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Pre-Lab

Warrick Lo, 09 February 2026
Using S = P +jQ = VI, we get
S=I’Z=I*(R+jX) and

v:op?
=7 R+

Thus, we can solve for P and Q when the impedances are all either purely resistive or reactive:

P=1°R, (1a)
= %2, and (1b)
Q =I’X, (1c)
- (1d)

Using the power triangle and the definition of the power factor angle,

cosp = 1—) tangp = 9,

S’ P
and thus,
Q = Ptang. 2
Resistance
Series resistance:
P
R= Using equations and (32)
Parallel resistance:
V2
R=—+ Using equations and (3b)
Inductance
X, = joL
Xy,
L === 4
- (4)
Series inductance:
L= % Using equations and
Ptang . .
=—5 Using equation
Ptang
= 5
2nfI2 (5a)



Parallel inductance:

2
L= coLQ Using equations and
V2 . :
= m Using equation
V2
"~ 2nfPtang (5b)
Capacitance
. _ 1 _ 7
—iXe = jwC — wC
1
C= oXe (6)
Series capacitance:
IZ
C= @0 Using equations and (6)
I? . :
= m Using equation
IZ
"~ 2nfPtang (72)
Parallel capacitance:
L= % Using equations and (6)
_ Ptang . .
=2 Using equation
Ptang
T 2mfV2 (75)
Instantaneous Power
cosacosf3 = % (cos(ax + B) + cos(a — ) (8)
0() = V2V cos (@t + o)
i(t) = V2Upys cos (wt + ;)
p(t) = v(B)i(t)
= ZVRMSIRMS CoS (CUt) COoS (Cc)t + go)
= Vrmslrms (cos @ + cosut + ¢)) 9)
Complex Power
S=P+jQ
= VIcosep +jVIsing
P="VIcosg (10a)
Q = VIsing (10b)



Three-Phase Power

Vline = \/gvphase

P= 3‘/phaseIphase cos
= \/E‘/lineIline cos @

Q = 3lehaselphase sin ®
= \/Elflinelline sin ®

(11a)
(11b)

(12a)
(12b)



Task 1A. Measurements with RL Load Box

Measurement Vl(RMS) \% II(RMS) A () P 1(AVG) (W) Zeq Q) Req(series) (Q) Leq (mH)

One inductor 14.11 0.64 85.4 0.72 22.18 1.758 57.95
Three inductors 14.07 1.98 85.2 2.33 7.11 0.594 18.77

Table 1. Single-phase parallel inductors.

« How is this inductor different from an ideal inductor element?
The inductor has many parasitic elements, including physical resistance from the metal conductor, self-capacitance,
magnetic flux leakage, radiation losses at high frequencies, and core losses if it’s not an air-core inductor.

« Are the calculated values of inductance close to the expected value? What is the difference?
The nominal value for each inductor, as indicated on the load box, is 40 mH. With three inductors in parallel, this
gives us an equivalent inductance of 13.33 mH. The measured values are higher, at 57.95 mH for the single inductor
and 18.77 mH for the parallel inductors, giving a deviation of 45 % and 41 %, respectively. This is a relatively high
amount of deviation and can be attributed to the parasitic properties of the inductor described above.

Task 1B. Measurements with RC Load Box

Measurement Vl(RMS) (V) Il(RMS) (A) P1 (o) Pl(AVG) (W) Zeq (Q) Req(parallel) (Q) Ceq (IJ'F)

One capacitor 14.07 0.22 -89.6 0.022 62.82 0.4545 40.74
Three capacitors 14.12 0.68 -89.8 0.034 20.47 0.0735 125.9

Table 2. Single-phase parallel capacitors.

» How is this capacitor different from an ideal capacitor element?
The capacitor has physical resistance from the metal conductor, self-inductance, fringing field losses, leakage current
through the dielectric, and the skin effect at high frequencies, among other losses.

o Are the calculated values of capacitance close to the expected value? What is the difference?
The nominal value for each capacitor, as indicated on the load box, is 40 pF. With three capacitors in parallel, the
equivalence capacitance is 120 uF. The measured values are slightly higher, at 40.74 pF for the single capacitor and
125.9 pF for the parallel capacitors. This gives us a deviation of 1.9 % and 4.9 %, respectively, which is a reasonably
low amount of deviation that can be attributed to the real-world properties of the capacitor described earlier.

