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Instantaneous electrical power

Instantaneous electrical power

A
Power
network
Instantaneous three-phase electrical power
p(t) = pa(t) +pa(t) +po(t)
Given the three-phase load above, where
uan(t) = UanV2cos(wt+ day) iat) = ITav2cos(wt+ ¢as)
uBN(t) = UBN\/ﬁcos(wt—ﬁ-(ﬁBu) iB(t) = IBﬁCOS(wt-‘r(ﬁBi)
uon(t) = UcnV2cos (wt+ dcy) ic(t) = Icv2cos(wt+ dei)

electrical power is

p(t) = UAN(t)iA (t) + uBN(t)iB (t) +ucnN (t)ic (t)
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Instantaneous electrical power

Instantaneous electrical power

Numeric example, with Z4, = Zg = Z¢ = %ASOOQ:

uanN (t) =cos(1007t)V
upn (t) =0.8cos (1007t — 27/3) V
uc N (t) =cos (1007t 4 27/3) V

3-phase voltages
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Instantaneous electrical power

Instantaneous electrical power
Numeric example, with Z4, = Zg = Z¢ = %ASOOQ:

uan (t) =cos(1007t)V
upn (t) =0.8cos (1007t — 27w /3) V
uc N (t) =cos (1007t + 27/3) V

i4(t) =2/3cos(1007t — 7 /6)A
ip(t) =0.8 - 2/3cos (1007t — 27 /3 — 7/6) A
ic(t) =2/3cos (1007t + 27 /3 — 7/6) A

3-phase currents
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Instantaneous electrical power

Instantaneous electrical power

Numeric example, with Z4, = Zg = Z¢ = %ASOOQ:

p(t) =pa(t) + pp(t) + pc(t)
=1/3(cos(200mt) + 0.64cos(200mt — 21 /3) + cos(200xt + 27/3)) + v/3/3(1.32)
=0.762 — 0.12cos(200mt — 27/3)W

3-phase power
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Instantaneous electrical power

Instantaneous electrical power

Consider now a balanced three-phase system

uan(t) = Upv/2cos (wt) iat) = Iv2cos(wt— )
upn(t) = Upv2cos (wt— 2%) ip(t) = IvV2cos (wt—¢>— 2%)
uon(t) = Upv2cos (wt —+ Qg) ic(t) = Iv2cos (wt -0+ 2?77)
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Instantaneous electrical power

Instantaneous electrical power

Instantaneous electrical power in three-phase systems

p(t) = pa(t) + pp(t) + pc(t)

2Up I (cos(wt)cos(wt — @) + cos(wt — 120°)cos(wt — ¢ — 120°)

p(t) =
+cos(wt 4 120°)cos(wt — ¢ + 120°))

cos(a)cos(b) = %(cos(a =+ b) + cos(a — b)) cos(a) + cos(a — 120°) + +cos(a + 120°) = 0

Instantaneous electrical power in balanced three-phase systems

p(t) = 3UpIcos(¢)
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Instantaneous electrical power

Instantaneous electrical power

Numeric example, with Z4, = Zg = Z¢ = %ASOOQ:

uan (t) =cos(1007t)V
upn (t) =cos (1007t — 27/3) V
uc N (t) =cos (1007t + 27/3) V

3-phase voltages
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Instantaneous electrical power

Instantaneous electrical power

Numeric example, with Z4, = Zg = Z¢ = %ASOOQ:

uanN (t) =cos(1007t)V i4(t) =2/3cos(1007t — 7/6)A
upn (t) =cos (1007t — 27/3) V ip(t) =2/3cos (1007t — 27 /3 — w/6) A
uc N (t) =cos (1007t + 27/3) V ic(t) =2/3cos (1007t + 27 /3 — w/6) A

3-phase currents
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Instantaneous electrical power

Instantaneous electrical power

Numeric example, with Z4, = Zg = Z¢ = %ASOOQ:

p(t) =1/3 (cos(2007t) + cos(w/6))
+1/3(cos(200mt — 27 /3) + cos(m/6))
+1/3(cos(2007t + 27/3) + cos(w/6)) = 0.86W

3-phase power
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Instantaneous electrical power

Instantaneous electrical power

Summarizing

@ The instantaneous electrical power in three phase systems is the sum of the
instantaneous powers in each phase.

