AC Currents / Voltages / Circuits


AC Currents and Voltage Notes

Effective and Average Values

· The average value for a full cycle of alternative potential difference (V) or current (I) is of course zero.  In order to discuss average values of these variables, a different kind of average value is needed and used.

· The average value over half a cycle is not zero.  The average over half a cycle of either V or I is calculated by finding the area enclosed between the time axis and half of a complete sine wave.  Next, a rectangular area (a graph of either V or I having a constant value so that the area bound by it, over the same time period, equals the previous area of one half of a complete sine wave) is found.

· The average, constant, value of V or I is always 0.637 times the maximum value, represented by the peak of the sine curve.

· As a result, one ampere of average alternating current has less effect than one ampere of direct current.  Therefore, you should not use the average current or potential difference in making electrical calculations involving alternating current.  You should use the effective value instead.

· To compare the effects of AC and DC, you should equate their heating effects.  Alternating current is said to have an effective value of one ampere when it produces heat in a given resistor at the same rate as one ampere of direct current.

· The effective value of alternating current can be figured out without actually passing electricity through a resistor.  It can be determined either by graphing or by calculating it mathematically.  The result is the same for both methods.  The effective value of current or potential difference in AC is 0.707 times the maximum value, if the graph has the shape of a sine curve.  This effective value is called the root-mean-square value (RMS).  The value 0.707 approximates 
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· Typically, Vpeak (the maximum voltage) for the electric potential delivered at a normal electrical outlet is 170 V.

Veff = VRMS = 0.707 x 170 = 120 V

Vavg = 0.637 x 170 = 108 V.

· The RMS values are always used for electrical calculations.  AC meters measure RMS values for potential differences and currents.  You should assume all values of current or potential difference are RMS when you are dealing with AC systems unless it is noted to be different.

Resistance in AC Circuits

· Many AC circuits are mainly resistive.  That is, they consist mainly of resistors, wihtou inductors or capacitors.  For example, resistors, lamps, heating elements, and other simple electrical devices have very little inductance or capacitance.  In practice, they are considered to be purely resistive, with little or no inductance or capacitance.  The effect of inductance and capacitance in AC circuits will be explained in later paragraphs.

· When only resistive devices occur in an AC circuit, you can use Ohm’s law exactly as in a DC circuit.

V= IR

Power = P = IV

· When you connect an AC power source to a resistor, the potential difference rises and falls, reaching a maximum value first in one direction and then in another.  The current in the resistor changes at the same time and in the same direction as the potential difference.  Therefore, voltage and current are said to be in phase in a resistive AC circuit.  Each have magnitudes of zero, at maximums, or at minimums simultaneously.

Inductance in AC Circuits

· Inductance is the property of a coil of wire that opposes any change in the current flowing through the coil.  The opposition to changes in current is an electromagnetic effect.  A potential difference is induced in a conductor whenever the conductor moves across a magnetic field and whenever the magnetic field changes around a conductor.

· Simple inductors.  Imagine a solenoid – a length of coiled wire.  When the solenoid carries a steady, DC current, the solenoid produces a magnetic field that is constant, has a nearly uniform value in the direction of positive current within the coil itself pointing along its axis, and a magnetic field near zero outside the coil.  If instead of DC current, the solenoid carries an AC current, now, the change in the magnetic field produced by one coil induces a potential difference in the next coil that is in the opposing direction.  If in the first coil, the current starts to decrease but still is pointed in the “positive” direction, an induced potential difference is set-up in the next coil that tries to oppose this change.  As a result, the net potential difference in the solenoid is reduced.  This phenomenon is known as induction.

· In addition to opposing a change in current, a coil delays the change.  The frequency of the current equals the frequency of the potential difference.  That is, the time between peaks is the same for both I and V.  But the curve for current is delayed a quarter of a cycle (90o, or π/2) compared to the curve for potential difference.

· When the current is constant, as in a DC circuit, the magnetic field around the conductor is also constant.  But when the current changes continuously, as in an AC circuit, the magnetic field around the conductor also changes continuously.  As current increases from zero to a maximum value, the magnetic field around the conductor increases from zero to a maximum value.  As the current returns to zero, the magnetic field around the conductor returns to zero.

