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Coulombs Law 
Coulombs Law calculates the magnitude of the force created between two interacting charged particles    and    

                                  
           

          
 
 
              

   
 

 

Where     is the distance between    and   . Always plug in the absolute value of charge for both    and   . The force 
on each particle   and    involved in this equation will have the same magnitude but opposite directions. The force on 
  will point towards    and the force on    will point towards    if the two have opposite signs of charge. The force on 
  will point away from    and the force on    will point away from    if the two have equivalent signs of charge. 
For many charged particles, each charged particle will receive a vector sum force from all of the other charged particles. 

                                                                        

 

Electric Field and Force 
The electric field is a description of the interaction between one charged object and another charged object. Each 
charged object will create an electric field around it that will interact and cause a force on another charged object 

                                                                                                                

The following are formulas for the electric field due to different charge distributions where   
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Center of Charged Quarter Ring 

  
    

     
  

      

 
  

        

    
 

Infinite Non-Conducting Sheet 

  
 

   
 

Conducting Surface or Capacitor 

  
 

  
 

Charged Disk 

  
  

   
   

 

      
  

Outside Cylindrical Charge 

  
 

     
  

     

 
        

Inside Cylindrical Conductor or 
Cylindrical Shell 
              

Inside Cylindrical Insulator 
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Outside Spherical Charge 

  
 

     
 
 
   

  
         

Inside Spherical Conductor or 
Inside Spherical Shell 
              

Inside Spherical Insulator 

  
   

     
 
 
     

  
           

Differential Line of Charge 

   
    

     
 
 
      

  
 

Differential Area of Charge 

   
    

     
 
 
      

  

 
Shell of charge, the total charge is a total of the inner and outer surfaces                      and                 
For many charged particles, each charged particle will receive a vector sum force from all of the other charged particles. 

                                                                                                                   

 
Electric Dipole in an Electric Field 
An Electric Dipole is two charges of equal magnitude and opposite sign separated by a distance. The charges within the 
Dipole will interact with an external electric field creating a torque    and a rotational potential energy   as follows 

                                                                          
Where    is the dipole moment vector, which has a magnitude of      and a direction pointed from the negative 
charge to the positive charge. Here   is the magnitude of just one of the charges and   is the separation between the 
charges. The resultant extreme values for both torque and rotational potential energy for a dipole in an electric field are 

1. Potential Energy   is greatest when     is anti-parallel to    , or when         

2. Potential Energy   is zero when    perpendicular to    , or when        

3. Potential Energy   is lowest when    is parallel to    , or when       

4. Torque    is greatest when    is perpendicular to    , or when        

5. Torque    is zero when    is either parallel or anti-parallel to    , or when               
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Electric Flux and Gauss Electric Law 
Gauss Electric Law relates Electric Flux at points on a closed Gaussian surface to the net charge enclosed by the surface. 
Electric Flux 
The Electric Flux is a measure of the number of electric field lines that penetrate through a surface. The surface can be 
any surface, whether a physical surface or an imagined surface. These electric field lines must penetrate through the 
surface to create a flux. Any field lines that only skim along a surface and not pass through it will not generate a flux. 

                                                                                                                 

  is the area magnitude of the surface that contains electric field lines 

The     vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux 
   and ingoing field lines make negative flux   . The surface enclosing the electric field does not need to be physical. 
Gauss Electric Law 
Gauss Electric Law is a special case of the Electric Flux integral definition for a closed surface, which is a surface that 
completely encloses a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that 
enter or leave that inside region must pass through the surface. In this case the flux integral equals to a third value:  

            
    
  

                                    
   

                
 

             
   

      
  

                                          

If the point of measurement is inside the charge region, then the result is                                                  

If the point of measurement is outside the charge region, then the result is                                               
 

Electric Potential and Electric Potential Energy 
The electric potential    is a scalar quantity that measures the strength of an electric field by how rapidly the potential 
changes in a region of space. The electric potential energy    is the energy of a charged object in an external field.
                                     

                                         

        
          

   
 

 
    

    
   

The following are formulas for the electric potential due to different charge distributions. 
Point Charge, Sphere 
Charge, or Arc Charge 

  
 

     
 
   

 
 

Multiple Charges 

   
    
  

 

   

 

Sheet of Charge 

   
   

   
 

Electric Dipole 

  
        

  
 

Differential Line of 
Charge 

   
    

     
 
      

 
 

The electric potential can be determined by taking the spatial integral of the electric field component. 

                
 

 

            
 

 

                                                                         

Each direction of the Electric Field has its own separate partial derivative of the Potential function: 

     
  

  
      

  

  
      

  

  
1. The electric field is dependent on the spatial derivative of the electric potential. The more the potential changes 

from one point in space to some other point in space, the stronger the electric field between the points. An electric 
field exists in a region only if in that region there are one or more points of different potential or voltage values. 

2. There always exist collections of points with equal potential forming surfaces around a charged object. These are 
known as the equipotential surfaces and are symmetric surfaces to the object when nearby it, but further away they 
become more like spherical surfaces. A charged object appears more and more like a point charge the further away 
from the object since point charges always have spherical equipotential surfaces around them at all distances. 

3. The potential is higher near a positively charged object, and decreases away from the object. The potential is lower 
near a negatively charged object, and increases away from the object. The negative sign in the relation of the 
electric field and the potential means that the electric field vector always points in the direction of most rapid 
decreasing potential. This requires that electric field lines must always be normal or perpendicular to all 
equipotential surfaces that they encounter in propagating from positive charges towards negative charges. No 
electric field components exist along equipotential surfaces, since the potential does not change in that direction. 
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Capacitor 
A Capacitor is a system of two objects that are equally charged with opposite signs and are held in place near each 
other. The charges on the two objects are attracted to each other but held in place, storing both charge and energy. 

