ANALOG
DEVICES

AHEAD OF WHAT'S POSSIBLE™

i?‘Anang [Dialogue

StudentZone—September 2018
ADALM1000 SMU Training
Topic 9: Power and Power Factor in AC Circuits

By Doug Mercer and Antoniu Miclaus
Share on O o @

After the introduction of the SMU ADALM1000 in our Analog Dialogue
December 2017 article, we want to continue with the next part of our
series with some small, basic measurements. You can find the previous
ADALM1000 article here.
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Figure 1. A schematic of the ADALM1000.

Objective:

In this lab activity you will determine real, reactive, and apparent power in
RC, RL, and RLC circuits. You will also determine the amount of capacitance
that is required to correct the power factor in a series RL circuit.

Background:

For time varying voltages and currents, the power delivered to a given load
also varies with time. This time, varying power is called instantaneous power.
The power at any instant in time can be either positive or negative. That is
to say, power is going into the load and being dissipated as heat or stored in
the load as energy when positive and coming out of the load (from the stored
energy in the load) when negative. The real (or actual) power delivered to the
load is the average value of the instantaneous power.

For ac sinusoidal voltages and currents, the real power (P), in units of
watts, dissipated in an RC, RL, or RLC load circuit is dissipated in only
the resistance part. There is no real power dissipated in an ideal reactive
element like a capacitor or inductor. In a reactive element, energy is stored
during half of the ac cycle and released (sourced) during the other half of
the cycle. The power in a reactive element is referred to as reactive power
(Q) and has the units of var (volt-ampere reactive).

The real power (P) dissipated in a load can be calculated as follows:
P=1I2R

Where R is the resistive part of the load and | is the (true) rms current.
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The reactive power in a load can be calculated as follows:
0=1X

Where X is the reactance of the load and | is the ac rms current.

When a load has an ac rms voltage (V) across it and an ac rms current
() through it, the apparent power (S) is the product of the rms voltage
and rms current in volt-amperes (VA). The apparent power can be
calculated as follows:

S=VI

If the load has both resistive and reactive parts, apparent power represents
neither real power nor reactive power. It is called apparent power
because it uses the same equation as dc power but does not take into
account the possible phase difference between the voltage and current
waveforms.

A power triangle (vector diagram) can be drawn using the real, reactive,
and apparent power. The real power is along the horizontal axis, the
reactive power is along the vertical axis, and the apparent power forms
the hypotenuse of the triangle as shown in Figure 2.

Q | Reactive Power in Vars

Real Power in Watts

Figure 2. Power triangle.

Using geometry, S can be calculated by:

s=/P*+ 0%

The cosine of angle © is defined as the power factor (pf). The power factor
is the ratio of the real power (P) to the apparent power (S) and is calculated
as follows:

P

pf—cos? = D

nlv

Where 0 is the phase difference between the voltage waveform (across

the load) and the current waveform (through the load). The power factor is
thought of as lagging when the load current lags the load voltage (induc-
tive) and leading when the load current leads the load voltage (capacitive).
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The real power can also be found from the apparent power by multiplying
the apparent power by the power factor:

P =VI cos

The real power, in watts, dissipated in the load can be calculated from the
true rms resistor current and the resistance as follows:

P=1I2R

The reactive power in an RC circuit, as in Figure 3, can be calculated using:

Q = VclzlzXC

Where V; is the rms voltage across the capacitor, | is the rms capacitor
current, and X; is the capacitive reactance.

The reactive power in an RL circuit, as in Figure 4, can be calculated using:

0=Vl =12X,

Where V. is the rms voltage across the inductor, | is the rms inductor
current, and X, is the inductive reactance.

The reactive power in an RLC circuit, as in Figure 5, can be calculated using:
0=Vd=12X

Where V, =V, -V, is the rms voltage across the combined total reactance,
| is the rms current in the reactance, and X = X; — X_ is the combined
total reactance. The rms voltage across the total reactance is equal to the
difference between the capacitor voltage (V) and the inductor voltage (V,),
because the voltages have a 180° phase difference (out of phase) between
each other.

Power Factor Correction

Power factor correction is generally required for inductive loads like large
ac motors. Because a power factor of 1 (unity) requires less peak current,
it is advantageous to compensate for the inductance bringing the power
factor as close to unity as possible. By doing this we make the real power
close to being equal to the apparent power (VI). Power factor is corrected
by connecting a capacitor in parallel with the inductive load.

To find the correct capacitor value required (Figure 6), first we need to
know the reactive power of the original RL circuit. This is done by drawing
the power triangle and solving for the reactive power. The power triangle
can be drawn from the real power and the apparent power and the power
factor angle, 8. Once the reactive power for the original load circuit has
been found, the capacitive reactance, X., needed to correct the power
factor can be calculated as follows:

Where V is the rms voltage across the RL circuit. Rearranging ...