· In any conductor (even a straight wire that isn’t in the form of a solenoid), an increasing or decreasing magnetic field generates its own potential difference across the conductor.  This induced potential difference opposes the potential difference of the source (i.e. whatever is driving the original AC current).

· If potential difference of the source increases in the positive direction, the increasing current in the coil generates a second potential difference in the negative direction.  The combined effect of these two potential differences produces a current that is reduced and delayed from what it would be without inductance in the circuit.

· This effect is summarized in a statement known as Lenz’s Law:  The induced potential difference in any circuit is always in a direction that opposes the effect that produced it.

· The inductance of a coil depends on several factors, including the number of turns of wire, the shape and size of the coil, how the wire is wound, and the material used in the core of the coil.

· Another important factor in inductance is the “linkage” among the magnetic fields produced at various points along the conductor.  Inductance is very small in a straight conductor, because there is little linkage of the magnetic fields from various points on the conductor.  Inductance in creases when the conductor is wound in the shape of a coil, because there is more linkage.

· In equations, the value of inductance is usually represented by the letter L.  The unit of measurement for inductance is the henry.  A conductor has an inductance of one henry when current changing at the rate of one ampere per second in the conductor causes an induced potential difference of one volt.

· When an inductor opposes changes in the current in an AC circuit, the opposition is called inductive reactance.  Inductive reactance is measured in ohms, like resistance, but it differs from resistance in two important ways:

1. Inductive reactance has no effect on a steady DC circuit.

2. The amount of inductive reactance depends on the frequency of the alternating current.  The higher the frequency, the higher the inductive reactance of a given inductor (because the rate of change of the magnetic field, and thus the induced potential difference, is higher at a higher frequency).

More on Inductance

· Mutual inductance.  Two coils of wire in proximity to one another can influence each other.  For instance, if Coil 1 experiences a changing current, it will produce a changing magnetic flux which, in turn, will induce a potential difference in Coil 2.  The induced potential difference, V2, is proportional to the rate of change of current in coil 1, or:
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· The negative sign reflects the nature of Lenz’s Law – that the induced EMF always acts to resisted the changing magnetic flux.

· M is called the mutual inductance, and has units of 
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· The inverse situation holds as well – when a changing current in Coil 2 induces a potential in Coil 1
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· Generally speaking, M depends on whether iron is present or not, on coil size, the number of turns, and on the separation of the coils.  In some cases, M can be calculated, but more often it is experimentally determined.

· A transformer is an example of mutual inductance.

· Sometimes when dealing with AC circuits, the changing current in one part of a circuit can induce a potential in a second part of the same circuit.  These effects can be minimized when conductors are shielded with grounded, cylindrical conductors.

· Self Inductance.  This is similar to mutual inductance.  In this case, a single coil or solenoid that experiences changing current induces a potential that attempts to resist the change in current.  Self inductance can be expressed with a relationship that is similar to the ones above:
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· The constant of proportionality L is called the self-inductance, or simply the inductance of the coil.

· An AC circuit always contains some amount of inductance.  

· A component that is created with significant self-inductance is known as an inductor.

· If the resistance of an inductor is small, then it is the inductance, or the induced potential, that primarily controls the current.  If the inductance is large, then the change in the current, and thus the current itself, will be small.  An inductance thus acts something like a resistance to impede the flow of alternating current.  The term impedence is used when discussing this aspect of an inductor.

Capacitance in AC Circuits

· Capacitance in an AC circuit causes the current to lead the potential difference, rather than to lag behind.  In this respect, capacitance counteracts the inductance in a circuit.  Capacitance is useful in overcoming the inductive lag common to most AC motors.

· Capacitance is the property of an electric circuit that opposes any change in potential difference between two points (due to the presence of stored charge).

· When the power supply tries to increase the potential difference between the points, a capacitor builds up a charge internally.  By absorbing charge, the capacitor delays the increase in potential difference.  As the charge builds up, current flows into one terminal of the capacitor and out the other.

· When the power supply tries to decrease the potential difference, the capacitor releases charge and delays the decrease.  As the capacitor releases charge, current flows out one terminal and into the other.

