice, however, there are 4 gaps, and the state depends on 

the particular gap that is in attraction because the magnets are not precisely uniform and 

because of errors caused by bearing friction. Therefore, instead of MD = 4 distinct states 

there are actually M = 






 +

2
15int

2 = 8 distinct states (using Eq. (3.6)). The combinations are 

numbered in Table 3.3, in which q denotes the number of magnets in repulsion.   

 

The states were measured by setting up a linear variable differential transformer (LVDT) 

along the long axis on the valve directed toward the free end of the valve.  The LDVT 

measurement was calibrated by setting to zero the displacement measurement when all of the 

magnets were in repulsion (the 8-th state). The measurement of the j-th state is therefore 

, as shown in Table 3.4. Each test shown in Table 3.4 was run 4 times, 

verifying repeatability. Notice that  and   as expected.  

)()8()( jj LLx −=∆

,, )5()4()3()2( xxxx ∆≅∆∆≅∆ ,)7()6( xx ∆≅∆

 

The second to last column of Table 3.4 gives the measurement estimates of the average gaps 

between repelling magnets. The average gaps are calculated as follows: From Eqs. 

(3.2a,b) we obtain the linear equation of the spring force  where 

 and  This linear equation is graphed in Fig. 3.8. The 

intersection of the spring force with the magnetic force curve yields the average gaps. The 

average gaps given in Table 3.4 are g

)(q
avg

A =

,)()()( q
av

qj gBAF +=

)( 00 DlLk −+ .)( kqB q =

av
(1) = 0.254 cm (0.1 in), gav

(2) = 0.241 cm (0.0948 in), 
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gav
(3) = 0.229 cm (0.09 in), and gav

(4) = 0.216 cm (0.085 in). Notices that the average gaps 

decrease as more magnets are in repulsion, as expected. Overall, notice that the states are 

relatively well-spaced with respect to displacement. The displacement spacing between the q 

= 0 and q = 1 combination is 0.114 cm (0.044 in), between the q = 1 and q = 2 combination 

is 0.104 cm (0.041 in), between the q = 2 and q = 3 combination is 0.083 cm (0.033 in), and 

between the q = 3 and q = 4 combination is 0.142 cm (0.056 in). The displacement spacing 

represents the resolution E of the system.   

 

The last test that was performed examined the flow rates through the air chamber to the right 

of the valve. The flow rates were measured using a digital anemometer (Power Instruments, 

Inc., Model 1717).  In this test an input pressure of p0 = 15 psi was used on all of the tests 

shown in Table 3.5. As shown, similar to the displacement spacing, the flow rate spacing was 

relatively even. The flow rate spacing between the q = 0 and q = 1 combination is 0.41 m/s 

(1.34 in/s), between the q = 1 and q = 2 combination is 0.3 m/s (11.81 in/s), between the q = 

2 and q = 3 combination is 0.3 m/s (11.81 in/s), and between the q = 3 and q = 4 

combination is 0.3 m/s (11.81 in/s).  

 

3.9   Summary and Conclusions 

 

The principles of operation of a trans-permanent magnetic valve were first described – 

including the basic components that make up a trans-permanent magnetic system and the 

general arrangement associated with a stack of magnets.  Next, the relationships between the 

magnetic forces, the spring forces, and the states in a stack of magnets were developed. 
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General stacks were first considered followed by uniform alternating stacks. It was shown 

that the uniform stack is well-suited to digital process valves in which the number of states is 

typically small and not very well-suited to digital regulating valves.  Then a 6-step procedure 

was developed for the design of the valve-spring, thereby completing the paper’s theoretical 

developments. Next, a laboratory prototype of a uniform alternating stack was designed and 

fabricated. It was comprised of five magnets – three soft and two hard, which theoretically 

had eight distinct states. The testing of the prototype was then presented. The testing results 

verified the performance of trans-permanent valves. The laboratory prototype valve was 

capable of controlling flow rates between 0 and 1.58 m/s (62.2 in/s) with a resolution of 0.3 

m/s (11.81 in/s) with only 15 psi. The valve states ranged between 0 and 0.504 cm (0.198 in) 

with a resolution of 0.114 cm (0.044 in). In general, the laboratory prototype successfully 

verified the feasibility of the technology. Its cost-effectiveness would need to be verified in 

the development of a prototype tailored to a particular product class.      
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Figure 3.3   Photo and Schematic of the Control Circuit 
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Figure 3.4   Measured Force versus Gap Curve (Alnico 5 and Ceramic 8) 
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Lo = Length of n-magnets 
lo  =  unstretched length of valve spring  
 
 
 

