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Practical Organization

Theoretical lectures with Professor Geuzaine

Practical lectures with myself (Florent Purnode)

4 laboratory sessions to help you grasp the theoretical & practical concepts:
» Transformers (mono-phase and three-phase)
» Synchronous machines
» Asynchronous machines

» DC machines

Test on phasors in the sinusoidal steady state and three-phase systems

Final exam

=>» The schedule, slides, manuals, etc. are available on the class webpage (https://people.montefiore.uliege.be/geuzaine/ELEC0431)



https://people.montefiore.uliege.be/geuzaine/ELEC0431

Laboratories — General information

* Each laboratory lasts at most 4 hours. They take place in the “pyramid” (building in front of the cafeteria of Montéfiore).

e Every laboratory comes with its own manual, soon available on the webpage.

Before each laboratory, read the corresponding manual.

It is advised to prepare the theoretical points in advance =» Time saved and good preparation for the exam.
e Student monitors will be available during the laboratory sessions to help you.

* Noreport is asked. However, you will have to answer individually a quick evaluation at the end of each laboratory.

The evaluation focuses exclusively on the concepts seen during the laboratory. You can be asked to:

» Explain how a particular measurement was performed during the laboratory,
» Draw an equivalent circuit and use it for calculations,

» Draw phasor diagrams,

» Solve a problem encountered during the laboratory, etc.

Each test represents 3.75 % of your final grade. That is 15 % of the grade for the four laboratories.
 The information regarding the laboratory groups and schedule will be presented in a following exercise session.

* Laboratories are mandatory (In case of unexcused absence, an absence grade will be given for the entire course).



https://www.google.com/maps/@50.5857488,5.5614387,70m/data=!3m1!1e3?hl=fr

Test on phasors

* The two first exercise sessions are dedicated to the introduction of phasors.

Phasors will be used throughout the class. Being able to work with them effortlessly is a must!

* Atest, focusing on the material seen during the two first exercise sessions is scheduled on Friday 7t of March, at 9:00 am.

It takes place in the usual classroom (B37 auditorium 02).

It is a quick test of 30 minutes (we insist on the fact you should be able to manipulate phasors effortlessly).

To take the test, you will need your calculator, ruler and protractor.

* At each exercise sessions, homeworks are available to prepare yourself for the test and the exam.

The last-year test and past exams are also available on the webpage.

* The test accounts for 5 % of the final grade (5 % for the test, 15 % for the laboratories =» 80 % for the exam).

* The test will be followed by its correction and a normal exercise session.



In this class...

Today’s aim: Introduce a very important concept: The phasors

(pay particular attention to this class!)

» Reminders (one-ports and Kirchhoff’s laws)

» Harmonic functions

» Root Mean Square value

» The phasors

> Exercise 1

» Product of two harmonic functions

» Active, reactive and apparent power (very important too!)
» Exercises 2



Reminders
I

One-ports
Kirchhoff laws



One-ports (or “dipoles” in French)

A one-port is a two-terminal electric component.

It can be: Terminal 1
> A resistor (of resistance R) ?
» An inductor (of inductance L)
» A capacitor (of capacitance C)
» A power generator
» A diode
» A combination of components
> Etc. L

Terminal 2



One-ports (or “dipoles” in French)

Each one-port is associated with a current i(t) and a voltage v(t).
> i(t) is positive if the positive charges flow in the direction indicated by the arrows.

> v(t) is positive if the tension at the head of the arrow is larger than the one at the tip.

Four different configurations can thus be obtained.

=>» Two of them consume power and two of them deliver power.

Consume
Power

(like a passive
component)

i(t)

>

(e

i(t) <€

v(t)

i(t) €

v(t)

Deliver
Power

(like an active
component)

=>» This leads to two different conventions: the passive convention and the active convention.



