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Course logistics

* Labs: Need to work in pairs, find your partner now

* TA office hour poll:

Poll Results

Poll is now closed

Monday afternoon

1 votes (47%)

Tuesday afternoon

2 votes (13%)

Wednesday morning

3 votes (20%)

Q< Wednésday afternoon

12 votes (80%)

Thursday afternoon

2 votes (13%)

A total of 15 voter(s) in 48 hours



Module 1, Part 1: Review of AC Circuits & Phasors



Objectives & important concepts

* Concept of phasors & notations
* RMS value
* Phasor diagrams for basic RLC circuits

* Balanced 3-phase system, source, load, Y / D connection, line-to-line
and phase voltages and currents, phase shifts

* Real, reactive, and apparent power in 1-phase and 3-phase systems,
power factor

* Read Appendix B, get ready for Lab 1



AC cIrcults

* Consider arbitrary network
* With voltage and current sources v (t) _\! COS(a)'[ n ¢i)

ji(t)=J3" cos(et+¢’)

Steady state solution?

For all circuit branches the currents
& voltages are sinusoidal

i, (D=1 cos(cot + Hik)
v, (1) =V, cos(a)t + HV")

Note:

For Steady State analysis we need to know only amplitudes J V K
& phases 8/, 0.



Root-Mean-Square (RMS) Value

* Value equivalent to the DC voltage (current) that, when applied to a resistor, dissipates the
same average power as the given AC value

idc Instantaneous power in terms of voltage

—_—

lac 1
. E——— . \ 2
Vic er Vac er P(t) =vi= vF = dec
Average power over period T

1 AL,
P = = J, P(D)dt =~ J, V2t

Instantaneous power in terms of current
i 2
P(t) =vi=ril =rij,

-
1o
Average power over period T Virms) = \/?J‘V (t)dt
0

Pave ZEJ‘T P(t)dt = r-ijT iz(t)dt T
o L = i%(t)dt

(rms) — ?J‘I

0

Therefore, RMS values are defined as




Vi) = i}vz(t)dt
(rms) TO

1¢.,
I(rms) = \/T'([I (t)dt

Root-Mean-Square (RMS) Valuef\/

]]]]]

Vrms —

Vrms‘ —



Root-Mean-Square (RMS) Value

Therefore, we can represent a sinusoidal waveform as:
— Vm o~ VW

v(t))= "V, cos(wt/+ @) =2V., . cos(wt + @)

Period:|T [s]

Frequency:(f = % [Hz]

Angular frequency: w)= 2nf [rad/s]
Phase: ¢ [rad]

Amplitude: V) = V2 Vi



Phasor representation Euler’s Identity
el = cos(wt)+ jsin(at)

* Only for steady-state

 [tis like an abbreviation:
v(t) = V2V,  cos(wt + @)

= V2V s Re[e/(@tF9)]

_ﬁ> A—Wﬁ‘t‘ Ui, L{aﬁ

* Phasor notation: V/=V,....el? = V. 12¢
 Therefore, you can also express the phasoras V = V..., cos(@) + jV,.,,s sin(@)
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Phasor representation

* You can use phasor to express both current and voltage:

v(t) =2 Vi COS(cet +9,) VoV Lo,
i(t) =21, cos(at + ) I=1_ /¢
m o

What is the advantage

of using phasors? @ \/{guw-éﬁr&é@m
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Advantage of phasor analysis

Linear Passive Elements Complex Impedance
7 — R — Resistance Reactance

v R \

A~ L 7 = jol)= () £90° = ij§
1 1 o

L = v VZ@ —szé’ -0 =74_/0,

| 126 1

(Note: Zisa
RL Circuit N — VY — / complex number

Z=R+ijX, |Z|=+VRZ+X?2, 6, = arctan

( X but not a phasor)
S R 11



Qualitative Phasor Diagrams

Use phasors (vectors) to represent voltage and/or current equations (relationship)

