Electromagnetic and Electromechanical
Engineering Principles
Notes 01
Basics

Marc T. Thompson, Ph.D.
Thompson Consulting, Inc.
9 Jacob Gates Road
Harvard, MA 01451
Phone: (978) 456-7722
Email: marctt@thompsonrd.com
Website: http://www.thompsonrd.com

© Marc Thompson, 2006-2008
Portions of these notes reprinted from Fitzgerald, Electric Motors, 6" edition

Electromechanics Basics

1-1



Background of Instructor

« BSEE ('85), MS ('92), and PhD ('97) from MIT

 Doctoral work done in the Laboratory for Electromagnetic
and Electronic Systems (L.E.E.S.) at MIT in electrodynamic
Maglev

« Consultant in analog, magnetics, power electronics,
electromagnetics, magnetic braking and failure analysis
 Adjunct Professor at Worcester Polytechnic Institute,
Worcester MA teaching graduate courses in analog design,
power electronics, electromechanics and power distribution
« Have also taught for University of Wisconsin since 2006
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Lens Actuator
* For high speed laser printing
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igh Power Laser Diode Driver Based on Power
Converter Technology
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B. Santarelli and M. Thompson, U.S. Patent #5,123,023, "Laser Driver with Plural Feedback Loops," issued June 16, 1992
M. Thompson, U.S. Patent #5,444,728, "Laser Driver Circuit," issued August 22, 1995

W. T. Plummer, M. Thompson, D. S. Goodman and P. P. Clark, U.S. Patent #6,061,372, “Two-Level Semiconductor Laser
Driver,” issued May 9, 2000

Marc T. Thompson and Martin F. Schlecht, “Laser Diode Driver Based on Power Converter Technology,” IEEE Transactions
on Power Electronics, vol. 12, no. 1, Jan. 1997, pp. 46-52
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Magnetically-Levitated Flywheel Energy Storage

System
 For NASA; P = 100W, energy storage = 100 W-hrs
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Transrapid Maglev

« Currently in operation from Pudong (Shanghai),
connecting airport to subway line
* QOperational speed is 431 km/hr

Electromechanics Basics
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Japanese EDS Maglev

« Slated to run parallel to
the high-speed
Shinkansen line

« On December 2, 2003,
this three-car train set
attained a maximum
speed of 581 km/h in a
manned vehicle run

Double C-usp Style

Reference: http://www.rtri.or.jp
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Japanese EDS Guideway

« This view shows levitation, guidance and propulsion coils

Twin Beam (TB) (Lb = 12.6m)

Wheel support
path

S
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MIT Maglev Suspension Magnet

M. T. Thompson, R. D. Thornton and A. Kondoleon, “Flux-canceling electrodynamic maglev suspension: Part I.
Test fixture design and modeling,” IEEE Transactions on Magnetics, vol. 35, no. 3, May 1999 pp. 1956-1963
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MIT Maglev Test Fixture
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M. T. Thompson, R. D. Thornton and A. Kondoleon, “Flux-
canceling electrodynamic maglev suspension: Part |. Test
fixture design and modeling,” IEEE Transactions on
Magnetics, vol. 35, no. 3, May 1999 pp. 1956-1963
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MIT EDS Maglev Test Facility
2 meter diameter test @l r Yﬁ

wheel

 Max. speed 1000
RPM (84 m/s)

* For testing “flux
canceling” HTSC
Maglev

« Sidewall levitation

References:

1. Marc T. Thompson, Richard D. Thornton and Anthony Kondoleon, “Scale Model Flux-Canceling EDS Maglev Suspension
--- Part |: Design and Modeling,” IEEE Transactions on Magnetics, vol. 35, no. 3, May 1999, pp. 1956-1963

2.  Marc T. Thompson and Richard D. Thornton, “Scale Model Flux-Canceling EDS Maglev Suspension --- Part II: Test
Results and Scaling Laws,” IEEE Transactions on Magnetics, vol. 35, no. 3, May 1999, pp. 1964-1975
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Permanent Magnet Brakes

For roller coasters
Braking force > 10,000
Newtons per meter of brake

Reference: http://www.magnetarcorp.com
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Halbach Permanent Magnet Array

« Special PM arrangement allows strong side (bottom)

and weak side (top) fields
« Applicable to magnetic suspensions (Maglev), linear

motors, and induction brakes

et T AN L [/ =T [ A TN [ =

(strong) ¥
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Halbach Permanent Magnet Array
« 2D FEA modeling
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Photovoltaics

IF-F -

a-"""‘w.

PV Array

dc Bus ac Bus

S

Solar
Controller

w

Battery Bank

Diesel
Generator

.] Bidirectional
Inverter

@

ac Load

Fig. 1. Typical bybrid system layout.