Passive VS Active conventions

The passive convention The active convention
(also called receiver, motor or load convention) (also called generator or source convention)
The passive one-port receives the The active one-port delivers the
power p(t) = v(t) i(t) power p(t) = v(t) i(t)
i(t) —» o— i(t) <€ °

v(t) v(t)

This convention is used for R, L, C, motors This convention is used for voltage sources, current sources,
and primary side of transformers. generator and secondary side of transformers.




v(t) — i(t) relationship of basic components

Passive convention

v(t) = Ri(t)

v(t) ( —_—C

dv(t)
dt

i(t) =C

Active convention

Voltage source

i(t)
€ o—

0 ( )

v(t) is imposed, i(t) is
set by the rest of the circuit

Current source

i(t)
€ o0—

" ( 0

O—
i(t) is imposed, v(t) is
set by the rest of the circuit

When connected
together, use
Kirchhoff laws

10



Kirchhoff’s laws

Kirchhoff’s first law

(also called Kirchhoff’s junction rule or Kirchhoff’s current law)

At any junction in the electrical circuit, the sum of currents flowing into the
junction is equal to the sum of currents flowing out of the junction.

14(t) ———

A

i5(t) — io(t) —p 0=14(t) +ip(t) +ip(?)

o— = T c —e

in(t) = ic(t) +ip(t)

zE(t) Zp(t)

ia(t) +ic(t) =ir(t)

iD(t) —+ ’LE(t) -+ ’iF(t) =0

11



Kirchhoff’s laws

Kirchhoff’s second law
(also called Kirchhoff’s loop rule or Kirchhoff’s voltage law)

Around any closed loop in a circuit, the directed sum of
potential differences across components is zero.

v4(2)
L

A

C < ) — ’UD(t) — ’UB(t) — ’UE(t) =0

B C

S~ S~

vp(t) vo(t)

vp(t) D L vp(t) E [ vr(t) F
— wvp(t) —va(t) +ve(t) =0

> wp(t) — volt) — vp(t) = 0
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Introduction to phasors
-

Harmonic functions

Root Mean square value

The phasors

Harmonic function <~ Phasor equivalence
Phasors applied to circuits

Application: Exercise 1



Harmonic functions

In this class, we deal with harmonic functions:

f(t) = Fpeqr cos(wt + 6) A

where: ‘\

» Fpeqx is the amplitude,
» w is the angular frequency,
» 0 is the phase angle.

The angular frequency is linked to the frequency f and period T as

14



Root Mean square (RMS) value

Let’s consider a resistance R: o—/\/\/\/\/—o —>

The instantaneous power p(t) dissipated in the resistance is

p(t) = v(t)i(t) = Ri(t)? = v(;)z

And the mean dissipated power is

p—le (t)'(t)dt—leT'(t)Zdt—l1fT (0?2 dt
) R A “RT), "
\\§

- /
'

2 2
IRMS VRMS
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Root Mean square (RMS) value

The Root Mean Square (RMS) value (or effective value) of f(t) is defined as:

Frus = \/% fOTf(t)z dt.

With f(t) = Fjeqx cos(wt + 6), we obtain:

1 (T 1 (7
Frys = —f FZoqkC0s?(wt + 0) dt = Fyeax —f cos? (wt)dt
r 0 P r 0
N \
T T
— P'peak _j dt = Fpear _j Sdt =
It 2 NN 2

16



Root Mean square (RMS) value

Remark:

The following conventions will be used in the rest of the course for RMS and
peak/max values:

Frys = F

Fpeak = Fm

In this class, we deal only with harmonic functions f(t) = F,, cos(wt + 8) for
which we have

E,=v2F

17



The phasors

The definition of the phasors is obtained by manipulating the expression of f(t):

f(t) = E, cos(wt + 6)
=2 F cos(wt + 0)
= R(VZ F el(or+)
= R(\/E F elf gi®t)

—

F

s the phasor of f(t). It is a complex number with information on the signal

amplitude (F) and the signal phase (8). For a system operating at a
fixed frequency, F and 0 holds all the relevant information to describe the

system.