The ratio between the stored charge   and the potential   is known as the capacitance  , which are related by: 

                           

The higher the potential   and electric field   on a capacitor with capacitance  , the larger the amount of charge   

stored on the capacitor, and the higher the amount of potential energy    and potential energy density    stored in it: 

   
  

 
      

  

   
 

      
 

  
 

  
    

  

 
    

     
  

      
This energy can be stored and put back into the circuit at some later time, or can even be converted into other forms. 
 
Capacitance 
The capacitance of a system is a property that does not depend on the materials but only the geometry of the system.

Parallel Plate Capacitor 

  
    

 
 

                     
                           

 

Cylindrical Capacitor 

  
        

   
 
  

 

                      
                                
                               

Spherical Capacitor 

  
          

   
  

                              
                             

If the capacitor remains connected to the battery before any changes, the potential   remains constant                  

If the capacitor is removed from the battery before any changes, the charge   remains constant                  

 
Dielectric 
A dielectric is a substance that is placed in between the charged plates of a capacitor to increase the capacitance. 

                                       

1) If the capacitor is removed from the battery before sliding the dielectric into place, the charge   remains 

constant which forces the potential   and electric field   to decrease by a factor of the dielectric constant  . 
                       

        
 

        
        

 
        

        
 

 

2) If the capacitor remains connected to the battery before sliding the dielectric into place, the potential   and 

Electric Field   remain constant which forces the charge   to increase by a factor of the dielectric constant  . 
                                                                    

 
Capacitor Combinations 
Series 

 

 
Parallel 

 

Potentials are different but add up to the total 
                  

Charges are the same and equal to the total 
                   

Capacitors are added reciprocally for the total capacitance 

       
 

 
 
  

 
 

 
  

 
 
  

     
 
  

 

Potentials are the same and equal to the total 
                  

Charges are different but add up to the total 
                  

Capacitors are added normally for the total capacitance 
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Current 
Current   is the flow of charge carriers through space or through a conducting material. Its direction will be pointed in 
the same direction as the flow of positive charge carriers, or opposite direction as the flow of negative charge carriers 

  
  

  
                                                                 

The current density    is a measure of current passing through a cross-sectional area with direction the same as current. 

                                                                                                               
  is the cross-sectional area vector, in a direction that is perpendicular to the cross-sectional area. 

  is the angle between the    and    vectors 

                          
                    

                    
                 

  
 

 
 

Where   is the charge carrier number density,    is the drift velocity,   is the resistivity, and   is the conductivity. 

Battery 
The amount of work imparted per each unit of charge is known as the Electromotive Force (EMF)   of the battery 

  
  

  
 

Its real potential    that it delivers to a circuit is actually lesser than the ideal EMF   due to the internal resistance r 
within the battery. The internal resistor   will always be in series with the total resistance        of the circuit. 
                       

 

   
 

 

        
    

   

   
 

        
        

     
 

 
    

The battery continuously supplies energy to the circuit at an energy rate or power    

   
  

  
 
 

 
       

Resistor 
A resistor is a device that removes electrical energy from a circuit and converts it into thermal and radiation energy 
where   is the resistance of the object, a property of both the geometry and the material that comprises the object 

        
   

 

 
 

 =resistivity of the material, constant for a given material 
 =length of the object, measured along the direction of current flow 
 =cross-sectional area, which is perpendicular to the direction of current flow 
A resistor causes energy losses to the circuit by converting electrical energy into thermal energy and radiation energy. 

     
    

  
 

 
       

              
              

Resistor Combinations
Series 

                      

Parallel 

             

Currents are the same and equal to the total 
                   

Potentials are different but add up to the total 
                  

Resistors are added normally for the total resistance 
                        

Currents are different but add up to the total 
                  

Potentials are the same and equal to the total 
                  

Resistors are added reciprocally for the total resistance 
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Circuit Analysis Techniques 
1) A junction of a circuit is a spot where two or more wires come together. 
2) A branch is a portion of a circuit wire that extends from one junction to another junction. Each branch of a circuit may 
contain circuit elements in series on it. A circuit element is the name for a battery, capacitor, resistor, or inductor. 
3) Current is the flow of electrons in a circuit wire. Current will not change within a branch of a circuit; it will only change 
when encountering a junction where it will split into smaller currents down each branch coming out of a junction. 
4) Potential is the measure of a circuit element's influence on a circuit. The larger the potential, the more influence it has 
on a circuit. If a circuit element has a potential of zero, it does not influence the circuit at all! 
 
A series relation implies elements being on the same branch and each element receives the same amount of current. 
 
A parallel relation implies elements being on two separate branches and each branch has the same potential 
 
Junction Rule 
The conservation of charge states that the total current   entering a junction equals the total current   leaving a junction. 

             

Where the           represent the different currents that exist on each of the branches connected together at a junction. 

Sign of current           is negative if the current enters the junction and is positive if the current leaves the junction. 

 
Complete Loop Rule and Partial Loop Rule 
The conservation of energy states that the total potential difference   of a closed loop of a circuit must equal zero. 

                   

The closed loop may begin at any point on a circuit and trace a path in any direction until returning to the original point. 
 
The partial loop rule can be used to calculate the potential difference between any two points A and B of a circuit. 

                           

The partial loop should begin at point A and trace a single path through point B. 
 
The sign conventions for all circuit elements encountered in both the Loop Rule and Partial Loop Rule are as follows: 
 
Battery 
    for a battery when you traverse the battery forward from its negative terminal (-) to its positive terminal (+) 
     for a battery when you traverse the battery backward from its positive terminal (+) to its negative terminal (-) 
    if the battery is dead 
The negative terminal (-) is the shorter terminal and the positive terminal (+) of a battery is the longer terminal. 
 