S. Druyea, S. Islam and W. Lawrance, “A battery management system for stand-alone photovoltaic energy

systems,” IEEE Industry Applications Magazine, vol. 7, no. 3, May-June 2001, pp. 67-72
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Offline Flyback Power Supply
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FIGURE 1 :
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SIMPLIFIED APPLICATION DIAGRAM

P. Maige, “A universal power supply integrated circuit for TV and monitor applications,” IEEE Transactions on
Consumer Electronics, vol. 36, no. 1, Feb. 1990, pp. 10-17
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Transcutaneous Energy Transmission

Skin
Outside Inside
body body
DC E Switching :_ ] E"i : —_
power - circuit 3 ! |Rectifier - Drivar—A:erZ‘:‘:a‘l
source| 1| (100kHz) [ | ; i
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: transformer ;

Transcutaneous DC-DC converter

Fig. 1. Transcutaneous energy

plantable artificial heart.
Amorphaous
magnetic fibers

Inside
body

Amorphous
magnetic fibers

transmission system for an im-

Energy
receiving coil

Litz wire

Fig. 2. Transcutaneous transformer.

Reference: H. Matsuki, Y. Yamakata, N. Chubachi, S.-I. Nitta and H. Hashimoto, “Transcutaneous DC-DC converter for
totally implantable artificial heart using synchronous rectifier,” IEEE Transactions on Magnetics, vol. 32 , no. 5, Sept.

1996, pp. 5118 - 5120

Electromechanics

Basics

1-17



50 KW Inverter Switch

o o gl
b A
5
o4

TCLDNC

ol
MNVERTER SWITCH

| [T

Electromechanics Basics

1-18



Transformer Failure Analysis
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Non-Contact Battery Charger
* Modeled using PSIM
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High Voltage RF Supply
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60 Hz Transformer Shielding Study
« Modeled using Infolytica 2D and 3D
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Course Overview
« Day 1 --- Basics of power, 3 phase power, harmonics,
etc.
« Day 2 --- Magnetics, transformers and energy conversion
» Day 3 --- Basic machines

 Numerous examples are done throughout the 3 days,
some from Fitzgerald, Kingsley and Umans

Electromechanics Basics
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Course Overview --- Day 1

Dayv | Material Covered Hours Slides
1 | Basics

Attendee SIZN-IN. ... e 8:00-8:30
Introductions, instuctor background, and course 3-dav overview........ | §:30-8:45 1-26
Basic circuit analvsis concepts. . | B45-5:15 27-58
Basic single-phase power, camplennumberreuw 3 pha:he RMS. | 9:15-10:15 55-96
Moming break . . 10:15-10:30
Power: real, imaginarv and instantaneous; P, Q. S and power factor..... | 10:30-11:00 [ 97-104
Power cables; AWG and circular mils; cable impedance. ... | 11:00-11:45 [ 105-126
Single line drawings...._ | 11:45-12:00 [ 127-130
I T 4 T 12:00-1:00
Power factor and power factor correctionissues........................... 1:00-1:30 131-151
Harmonics, Fourler series; total harmonic distortion (THD). ... ... .. 1:30-2:00 152-174
Begin 3-phase; 6-pulse rectifiers; 12-pulse rectifiers... ... | 2:00-2:45 175-188
Afternoon breakt. .. 2:45-3:00
3-phase circuits and 3-phase power; neutral currents with and without
harmonics: nonlinear loads. ... 3:00-3:45 189-201
UM ATIZR o | 3245-4000 202

Note: we'll start at 7

:30ondavs #2 and %3

Supplemental notes: Inductance calculation methods (if time permits)
Supplemental notes: Maglev (if time permits)

Electromechanics

Basics
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Course Overview --- Day 2

[ ]

Magnetics and energyv conversion

- Review of Maxwell s equations; demo; concepts of magnetic fields;
Ampere’s, Faradav's and Gauss’ magnetic laws; Lorentz force law;
MAagnetic CIFCWITS .. 7:30-9:30

- Comments on superconductors; basic ransformers: analvsis,
equivalent clrcWits | 12002145

- Moming break. o 9:30-5:45

- Softmagnetic materials (steel); hvsteresis and core losses. ... | 9:45-10:453
- Hard magnetic (permanent magnets) and PhM circuits ... .

e IO e e | 12:00-1:00

- Afternoon break e | 224523500

- PET-UMIT SWSTEIIL. o e 3:00-3:15
- Begin elecromechanical conversion; begin forces and torques. ... 3:15-4:00
- BUMMATIZE. | 4200

10:45-12:00

LA

5-76
77-139

140-208

209-216
217-240
241

Electromechanics

Basics

1-25




Course Overview --- Day 3

3 Basic machines

Introduction to ACand DCmachines. . ...
Moming break .
MMF of windings; rotating magnetic fields in rotating machinery;

generated voltage. e
Svnchronous machines. ...l

Linear and PM svnchronous machines. ... ...
Induction machines ..

Atermoon Break. e

Finish forces and torques with demo and 2 examples ..