Figure 3.5   Stack Geometry 
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Figure 3.6   Magnet Arrangements 
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Figure 3.7   Prototype Valve  
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Figure 3.8   Design Curve for Valve Spring  
(k = 1.3 N/cm, A = 16.94 N) 
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Table 3.1   Circuit Specifications 
 

 
Name Values 

Resistors  
R1 3.6 kΩ 
R2 620 Ω, 1W 
R3 1 kΩ 
R4 120 Ω, 15W 

R5, R6 10 kΩ 
Diodes  

U1, U2, U3, U4, U5, U6 IN4007 
Capacitors  

C1, C2 100 µF 
 

C3 
3 units 4700 µF, 35V 

(Capacitor Bank) 
0.0141 F 

C4 0.22 µF 
LED 

 
LED1, LED2 

LiteOn 
Vf = 1.2, Vr = 5 

I (mA) = 50 
Voltage Regulator  

 7812 IC  
Dual Full-Bridge Driver : L298 STMicroelectronics 

Micro-Controller  
 
            BasicX-24 

NetMedia, Inc. 

16 total I/O lines 
(8 TTL plus 8 ADCs and or 

TTL) 
1200 to 19200 Baud buffered 

serial  
400 bytes of RAM 

IEEE floating point math 
Power Supply  

 
 

V1 

13.5-30 V-DC/1000 mA 
AC-to-DC Adapter 

Switching Type 
Radio Shack 
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           Table 3.2   Magnetic Material and Coil Design 
 
 
 

 Alnico 5:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Magnets

 
Outer Diameter R2, in  1.25   
Inner Diameter R1, in  0.31 
Length l1, in               1.75 
  
Ceramic 8: 
 
Outer Diameter R2, in  1.50  
Inner Diameter R1, in  0.80 
Length l2, in               0.20 

 Number of turns    350 N
Coil

Type of Wire    18 AWG 
Inductance , H   2.5x10L 3 
Resistance R , Ω   0.9 

 
 
 
 
 
 
 
 
 
 



 70
 

 
 
 
 
 
 
 
 
 
 
 
 

Table 3.3   Numbering of Gap Combinations 
 

 

 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            +  

- 

 
 
 
 
 
 

1            0     -        -            -             - 
 
2                         +        -            -             - 
   1    
3                 -        -               -  + 
 
4                 -       +           +  - 
              2 
5                +        -           -              + 
 
6                +       +           +  - 
              3 
7                 -       +           +             + 
 

8            4   +      +          +           +
     j           q         g1          g2          g3          g4         
  =    Repulsion 

=    Attraction 
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Table 3.4   Test Results (k = 1.3 N/cm) 
 
          
 
 
 
  
 
  
  
  
 
  
  
  
 
  
  
  
 
  
 

  
 
 
 
 
 
 
 
 
 
 
 

    j     q g1          g2          g3        g4        ∆xav*       σ∆xav*        gav*     σgav*       
      1       0          -              -              -             -          0.0             ---             ---            --- 

      2                  +              -              -             -          0.114       0.0041 
               1                                                                                                   0.254      0.0095 
      3                   -              -              -            +          0.124       0.0042                    

      4                   -             +              +            -          0.228       0.0404 
               2                                                                                                   0.241      0.0144 
      5                  +              -               -           +          0.253       0.0340                   

      6                  +             +              +            -          0. 336      0.0235 
               3                                                                                                   0.229      0.0087 
      7                   -             +              +           +          0.362       0.0333                   

      8       4         +             +              +           +          0.504       0.0219      0.216     0.0047 

 
  * Average generated by repeating test 4 times.   
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        Table 3.5   Test Results (k = 1.3 N/cm, p0 = 15 psi ) 
 
 
 

     j          q          Vav*           σVav*    
 
 
 
 
 
 
 
 
 
 
 
 

 
             * A

 

  1              0      1.5837            0.0523
 
 2/3            1         1.1722            0.0224
 
 4/5            2      0.8801            0.0256
  
 6/7            3      0.5867            0.0225
 
  8              4      0.2603            0.0127
verage generated by repeating test 4 times.   
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Chapter 4 

 
 

Recommendations 

 

 

 

 

 

 

 

 

 

 



 74
 

4.1 Recommendations and Conclusions 
 
 
The work contained in this dissertation represents a beginning look at T-PM. To fully realize 

the capabilities developed in this dissertation, the laboratory prototypes that were developed 

will need to be extended to manufacturing prototypes. The manufacturing prototypes will 

need to be tested. Appropriate markets will need to be identified. Field tests would need to be 

performed. And that is only the beginning.  