Capacitor 

  
 

 
 when you traverse the capacitor from its negatively charged plate(-) to its positively charged plate (+) 

   
 

 
 when you traverse the capacitor from its positively charged plate (+) to its negatively charged plate (-) 

    if there is no charge present on the capacitor 
The negative plate (-) of a capacitor will be the one closer or connected to the negative terminal (-) of a battery and that 
the positive plate (+) of a capacitor will be the one closer or connected to the positive terminal (+) of a battery 
 
Resistor 
      for a resistor when you traverse the resistor in the opposite direction of the current flow through the resistor 
       for a resistor when you traverse the resistor in the same direction of the current flow through the resistor 
    if there is no current down the branch the resistor exists on 
Battery current begins at the positive (+) terminal and runs through the circuit towards the negative (-) terminal. 
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RC Circuits 
RC Circuits contain one or more resistances  , one or more capacitors  , and possibly a battery  . Some simplifications 
can occur at certain time instances: 
Initially after the switch is closed, where time     
The capacitor has zero potential      and has no influence on a circuit branch. Redraw the entire circuit and replace 
every capacitor with a wire. The simplified circuit should contain only a battery and resistors, and can be analyzed using 
either series and parallel concepts or the loop rule and the junction rule. 
A long time after the switch is closed, where     
The capacitor has maximum potential    (often equal to  ) and has maximum influence on a circuit branch and the 
entire branch that contains the capacitor has zero current     . Redraw the entire circuit and remove all branches of a 
circuit that contain a capacitor. The simplified circuit should contain only a battery and resistors, and can be analyzed 
using either series and parallel concepts or the loop rule and the junction rule. 
Immediately after the switch is opened, where time     
The capacitor has continuity of potential, on any branch with a capacitor                                                  

The simplified circuit should contain only capacitors and resistors, and can be analyzed using either series and parallel 
concepts or the loop rule and the junction rule. 
A long time after switch is opened, where     
The capacitor is fully discharged, its potential will be zero      and the current through its branch will be zero     . 
 
Single Loop RC Circuit 
Single Loop RC Circuit contains one or more resistances  , one or more capacitors  , and possibly a battery   in a single 
loop. The Time Constant      . Multiple element circuits use        for the resistance and        for the capacitance: 
Series 

                                          
 

  
 
  

   
 

  
 

 

  
   

 

  
 
  

 

Parallel 

         
 

  
 
  

  
 

  
 

 

  
   

 

  
 
  

                            

With a battery ξ 
Charging the capacitor, a current created by the battery 
causes a flow of electrons onto the capacitor. 
The charge on the capacitor function of time 

                 
  
               

  
   

The current in the circuit loop function of time 

      
      

  
 
 

 
   

 
   

 

 
   

  
  

The potential on the capacitor as a function of time 

      
     

 
         

  
            

  
   

The potential on the resistor function of time 

                 
  
       

  
  

The power supplied by the battery function of time 
             

The power dissipated by the resistor function of time 
              

The power stored by the capacitor function of time 
                 

The energy stored in the capacitor function of time 

      
     

 

  
 

Without a battery ξ 
Discharging the capacitor, current is created by the flow 
of electrons off of the capacitor. 
The charge on the capacitor function of time 

              
  
         

  
  

The current in the circuit loop function of time 

     
      

  
 
    

 
   

 
   

    

  
   

  
   

The potential on the capacitor function of time 

      
     

 
      

  
        

  
      

  
  

The potential on the resistor function of time 

                  
  
        

  
      

  
  

The power dissipated by the resistor function of time 
              

The power stored by the capacitor function of time 
                 

The energy stored in the capacitor function of time 
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Magnetic Field 
The magnetic field     describes the interaction between charged particles that move with a relative velocity. 
 
Magnetic Field Force Vector and Magnitude acting on a charged particle 

The magnetic field force vector    on a charged particle in an external magnetic field is 

                                                     

The magnetic field force scalar   on a charged particle in an external magnetic field is 
                                                   

There are only two possibilities for the magnetic field force vector   . The result of a cross product of two vectors        

produces a third vector    that is simultaneously perpendicular to the two crossed vectors (perpendicular to    and 

perpendicular to    ) following the Right Hand Rule. The sign of the charge    will determine the final direction. Note that 
for a curved path the direction of the velocity vector    will be tangent to the curve of the path at any given point. 
 
Circular Motion on a Charged Particle in a Magnetic Field 

The direction of the magnetic field force vector    is always perpendicular to the velocity vector    of the charged 
particle. Therefore the magnetic acceleration vector    is always perpendicular to the velocity vector    of the charged 
particle. An acceleration vector    that is perpendicular to the velocity vector    will always cause circular motion. 
The radius   of the circular path that the charged particle will follow in a magnetic field 

  
   

   
 
  

 
 

The period   is the time that the charged particle takes to complete one revolution of the circle 

  
     

   
 
     

 
 

The frequency   is the number of circular paths the charged particle completes in one second 

   
 

 
 

   

     
 

 

     
 

The angular frequency   is the number of radians the charged particle completes in one second 

        
   

 
 
   

 
 
 

 
 

 
Helical Motion on a Charged Particle in a Magnetic Field 

The direction of the magnetic field force vector    is always perpendicular to the velocity vector    of the charged 
particle. Therefore the magnetic acceleration vector    is always perpendicular to the velocity vector    of the charged 
particle. An acceleration vector    that is perpendicular to the velocity vector    will cause curvilinear motion and if the 

angle       between the velocity vector    and the magnetic field vector     the particle will move in a helical path. 
The radius   of the helical path that the charged particle will follow in a magnetic field 

  
       

   
 
    
   

 
        

 
 
  

 

 
              

      

          
                                       

The period   is the time that the charged particle takes to complete one revolution of the helix 

  
     

   
 

     

     
 
     

  
 

The frequency   is the number of helical paths the charged particle completes in one second 

   
 

 
 

   

     
 
     

     
 

  
     

 

The angular frequency   is the number of radians the charged particle completes in one second 

        
   

 
 
   

 
 
     

 
 
  
 

 

The separation   between adjacent loops within the helical path 
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Magnetic Field Force Vector and Magnitude acting on a current carrying wire 

The magnetic field force vector    on a charged particle in an external magnetic field is 

                                                     

The magnetic field force scalar   on a charged particle in an external magnetic field is 
                                                   

There are only two possibilities for the magnetic field force vector   . The result of a cross product of two vectors         

produces a third vector    that is simultaneously perpendicular to the two crossed vectors (perpendicular to     and 

perpendicular to    ) following the Right Hand Rule. The direction of the length vector     is in the same direction as the 

current   . Note that for a curved wire the direction of the length vector     will be tangent to the wire at any given point. 
 