V2
Y=g

... with a value for X, the required capacitance can be found based on the
frequency (F) as follows:

1
Xe = (27FC)

Rearranging:

3 1
€= QQrFXc)

With the correct capacitor connected in parallel with the RL load (motor),
the power factor will be close to unity—that is, the voltage and current
are in phase with each other. And the real power will be nearly equal to
the apparent power.

Materials:
ADALM1000 hardware module
Solderless breadboard and jumper wires
One 47 Q resistor
One 100 Q resistor
One 10 uF capacitor
One 47 mH inductor

Directions for the RC Circuit:

Construct the RC circuit shown in Figure 3 on your solderless breadboard
with the component values R, = 100 Q and C, = 10 pF. Three connections
to the ALM1000 are required as shown by the green boxes. Open the ALICE
oscilloscope software.
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Figure 3. RC ac load circuit.
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Figure 4. RC ac load breadboard.
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Procedure:

0On the right-hand side of the main scope window, enter 2.5 for the CA-V
and CB-V offset adjustment. In this experiment we need to apply ac signals
(+voltage) across the load and we are referencing all the measurements
to the 2.5V common rail. Also enter 0 for the CH-A and CH-B vertical
position settings (along bottom of scope window). The vertical scales
should now be centered on 0 and go from —2.5 to +2.5. Set the CA-I
vertical scale to 5 mA/Div.

Adjust Gain / Offset

ca-v[10 |25 «—————— SetCAV
and CB-V

CB-V|[1.0 |25 -—— Offsetto 2.5

CA-1j1.0 |0.0
CB-1{1.0 |0.0

Set the Channel A AWG Min value to 1.08 V and the max value to 3.92V
to apply a 2.84 V p-p, 1V rms sine wave centered on 2.5V as the input
voltage to the circuit. Set the frequency to 250 Hz and the phase to 90°.
From the AWG A Mode drop-down menu, select SVMI mode. From the
AWG A Shape drop-down menu, select Sine. From the AWG B Mode
drop-down menu, select Hi-Z mode.

From the ALICE Curves drop-down menu, select CA-V, CA-I, and CB-V for
display. From the Trigger drop-down menu, select CA-V and Auto Level.

This configuration uses the oscilloscope to look at the ac voltage and current
signals driving the circuit on Channel A and the voltage across the resistance
on Channel B. The voltage across the capacitor is simply the difference
between Channel A and Channel B (select GAV — CBV from the Math drop-
down menu). Make sure you have checked the Syne AWG selector.

The software can calculate the rms values for the Channel A voltage and
current waveforms, as well as the Channel B voltage waveform. In addition,
the software also calculates the rms value of the point-by-point difference
between the Channel A and Channel B voltage waveforms. In this exper-
iment this will be the rms value of the voltage across the capacitor. To

display these values, select RMS and CA-CB RMS under -CA-V- and RMS
under the -CA-I- sections of the Meas CA drop-down menu. Select RMS

under -CB-V- section of the Meas CB drop-down menu. You may also wish
to display the max (or positive peak) values for CA-V, CA-1, and CB-V.

Click on the Run button. Adjust the time base until you have more than two
cycles of the sine wave on the display grid. Set the Hold Off to 4.0 ms. You
should see four traces: the Channel A voltage, Channel B voltage, Channel A
current, and CA-CB voltage Math trace. Because 100 Q was chosen for
the resistor and the vertical scale for the current is 5 mA/Div, the trace
of the current in the resistor will fall right on top of the trace for voltage
across the resistor, Channel B, with its vertical scale set to 0.5 V/Div (0.5 mA
time 100Q=0.5V).

Record the rms value for the voltage across the total RC circuit (CHA'V
RMS), the rms value for the current through R,, which is also the current in
Channel A in this series circuit (CHA | RMS), the rms value for the voltage
across the resistor (CHB V RMS), and the rms value for the voltage across
the capacitor (A-B RMS).
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Figure 5. RC ac load waveforms and measurements.

Based on these values, calculate the real power (P) for the RC circuit.
Calculate the reactive power (Q). Calculate the apparent power (S).

Based on your calculated values for P, Q, and S, draw the power triangle,
as in Figure 2. Determine the power factor (pf) and © for the RC circuit.

The oscilloscope traces are displaying the time relationship between the
voltage (the green Channel A voltage trace) and current (the cyan Channel A

current trace). Using the display markers or the time cursor, measure the
time difference between the zero crossings of the two traces and, from
that, the phase angle between them. Use this angle (8) to calculate the
power factor.