18



The phasors

For signals evolving at a same angular frequency w, phasors are like a snapshot representation containing
all the necessary information (phase angle and amplitude).

f1(£) = V2 F, cos(wt + 6,) =4 Fi=F el1=F +0,

f2(6) = V2 F, cos(wt + 65) < F,=F,el% =F, 0,

Fi = V2F; -
Fom = V2 F, -

19



Harmonic function <> Phasor equivalence

Linearity:

afi(t)+bf,(t) =aF;,cos(wt+86)+bF,, cos(wt + )
=vV2aF; Cos(g)t +60)+V2b F, cos(g)t + )
_ R(\/fa F, e](a)t+9)) + R(\/Eb F, e](a)t+ 1/1))

=R (\/E e/®t (a F1e’? + b erj‘/’))
\ J

Y
aF1+bF2

L ‘af1(t)+bf2(t) & aF +bF, ‘

20



Harmonic function <> Phasor equivalence

Differentiation:

df (t)
dt

d

o (E,, cos(wt + 0))

d .
— jlwt+0)
= —R(V2Fe )

R (V2 F e/(@t+0)j)
R (V2jw F el? eJ®t)
\ J

jow F

L

df (t)
dt

jo F

21



Harmonic function <> Phasor equivalence

Integration:

ff(t) dt = me cos(wt + 6) dt
= fR(\/fF e/ (@t+6)) gt

=R (\/EF pj(wt+6) 1/ja)) 1
=R (\/2 1/ij el? ej“’t)
N\

) ff(t)dt &

Bl

Y

F/j
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Phasors applied to circuits

The phasor formalism can be exported to voltages and currents:

v(t) = V2V cos(wt + ) =
i(t) = V2 Icos(wt + )

0

23



Phasors applied to circuits

The phase angle difference (or phase lag) is noted . It is defined as:

lp=6—1]

| (@ always goes from the current to the voltage !!!) |

It is common

to take V as Commonly -
the reference ! D fcp >
with 8 = 0 \
and ¢ = —1. > Re I

24



Phasors applied to circuits

Time domain = Frequency domain
f(t) = V2 F cos(wt + 0) = F=Fel®
afl(t)+bf2(t) — aF1+bF2
af(t)/de & joF
J @) dt S Fliw
Resistance: v(t) = Ri(t) = V=RI
Inductance: v(t) =L di(t)/dt = V=jwLl
Capacitance: v(t) = (1/0) [i(t) dt = V=1I/joC

Thanks to the linearity equivalence, the Kirchhoff laws can be applied to phasors. In
addition, resistances, inductances and capacitances can be replaced by complex
v 1

: 4 : ]
impedances Z = = of value respectively equal to R, jwL and oC

25



Resistance, reactance and impedance

1% = RI + jXI = 71
Resistance R Reactance X Impedance Z
Resistance: V=RI | R 0 R
Inductance: V=jwLl | 0 X, = wL 7, = jowlL = jX;
Capacitance: V = I/jwC | 0 Xc=-1/wC Zc=—j/owC = jX,
Phasor Phasor
R: Real number _ _
V=ZI
VYA X: Real number g g
jX Z:Imaginary number
V=I|Z|I
|Z| = VR? + X?2: Real number / N\
R RMS value

RMS value

26



Application: Exercise 1

For the hereunder circuit powered with a 50 Hz sinusoidal voltage generator,
find the voltages and currents across all components (magnitude and phase
angle). Represent all of them on a phasor diagram.

R (209)

77(230./20°) T@

L (50 mH)

27



Application: Exercise 1: Watch out !

What the student writes The teaching assistant Student score at
on the exam copy: face when correcting: the question:
2 ( R
_ V —_ VR + VL >0
vl
7 ( p
=0

V=¥TT,
L,

Vs and V, are complex numbers,

v,
V, Vgz and V; are their respective magnitudes/norms.

The sum of the norms of individual complex numbers usually

differs from the norm of the sum of those complex numbers.
28



For the hereunder circuit powered with a 50 Hz sinusoidal voltage generator,
find the voltages and currents across all components (magnitude and phase
angle). Represent all of them on a phasor diagram.

R (209)

77(230./60°) T@

L (50 mH)

Answer:
\
I:= 9.044 £ 21.854° v
Vr =180.88 £ 21.854°
V, = 142.06 £ 111.854° . 29
(rotation of 40° compared to Ex. 1.) / Vi




For the hereunder circuit powered with a 200 Hz sinusoidal voltage generator,
find the voltages and currents across all components (magnitude and phase
angle). Represent all of them on a phasor diagram.