Magnetic Dipole in a Magnetic Field 
A Magnetic Dipole is the result of one or more charges in motion. The charges within the Dipole will interact with an 
external magnetic field creating a torque    and a rotational potential energy   as follows 

                                                    

                       
Where    is the dipole moment vector, which has a magnitude of         and a direction perpendicular to the plane of 
motion following the Curl Rule. Here   is the number of loops,   is the current, and   is the area of the charge motion. 
The resultant extreme values for both torque and rotational potential energy for a dipole in a magnetic field are 

1. Potential Energy   is greatest when       is anti-parallel to    , or when         

2. Potential Energy   is zero when      perpendicular to    , or when        

3. Potential Energy   is lowest when      is parallel to    , or when       

4. Torque    is greatest when      is perpendicular to    , or when        

5. Torque    is zero when      is either parallel or anti-parallel to    , or when               
 
Combined Electric Field and Magnetic Field Force Vector and Magnitude acting on a charged particle 
The combined field force vector    is the total of the electric field force vector    and the magnetic field force vector    

                                                                                                                         

The result of a cross product of two vectors        produces a third vector    that is simultaneously perpendicular to the 

two crossed vectors (perpendicular to    and perpendicular to    ) following the Right Hand Rule. 
 
Velocity Selector, Zero Force and Zero Acceleration Conditions 

It is possible for the combined field force vector    and the acceleration vector    to have a magnitude of zero when 

               

The direction of the electric field vector      must be simultaneously perpendicular to     and perpendicular to      and the 

opposite to their cross product          direction and their magnitudes must have the following relation:       
 
Hall Effect 
A perpendicular magnetic field   acting on a sample of current carrying metal can cause a separation of charge carriers 
to one side of the metal and a lack of charge carriers on the opposite side of the metal. This separation of charge carriers 
creates an internal electric field that is simultaneously perpendicular to the magnetic field and the drift velocity of the 
charge carriers. The result is a velocity selector type of crossed fields. The charge carrier density   and the drift speed    
can both be calculated from measurable values, including the current  , the potential  , the length  , and the area   
The Charge Carrier Density 

  
   

     
 

The Drift Speed 
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Magnetic Field due to a Current 
A current will create magnetic field lines that will propagate in circles centered around the wire 

     
              

      
 
     

   
 
         

   
                                

     

   
 
       

   
            

Outside a Long Straight Wire 

   
    

     
                   

                      
                     

                                             
Inside a solid Long Straight Wire 

    
   

      
                  

                      
                     

                                             
Inside a shell Long Straight Wire 

    
    

     
  

     

     
                 

                      
                           
                           

                                             
Semi-Infinite Long Straight Wire 

   
    

     
 

                      
                                       

Ideal Solenoid 
          

                          
                               

Center of a Circular Arc 

  
      

     
 

                      
                                       

                                

          
 

 
                                      

Outside a Finite Straight Wire 

    
    

     
  

 

      
  

                      
                                             

                     
Ideal Toroid 

  
      

     
                       

                        
                        
                           
                           

                                        
Field of a Magnetic Dipole 
The magnetic field due at points on the central axis 

  
    

      
  

                                      
                                              

Ampere’s Law 

Current enclosed            by an Amperian Loop is related to the integral of the magnetic field     around the Loop  

                                                        
                 
 

              
                                                    

If the point of measurement is inside the current region, then the result is                                                    

If the point of measurement is outside the current region, then the result is                                                 
 
Magnetic Forces between Parallel Straight Wires 
A long straight wire creates a magnetic field and the magnetic field causes a force on another long straight wire. 
Magnetic field created by long straight current wire 2 at a distance where long straight current wire 1 is located 

    
     
     

 

Magnetic force on long straight current wire 1 caused by a magnetic field from long straight current wire 2 
                 

where    is the current in wire 1,     is the length vector magnitude of wire 1,    is the magnitude of the magnetic field 
created by some other wire 2, and   is the angle between the vectors     and    which will be 90 degrees here. 
Magnetic force on a current wire caused by a magnetic field created by another long straight current wire 
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Magnetic Flux and Gauss Magnetic Law 
Gauss Magnetic Law relates Magnetic Flux at points on a closed Gaussian surface to zero enclosed by the surface. 
Magnetic Flux 
The magnetic flux is a measure of the number of magnetic field lines that penetrate through a surface. The surface can 
be any surface, whether a physical surface or an imagined surface. These magnetic field lines must penetrate through 
the surface to create a flux. Any field lines that only skim along a surface and not pass through it will not generate a flux. 

                                                                                                                

  is the area magnitude of the surface that contains magnetic field lines 

The     vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux 
   and ingoing field lines make negative flux   . The surface enclosing the magnetic field does not need to be physical. 
Gauss Magnetic Law 
Gauss Magnetic Law is a special case of the Magnetic Flux integral definition for a closed surface, which is a surface that 
completely encloses a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that 
enter or leave that inside region must pass through the surface. In this case the flux integral equals to a value of zero: 

                                                                                                         

 

Faraday's Law of Induction 
A changing magnetic flux through time 

   

  
 will create an induced potential difference          and therefore an induced 

current          as well in a wire or metallic object boundary. The relation between the induced potential difference or 
induced EMF          and the changing magnetic flux through time is known as Faraday's Law: 

           
   

  
 

where the negative sign is for the polarity of the induced potential difference         . 
Putting the definition of magnetic flux into Faraday's Law yields the result: 

           
   

  
   

             

  
 

                                          
  

  
                                                  

  

  
       

                                        
     

  
            

  

  
                                       

One or more of the magnetic field  , the area of each loop  , or the angle   between the area vector    and the 

magnetic field vector     must change with time to produce an induced potential difference         . Those that are 
constant through time can be brought out of the derivative, but those that change through time have to remain inside 
the derivative. If more than one of    , or   change with time, use the product rule for the derivative. 
The induced current          and the induced magnetic dipole moment          where   is the resistance in the loop: 

         
        

 
  

                      

Relation of an induced electric field propagating in closed circular paths around a region of changing magnetic flux. 