 

The following recommendations and conclusions pertain to T-PMs in general, and more 

specifically to T-PM valves.   

 

4.1.1   General Recommendations 

 

When a manufacturing prototype is being developed it is recommended that several 

important issues be given special attention.  The following four issues have been identified as 

the most important:   

 

- Packaging  
- Rapid Switching 
- Optimal Coil Design 
- Scaling 

 

Package compactness is an important issue that depends largely on the particular application. 

However, there are several issues about packaging that can be looked at early on, 

independent of the application. In particular, the configuration of the circuit, the use of 
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smaller components in the circuit, the use of two-sided boards, and heat rejection limitations 

need to be examined.  

 

The rate at which the magnets can be switched has not been minimized. While this may not 

be important in many applications, rapid switching can open up possibilities in other 

applications. Moreover, there may be reasons that are ancillary for developing rapid 

switching. For example, by studying rapid switching a better understanding of how to 

minimize the field currents, and reduce wear could be reached. 

     

Through optimal coil design, the nominal geometry of the magnets can be modified and 

parametric design studies, which are commonly used in controlled experiments, can be 

conducted to study the interactive effect of various parameters on a particular response or 

responses.  

 

The prototype valve is about twice the size of comparable industry valves. However, through 

optimization, it is anticipated that the scale of the system could be reduced by a factor or 3 or 

4. To reduce the scale, the geometry of the magnet would need to be examined closely. The 

number of coils can be reduced. The interference between the magnets can be minimized to 

reduce the long dimension of the system. The tolerances can be improved to create a tighter 

and smaller system.  

 
4.1.2   Conclusions and Recommendations Pertaining to Valves 

 

The following general conclusions about T-PM valves have been compiled:  
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1. The T-PM method was successfully applied to a valve and demonstrated in a 

laboratory prototype.   

 

2. A procedure was developed for the design of the valve spring. The procedure is 

applicable to any number of magnets in the stack. 

 

3. General relationships (applicable to any number of magnets in the stack) were 

developed relating to resolution, the number of states, and design complexity. It was 

concluded that uniform alternating stacks of magnets leads to a relatively simple and 

orderly design procedure, but that non-uniform alternating stacks, which would be 

required in order to achieve a reasonable number of states in regulating valves, leads to 

a rather complex design procedure, from which it appears that T-PM stacks are not 

well-suited for regulating valves. 

 

4. The work done by a linear stack increases proportionally with the number of gaps. 

Therefore, the number of magnets can be selected to satisfy the work requirements of 

the valve (even when the interest lies in using the T-PM only as an on-off valve). 

 

5. In the case of a non-uniform linear stack, the T-PM valve can be used as a “check 

valve” (which is used to set the flow pressure).  

 

6. An elegant and compact analog circuit was developed that was composed of only 3 

primary part types (2 drivers, 1 processor, 3 capacitors).   



 77
 

7. By charging the capacitors just before they are to be discharged, the power 

requirements of the T-PM valve become proportional to the number of times the valve 

is switched on a per unit of time basis, reducing the power requirement of the T-PM 

valve to be orders of magnitude lower than for a conventional valve, depending on the 

usage of the valve.   

 

Future recommendations pertaining to valves are: 

 

- Identify product application and develop manufacturing prototype 

o Possibly focus on a small number of permanent magnets to bring out the 

fundamental advantages of T-PMs. 

 

- Conduct reliability test. 

 

- Optimize design to meet specific requirements: 

o Reduce bearing friction  

o Topology (take advantage of electromechanical force 

o Reduce size (Scale) 
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4.1.3   Unanswered Questions 

 

Although there are certainly many unanswered questions with T-PM, the following ones 

appear to me to be particularly important. 

 
1) The complexity of the T-PM circuit is more complex than in a traditional valve. This 

is a distinct disadvantage that. It is unclear to what extent this complexity is a problem.  

  

2)  The holding force using T-PM is accomplished using permanent magnets in contrast 

with the solenoid. The solenoid performs the holding force using electromagnets. This 

means, that the holding force using T-PM is generally weaker than using other used methods. 

It is not clear to what extent this limits the applicability of the method.  

