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Abstract: 

Solenoids are actuators capable of linear motion. They can be electromechanical (AC/DC), hydraulic, or pneumatic driven - all operating on the same basic principles. Give it energy and it will produce a linear force. They are great for pushing buttons, hitting keys on a piano, valve operators, and even for jumping robots. Depending on the field of application of a solenoid, different amount of displacement (linear motion) is required. However there is a limitation to the amount of linear motion obtained by a solenoid. When a solenoid is designed to provide large linear motion then the amount of force produced by that motion decreases. So depending on the requirement, a solenoid is designed to offer optimal values of force and linear motion. The solenoids commonly available in the market can provide a maximum of 25-30 mm linear motion. This paper deals with the design of an electromechanical solenoid, which will increase its movement even up to 50 mm. Various applications and basic functioning of solenoids will also be discussed.

Introduction:

A solenoid is a 3-dimensional shape where a coil is wrapped around a central object.

In physics, the term solenoid refers to a loop of wire, often wrapped around a metallic core, which produces a magnetic field when an electric current is passed through it. Solenoids are important because they can create controlled magnetic fields and can be used as electromagnets. The term solenoid refers specifically to a magnet designed to produce a uniform magnetic field in a volume of space (where some experiment might be carried out).

In engineering, the term solenoid may also refer to a variety of transducer devices that convert energy into linear motion. The term is also often used to refer to a solenoid valve, which is an integrated device containing an electromechanical solenoid which actuates either a pneumatic or hydraulic valve, or a solenoid switch, which is a specific type of relay that internally uses an electromechanical solenoid to operate an electrical switch; for example, an automobile starter solenoid, or a linear solenoid, which is an electromechanical solenoid.

A photograph of an electromechanical solenoid is given below.
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An Electromechanical Solenoid

Basic Construction of a Solenoid:

A solenoid is a long wire, wound with a helical pattern, usually surrounded by a steel frame, having a steel core inside the winding. When carrying a current, the solenoid becomes an electro-mechanical device, in which electrical energy is converted into mechanical work. The core of a solenoid is usually made of two sections, a movable actuator, or plunger, and a fixed end core or backstop.

The plunger is free to travel in the center of winding in a linear direction. When the coil is energized by the electric current, a magnetic force is created between plunger and end core, causing the plunger to travel. The higher the permeability of steel used, the better the performance.

Solenoid
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Basic Principle:

Inside a solenoid is motor wire coiled in a special way (see diagram 1). When you send an electric current through this wire (energized), a magnetic field is created. The inner shaft of a solenoid is a piston like cylinder made of iron or steel, called the plunger or slug (equivalent to an armature). The magnetic field then applies a force to this plunger, either attracting or repelling it. When the magnetic field is turned off, a spring then returns the plunger to its original state (see diagram 2).
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Diagram 1
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Diagram 2

The magnetic field generated around the solenoid is based on two laws. One is Ampere’s Law and the other is Biot-Savart Law. The formula for calculating the magnetic field intensity can be derived by using either of these laws. Following is a brief description of Ampere’s Law.

Ampere’s Law:

The magnetic field in space around an electric current is proportional to the electric current, which serves as its source, just as the electric field in space is proportional to the charge which serves as its source. Ampere's Law states that for any closed loop path, the sum of the length elements times the magnetic field in the direction of the length element is equal to the permeability times the electric current enclosed in the loop.
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In the electric case, the relation of field to source is quantified in Gauss’s Law which is a very powerful tool for calculating electric fields.

Solenoid Field From Ampere’s Law

A long straight coil of wire can be used to generate a nearly uniform magnetic field similar to that of a bar magnet . Such coils, called solenoids, have an enormous number of practical applications. The field can be greatly strengthened by the addition of an iron core. Such cores are typical in electromagnets.
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Taking a rectangular path about which to evaluate Ampere’s Law such that the length of the side parallel to the solenoid field is L gives a contribution BL inside the coil. The field is essentially perpendicular to the sides of the path, giving negligible contribution. If the end is taken so far from the coil that the field is negligible, then the length inside the coil is the dominant contribution.
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This admittedly idealized case for Ampere's Law gives
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This turns out to be a good approximation for the solenoid field, particularly in the case of an iron core solenoid. 

Solenoid Magnetic Field Calculation

From Ampere’s law the magnetic field may be calculated as 
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Where ( = Permeability

            n = No. of turns

            I = Current

The above formula proves to be a good approximation for the solenoid field but as the number of turns increases the distance of the windings from the center of the solenoid keeps on increases and hence the field effect due to them also goes on decreasing. So the actual field in this case proves to be somewhat different from the calculated one and it is always less than the calculated one. 