                    
   

  
                                                              

                 
 

              
  

   

  
                    

  
  

  
 

If the point of measurement is inside the B field region, then the result is                                                    

If the point of measurement is outside the B field region, then the result is                                                 
Lenz’s Law 
To figure out the polarity or direction of the induced quantities follow these right hand rule steps 
1)Start with right hand thumb in the direction of the magnetic field as it passes through the loop of wire 
2)If the flux is increasing, retain right hand thumb direction. If the flux is decreasing, reverse right hand thumb direction. 
3)Reverse right hand thumb direction. Right hand fingers will now curl in the direction of         ,          and          
and right hand thumb will now point in the direction of          and          
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Inductors 
An inductor is a circuit element that creates an induced potential on itself (Self Induction) and any nearby inductors 
(Mutual Induction) when there is a changing current running through the inductor coils. 
 
Self Inductance 
The self inductance can be determined through the following formulas: 

                                
  

 
 
          

 
 
       

 
              

                              
    

 
 
            

 
 
         

 
 

                                                     
 

 
      

          

 
A potential in a self inductor is generated when the current within the inductor changes with time causing an induced 
response opposing the change. The potential is equal to the self inductance multiplied with the derivative of the current. 

       
  

  
 

The larger the current   through an inductor with inductance  , the higher the magnetic field   within the inductor, and 

the higher the amount of potential energy    and potential energy    density stored in it: 

   
 

 
         

  

    
    

  
      

 

 
Mutual Inductance 
The Mutual Inductance   and Self Inductances    and    can be determined through the following formulas. 

  
      

  
 
      

  
    

      

  
    

      

  
 

 
A potential in a mutual inductor is generated when the current within one inductor changes with time causing an 
induced response opposing the change within another inductor. The potential of each inductor is equal to the mutual 
inductance multiplied with the derivative of the current from the other inductor. 

       
   
  

     
   
  

        
   
  

     
   
  

 

 
Inductor Combinations 
For have multiple inductors in a circuit, there are parallel and series equations to determine the equivalent inductance. 
Series 

                      

Parallel 

            

Currents are the same and equal to the total 
                   

Potentials are different but add up to the total 
                  

Inductors are added normally for the total inductance 
                      

Currents are different but add up to the total 
                  

Potentials are the same and equal to the total 
                  

Inductors are added reciprocally for the total 
inductance 
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LR Circuits 
LR Circuits contain one or more inductors  , one or more resistances  , and possibly a battery  . Some simplifications 
can occur at certain time instances: 
Initially after the switch is closed, where time     
The inductor has maximum potential    (often equal to  ) and has maximum influence on a circuit branch and the 
entire branch that contains the inductor has zero current     . Redraw the entire circuit and remove all branches of a 
circuit that contain an inductor. The simplified circuit should contain only a battery and resistors, and can be analyzed 
using either series and parallel concepts or the loop rule and the junction rule. 
A long time after the switch is closed, where     
The inductor has zero potential      and has no influence on a circuit branch. Redraw the entire circuit and replace 
every inductor with a wire. The simplified circuit should contain only a battery and resistors, and can be analyzed using 
either series and parallel concepts or the loop rule and the junction rule. 
Immediately after the switch is opened, where time     
The inductor has continuity of current, on any branch with an inductor                                                  

The simplified circuit should contain only inductors and resistors, and can be analyzed using either series and parallel 
concepts or the loop rule and the junction rule. 
A long time after switch is opened, where     
The inductor is fully discharged, its potential will be zero      and the current through its branch will be zero     . 
Single Loop LR Circuit 
Single Loop LR Circuit contains one or more inductors  , one or more resistances  , and possibly a battery   in a single 
loop. The Time Constant      . Multiple element circuits use        for the resistance and        for the inductance: 
Series 
                                                                  

Parallel 

         
 

  
 
  

  
 

  
 

 

  
   

 

  
 
  

               
 

  
 
  

  
 

  
 

 

  
   

 

  
 
  

 

With a battery ξ 
Charging the inductor, a current created by the battery 
changes the flow of electrons through the inductor. 
The current through the inductor function of time 

       
 

 
       

  
      

 

 
       

  
   

The current in the circuit loop function of time 

      
 

 
       

  
      

 

 
       

  
   

The potential on the inductor function of time 

        
  

  
     

  
        

  
  

The potential on the resistor function of time 

                     
  
              

  
   

The power supplied by the battery function of time 
             

The power dissipated by the resistor function of time 
              

The power stored by the inductor function of time 
                 

The energy stored in the inductor function of time 

      
       

 

 
 

Without a battery ξ 
Discharging the inductor, current is created by the 
induced flow of electrons off of the inductor. 
The current through the inductor as a function of time 

      
 

 
   

  
         

  
         

  
  

The current in the circuit loop as a function of time 

     
 

 
   

  
         

  
         

  
  

The potential on the inductor as a function of time 

        
  

  
     

  
         

  
         

  
  

The potential on the resistor as a function of time 

                
  
         

  
         

  
  

The power dissipated by the resistor as a function of 
time 

              
The power stored by the inductor function of time 

                 
The energy stored in the inductor as a function of time 
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LC Circuits 
LC Circuits contain one or more inductors   and one or more capacitances  . It has an initial phase or phase angle as 

     
        

          
   

 

    
 