R (209)

77(230./20°) T@

L (50 mH)

Answer: )

v
[=34882 —5234° Ve
Vp = 69.762 £ — 52.34° I
V, = 219.165 £ 37.66°

(Try to understand the impact of
the frequency by comparison to Ex. 1.)

30



Homework 3

For the hereunder circuit powered with a 50 Hz sinusoidal voltage generator,
find the voltages and currents across all components (magnitude and phase
angle). Represent all of them on a phasor diagram.

R (10Q)

(230 — 30°) T@
Answer: \w

Ve =69.762 £ —102.34°

(Compare the phasor diagram with the one of Ex. 1, Hw. 1 and Hw. 2:

- for a capacitor, the voltage is always delayed by 90° compared to the current through it; 31
- for an inductor, the voltage is always in advance by 90° compared to the current through it.)

= (C (1mF)




For the hereunder circuit powered with a 200 Hz sinusoidal voltage generator,
find the voltages and currents across all components (magnitude and phase
angle). Represent all of them on a phasor diagram.

%RUOQ)

= (C (1mF)

(230 — 30°) T@

Answer:

[=229282 — 2545° \
Ve = 229282 — 2545° > 7
Ve =18.2452 —115.45°
Ve 32

(Try to understand the impact of
the frequency by comparison to Hw. 3.)



For the hereunder circuit powered with a 50 Hz sinusoidal voltage generator,
find the voltages and currents across all components (magnitude and phase
angle). Represent all of them on a phasor diagram.

I I;
éR (10Q2)
17(230400) T@ Ige \ L imr L (10mH)

Vi
R Ve
Answer: fre 4 v
Vi
I

Tac = 21.915 £17.657°

I, =732112 —90°
I=69.763 £ —72.581°
Vg =219.152£17.657°
Ve =69.762 £ —72.343°
Vp=23020° 33
(Note that I = I} + Ipc butl # [, + Iz = seeslide 24)




A resistor R = 10 Q and an inductor L are connected in seriesto a 50 Hz
sinusoidal voltage generator of RMS voltage V = 230 IV. An RMS voltage of
100 V is measured on the terminals of the resistor. What is the value of L?

Hint:
Use the norm of R + jwL.

R (109)

71D

Answer:

L =65929mH 34



Consider the circuit hereunder operating with a pulsation

w = 2nf = 100 rad/s. Find the voltages and currents across all
components (magnitude and phase angle). Represent all of them on a phasor
diagram. Do the same in case the inductance is increased to 200 mH.

L (60mH)
T —

7(10020°) [ () L C (769.23 uF)

Answer:

L = 60 mH:
I =14.286 £90°
Ve = 185714 £ 0°
V, =85.7142180°

L =200 mH:
[=142862 —90°
Ve = 185.714 £ 180°
V, = 285.715 £ 0°

35



Consider the circuit hereunder operating at 50 Hz. What is the value of C if the
RMS current is measured to be 20 A? Find the voltages and currents across all
components (magnitude and phase angle). Represent all of them on a phasor
diagram.

L (20mH)
— T —

7(100£0°) T@ ==
R(1Q)

Answer: —/\AAAM—

C=23mF
=202 —78.464° . w

Vp =202 —78464° "

V. =27.6782 —168464° "= Vi 36
V, = 125.658 £ 11.536°




Consider the load showed on the right. (OOOOO\ AAAAAN

To determine the value of the resistance and the value of the inductance, two
tests are performed:

« A DC voltage of 150 V is applied between the load terminals for a
measured current of 1.95 A.

 An AC voltage of RMS value 230 V, oscillating at 50 Hz, is applied
between the load terminals for a measured RMS current of 2.81 A.

What are the values of R and L?

Answer:

R =176923Q 37
L =89mH



Homework 10

Considering the circuit depicted hereunder, find the input voltage VV (magnitude
and phase angle).