· In an AC circuit, the potential difference across a capacitor is always changing.  Electric current always flows, because the capacitor is either giving up or collecting charge.

· The capacitance of a capacitor is represented in equations by the letter C.  Capacitance is measured in units called farads.  One farad is the capacitance of a capacitor that stores one coulomb of charge when the potential difference across its terminals is one volt.

· A capacitor opposes the flow of current in an AC circuit, just as an inductor does.  This opposition is called capacitive reactance.  It is measured in ohms, just as resistance and inductive reactance are.  But capacitive reactance is different from either one.

· In a steady DC circuit, the capacitive reactance of a capacitor is infinitely large –the capacitor completely stops the current.

· In an AC circuit, the capacitive reactance depends on the frequency of the source.  As the frequency increases, the capacitive reactance decreases.

· Inductive reactance, capacitive reactance, and resistance are all measured in ohms.  The total opposition to current in a circuit depends on all three values.  However, the three values cannot be added together as simply as when the circuit contains only resistance.

· When you add together the inductive reactance, the capacitive reactance, and the resistance in a circuit, you must add them by vector addition.  The resulting value is called the impedance of the circuit.

Currents in AC Circuits

· When the current and potential difference in a circuit alternate “in step” with each other, the current is said to be in phase with the potential difference.  In some circuits, the current alternates a little ahead or a little behind the potential difference.  The current is then said to be out of phase with the potential difference.

· A difference in phase is commonly expressed in electrical degrees.  The value is called the phase angle.

· There are three possible phase relationships between current and potential difference in an AC circuit:

1. The current may be exactly in phase with the potential difference.  This condition occurs when the circuit contains resistance, but no inductance or capacitance.

· In such a circuit, current and voltage are always in the same direction, even when changing.  Therefore, there is always energy being transferred away from the source and being converted to thermal energy in a resistor.

2. The current may lag behind the potential difference.  The phase angle can be as large as 90o.  This maximum phase angle occurs in a circuit that contains inductance, but no resistance or capacitance.  ( See Giancoli, p. 488).

· When an AC circuit has only inductance and no resistance or capacitance, there is no net transfer of energy.  Energy is alternatively stored in the magnetic field of the inductor, and then transferred back to the alternating source.

· For pure inductance, 

· 
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= the inductive reactance.  A word of caution here – while this relation relates the peak or average values of voltage and current, peak values occur at different times.
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3. The current may lead the potential difference.  Again, the phase angle can be as great as 90o if the circuit contains capacitance, but no resistance or inductance.  (See Giancoli, p. 490).

· Once again, because current and voltage are 90o out of phase, the average power dissipated is zero.

· Here, energy is stored in the electric field of the capacitor, and then returned to the source.  But power is never truly delivered.

· For pure capacitance,

· 
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= the capacitive reactance.  A word of caution here – while this relation relates the peak or average values of voltage and current, peak values occur at different times.

· 
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; this inverse relationship holds because the larger the capacitance, the more charge it can hold, and the less it will retard the flow of current.  Note also that as frequency of the circuit increases, the reactance of a capacitor decreases impeding current even less.

· When all three components (R, L, and C) are in a circuit, while the current is the same everywhere in the circuit at any given time, the voltages across all components will differ.

· The total impedence of an AC circuit = 
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.  See pages 492-493 in Giancoli for the derivation of this relationship.

Power In AC Circuits

· When you calculate power in a DC circuit, you measure the potential difference across a circuit element and multiply by the current through the element (P=IV).  You do not need to be concerned about any changes in these measurements with time, because in a DC circuit both the potential difference and the current remain steady.

· In an AC circuit, you start from the same idea – power is the product of potential difference and current.  But you cannot simply multiply the two values, because both values are always changing.

· Power at any instant of time in an AC circuit is the product of the instantaneous values of potential difference and current, taken from the two sine curves.  Power is positive whenever the potential difference and the current are both positive or both negative. Power is negative whenever the potential difference and the current have opposite signs.

· Average power is a constant value that defines a rectangle on a V-vs.-t graph.  The rectangle has an area equal to the area enclosed by the positive portion of the power graph minus the area enclosed by the negative portion.  This average power is also called the effective power in the circuit.