        
  

 

   
 

 

        
   

 

 
 
   

 
          

Some maxima and minima can occur at certain time instances: 

At the time of four quarter full cycle phase                 or when   
        

 
 

Inductor has maximum potential     , Capacitor has maximum potential     , Circuit has minimum current     
Charge on the capacitor is a maximum     and the Electric Field between the plates is at a maximum        
Current through the inductor is a minimum     and the Magnetic Field between the plates is at a minimum     

At the time of one quarter cycle phase              
 

 
    or when   

     
 

 
     

 
 

Inductor has minimum potential     , Capacitor has minimum potential     , Circuit has maximum current     
Charge on the capacitor is a minimum     and the Electric Field between the plates is at a minimum     
Current through the inductor is a maximum     and the Magnetic Field between the plates is at a maximum        

At the time of two quarter half cycle phase                   or when   
           

 
 

Inductor has maximum potential     , Capacitor has maximum potential     , Circuit has minimum current     
Charge on the capacitor is a maximum     and the Electric Field between the plates is at a maximum        
Current through the inductor is a minimum     and the Magnetic Field between the plates is at a minimum     

At the time of three quarter cycle phase              
 

 
    or when   

     
 

 
     

 
 

Inductor has minimum potential     , Capacitor has minimum potential     , Circuit has maximum current     
Charge on the capacitor is a minimum     and the Electric Field between the plates is at a minimum     
Current through the inductor is a maximum     and the Magnetic Field between the plates is at a maximum        
Single Loop LC Circuit 
A Single Loop LC Circuit contains one or more inductors  , one or more capacitances  , and possibly a battery   all in a 
single loop. For multiple elements use        for the resistance and        for the inductance in all formulas: 
Series 

                                          
 

  
 
  

   
 

  
 

 

  
   

 

  
 
  

 

Parallel 

         
 

  
 
  

  
 

  
 

 

  
   

 

  
 
  

                            

 
Capacitor or Inductor initially charged by a battery ξ then removed 
The charge on the capacitor function of time 

                    
The current in the circuit loop function of time 

                                  
The potential on the inductor function of time 

        
  

  
 
 

 
           

The potential on the capacitor function of time 

      
     

 
 
 

 
           

The energy stored in the inductor function of time 

      
       

 

 
 
  

   
            

The energy stored in the capacitor function of time 

      
     

 

   
 

  

   
            

The total energy stored in the circuit function of time 
                 

     
  

   
            

  

   
            

  

   
 

The relation between capacitor charge and current 

     
  

   
 
    

 
 
    

 
 

  

   
 
    

 
 
    

 
 
    

 
 

The power stored by the inductor function of time 

                 
   

   
             

 
   

 
              

The power stored by the capacitor function of time 
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RLC Circuits 
RLC Circuits contain one or more resistors   ,one or more inductors  , and one or more capacitances  . 

     
        

           
 

 

  
 

    
 

 

  
 

   
 

 

        
 

 

  
   

 
          

        
 

  
 
 

   

Some maxima and minima can occur at certain time instances: 

At the time of four quarter full cycle phase                  or when   
        

   

Inductor has maximum potential     , Capacitor has maximum potential     , Circuit has minimum current     
Charge on the capacitor is a maximum     and the Electric Field between the plates is at a maximum        
Current through the inductor is a minimum     and the Magnetic Field between the plates is at a minimum     

At the time of one quarter cycle phase               
 

 
    or when   

     
 

 
     

   

Inductor has minimum potential     , Capacitor has minimum potential     , Circuit has maximum current     
Charge on the capacitor is a minimum     and the Electric Field between the plates is at a minimum     
Current through the inductor is a maximum     and the Magnetic Field between the plates is at a maximum        

At the time of two quarter half cycle phase                    or when   
           

   

Inductor has maximum potential     , Capacitor has maximum potential     , Circuit has minimum current     
Charge on the capacitor is a maximum     and the Electric Field between the plates is at a maximum        
Current through the inductor is a minimum     and the Magnetic Field between the plates is at a minimum     

At the time of three quarter cycle phase               
 

 
    or when   

     
 

 
     

   

Inductor has minimum potential     , Capacitor has minimum potential     , Circuit has maximum current     
Charge on the capacitor is a minimum     and the Electric Field between the plates is at a minimum     
Current through the inductor is a maximum     and the Magnetic Field between the plates is at a maximum        
 
Single Loop RLC Circuit 
A Single Loop RLC Circuit contains one or more resistors   ,one or more inductors  , and one or more capacitances  .all 
in a single loop. For multiple elements use       ,       , and        for the resistance, capacitance, and inductance in: 
Series 
                                                                  

         
 

  
 
  

   
 

  
 

 

  
   

 

  
 
  

  

Parallel 

         
 

  
 
  

  
 

  
 

 

  
   

 

  
 
  

               
 

  
 
  

  
 

  
 

 

  
   

 

  
 
  

 

                       

 
Capacitor or Inductor initially charged by a battery ξ then removed 
The charge on the capacitor function of time 

            
   
                 

The potential on the inductor function of time 

        
  

  
 
 

 
    

   
                

The potential on the capacitor function of time 

      
     

 
 
 

 
    

   
                

The total energy stored in the circuit function of time 
                 

     
  

   
    

   
               

  

   
    

   
               

  

   
    

   
  

 
 

 

V C

R

L



 

                             WWW.GRADEPEAK.COM                          18 
© 2016 GradePeak, All Rights Reserved. Document Cannot Be Copied In Part Or Whole. 

Series Circuit Elements with an Alternating Generator 

All elements receive the same alternating current      with current amplitude   

     
        

 
    

 

 
 
   

  
    

 

 
 
             

  
  

     

 
 
       

  
 
     

 
                   

Alternating Generator has an alternating potential      with potential amplitude    
                   

Single Circuit Element AC Circuits 
A circuit element is one of a resistor, inductor, or capacitor. Each circuit element receives the same current as the 
alternating current generator but has a different effect on the alternating current generator potential difference. 
 