Task 1C. Parallel Connection of RLC Components

Measurement Lirms) A) 01 (°)  Lwmsy A 92 (°)  Lrus) (A @3(°)  Pravey (W)

R, 0.71 0.2 — — — — 10.0
Ryand L, 0.99 39.8 0.64 852 — — 10.7
Ry, Ly, Cp, Gy Cy 0.79 -1.0 0.63 85.1 0.67 -89.5 10.7

Table 3. Parallel connection of RLC components. Supply voltage 1] = 14.164 — 1.7° V RMS.

« How has the real power changed when you connected inductors and capacitors in parallel?
In the ideal scenario, adding inductors and capacitors to the circuit wouldn’t change the real power as the components
are purely reactive. However due to the parasitic resistances of the components, they consume small amounts of
real power. The total real power of the circuit is then simply the sum of the resistor’s real power and the reactive
components’ real power from losses.



« How are the magnitudes of the currents I;, I, and I; related to each other when all elements are connected in
parallel?
The current I is the sum of all three branch currents as phasors:

T1=TR+TL+TC'

In the ideal model, the inductor and capacitor currents are, respectively, 90° and —90° out of phase from the resistor
current. Since they are 180° apart, the magnitudes will subtract from each other. Thus the magnitude of the current
I can be given by

1] =/ 1Tl + (1T - |Es]) (13)

« Can either I, and/or I; have a magnitude larger than the magnitude of I; ? Explain.
Yes, if the resistor current is small enough, or equally if both inductor and capacitor currents are large enough. We
can see this in (13); the reactive components’ currents “nearly cancel” each other out, giving only a small increase to
I, but they can each be larger than I; individually.

Task 1D. Series Connection of RLC Components

Measurement Lirms) (A 01 (°) Vorums) V) 02(°) Vawms) (V) @3 (°)  Priavg) W)
Ry, Ly, G 0.32 553 8.65 2183 20.58 312 23
Ry, Ly, Cyp, Gy, Cs 0.64 0.8 14.25 80.6 13.97 90.5 9.0
Ry, Ry Ry L, C,Cp G5 156 253 2717 2450 3408 60.6 19.5

Table 4. Series connection of RLC components. Supply voltage V| = 14.144 — 1.6° V RMS.

+ How has the real power changed when you connected capacitors in parallel or resistors in parallel?
When the capacitors are connected in parallel, the equivalent impedance of the capacitors is significantly lowered.
This matches with how see V5 being lower afterwards. Thus, more current is flowing through the circuit and more
power is being dissipated by the resistor. When the resistors are connected in parallel, more current is again going
through the circuit and thus the real power increases as well.

« How are the magnitudes of voltages 4, 5, and 1} related to each other when all elements are connected in series?
The voltage V] is the sum of all three components’ voltages as phasors:

U=Tr+V+ "

In the ideal model, the inductor and capacitor voltages are, respectively, 90° and —90° out of phase from the resistor
voltage. Since they are 180° apart, the magnitudes will subtract from each other. Thus the magnitude of the voltage
Vi can be given by

1% = 1P + (73] - 7)) (14)

« Can either 1 and/or 1} have a magnitude larger than the magnitude of 1{? Explain.
Yes, if the resistor voltage is small enough, or equally if both inductor and capacitor voltages are large enough. Similar
to Task 1C, we can see how according to equation (14)), the reactive components’ voltages “nearly cancel” each other
out, which allows 15 and V4 to be each larger than ] individually.

« Support your answer with the phasor diagram corresponding to the measurement Task 1D, step 5.

See figure



& 2 Phase Analysis 2025.vi - ®
File Edit Operste Tools Window Help

3 Phase Analysis

Instantaneous Waveforms Phasnr\t’wew.‘ )
Electrical Measurements
Phasor Diagram
== Ch1 Trigger Source Fundamental Frequency
Voltage
o Amps < |volts 600 | Ha
00 =
- V1RMS A1RMS Ch1 Watts
- (1433 /1o ||[156 Az || [19.4 |
| 25
V2 RMS A2RMS Ch2 Watts
0
= || [27.10 f2es |00 Aeo |00 |
BV B2®V| || y3Rus A3 RMS Ch3 Watts
33.99 Z@5 |ljooo /o || oo |
Units on Axes
Amps [ Volts Avg Volts Avg Amps Tot Power
Phacor 2514 | 156 | [ [19.4 |
Current
Range
-
50 Sampling Period (mS)
b I |
20 ‘. | —
o 01 1 10 100 2000
i Filter Cutoff Frequency (Hz)
0
-
@10 a2 C) A2 100 1000 10000 100000
— Zoom Position
Data

Figure 1. Phasor view of circuit with three resistors, one inductor, and three capacitors.