@ The instantaneous electrical power in balanced three phase systems is constant.
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Electrical power in three-phase circuits

Electrical power in three-phase circuits

Total active power and per phase powers

It can be shown that the total active power is the sum of the phase active powers
P =Py+ P+ Pco

where
Pi = Re(Ulll*) = UiL;COS¢)¢, = A, B, C
The per phase reactive powers are defined as

and the phase apparent powers become

S;=Ul; =\/P?+Q?, i=ADB,C
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Electrical power in three-phase circuits

Electrical power in three-phase circuits

Arithmetic apparent power

The arithmetic apparent power is defined as
Sar=84+SB+ Sc

that implies

PFAT:S .
Ar

| N

Vector apparent power

The vector apparent power is defined as

Sy = |Sv|
where
Sy =Pa+Pp+Pc+j(Qa+Qp+Qc)=P+3jQ
that implies
PRy = 2.
Sy
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Electrical power in three-phase circuits

Electrical power in three-phase circuits

A geometrical interpretation of arithemtic and vector apparent powers, S 4,. (labeled as S 4 in the figure) and Sy, respectively. Figure

extracted from IEEE Standard definitions 1459-2010.

Sy
S 4

In balanced three-phase systems, both definitions give identical results. However,

under unbalanced conditions one has S 4, > Sy which implies PFy, < PFy . J

IEEE Standard definitions 1459-2010 recommends to renounce to the arithmetic and
vector apparent power definitions and replace them with the effective apparent power.
However, for simplicity, the vector apparent power is adopted in this course.
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Electrical power in three-phase circuits

Electrical power in three-phase circuits

Exercise 1

Ia
wv . Z14 = 109,
P?werk B— Zip =10 — ]]_OQ'
networl c i ) ) Zlc -5 +‘7109Y
Zap = 209,
N—o Zpc = j20V/3Q,
Zoa = —520V/3Q.

Given the circuit above, find:
@ the power grid currents (Ia,Ip,Ic), and
@ the grid powers (P,Q and S).
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Electrical power in balanced three-phase loads

Electrical power in balanced three-phase loads

The power for each i-phase (where a4 =0, ap = —120°, ac = 120°)
pi(t) = 2UpI (cos(wt + aj)cos(wt — ¢ + ;)

can be split into a DC term plus and an oscillating term
pi(t) = UpIcos(¢) + UpIcos(2wt — ¢ + 2a),

or, alternatively,

pi(t) = UpIcos(¢)(1 + cos(2wt + 20;)) + UpIsin(¢)sin(2wt + 20;)

cos(a — b) = cos(a)cos(b) + sin(a)sin(b) l

Then

p(t) = 3UpIcos(¢) + Uplsin(¢) (sin(2wt) + sin(2wt + 120°) + sin(2wt — 120°))

=0
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Electrical power in balanced three-phase loads

Electrical power in balanced three-phase loads

Active power in balanced three-phase loads

P = 3UpIcos(¢)

where Up is the phase voltage and I is the line current, or using the line voltage

= L
U= \/gUp,

P =+/3UIcos(¢).

Reactive power in balanced three-phase loads

Q = 3UpIsin(¢) = V3UIsin(¢).

Apparent power in balanced three-phase loads

S = 3UpI = v/3UI.

Power factor in balanced three-phase loads
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Electrical power in balanced three-phase loads

Electrical power in balanced three-phase loads

Exercise 2

I
—o
A
Three-phase _clB
Power grid | B
380V, 50Hz Il
—o
Cc Laz Yip2 *lm Las *lcz
v
10kW, 1 = 82% -
PF—08 4kW PF =1

From the electrical installation above, where Z = 20 + 52012, find:
@ the power grid currents (Ia,Ip,1c), and
@ the grid powers (P,Q and S).
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Power factor correction in balanced three-phase circuits

PF correction in balanced three-phase circuits

Motivating example: A three-phase 4.5kV transmission line connects a the power grid
with a 5SMW load placed 100m far from the power substation. If the resistivity of the
line is 4.5 - 10~4*Qm~1. Calculate for PF=0.8 and PF=1:

@ the power losses, and
@ the annual cost of the losses (Consider 5¢€/kWh).
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Power factor correction in balanced three-phase circuits

PF correction in balanced three-phase circuits

Pload Qload
G —
—
) Load

[ o QX

Bank of
capacitors

P and Q of a 3-phase load

The total 3-phase power

Poad =  3Upli0adc0sPioad Sy = Pn+jQnN
Qload 3Up I 15adSindioad = Poad + Pc + j(QIoad + QC)
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Power factor correction in balanced three-phase circuits

PF correction in balanced three-phase circuits

P and Q of a Y-bank of capacitors P and Q of a A-bank of capacitors

Poy = 0 Poca = 0
Qecy = —3wC\YUB Qea = —3wCAU?

