CHAPTER 23 ALTERNATING CURRENT CIRCUITS
Capacitors and Capacitive Reactance
In a DC circuit with a capacitor in series, current flows while the capacitor is being charged or discharged. Then it stops.
In an AC circuit, current flows while the capacitor is charging, then it reverses directions discharging the capacitor and recharging it with opposite polarity.

The capacitor has a certain amount of resistance to this charging and discharging and can be described in a manner similar to that of pure resistance.

For pure resistance, Vrms = IrmsR. The similar equation for capacitors in an AC circuit is:
Vrms = IrmsXc
where Xc is called the capacitive reactance. It is measured in ohms and determines the rms current in the capacitor due to an rms voltage. It is inversely proportional to the capacitance and the frequency and can be calculated with the formula:

Xc = 1/(2πfC)
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The graph shows the inverse relationship between capacitive reactance and frequency.

Example

At what frequency does a 7.50 μF capacitor have a reactance of 168 ohms?

In an AC circuit, capacitors and resistors affect current in a different way. If we look at the relationship between voltage and current in a pure resistance circuit, the current varies in the same way as the instantaneous voltage.
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Because the increases and decreases coincide, they are said to be in phase.

In the case of a capacitor in a circuit, as the voltage increases, the capacitor begins to charge and allows a large current to flow. As the voltage reaches its maximum value, so does the charge on the capacitor and the flow of charge reaches zero. As the voltage decreases, charge flows in the opposite direction and reaches a maximum when the voltage becomes zero. The current always leads the voltage by 90°.
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The equation for instantaneous voltage is:

V = V0sin(2πft)

The equation for corresponding instantaneous current is:

I = I0sin(2πft + π/2)

The reason the current is said to lead the voltage is that the equation for current has the term +π/2 in the sine function argument. t is the same time in both equations.

Example

A capacitor is connected across an AC generator whose frequency is 750 Hz and whose peak output voltage is 140 V. The rms current in the circuit is 3.0 A. (a)Find the capacitance of the capacitor.(b) Find the magnitude of the maximum charge on one plate.

Electric power is the product of voltage and current. Since they are 90° out of phase, the product of votage and current varies between positive and negative values so that the net power over a complete cycle is zero.  This means that part of the energy  supplied to the circuit comes from the capacitor as it discharges. Since the average power is zero, so is the energy used by the capacitor.
When analyzing AC circuits, it is sometimes helpful to use a phasor diagram. Phasors are rotating arrows that represent maximum voltage and maximum current through different circuit components.
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This is a visual representation of the relationship between the instantaneous voltage and current for a circuit with (a) pure resistance and (b) pure capacitance.

The instantaneous value for current or voltage can be found as the Y component of the corresponding phasor.

V = V0sin(2πft)
Inductors and Inductive Reactance
An inductor is a coil of conducting wire that developes a voltage that opposes a change in the current through it. In a fashion similar to capacitive reactance, we can show that the rms voltage across an inductor is:

Vrms = IrmsXL
where XL is called inductive reactance. It is directly proportional to the frequency of the voltage in the circuit and the inductance of the coil.

XL = 2πfL

This indicates an increase in frequency or inductance increases the resistance to current flow.

Example

The current in an inductor is 0.20 A and the frequency is 750 Hz. Find the voltage across the 0.080 H inductor.

The current through an inductor, like that through a capacitor is not in phase with the voltage.
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In an inductor, the current curve lags behind the voltage curve by π/2 radians(90°) as the diagram above shows. The equations for instantaneous voltage and current in an inductor are:

V = V0sin(2πft)

I = I0sin(2πft - π/2)

I = -I0cos(2πft)

The second equation for current comes from the trig identity for the sine of the difference of two angles.

In an inductor, as a capacitor, the power is positive for part of a cycle and negative for part of a cycle. Since these are equal and opposite, the power used by an inductor in an AC circuit is zero. The inductor simply absorbs and releases energy.
The phasor diagram for a purely inductive circuit is shown below.
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As the phasors rotate, the current in the inductor is always 90° behind the voltage phasor.

AC Current with Only One Circuit Element
Circuits Containing Resistance, Capacitance, and Inductance

When resistors, capacitors and inductors are all combined in a single circuit, we call it an RCL circuit.
In a series RCL circuit, the total opposition to current flow is called the impedance.  The impedance comes from the resistance, the capacitive reactance and the inductive reactance. The voltage current equation involving impedance is:

Vrms = IrmsZ

where Z is the impedance in the circuit.
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Since the components are in series, the current through each one must be the same. In the phasor diagram, the current must be in phase with the voltage across the resistor, lead the capacitor voltage by 90° and lag behind the inductor voltage by 90°.
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Since VL and VC are in opposite directions, they can be combined into one quantity, VL - VC. Since we treat phasors like vectors, the resultant voltage, V0, can be found using the Pythagorean Theorem.
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V02 = VR2 +(VL - VC)2
Vrms2 = (IrmsR)2 +[Irms (XL - XC)]2
Vrms2 = Irms2 [R2 + (XL - XC)2]
Vrms = Irms [R2 + (XL - XC)2]½
Vrms = IrmsZ
Z = [R2 + (XL - XC)2]½
We can see that impedance affects current in an RCL circuit the same way as resistance in a pure resistance circuit. Like resistance, impedance is expressed in ohms.
Example

A series RCL circuit has a resistance of 275 ohms, an inductive reactance of 648 ohms, and a capacitive reactance of 415 ohms. Find the generator voltage if the current in the circuit is 0.233 A.

The power dissipated in a series RCL circuit depends on current and impedance. It also depends on the phase angle φ between the current phasor I0 and the Voltage phasor V0.
The current phasor points in the same direction as the resistance phasor but the total voltage phasor direction must be determined from the voltage phasors of all three components. 
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In the diagram we can see that the angle φ is determined from the inverse tangent of VL - VC divided by VR.

Since the current is the same in all of these components,

tanφ = (XL - XC)/R

The equation for power expended in the circuit is:
P = Irms2Zcosφ

P=IrmsVrmscosφ

Example

A 2700 ohm resistor and a 1 μF capacitor are connected in series across a generator (60.0 Hz, 120 V). Determine the power dissipated in the circuit.

Capacitors and inductors behave differently when the frequency in a circuit varies. As the frequency becomes very small, capacitive reactance becomes very large and reduces the current through the circuit to near zero. As the frequency becomes very large, Inductive reactance becomes very large and reduces the current in the circuit to near zero.

Example

For the circuit shown in the diagram, find the current in the circuit when the frequency is (a) very large and (b) very small.
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The left side of the circuit is connected but not shown.
RCL Circuit
P 717 Questions 1, 2, 4, 6
P 717 Problems 1, 3, 6, 8, 9, 11, 15, 16, 18, 20, 22