Task 2A. Three-Phase Measurements with Wye-Connected RL Load Box

Phase 1 (RMS) Phase 2 (RMS) Phase 3 (RMS) Total
Measurement VAp, (V) Ixp; (A) VAp, (V) Ixp; (A) VAp, (V) Ix9; (A) Py (W)
RL balanced load, 10.17 4.5 0.27 £-46.3 10.15 £ -238.0 0.29 £ 73.3 9.79 £ -115.2 0.29 X -163.6 5.6
neutrals disconnected
RL unbalanced load, 10.06 £44 038 £-80.0 1291 X-251.8 0.39 £ 60.8 8.94 £ -139.9 0.26 £ -189.0 52
shorted resistor,
neutrals disconnected
RL unbalanced load, 8.88 £ 0.9 0.45 £ 0.6 9.15 £ -199.3 0.26 £ -247.8 13.71 £-98.4 0.43 X -145.0 9.9
shorted inductor,
neutrals disconnected
RL unbalanced load, 10.16 £ -1.5 0.4 X -85.7 10.31 £ -241.4 0.3 4£70.2 10.19 £ -120.6 0.30 £ -168.8 4.6
shorted resistor,
neutrals connected
RL unbalanced load, 10.09 £-1.8 0.51 £-2.0 10.27 A -241.5 0.30 £ 70.3 10.19 £ -120.8 0.30 £ -168.9 9.6

shorted inductor,

neutrals connected

Table 5. Balanced and unbalanced wye-connected RL three-phase load.

« How close are your measurements to the ideal case when the RL load is balanced?
In the balanced load circuit, the voltages had phase differences that were calculated to be 120.0° and maximum
voltage spread of less than £0.38 V. Similarly, the currents had phase differences of 120.0° and variations in magni-
tude of £0.02 A. These can be attributed to the tolerances in individual components, manufacturing variations, and

parasitic impedances, among other things.



« What happens to the phase voltages and currents when the resistor is shorted in one of the phases?
Looking at the phase current through the shorted load, the magnitude will increase due to the lower impedance from
the short. That current will also lag the voltage by around 90°, due to it being a (nearly) pure inductive load. Without
the neutral line connected, the phase voltages drift from the target of 10 V and the phases deviate from their nominal
120° separation.

« What happens to the phase voltages and currents when the inductor is shorted in one of the phases?
Looking at the phase current through the shorted load, the magnitude will again increase due to the lower impedance
from the short. That current will be roughly in phase with the voltage, due to it being purely resistive. Without the
neutral line connected, the phase voltages also drift from the target of 10V and the phases again deviate from their
nominal 120° separation.

« How does connecting or disconnecting the neutral wire affect the phase voltages and currents when the load is
unbalanced?
The neutral line allows the unbalanced current to flow back to the source. This stabilises the phase voltages even
when the load is unbalanced, ensuring that the magnitudes stay around 10V and the phase differences are around
120°.

Task 2B. Three-Phase Measurements with Delta-Connected RL Load Box

Phase 1 (RMS) Phase 2 (RMS) Phase 3 (RMS) Total
Measurement VAp, (V) I£p; (A) VAp, (V) I£p; (A) VAp, (V) I14p; (A) Py (W)
RL balanced load 998 x-1.6 093 £-47.0 10.06 £ -241.9 0.95 £72.0 993 £-121.3  0.96 £ -167.1 19.7

RL unbalanced load, 10.10 £-1.5 0.94 X-81.0 10.14 x-241.7 1.39 X 55.0 10.02 £ -121.3  0.97 £ -167.2 14.6

shorted resistor

RL unbalanced load, 9.97 £-1.5 141 £-26.2 10.15£-242.3 091 £-248.7 10.03 £-120.9 0.97 £-166.6 28.8

shorted inductor

Table 6. Balanced and unbalanced delta-connected RL three-phase load.

+ How close are your measurements to the ideal case when the RL load is balanced?
In the balanced load circuit, the voltages had phase differences that were calculated to be 120.0° and maximum
voltage spread of less than £0.13 V. Similarly, the currents had phase differences of 120° and variations in magnitude
of £0.03A. These can be attributed to the tolerances in individual components, manufacturing variations, and
parasitic impedances, among other things.