Consider RL Circuit

IS

N7 r
V /\/

3 L
C) V Reference

S

Vo =rl, + joLl, =rly+/jX 1

s\ XL
v

5
@ = arctan| —
r
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Qualitative Phasor Diagrams

Use phasors (vectors) to represent voltage and/or current equations (relationship)

1 .
Consider RC Circuit V, =1l +——1, =rl = JX: 1,
JoC |
IS

r S

Vs <> C \jx C | S
} % {'\f s ‘
\ Referencé
X
@ = arctan (—Cj

r
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Qualitative Phasor Diagram Problem

Use phasors (vectors) to represent voltage and/or current equations (relationship)
Consider RLC Circuit

| /\/
Vs Irl

Q

X1




Qualitative Phasor Diagram Problem

Use phasors (vectors) to represent voltage and/or current equations (relationship)
Consider RLC Circuit
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Power in AC Circuits

Assume inductive load V(1) = V2.V COS(a)t) i(t) = J2 -1 COS((()’[ 4 ¢)

i(f)—»

e

v
/\/ Instantaneous power is always voltage times current

p(t)=Vvi= 2VI cos(at )cos(wt + ¢)

Recall COS @2 COS 3 = %(cos(a — p)+cos(a+p))

p(t)=VI cos(p)+VI cos(2at + @)
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Power in AC Circuits
Given inductive load v(t) =2V cos(wt) 1(t) = \/E | COS(a)t + ¢)

i(ty—=
| Instantaneous power is always this
v(t)%) %L p(t)=vi=2VI cos(at )cos(at + @)
=V cos(p)+VI cos(2amt + @)

—
lllllll
I Converter
® =
Wi
Cumrent -
Meter -
AL Voltage Source oltage J Current
@ 120 V {RMS) S Neter nductr §
L=
l N
Powe
—

— Electrical Reference

PS- Sirmulirk

[ R N—



Power in AC Circuits

Given capacitive load

i(7) _4@’,1

0 (5 <

v{t)=v2-Veos(t) () =~/2-1cos(mt+¢)

Instantaneous power is always this

p(t)=vi=2VI cos(«t )cos(et + )
:\ﬁpgs_(gp)+V|(?OS(20)t'_|' )

| Convert

@-l Yy Vaolage

Current Resistor

Meter R=&

AC Voliage Sowce “oltag [ o
@ 120 WV {RMS) @ Met Capacitor J= e
c=10 —I
i
* Power L
Product

—— Electrical BrEnce

Po Cirmhirk



Power in AC Circuits
Given inductive load v(t) = J2 .V cos(a)t) 1(t) = \/E | COS(a)t + ¢)

i(t)—=

Instantaneous power is always this

e ; p(t)=vi=2VI cos(wt)cos(at + ¢) lote: Average

=VIcos(p)+VIcos2at +9) 1 and'e
N Jo~—r o

Constant part.— Pulsating part -
average power oscillating with
over cycle double frequency

Average power over cycle

P= ijt_T p(t):lf

T

1
COo—* & >

Integrator -
=

Transport Zain

Celay
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Power in AC Circuits ( 2
G?E’;‘” inductive load v(t) =~/2 -V cos(at) 1(t) = V2.1 COS(a)t + (p) -
\l)— 7 .
N Instantaneous power is always this
e L p(t)=vi= 2VI cos(at )cos(at + @)
=V cos(p)+VI cos(2at + @)
~— - _
Constant part — Pulsating part -
average power oscillating with
over cycle double frequency

—-
SSSSSSS ik
| Converter a—
(&
WA
Current esistar
Meter
5
@ AC Volage Scurce v Woltag Cunrres
2} 1w rus) Meter Inducior §
He=1
i
Power
Product o
P55
— Electrical Reference - Average Power

FS-Simuling
Conerert Colodetr 20




[cos(a + B) +cos(a — B)]

[cos(a — B) — cos(a + B)]

Power in AC Circuits cos(@) cos(B) =
sin(@) sin(B) =

N RPN -

Define general voltage and current expressions:
v(t) = V2V, cos(wt + )
i(t) = V2L, cos(wt + )