Single Loop Resistor R Circuit 

 
Alternating Generator has an 
alternating current      with current 
amplitude  . All resistors are in 
series so receive the same 
alternating current      with current 
amplitude   

                
 
Resistor with resistance   and 
alternating potential       

          
                   
                  

 
Resistor Amplitude Relation 

       
 
Alternating Generator has an 
alternating potential      with 
potential amplitude    

           
                  

 
Generator Amplitude Relations 

          
 
Generator Potential Phase Angle 

    
 

Single Loop Inductor L Circuit 

 
Alternating Generator has an 
alternating current      with current 
amplitude  . All inductors are in 
series so receive the same 
alternating current      with current 
amplitude   

                
 
Inductor with inductance   and 
alternating potential       

       
  

  
 

                      

                 
 

 
  

 
Inductor Amplitude Relation 

               
                             

 
Alternating Generator has an 
alternating potential      with 
potential amplitude    

           

                    
 

 
  

 
Generator Amplitude Relations 

                  
 
Generator Potential Phase Angle 

  
 

 
 

 

Single Loop Capacitor C Circuit 

 
Alternating Generator has an 
alternating current      with current 
amplitude  . All capacitors are in 
series so receive the same 
alternating current      with current 
amplitude   

                
 
Capacitor with capacitance   and 
alternating potential       

      
 

 
 
 

 
       

       
 

    
          

                 
 

 
  

 
Capacitor Amplitude Relation 

   
 

    
      

                         
 

    
 

 
Alternating Generator has an 
alternating potential      with 
potential amplitude    

           

      
 

    
         

 

 
  

 
Generator Amplitude Relations 

   
 

    
      

 
Generator Potential Phase Angle 
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Series RLC Circuit 
The circuit has a Natural Angular Frequency  , Natural Cycle Frequency  , and Natural Cycle Period   due to the 
reactions of the Inductor and Capacitor to an Alternating Current 

  
 

    
 

        
 

  
 

   
 

 

        
   

 

 
 
   

 
          

The circuit has a Driver Angular Frequency   , Driver Cycle Frequency   , and Driver Cycle Period    due to the rotation 
of the coils within the Alternating Generator 

   
  

  
 

             
  

   
    

 

  
 
   

  
 

 
Alternating Generator has an alternating current      with current amplitude   from Faradays Law of Induction 

     
        

 
    

 

 
 
   

  
    

 

 
 
             

  
  

     

 
 
       

  
 
     

 
                   

Alternating Generator has an alternating potential      with potential amplitude   . The Alternating Generator current 
     and the Alternating Generator Potential      and the are out of phase by phase angle   

                                                                                                                                                              
All elements receive the same alternating current      with current amplitude                                                      
                                                                                                                                                                                                        
Resistor Potential as a function of time       with potential amplitude                                                                     
                                                                      
Inductor Potential as a function of time        with potential amplitude    
                                                                                                                                                                               

Capacitor Potential as a function of time       with potential amplitude    
                                                                                                                                                                    

Alternating Generator Potential as a function of time      is equal to the total potential of all circuit elements 
                                                             

                                       
 
Resistance and Reactance Definitions 
The Resistance   is the influence due to a resistor in   which does not depend on the Driver Angular Frequency 
If there are multiple resistors, use the total resistance                          

The Inductive Reactance    in   is due to the polarity of an inductor within an AC circuit 
                        

If there are multiple inductors, use the total inductance                          

The Capacitive Reactance    in   is due to the polarity of a capacitor within an AC circuit 

   
 

   
 

        
 

        
 

If there are multiple capacitors, use the total capacitance          
 

 
 

  

 
 

 

  
 
 

  
   

 

  

 

 
Voltage, Resistance, Reactance, and Impedance Relations 
The phasor diagram has right triangles that give relationships between the voltages or the reactances and impedance   
 
 
                                                                                                                               
 
                                                                                                                                                                                                        

                                                   
         

                                                    
  

                                                          
  Current Amp or RMS                                         Circuit Potential Amp or RMS 
   Resistor Potential Amp or RMS                    Inductor Potential Amp or RMS             Capacitor Potential Amp or RMS 
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Phase and Phase Angle 
The Phase is the function of time quantity appearing within the alternating current and potential terms. 

             
The Phase Angle   is the part of Phase representing shift of the current equation from the potential equation in radians 

     
     

 
 
     
  

                                  
  
  

 
 

 
                               

     
  

 
     

 
 

Some of the results of the value of the phase angle are tabulated below: 
 
    More Inductive Circuit ELI 
Occurs whenever either or both: 
1) There is no capacitor      in 
the circuit 
2) The Driver Angular Frequency is 
greater in value than the Natural 
Angular Frequency 
 
ELI The Generator Potential      
reaches its amplitude at a time 
before the Generator Current      
 
Phase Angle 

    
 

 
 

 
Angular Frequency Relation 

     

   
 

    
 

 
Reactance Relation 

       
 
Alternating Generator has an 
alternating current      with 
current amplitude  . All elements 
are in series so receive the same 
alternating current      with 
current amplitude   

                
 
Alternating Generator has an 
alternating potential      with 
potential amplitude    

                   
 
Impedance Relations 

             
  

    
 
Amplitude Relation 

       

    Resonance Circuit RES 
Occurs whenever either or both: 
1) There is no inductor      and 
no capacitor      in the circuit 
2) The Driver Angular Frequency is 
exactly the same value as the 
Natural Angular Frequency 
 
RES The Generator Potential      
reaches its amplitude at the same 
time as the Generator Current      
 
Phase Angle 

    
 
Angular Frequency Relation 

     

   
 

    
 

 
Reactance Relation 

       
 
Alternating Generator has an 
alternating current      with 
current amplitude  . All elements 
are in series so receive the same 
alternating current      with 
current amplitude   

                
 
Alternating Generator has an 
alternating potential      with 
potential amplitude    