« How do the current and power measurements (values) compare with the previous case when the balanced load
was wye-connected? The average power increases by a factor of 3, compared to the wye-connected load. This is

2
because the power per phase in a wye-connected load is given by (the/ \/5) /Z - cos @, whereas the delta-connected
load’s power per phase is given by V2 _/Z - cos ¢. Similarly, the line current will increase by a factor of 3, since in wye
and delta connections the line current is given by Vj;../ (\/EZ) and \/thne/Z, respectively.

« What happens to the phase voltages and currents when the resistor is shorted in one of the phases? The phase
voltages do not change, staying approximately 120° apart and having a maximum voltage spread of 0.12 V. Looking
at the phase current through the shorted load, the magnitude will increase due to the lower impedance from the
short. That current will also lag the voltage by around 90°, due to it being a (nearly) pure inductive load.

« What happens to the phase voltages and currents when the inductor is shorted in one of the phases? The phase
voltages do not change, staying approximately 120° apart and having a maximum voltage spread of 0.18 V. Looking
at the phase current through the shorted load, the magnitude will again increase due to the lower impedance from
the short. That current will be in phase with the voltage, due to it being a purely resistive load.



Task 2C. Two-Wattmeter Measurement Method with Delta-Connected RL Load
Box

Phase 1 (RMS) Phase 2 (RMS) Average Power
Measurement VA9, (V) I4p; (A) V&g, (V) Ixp;(A) B W) BW) PgyaW)
RL balanced load 1734 £-0.7 094 £-76.2 17.58 £59.4 0.96 £ 42.6 4.1 15.6 19.8
RL unbalanced load, 17.41 £-0.7 094 £-1103 17.53 £59.5 1404257  -55 19.7 14.2
shorted resistor
RL unbalanced load, 17.37 £-0.6 142 X-55.6 17.67 £59.1 0.92 £81.8 14.3 14.5 28.7

shorted inductor

Table 7. Two-wattmeter measurements with delta-connected RL three-phase load.

« The load circuit in Task 2B and Task 2C is identical in each step. Compare the measurements of currents and
voltages of Task 2B and Task 2C. Explain the results.
The voltages measured here are greater compared to Task 2B because we are measuring the line-to-line voltage,
as opposed to the phase voltage like what was done previously. As the line and phase voltages are related to each

other by Vi, = \/EVphasezi30°, the voltage supply is giving the same output voltage in both Task 2B and Task

2C (as \/5 -10V = 17.32V). We also see this through our measurement of the current; the magnitude remains
relatively unchanged from Task 2B to Task 2C, while the current shows a —30° phase shift because of the change in
our reference (the angle of 17).

« Compare the measurements of the real power of Task 2B and Task 2C. Explain the results.
The total real power remains relatively the same, as expected, since no part of the physical circuit changed. We see
that when the resistor is shorted (the load is purely inductive), B is negative. This can be explained by the power
factor angle being more than 90°, which will make the power, given by P = Vjj; [ hqse COS @, negative.
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Appendix A. Code Listings

function specan(filename)

end

% Spectrum analyser

% Analyse and plot the frequency spectrum of a waveform
% given by a tab-separated value (TSV) file.

% The following column headers for the TSV are assumed:
% time, vi, v2, v3, il, i2, i3

% Time measurements are assumed to be in milliseconds.
% All voltages and currents are assumed to be given
% in Volts and Amperes, respectively.

data = readtable(filename, FileType="text", Delimiter="\t");

L = length(data.time);

% Assumes data is sampled at regular intervals.
T = 1e-3*x(data.time(end)-data.time(1))/(L-1);
fs = 1/T;

% Frequency axis for plotting.

f = fs/L*x(0:L-1);

Y1 = abs(fft(data.v1)/L);
Y2 = abs(fft(data.v2)/L);
Y3 = abs(fft(data.v3)/L);
Y4 = abs(fft(data.il)/L);
Y5 = abs(fft(data.i2)/L);
Y6 = abs(fft(data.i3)/L);

figure (1) ;

subplot (2, 1, 1);

hold on;

plot(f, Y1, "r", LineWidth=2);

plot(f, Y2, "g", LineWidth=2);

plot(f, Y3, "b", LineWidth=2);

title ("Frequency Spectrum of Voltage Measurements");

x1im ([0 1e3]);

xlabel ("Frequency, $f$ (Hz)", Interpreter="latex");

ylabel ("$\left|\mathcal{F}(V)\right|$ (V)", Interpreter="latex");
1egend(uv_1u’ uv_2u’ nv_3n);

subplot (2, 1, 2);

hold on;

plot(f, Y4, "r", LineWidth=2);

plot(f, Y5, "g", LineWidth=2);

plot(f, Y6, "b", LineWidth=2);

title ("Frequency Spectrum of Current Measurements");

x1im ([0 1e3]);

xlabel ("Frequency, $f$ (Hz)", Interpreter="latex");

ylabel ("$\left |\mathcal{F}(I)\right|$ (A)", Interpreter="latex");
legend("I_l", "I 2", 111_311);