How does this compare to the value you obtained from the P, Q, and S and
the power triangle? Is the power factor lagging or leading and why?

Directions for the RL Circuit:

First measure the dc resistance of the 47 mH inductor using the dc
ohmmeter tool in ALICE. The total series resistance of the RL circuit will
be the inductor resistance plus the 47 Q external resistor R,. The total
resistance will need to be factored into your calculations for the real and
reactive power.

Construct the RL circuit shown in figure 5 on your solderless breadboard
with the component values R, = 47 Q and L, = 47 mH.

—
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Figure 6. RL ac load circuit.



Figure 7. RL ac load breadboard.

Procedure:

Click on the Run button. Adjust the time base until you have more than two
cycles of the sine wave on the display grid. Set the Hold Off to 4.0 ms. You
should see four traces: the Channel A voltage, Channel B voltage, Channel
A current, and CA-CB voltage Math trace.

Record the rms value for the voltage across the total RL circuit (CHAV
RMS), the rms value for the current through R,, which is also the current in
channel A in this series circuit (CHA | RMS), the rms value for the voltage
across the resistor (CHB V RMS), and the rms value for the voltage across
the inductor (A-B RMS).

Based on these values, calculate the real power (P) for the RL circuit.
Calculate the reactive power (Q). Calculate the apparent power (S).

Based on your calculated values for P, Q, and S, draw the power triangle,
as in Figure 2. Determine the power factor (pf) and © for the RL circuit.

The oscilloscope traces are displaying the time relationship between the volt-

age (the green Channel A voltage trace) and current (cyan channel A current
trace). Using the display markers or time cursor measure the time difference
between the zero crossings of the two traces and from that the phase angle
between them. Use this angle (6) to calculate the power factor.

How does this compare to the value you obtained from the P, Q, and S and
the power triangle? Is the power factor lagging or leading and why?

Directions for the RLC Circuit:

Construct the RLC circuit shown in Figure 8 (a) on your solderless bread-
board with the component values R, = 47 Q, C1 = 10 yF, and L, = 47 mH.

—
C,

:
R1

Figure 8 (a). RLC ac load circuit measuring the capacitor.
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Figure 8 (b). RLC ac load circuit measuring the capacitor breadboard.

Procedure:

For the RLC circuit you will need measurements for the ac rms voltage
across each element. In the configuration shown in Figure 8 (a), with Chan-
nel B connected to the junction of C, and L1, we can get the rms voltage
across C, from the difference between the CA and CB waveforms. With
Channel B connected to the junction of L, and R,, we can get the rms volt-
age across R1 directly from the CB waveform. Record the rms value for the
voltage across the total RLC circuit (CHA V RMS), the rms value for the cur-
rent through R;, which is also the current in Channel A in this series circuit
(CHA | RMS), the rms value for the voltage across the resistor (CHB V RMS)
and the rms value for the voltage across the capacitor (A-B RMS) when
CHB is connected to the junction of C, and L, and the combined reactance
of L, and C, when CHB is connected to the junction of L, and R;.

We still need the rms voltage across the inductor L,. By swapping the order
of the components in this series connected circuit, as shown in Figure 8 (c),
we do not change the total overall impedance of the load circuit. However,
we can now obtain the rms voltage across L, from the difference between
the CA and CB waveforms as we did with the capacitor in Figure 8 (a).
Record the rms value for the voltage across the total RLC circuit (CHAV
RMS), the rms value for the current through R,, which is also the current
in Channel A in this series circuit (CHA | RMS), the rms value for the voltage
across the resistor (CHB V RMS), and the rms value for the voltage across
the inductor (A-B RMS). Check that the value across the total circuit as
well as the current through the load and the value across R, is the same
as what was measure for Figure 8 (a). Why is this true?

CA-v

I
CB-H
-
JR“

Figure 8 (c]. RLC ac load circuit measuring the inductor.

£

Based on these values calculate the real power (P) for the RLC circuit.
Calculate the reactive power (Q) for the combined LC reactance and the
L and C individually. Calculate the apparent power (S).
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Increase the frequency of Channel A from 250 Hz to 500 Hz and remeasure
the rms voltages for the RLC circuit. How has that changed the real, reactive,
and apparent power? Is the load current lagging or leading and why?

Decrease the frequency of Channel A from to 125 Hz and remeasure the
rms voltages for the RLC circuit. How has that changed the real, reactive,
and apparent power? Is the load current lagging or leading and why?

Directions for Power Factor Correction:

The circuit shown in Figure 9 for the power factor correction exercise is
the same as Figure 6 with the addition of capacitor C, in parallel with L.

Figure 9. Power factor correction for an RL ac load
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Figure 10. Power factor correction for an RL ac load breadboard.