                   
 
Impedance Relations 

             
  

    
 
Amplitude Relation 

           

    More Capacitive Circuit ICE 
Occurs whenever either or both: 
1) There is no inductor      in 
the circuit 
2) The Driver Angular Frequency is 
lesser in value than the Natural 
Angular Frequency 
 
ICE The Generator Potential      
reaches its amplitude at a time 
after the Generator Current      
 
Phase Angle 

 
 

 
     

 
Angular Frequency Relation 

     

   
 

    
 

 
Reactance Relation 

       
 
Alternating Generator has an 
alternating current      with 
current amplitude  . All elements 
are in series so receive the same 
alternating current      with 
current amplitude   

                
 
Alternating Generator has an 
alternating potential      with 
potential amplitude    

                   
 
Impedance Relations 

             
  

    
 
Amplitude Relation 
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Root Mean Square (RMS) Values in AC Circuits 
Any value that follows a sine, cosine, or sine-cosine combo function will oscillate with an equal amplitude around an 
equilibrium value of zero. The value will have a maximum value of the positive amplitude and a minimum value of the 
negative amplitude. Due to symmetry, the average of the value of the function will be zero over one complete cycle. 
However, the energy output of the circuit elements will not be zero over the cycle and must instead be calculated using 
the non-polarity average of the value over one cycle, a value known as the Root Mean Square (RMS) Value. 

     
 

  
      

  

  
 

The Root Mean Square Value of a sine, cosine, or sine-cosine combo function will always be the amplitude divided by    
 
Power in AC Circuits 
The power or rate of energy transmitted or dissipated by any circuit element in an AC circuit is an alternating function of 
time. The average power or rate of energy for that circuit element is over one full cycle. 

                  

                                                                                               
 

 
           

                                                                       
    

 

 
                     

 

 
           

                                                              

The Average Power of the Capacitor and the Inductor over one full cycle will be zero, as they are conservative elements. 
 
Transformers 
Transformers are devices that are used to change the values of potential and current within a circuit 
while transferring power. The Transformer is made of two inductors wound around the same iron 
core. Creating a changing magnetic flux in the primary (input) coil then links to the secondary coil 
and creates an induced potential and current in the secondary (output) coil. This is a perfect energy 
transfer so the power of the secondary coil will equal the power of the primary coil. A Transformer 
requires changing flux to operate properly; it only functions for AC power sources and NOT DC power sources. The 
potential and current will change inversely within a Transformer, so one will increase and the other will decrease. 
 
A Step Up Transformer increases the Secondary Potential       and decreases the Secondary Current       by 
having the number of turns within the Secondary coil be greater than the number of turns in the Primary coil       
Step Down Transformer decreases the Secondary Potential       and increases the Secondary Current       by 
having the number of turns within the Secondary coil be lesser than the number of turns in the Primary coil       
 
The relations between the Primary and Secondary Potential and Current Amplitudes 

     
  
  

      
  
  

 
                       

 

                             

 
The relations between the effective Transformer Resistance                       due to the actual Secondary Total 

Resistance                  within the turns and branches of the Secondary Circuit 

                       
  
  
 
 

                 

 
Where the Secondary Total Resistance                  can be found using Series or Parallel concepts 

                                   
                 

 

 
 
  

 
 

 
  

 
 
  

   
 
  

 

 
The effective Primary Resistance                       is used for the resistance of the Transformer within an AC circuit 
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Maxwell Equations 
The Maxwell Equations are the four fundamental equations completely describing the Electric and Magnetic Fields 

          
    
  

  

                  

 

           
   

  
                           

               
   

  
          

Gauss Electric Law of the Static Electric Field 
Gauss Electric Law is a special case of the flux integral definition for a closed surface, which is a surface that completely 
encloses a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that enter or leave 
that inside region must pass through the surface. In this case the flux integral equals to a third value: 

            
    
  

                                    
   

                
 

             
   

      
  

                                          

If the point of measurement is inside the charge region, then the result is                                                  

If the point of measurement is outside the charge region, then the result is                                               
  is the area magnitude of the surface that contains electric field lines 

The     vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux 
   and ingoing field lines make negative flux   . The surface enclosing the electric field does not need to be physical. 
Gauss Magnetic Law of the Static Magnetic Field 
Gauss’ Law is a special case of the flux integral definition for a closed surface, which is a surface that completely encloses 
a volume and has no holes in it. By closing the surface or enclosing the volume all field lines that enter or leave that 
inside region must pass through the surface. In this case the flux integral equals to a third value of zero: 

                                                                                                         

  is the area magnitude of the surface that contains magnetic field lines 

The     vector is always perpendicular to and pointed outward from the surface. Outgoing field lines make positive flux 
   and ingoing field lines make negative flux   . The surface enclosing the magnetic field does not need to be physical. 
Faradays Law of Induced Electric Fields 
Relation of an induced electric field propagating in closed circular paths around a region of changing magnetic flux. 

                    
   

  
                                                              

                 
 

              
  

   

  
                    

  
  

  
 

If the point of measurement is inside the B field region, then the result is                                                    

If the point of measurement is outside the B field region, then the result is                                                 
Ampere Maxwell Law of Induced Magnetic Fields 
Relation of an induced magnetic field propagating in closed circular paths around a region of changing electric flux. 

               
   

  
                                                     

                 
 

              
  

   

  
     

                 
 

              
         

                                       
  

  

  
     

                 
 

              
         

If the point of measurement is inside the E field region, then the result is                                                    

If the point of measurement is outside the E field region, then the result is                                                 
Displacement Current 
The changing electric flux term from the Ampere Maxwell Law has units of amperes like current and is often described 
as the current that displaces the enclosed current      and is therefore named the displacement current     

                                                                             
                 
 

              
               

                 
 

              
         

        
   

  
                       

  
  

  
 
                 
 

              
                

  

  
     

  

  
 
  

  
   

  

  
 