· Average power =
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· When the potential difference and the current are in phase, the average power can be calculated by multiplying VRMS and the IRMS.  But if the potential difference is out of phase with the current, the average power will be lower in value.  If they are 90o out of phase, the average power will be zero.

· The ratio of the average power to the in phase power is called the power factor (
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)  It is expressed by the following equation:
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· You can see from this equation that the power factor equals one only when the potential difference and the current are in phase.  When they are 90o out of phase, the power factor is zero.  The power factor is always equal to the cosine of the phase angle.

· In AC circuits, some power is transferred from the source, but only the power associated with the resistive portion of the circuit.  This we have called average power up above.  It also is called real power.  Units of average power is always in watts.

· In contrast, reactive power is the power being transferred back and forth between the source and either the electric fields associated with the capacitance of the circuit, and/or the magnetic fields associated with the inductive portions of the circuits.  Its units are volt-amps reactive (VARS).

· When the sinusoidal forms of power, currents, and voltages are shown, they can be related to the phase angle with a simple sketch.  The hypotenuse of the triangle below is known as the apparent power, having units of volt-amps (VA).  Often, transformer ratings intended for AC service, are expressed in kVA’s.
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· In this figure, ( is the phase angle – the angle by which the current leads the voltage.  The power factor is the cosine of this angle.  Whether the angle is positive (above horizontal) or negative (below horizontal) denotes the presence of either a capacitive or inductive reactive power.

· For purely inductive or capacitive loads, the power factor vanishes, becoming zero because the cos(90o) or cos(-90o) = 0

· If you know what the power factor is, you can use your real power to determine the apparent rating required for your transformer.

Example Problem #1:

· Suppose a 240 V(rms), 60-Hz motor produces 10.0 horsepower of mechanical power with 90% efficiency.  (One Hp = 746 Watts).  Measurement indicates that the current I is 40 A, lagging.  Find the power factor, apparent power, and reactive power.

Since the current lags the voltage, we are dealing with an inductive circuit, and the “power triangle” shown above would be drawn as shown below.  The phase angle is negative (below the horizontal) because current lags voltage.





The motor can only convert real power into mechanical form.  Remember, real power is power that is actually transferred from some AC source to some other device or point.  In this case, the AC motor transfers real electrical power into mechanical power.  But it does so only at 90% efficiency.  Therefore, the true amount of real power received by the motor will be higher than the 10 Hp it converts.
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Solving for P:  
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Apparent Power always equals the product of the observed current (40 amps, RMS), and the RMS voltage.
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Using the above right triangle and the cosine ratio:  
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The phase angle then is 
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The reactive power, the power that does not actually transfer any energy, is then 
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Example Problem #2:

· A 10kW, 240-V, 60Hz load has a .92 power factor, lagging.  It receives power through a transmission line with resistance RW = 1.7 (.  (a)  Find the power lost in RW.  (b)  A capacitor is connected in parallel with the load as shown below.  What value of C is required to “correct” the power factor (make it equal to 1.0)?  Now what is the loss in RW?  In the picture below, current enters through the resistor, traveling to the right.






a)  First, we need to identify the variables.  

The actual load is 10 kW.  Therefore, the real power that is delivered to the device is 10000W = P.

Because current lags the potential difference, we know the load as inductive characteristics.  Therefore, the current supplied by the grid coming through the transmission line will be larger than what you would get using P=IV with RMS numbers.  We must find the apparent power supplied by the transmission line and the larger RMS current required.
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Now, the actual observed IRMS on the transmission line can be determined:  
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Hence, the power lost in RW is 
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b)  The reactive power drawn by the load is due to the inductive nature of the load itself.  The power triangle would look like this:





Using the sine ratio for a right triangle:  
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Alternatively, using the Pythagorean Theorem:  
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The capacitor is to cancel this out by drawing –4.26kVA:
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However, from above in the discussion for capacitors,

· 
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· Therefore, substituting 
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 into the first equation and solving for
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· This, all gets substituted into the above relationship and solving for C:

· 
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When this capacitor has been added, the power factor for the capacitor – load system becomes unity (i.e. S=P), and I going through RW becomes I=P/V=41.67A.  The power lost in RW in now 
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