However if our application doesn’t require having exact values of magnetic field then we can use the formula given below to calculate the field strength.

  Magnetic Field Strength = No. Of Turns x Current Through the Coil

From the above formula it can be inferred that the magnetic field strength depends on Ampere Turns.

Apart from using the above formula there are many other consideration while designing a solenoid. To obtain the optimum performance, reliability and life of a solenoid, selection considerations should include the following factors:

1) Force or Torque
Pull, push or rotary load, developed by plunger when the coil is activated by an external voltage.

2) Stroke 

The distance a plunger must travel before it is stopped.

In general, the force initially developed by the solenoid is dependent upon the stroke; i.e., the longer the stroke, the smaller the force.

A typical force versus stroke graph in a solenoid is as follows:
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When a solenoid is fully open it has a large air gap. The reluctance of this air gap keeps the magnetic field small and the force correspondingly low. As the plunger closes, the reluctance falls and the magnetic field increases. For this reason, the force obtainable from a solenoid increases progressively as the plunger closes. The curves show the force exerted with the coil at full working temperature. The force exerted by a cold solenoid is always higher. Force variations with temperature are greatest on DC solenoids.

Temperature Effects and Ratings

When a solenoid is energized by an outside voltage supply, some heat is generated which increases the temperature of the coil. This temperature rise has some undesired effects, since resistance of the coil winding varies with temperature: i.e., by increasing temperature, resistance rises, which in turn, reduces the electrical current. This will result in a reduction in force output.

An extreme increase in temperature can result in damages to the winding and other components. Usually the limiting factor for operating temperature is the rated temperature of insulating material used in the solenoid.

The standard rated temperatures are as follows:

Class "A" 105°C maximum

Class "B" 130°C maximum

Class "F" 155°C maximum

Class "H" 180°C maximum

                          Temperature rise in a solenoid can be reduced by dissipating the heat generated in the coil. This can be done by mounting the solenoid on a metal surface (heat sink) large enough to dissipate the excess energy, or by forced air-cooling, or where the space permits, by using a larger size solenoid.

Designing a Solenoid with Greater Movement:

A solenoid commonly available in the market can provide a maximum of 25-30 mm of displacement. There are many factors which limit the amount of displacement provided by the solenoid. First is the spring, which is used to bring the solenoid back to its original position. The following explanation illustrates how the spring limits the amount of displacement provided by the solenoid.

Consider the solenoid given below:
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The above solenoid is in unenergized condition. What happens to it when we energize it? The diagram below is the answer to the question.






















































































































































Space occupied by the spring

Now as evident from the figure above, some space is occupied by the spring as the solenoid is being energized. In this way the spring limits solenoid’s displacement.

Another reason is that as the displacement (or stroke) of a solenoid is increased the force produced by it is decreased.  So depending on the application a design is made to have a tradeoff between the two. 

The limitation on solenoid’s displacement due to the spring can be minimized if we can use the solenoid in vertical position. In this position, we don’t need a spring to bring the plunger back to its original position. In this case, the plunger will come back to its original position because of its own weight. But still if we use a spring of short length (not occupying the whole gap) then it will produced better result. It is needed to overcome the residual magnetism effect. The design can be as given below:
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                                                                   Solenoid with Greater Displacement



In the above design since the size of spring is less so the space occupied by it is also less. And hence we can have greater displacement. To have a displacement of 50 mm the following specification should be considered:

Length of Iron core: 65mm 

Length of Nylon Rod: 65mm

In the above design, 15mm of iron core remains inside the main body in unenergized condition so that the magnetic field can have a hold on iron core when the solenoid is energized.

When I used the above design, I calculated the amount of magnetic field needed to provide a 5 cm plunger movement through hit and trial method. The field strength required was 2200 SI units (Weber). So the calculations are 

     2200 = 1100 x 2

Where 2200 is Field Strength in SI units

1100 are the Number of turns 

2 is the Current through the coil in Amperes

A battery of 12 v, 9AH ratings, will energize this solenoid. Although a power supply of 12 v, 2 Amp can also be used but the reason to prefer a battery is that the current obtained from a battery is constant. However the battery is having a drawback that it needs to be charged after every one hour of continuous operation.

Application of solenoids

Solenoids are used in making valves, commonly known as solenoid valves, in doorbells and in many applications where a conversion of electric current to linear motion is required.
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