 

3)  As a method that is in its early stage of development and that has not been “assigned” 

a product, it is unclear whether better performance can be achieved at a reduced manufacture 

cost 
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Appendix A 
 

BasicX-24 Code 
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 Dim t As Single  'Set variable t as a Single 
 Dim q As Single  'Set variable q as a Single 
 Dim s As Single  'Set variable s as a Single 
 
 Sub Main() 
 
 t = 0.002 'Time for pulse (Discharging time) 
 q = 30.0  'Time delay between pulses to read LVDT output 
      s = 10.0  'Time for reset all magnets in repulsion       
 
 Do 
 
 'Scenario 1 
 Call Reset 
 Call Delay(q) 
 
 'Scenario 2 
 Call Putpin(11,0)  'Set initial polarity X and Y - attraction 
 Call Putpin(12,1) 
 
 Call PulseOut(10,t,1)  'Pulse Solenoid 1 
 Debug.Print                   "pulse on 10" 
 Call Delay(q) 
 
 Call Reset() 
 
 'Scenario 5 
 Call Putpin(11,0)  'Set initial polarity X and Y - attraction 
 Call Putpin(12,1) 
 
 Call PulseOut(8,t,1)  'Pulse Solenoid 3 
 Debug.Print                   "pulse on 8" 
 Call Delay(q) 
 
 Call Reset() 
 
 'Scenario 8 
 Call Putpin(11,0)  'Set initial polarity X and Y - attraction 
 Call Putpin(12,1) 
 
 Call PulseOut(10,t,1)  'Pulse Solenoid 1 
 Debug.Print                   "pulse on coil #10" 
 Call PulseOut(8,t,1)  'Pulse Solenoid 3 
 Debug.Print                   "pulse on 8" 
 Call Delay(q) 
 
 Call Reset() 
 
 'Scenario 9 
 Call Putpin(11,0)  'Set initial polarity X and Y - attraction 
 Call Putpin(12,1) 
 
 Call PulseOut(9,t,1)  'Pulse Solenoid 2 
 Debug.Print                   "pulse on 9" 
 Call Delay(q) 
 
 Call Reset() 
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 'Scenario 16 
 Call Putpin(11,0)  'Set initial polarity X and Y - attraction 
 Call Putpin(12,1) 
 
 Call PulseOut(10,t,1)  'Pulse Solenoid 1 
 Debug.Print                   "pulse on 10" 
 Call PulseOut(9,t,1)  'Pulse Solenoid 2 
 Debug.Print                   "pulse on 9" 
 Call PulseOut(8,t,1)  'Pulse Solenoid 3 
 Debug.Print                   "pulse on 8" 
 Call Delay(q) 
 
 Call Reset() 
 
 Loop 
 
 End Sub 
 
 Sub Reset()       'Set all tunable magnets in repulsion 
 
 Call Putpin(11,1) 'Reverse Polarity of X and Y 
 Call Putpin(12,0) 
 
 Call PulseOut(8,t,1)  'Pulse Solenoid 3 
 Debug.Print                   "pulse on 8" 
 
 Call PulseOut(9,t,1)  'Pulse Solenoid 2 
 Debug.Print                   "pulse on 9" 
 
 Call PulseOut(10,t,1)       'Pulse Solenoid 1 
 Debug.Print                   "pulse on 10" 
 Call Delay(s) 
 
 End Sub 
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Appendix B 
 

BasicX-24 and L298 Connections 
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BasicX-24 Connections 
 

 

 
 

L298 High Current Dual Full-Bridge Drivers 
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Appendix C 
 

Springs Test 
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Case 1: Spring 12696 [Rate = 0.72 lb/in] 
                            Test 1 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.0457 0.116078 

3 0 0 0 1 0.0482 0.122428 
4 0 1 1 0 0.095 0.2413 

5 1 0 0 1 0.11 0.2794 

6 1 1 1 0 0.13 0.3302 

7 0 1 1 1 0.14 0.3556 

8 1 1 1 1 0.1986 0.504444 

 
                            Test 2 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.046 0.11684 

3 0 0 0 1 0.051 0.12954 

4 0 1 1 0 0.0865 0.21971 

5 1 0 0 1 0.0893 0.226822 

6 1 1 1 0 0.125 0.3175 

7 0 1 1 1 0.13 0.3302 

8 1 1 1 1 0.1818 0.461772 

 
                            Test 3 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.0452 0.114808 

3 0 0 0 1 0.047 0.11938 

4 0 1 1 0 0.108 0.27432 

5 1 0 0 1 0.1125 0.28575 

6 1 1 1 0 0.146 0.37084 

7 0 1 1 1 0.161 0.40894 

8 1 1 1 1 0.201 0.51054 

 
                            Test 4 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.0425 0.10795 

3 0 0 0 1 0.0489 0.124206 
4 0 1 1 0 0.07 0.1778 

5 1 0 0 1 0.087 0.22098 
6 1 1 1 0 0.129 0.32766 

7 0 1 1 1 0.1392 0.353568 

8 1 1 1 1 0.196 0.49784 
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Case 2: Spring 3340 [Rate = 0.65 lb/in] 
                            Test 1 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.0532 0.135128 