Then instantaneous power is:
p(t) = Vimslrms[cos(8 — @) + cos(Zwt + 6 + ¢)]

= Vimslrms €08(0 — @) + Vinslrms cos(Qwt + 6 + @)
= Vrmslrms €05(8 — @) + Vipslyms cos(2(wt + 6) — (6 — ¢)
= Vimslrms €08(0 — @) HVymslrms cos(8 — @) cos(2(wt + 6)) + Vypslrms sin(6 — @) sin(2(wt + ¢))

—erms cos(@ — @) {1 + cos[2(wt + cp)m jms I Sin(6 — @) sin[2(wt + <p)]]




Power in AC Circuits

The instantaneous power is:

p%(t) =LV,,,mSI,,,mS cos(f — @) {1 + cos[2(wt + go)]J} + Vs lrms SIN(6 — @) sin[2(wt + go)]_)
|
Nov--Bo  WheAR 220 aﬂ@m}je

Based on this expression, we define:

* Active/real power: P = V.., I c|lcos(8 — @))[W]

* Power factor angle: 8 — ¢
* Leading (current leads voltage): 6 — ¢ < 0
* Lagging (current lags voltage): 8 — @ >0

e

 Power factor: pf = cos(8 — @)
* Note that power factor is positive by convention
 So if power factor angle is larger than 9072, then reverse current direction

Reactive power: Q = V,,msl,,ms@(e — @) [\E_[] (although [VAR] and [VAr] are also commonly
used) - #t etk

Complex power: S = P + jQ = Vipslpms €05(0 — @) + jVrmslrms Sin(6 — @) [VA] 2

%‘*




Power in AC Circuits

Based on this expression, we define:
* Active/real power: P = V... I..,c cos(6 — @) [W]

* Power factor angle: 8 — ¢
* Leading (current leads voltage): 0 — @ < 0
* Lagging (current lags voltage): 0 — ¢ > 0

* Power factor: pf = cos(6 — @)
* Note that power factor is positive by convention
 So if power factor angle is larger than 9072, then reverse current direction

Reactive power: Q = V., SiN(@ — @) [var] (although [VAR] and [VAr] are also commonly
used)

Complex power: S =P +jQ = Voo lins €0S(0 — @) + jV Ly SIN(O — @) [VA]
—_—
Apparent power: |S| VP2 + Q2 = Vopslrms [VA]

waﬁmﬁ a{f S 23




Power in AC Circuits

In phasor domain:
*V=Vims20, I = IrmSL_SQ

* We can get the same complex power by defining:
(S=VI*=VIs(0 —
(note that the subscript rms is now dropped hereafter)
e

P =@= |S| cos(6 — @)
(this means that only the current component in phase with voltage produces real power)

Q X Im(S) = |S|sin(6 — ¢)

Alm
!z

G S
of ogle

@ 2

* We have the famous power triangle:




Power in resistor, inductor, capacitor

Component Power Comments

Resistor p(t) = VI{1 + cos[2(wt + &)} Absorbs positive real power, zero
P=VI reactive power

inductor p(t) = VIsin[2(wt + 6)] Absorbs zero real power, positive
Q=VI reactive power, lagging power factor

_ Absorbs zero real power, negative
. p(t) <V sin[2(wt + 8)] . . >
Capacitor 0Vl T — reactive power (delivers positive

reactive power), leading power factor




What is reactive power?

* We know that reactive power does not contribute to useful work — why it is called power?