W v
QN = Qioad +Qcy QN = Qiad +Qca

Qioad — SWCAUE

= Qioad — 3WCYU?

Capacitance of the Y-bank Capacitance of the A-bank

C _ P(tan dioad — tan ¢ ) c _ P(tan ¢joaq — tan ¢n)
Yy = 5 A = 5
3wUp 3wUf

_ P(tan ¢ioaq — tan g ) _ P(tan ¢ioag — tan g )
wU? 9wU3

A\

v
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Exercises and solutions

Exercises |

Exercise 4

CT1: An electrical installation with 18 devices is connected to a symmetric and
balanced 400V 50Hz power network. See table below.

Num.  Conn.  Unitary P [kW]  Unitary Q [kvar]  Unitary S [kVA] PF

3 D 20 - - 0.6()
10 Y 4 25 - -
2 v - - 4 1

@ Calculate the line currents.

@ Calculate the bank of capacitors required to set the power factor up to 0.96(i).
Which is the new absorved current?
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Exercises ||

Exercise 5

CT2: A company has the following (balanced) three-phase loads connected to a 380V
power grid

a) P = 50kW, cosp = 0.8(i), Y -connected load
b) P = 24kW, Q = 12kvar, A-connected load

c) S =20kVA, cosp = 0.96(i), A-connected load
d) P = 20kW, cosp =1, Y-connected load

@ Calculate the line currents.
@ Calculate equivalent impedances for each load.

0 With the obtained impedances, sketch the electrical circuit of the installation.
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Exercises and solutions
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Solution to Exercise 1

@ [41 =5.134—49.36°A, 142 = 30.55240.89°A, 14 = 30.95£31.36°A
Ip1 = 27.84/ — 97.65°A, Ipo = 30.554 — 160.89°A, Ip = 49.74/ — 130.91°A
Ior = 31.49/80.33°A, Ios = 11.55/ — 60°A, Ic = 22.35/74.05°A
@ P; = 12.97kW, Q1 = 2.16kvar, S; = 13.15kVA
Py = 8kW, Q2 = Okvar, S3 = 8kVA
P =20.97kW, @Q = 2.16kvar, S = 21.08kVA
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Exercises and solutions

Solutions |l

Solution to Exercise 2

@ I, =23.27/ — 45°A, Ipy = 23.27/ — 165°A, Ioq = 23.27/75°A
Tap =23.16Z — 36.87°A, Ips = 23.16£ — 156.87°A, Ico = 26.47/83.13°A
Ia3 = Ios = 10.52Z — 30°A, Iz = 0A
T4 = 56.68/ — 38.92°A, Ip = 46.31/ — 160.94°A, I = 50.74/90.36°A
@ P, = 10.83kW, Q1 = 10.83kvar, S; = 15.3159kVA,
P, = 12.1951kW, Q2 = 9.1463kvar, So = 15.2439kVA,
P3 = 4kW, Q3 = Okvar, S5 = 4kVA
P = 27.0251kW, Q = 19.9763kvar, S = 33.6067kVA

v

Solution to Exercise 3

Current [A]  Losses [kW]  Annual cost [€]

PF=0.8 801.9 86.8 38021.2
PF=1 641.5 55.6 24333.3

A
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Solutions Il

Solution to Exercise 4

Q 7= 230A
Q Qc = TOkvar, I = 180.4A

’

Solution to Exercise 5

Q 14 =191.284—25.95°A, Ip = a’I A, Ic = al,A,

Q Z. = 1.848 + j1.386Q, Z, = 14.440 + j7.220Q, Z. = 20.794 + j6.065,
Za = 7.220Q

\
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