Based on your measurements from Figure 6 and the equations in the
power factor correction section in the background information for this lab
activity, calculate the appropriate value for C, at 250 Hz. Use the closest

standard value (or parallel combination of standard values) capacitor for C,.

Procedure:

As you did for the simple RL circuit record the rms value for the voltage
across the total RL circuit (CHA V RMS), the rms value for the current
through R,, which is also the current in Channel A in this series circuit (CHA
| RMS), the rms value for the voltage across the resistor (CHB V RMS), and
the rms value for the voltage across the inductor (A-B RMS).

Based on these values, calculate the real power (P) for the RL circuit.
Calculate the reactive power (Q). Calculate the apparent power (S).

Based on your calculated values for P, Q, and S, draw the power triangle,
as in Figure 2. Determine the power factor (pf) and © for the pf corrected
RL circuit. Compare this pf to the one you calculated for just the RL load

Analog Dialogue 52-09, September 2018

circuit. How close was the calculated capacitor value to the optimal value
needed to make the pf equal to unity? Explain any differences.

Appendix:

Using other component values

It is possible to substitute other component values in cases where the
specified values are not readily available. The reactance of a component
(X or X)) scales with frequency. For example, if 4.7 mH inductors are avail-
able rather than the 47 mH called for, all that is needed to do is increase
the test frequency from 250 Hz to 2.5 kHz. The same would be true when
substituting a 1.0 WF capacitor for the 10.0 uF capacitor specified.

Using the RLC impedance meter tool

ALICE desktop includes an impedance analyzer/RLC meter that can be
used to measure the series resistance (R) and reactance (X). As part of
this lab activity it might be informative to use this tool to measure the
components R, L, and C used to confirm your test results.

B ALICE DeskTop 1.1 (11-25-2016): ALM1000 0

Togpe [t [Trg e 00 0o repesfoo

Figure 11. Screen capture with the new values from the Appendix
with Time/Div set to 0.5 mS.

You can find the answers at the StudentZone blog.

Questions:
In general, which is the effect of improving the power factor?
Which is the most common way of improving it?

Notes

As in all the ALM labs, we use the following terminology when referring to
the connections to the ALM1000 connector and configuring the hardware.
The green shaded rectangles indicate connections to the ADALM1000
analog 1/0 connector. The analog I/0 channel pins are referred to as CA and
CB. When configured to force voltage/measure current, -V is added (as in
CA-V) or when configured to force current/measure voltage, - is added (as
in CA-l). When a channel is configured in the high impedance mode to only
measure voltage, —H is added (as in CA-H).

Scope traces are similarly referred to by channel and voltage/current, such
as CA-V and CB-V for the voltage waveforms, and CA-I and CB-I for the
current waveforms.

We are using the ALICE Rev 1.1 software for those examples here.

File: alice-desktop-1.1-setup.zip. Please download here.


https://ez.analog.com/community/studentzone
https://wiki.analog.com/university/tools/m1k/alice/desk-top-users-guide

The ALICE desktop software provides the following functions: » A dc ohmmeter measures unknown resistance with respect to known
external resistor or known internal 50 Q.

> A2-channel oscilloscope for ime domain display and analysis of vot- » Board self-calibration using the AD584 precision 2.5 V reference from

age and current waveforms. the ADALP2000 analog parts kit.
» The 2-channel arbitrary waveform generator (AWG) controls. > ALICE M1K voltmeter
» The X and Y display for plotting captured voltage and current vs. volt- » ALICE M1K meter source

age and current data, as well as voltage waveform histograms.

» The 2-channel spectrum analyzer for frequency domain display and
analysis of voltage waveforms. For more information, please look here.

> i ilt-i .
The. Bode plotter and network anallyzer with built-in sweep generator Note: You need to have the ADALM1000 connected to your PC to use the
» An impedance analyzer for analyzing complex RLC networks and as an software.

RLC meter and vector voltmeter.

» ALICE M1K desktop tool.

Trigger Drop-Down Time Axis Controls Curves Drop-Down

File Drop-Down
B ALICE D skTop 1.1 (3-31-2017): ALM1000 Oscillosesr B Xl Options Drop-Down

Math Drop-Down

Open AWG Controls
Open/Sel X-Y

Open/Sel Spectrum
Open/Sel Bode

Open/Sel Impedance
Open Digital PIO Window
Open PIO DAC Window

Open External Analog
Multiplexer Window

CA¥AI 0 0 0
N0 oo
s so ¥ Adjust Channel Gain

@%b and Offset

Channels A, B Voltage/Current Range and Position Controls

Figure 12. ALICE desktop 1.1 menu.
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