% [@ L, R, R; > V. (4020°)

Answer:

VRZ =74.484 £ 57.518°

Ip, = 24.073 £ 445° 38
V =151.68 £ 67.465°



Active, reactive, complex

and apparent power
-

Product of two harmonic functions
Active, reactive, complex and apparent power
Application: Exercise 2



Product of two harmonic functions

The instantaneous power p(t) consumed by passive components (or
delivered by active components) is the product of the instantaneous voltage
v(t) with the instantaneous current i(t):

p(t) = v(t) i(t)

= V2V cos(wt + 0) V2 I cos(wt + )
= 2V I cos(wt + 6) cos(wt + )
=V 1I]|cos(6 — 1)+ cosQRQwt + 6 + )]

— VARG ~—

DC component AC component
(at twice the original
frequency) N




Product of two harmonic functions

A p(t) =V I|[cos(6 —y) + cos(2wt + 6 + )]

: >
27
\/ T—j\/ t The instantaneous power can be split in

i(t) two parts:

f\ /\ /\ » VIcos(8 —): ADC component
\/,1:: 2 . called the Active power P.

p(t), » VIcos(2wt + 6 +): An AC

IVI component oscillating at twice the
VIcos(@ — o) =p -\ f-\ L[t original frequency.
v v v >

T
T t
2

41



Active, reactive, complex and apparent power

p(t) = v(t) i(t)
=V I[cos(0 —¢) + cos(Qwt + 0 + )]
=V I [cos(8 — ) + cos(2(wt +0) — (8 —))]
=VI :cos(H —) + cos(Z(a)t + 9)) cos(0 —yY) + sin(Z(wt + 9)) sin(@ — 1/))]

= KI cos(O — 1/)/) E + cos(Z(a)t + H)E + KI sin(@ — 1/)/)s\in(2(a)t + 9)/)

P >0 Q Oscillating +-

p(t) can be decomposed into:

» A flow of energy going always in the same direction with an average value P =
VI cos(68 —1)). The value P is called the active power.

» A fluctuating flow of energy, exchanged back and forth twice a period, with an
average value Q = VI sin(6 — ). The value Q is called the reactive power.

42



Active, reactive, complex and apparent power

Although p(t) = P [1 + Cos(Z(wt + 0))] + Q sin(Z(wt + 6)) is a real number, one defines
the complex power S as:

| S=P+jQ |

S IS NOT A PHASOR, itis just a convenient complex number allowing to
describe easily and completely the instantaneous power (real number).

One also shows that it is really easy to determine S using phasors:

S=P+jQ=VIcos(8 —1)+jVIsin(60 —y) =VI|[cos(8 — ) + jsin(6 — )]
=V V) —pyellle V=V

L\S=I71‘*

43




Active, reactive, complex and apparent power

One also defines the apparent power:

SI =P+ 02
= /V2I%c0s?(6 — 1)) + V212 sin?(6 — )
= VI

And the power factor:

PF = cos(0 — y) = cos(p) = |_§|

Let’s now suppose that we want to deliver an active power P to aload. What current I should we
inject for a fixed voltage I/ ?

sl P
~V  Vcos(p)

I is larger when cos(¢) is small =» If cos(¢) is small, there are more transmission losses.

I

= We want cos(¢) to be 1 = To avoid transmission losses, we want the reactive power Q to be as
small as possible.

44



Application: Exercise 2

Your colleague suggests to add a 50 uF capacitor in parallel of the RL
load. It is supposed to compensate the reactive power consumed by the

inductive load. Is it a good idea ? If so, what would be the exact value of
C needed ?

R (2092)
V(2304200)T C
L (50mH)

45



Homework 11

Fill the cells of the table below with the most appropriate answer among

= (, <0, > 0, =1, <1, o0 and —oo.

one-port:

active power consumed

reactive power produced
Cos ¢
tan ¢

Ly
Lr
1

]

I oA lr\ﬁ,"‘:u;'(

wer >0
umed
Reactive power | =0 < >0 <0 >0
WWWWW
E) =1 = =0 >0 >0
0 = —= >0 <0

\\\\\\
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