* In case of purely resistive loads, electrical energy is directly converted into useful work (e.g.,
light and heat), no intermediate electric or magnetic field is required in between

* Hence no power is used to create these fields — total power is entirely active power

* In case of inductive or capacitive loads, electrical energy can’t directly be converted into useful
work (e.g., rotation of a motor)

* This is because these loads require electric or magnetic field
* The work going into creating the field is called reactive power

* From efficiency point of view, reactive power is seen as power loss because it contributes to
the creation of the field and does not contribute to driving the load




What is reactive power?

kVA
Apparent
Power
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Single vs. Three-Phase Systems

e (t)= \/E “Vims COS(a)et)
f

|
(MD Vas I:)Ioad = Vac I ac

cos(e

|t
L S A

) Cobfes [wiveg

Need to havem_(

€ (t) = \/E Vims COS(a)et)
e, (1) =~2-V, . cos(coet —120°)
e () =2V, cos(a)et +120°)

E(-Y (~

T

v

r : Line voltage
€, +6y, +6, = ]
For balance@ 05 |

three phase  V,q + Vs +V =0

system - 0|

a
O N
-1.5 -

as " as COS (¢)

o
Ry
.
.
o
.

o
.
.
K
.
.
o
.
.
o
.
.

Need to have 3 conductors, but
can transmit 3-times the power!

3 et o P

R cobles fwis
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Balanced Three-Phase (¢) Systems

* A balanced three-phase (¢) system has
* Three voltage sources with equal magnitude, but with an angle shift of 120°
* Equal loads on each phase
* Equal impedance on the lines connecting the generators to the loads

* Can transmit more power for same amount of wire (twice/as much as single phase)

* Bulk power systems are almost exclusively 3

.

* Single-phase is used primarily only in low voltage, low power settings, such as
) ] L] o 1 ’__._'_'_.___________._.—-—-—————_____________——-"-
residential and some commercial




Balanced Three-Phase (¢) Systems _——

* There are two ways to connect 3¢ systems
* Wye (Y) @g (&}
e Delta (A) \

* Terminology:
* Define voltage/current across/through device to be(phase voltage/current
 Define voltage/current across/through lines to be@? voltage/current

L we, o o



Wye (Y) - Connection

P— @*
’ \
q\ Phase-to-neutral

Phase)
Line-to-line
(Line)
Voltage

V"ne‘ = \/§’Vphase\ Line-to-line (Line) voltage is larger

IIine‘ :‘I phase‘

Line Voltages

Vab — Va _Vb
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Wye (Y) - Connection

Line Voltages

Vab :Va _Vb
Vbc :\/k -V,
Vap = V3V, £ +30° V, =V -\
_\Vc
—
Vie
Vb
Ve
\Jr
_ \fCL.
\IC&,

32



Delta (A) -

Close- oo

oy

Nl

= Qoete oot 42 Lot (i Cine-ses

Connec ion o

Line-to-line
(Line) is the
same as
Phase

Voltage

Iline‘ = \/§‘| phase‘ Line current is larger
I ki I

Vline‘ - ’Vphase‘

Line Currents

Ia — Iab_ Ica

A,_,_I a \/§I abé_?’oo

ca
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Delta (A) - Connection

T

Iazlab_ ca

l, = L___l%

IC - IC&_ I‘ac_
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Power in Three-Phase Systems

>
@‘E '“ For balanced system we have
% , v, (t) =2V, cos(at)
r - f GVI;]% v, (t) =2V, cos(et —120°)

Vv (t)=\/§V cos( t +120° )
(

Instantaneous Power can
always be calculated as

P3¢(t) :@"'@;"@
=1V, +'be +1.V,

i () = V21 on COS(at @
1, (t) = J2 21, cos(a)t 120°
I.(t) = J2 Iphcos( t+120° + @

35



Power in Three-Phase Systems

* In terms of phase gquantities

Pj/h) 3P> ph,,ph COS(¢ph)

.
..."
‘e
g
g
g
.

Q /6t) 3Q ph NV phSIn (Cpph)
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* In terms of line-to-line quantities
— \/jL 1, cos(,,,)

:£WLILsin(¢ph)



Power in Three-Phase Systems

For balanced three phase system

Vllne \/g Vphase
SS(p as as \/gvllne I|ne
5Py, =V, cos(e)

\/évllne I|ne COS(Q))
Qg =yl sin(p)
= \/§V|ine Liine SIN ()

ol = 2VaTn = BT
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Looking ahead...

* Module 1, part 2