Listing 1. Frequency spectrum analysis code.
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function phasor (modulus, argument)

% Wrapper for quiver () that plots phasor diagrams.
b

% Expects the modulus and argument (in degrees)

% of a complex number.

r = modulus;
phi = argument * pi / 180;

% Automatic scaling is disabled.
quiver (0, 0, rxcos(phi), rxsin(phi), 0);

x1lim([-r r]);

ylim([-r r]);

end
Listing 2. Phasor plot code.

#!/bin/sh
# Prepare all waveform data for MATLAB processing.
#
# This script will:
# 1. sanitise the header before running MATLAB's readtable();
# 2. convert line endings from DOS to UNIX; and
# 3. rename files to have *.tsv file extensions.
#
# This script assumes all waveform data is tab-delimited and
# stored in *.txt files.
#
# Usage: ./prep.sh

files=$(ls -- =*.txt)

for i in $files; do

printf "Converting %s\n" "$i"

# Replace the header and convert DOS line endings (CRLF)
# to UNIX line endings (LF).
sed -1 -e "1lc time\tvi\tv2\tv3\til\ti2\ti3" -e "s/\x1D$//"

# Rename files to have TSV extensions.
mv "$i" "${i%.*}.tsv"

done

ll$i|l

Listing 3. Shell script for preparing data.
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Figure 2. Phasor measurements for the RL load box with three inductors (Task 1A).
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Figure 5. Measurements of series connections of RLC components (Task 1D).
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(c) Waveform of circuit with three resistors, one inductor,
and three capacitors.

(d) Phasor view of circuit with three resistors, one inductor,
and three capacitors.

Figure 5. Measurements of series connections of RLC components (Task 1D).
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(c) Waveform of circuit with RL unbalanced load, shorted
resistor, neutrals disconnected.

(d) Phasor view of circuit with RL unbalanced load, shorted
resistor, neutrals disconnected.

Figure 6. Three-phase measurements with wye-connected RL load box (Task 2A).
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(f) Phasor view of circuit with RL unbalanced load, shorted
inductor, neutrals disconnected.
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(h) Phasor view of circuit with RL unbalanced load, shorted
resistor, neutrals connected.

5 3 Phase Anaiyss 202500 = x

File Edt Operste Tools Window Help

3 Phase Analysis

Instantancous Waveforms | Phasor View

Electrical Measurements
Phasor

Phasor Fundamentsl Frequ

e prenp v 00 |m

e
5 10.12 /45 051 f18 53
Smm || varus A2RMS ch2 Watts
> 1030 /2412 |f[0.30 /17 2.1

OV @nOv||| yvzrms A3RMS Ch3 Watts.

1022 Loms ||[030 Zaser || [21

untsonses
nps P ot || Avg Volts Avg Amps | Tot Power
. 1021 | 037 | [los |
Gurrent
Range

50 = ‘Sampling Period (mS)
‘ [

M -

: g

o

5

—— 1o oo oo foooo

(j) Phasor view of circuit with RL unbalanced load, shorted
inductor, neutrals connected.

Figure 6. Three-phase measurements with wye-connected RL load box (Task 2A).
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(a) Waveform of circuit with RL balanced load. (b) Phasor view of circuit with RL balanced load.
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(c) Waveform of circuit with RL unbalanced load, shorted (d) Phasor view of circuit with RL unbalanced load, shorted
resistor. resistor.
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(e) Waveform of circuit with RL unbalanced load, shorted (f) Phasor view of circuit with RL unbalanced load, shorted
inductor. inductor.

Figure 7. Three-phase measurements with delta-connected RL load box (Task 2B).
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(d) Phasor view of circuit with RL unbalanced load, shorted
resistor.
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(f) Phasor view of circuit with RL unbalanced load, shorted
inductor.

Figure 8. Two-wattmeter measurements with delta-connected RL load box (Task 2C).
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