3 0 0 0 1 0.059 0.14986 
4 0 1 1 0 0.108 0.27432 

5 1 0 0 1 0.119 0.30226 

6 1 1 1 0 0.175 0.4445 

7 0 1 1 1 0.1801 0.457454 

8 1 1 1 1 0.248 0.62992 

 
                            Test 2 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.055 0.1397 

3 0 0 0 1 0.059 0.14986 

4 0 1 1 0 0.118 0.29972 

5 1 0 0 1 0.121 0.30734 

6 1 1 1 0 0.178 0.45212 

7 0 1 1 1 0.185 0.4699 

8 1 1 1 1 0.251 0.63754 

  
                            Test 3 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.0524 0.133096 

3 0 0 0 1 0.056 0.14224 

4 0 1 1 0 0.108 0.27432 

5 1 0 0 1 0.1125 0.28575 

6 1 1 1 0 0.169 0.42926 

7 0 1 1 1 0.17 0.4318 

8 1 1 1 1 0.232 0.58928 

 
                            Test 4 

j g1 g2 g3 g4 in cm 

1 0 0 0 0 0 0 

2 1 0 0 0 0.054 0.13716 

3 0 0 0 1 0.058 0.14732 
4 0 1 1 0 0.108 0.27432 

5 1 0 0 1 0.113 0.28702 
6 1 1 1 0 0.167 0.42418 

7 0 1 1 1 0.176 0.44704 

8 1 1 1 1 0.24 0.6096 
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Case 3: Spring GG-43 [Rate = 0.34 lb/in] 
                            Test 1 

j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.078 0.19812 

3 0 0 0 1 0.089 0.22606 
4 0 1 1 0 0.172 0.43688 

5 1 0 0 1 0.179 0.45466 

6 1 1 1 0 0.257 0.65278 

7 0 1 1 1 0.268 0.68072 

8 1 1 1 1 0.365 0.9271 
 

                            Test 2 
j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.08 0.2032 

3 0 0 0 1 0.093 0.23622 

4 0 1 1 0 0.1801 0.457454 

5 1 0 0 1 0.187 0.47498 

6 1 1 1 0 0.261 0.66294 

7 0 1 1 1 0.28 0.7112 

8 1 1 1 1 0.38 0.9652 
 
                            Test 3 

j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.08 0.2032 

3 0 0 0 1 0.086 0.21844 

4 0 1 1 0 0.168 0.42672 

5 1 0 0 1 0.17 0.4318 

6 1 1 1 0 0.243 0.61722 

7 0 1 1 1 0.26 0.6604 

8 1 1 1 1 0.35 0.889 
 
                            Test 4 

j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.075 0.1905 

3 0 0 0 1 0.084 0.21336 
4 0 1 1 0 0.17 0.4318 

5 1 0 0 1 0.165 0.4191 
6 1 1 1 0 0.258 0.65532 

7 0 1 1 1 0.264 0.67056 

8 1 1 1 1 0.35 0.889 
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Case 4: Spring S-490 [Rate = 0.29 lb/in] 
                            Test 1 

j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.091 0.23114 

3 0 0 0 1 0.1 0.254 
4 0 1 1 0 0.194 0.49276 

5 1 0 0 1 0.2 0.508 

6 1 1 1 0 0.28 0.7112 

7 0 1 1 1 0.3 0.762 

8 1 1 1 1 0.42 1.0668 
 

                            Test 2 
j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.096 0.24384 

3 0 0 0 1 0.1 0.254 

4 0 1 1 0 0.198 0.50292 

5 1 0 0 1 0.216 0.54864 

6 1 1 1 0 0.3 0.762 

7 0 1 1 1 0.321 0.81534 

8 1 1 1 1 0.45 1.143 
 
                            Test 3 

j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 

2 1 0 0 0 0.07 0.1778 

3 0 0 0 1 0.09 0.2286 

4 0 1 1 0 0.176 0.44704 

5 1 0 0 1 0.198 0.50292 

6 1 1 1 0 0.261 0.66294 

7 0 1 1 1 0.293 0.74422 

8 1 1 1 1 0.4 1.016 
 
                            Test 4 

j g1 g2 g3 g4 in cm 
1 0 0 0 0 0 0 
2 1 0 0 0 0.0904 0.229616 

3 0 0 0 1 0.99 2.5146 
4 0 1 1 0 0.2002 0.508508 

5 1 0 0 1 0.209 0.53086 

6 1 1 1 0 0.3 0.762 

7 0 1 1 1 0.315 0.8001 

8 1 1 1 1 0.43 1.0922 
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