Finish induction machines . .
Induction (eddv cument) brakes. ...
11 hu b 1o E: 0 e =S

7:30-8:30
8:30-%9:30

9:30-9:45
9:45-11:00
11:00-12:00
12:00-1:00

1:00-1:30
1:30-2:45

2:45-3:00
3:00-3:30

3:30-4:00
4:00-4:15

[
i

b

N

42-76
77-97

98-108
109-133

134-149
150-178
179,
Various
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Basic Circuit Analysis Concepts

« Some background in circuits to
get us all on the same page
 First-order and second-order

systems

o I I I Intuitive
R_esonant circuits, damping b Gt

ratio and Q

» Reference for this material: M.
T. Thompson, Intuitive Analog
Circuit Design, Elsevier, 2006
and Kusko/Thompson Power
Quality in Electrical Systems,
McGraw-Hill, 2007

- 7
=iz Marc T. Thompson {.yj

Electromechanics Basics
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First-Order Systems

« A system with a single energy-storage element is a “first-
order” system
« Step voltage driven RC lowpass filter

=

-t J W ! +
V, (t) =V (1— er’ ) Vi, () '::T.- — & Wi
. v & 1 1 -
| (I)=—¢e°" = =
=2 |
7 =RC Wy =— 0.35

T ’Z'R —
T, =2.27 ¢ _ Oy Ty
=

Electromechanics Basics
1-28



First-Order Systems --- Some Details

* Frequency response.
I

75+ 1

H(s)=

 Phase response:
/H(s)=—tan™" (wr)

-3 dB bandwidth: ]

Electromechanics Basics
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Step Response 10 - 90% Risetime
« Often-measured figure of merit for systems
« Defined as the time it takes a step response to transition
from 10% of final value to 90% of final value
* This plot is for a first-order system with no overshoot or

ringing

0.1 |

- ’TH—-»

Electromechanics Basics
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Relationship Between Risetime and Bandwidth

» Exact for a first-order system (with one pole):

(.35
Tp= v

L

* Approximate for higher-order systems

Electromechanics Basics
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First-Order Step and Frequency Response

 Single pole at -1 rad/sec. seprescorss

1

04k

Amplitude

o

Electromechanics

Freguerncy (radksec)

Basics
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Second-Order Mechanical System

2 energy storage
modes in mass K
and spring

Ty

Spring force: f =—
{:" v
dr’

Newton’s law for moving mass: ﬁ —

d”
Differential equation for mass motion: 'H’ 1: + kv=10

Guess a solution of the form: ¥ Uj' — }L St Iiu.-‘?'jl

Electromechanics Basics
1-33



Second-Order Mechanical System

1y
v(r)=7Y, sin(wr)
Put this proposed solution into the differential equation:

M (—w?Y, sin (wt))+ k(Y, sin(wr)) =0

'k

This solution works if: ;= —
VM

Electromechanics Basics
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Second-Order Mechanical System

 Electromechanical modeling; useful for modeling speakers,
motors, acoustics, etc.

, i 1: 057 ! u_ s
| Ci
C.'E- -ET %% T.f
20 -[ : o4
(a)
Jo—i gL 2 o S o3
CEe
ET% Tf Ca
20 ]-_C“‘
(b)

Fig. 3.37. Twao forms of analogous sym-
bols for piezcelectric transducers. The
mechanical sides are of the impedance

Ly pe.

Reference: Leo Beranek, Acoustics, Acoustical Society of America, 1954
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Second-Order Electrical System

n L
— o,
v v,
::c j —
1
- _ _ : __ _ |
Vi(S) RyLs+ L LCS*+RCs+1 s° 265 . s"+2ws+o,
Cs 0 o
1
Natural frequency @ :ﬁ

wRC 1R 1

R
Damping ratio g 2 2 L 2 Z,
C
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Second-Order System Frequency Response
1

. 2
T

W, W,

H(Jo) =

1

) (-2

@, ) _ —tanl[ 22ga)a)n2j
0, — @

2
a)n

H(jo) =

/H(jw) = —tan™
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Second-Order System Frequency Response

Frequencyresponse for natural frequency =1 and various darmping ratios

Phase (deg); Magnitude (dB)

-1 0 1
10 10 10
Frequency (radfsec)

Electromechanics Basics
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Quality Factor, or “Q”

Quality factor is defined as:

Estored

P

diss

Q

where Egoreq IS the peak stored energy in the system and Pgigs Is the
average power dissipation.

Electromechanics Basics
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Q of Series Resonant RLC

L R o= 1
el JLC
— 1
. - . Estored = E LI sk
I:)diss %IikR
1. .5 L
Q—( ! jz“pk _\E_zo
JLC llsz R R
2 p

Electromechanics Basics
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Q of Parallel Resonant RLC

2c

Electromechanics

1
0=———
v LC
1
Estored = E Cszk
2
I:)diss 1 V_pk
2 R

Basics
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Relationship Between Damping Ratio and
“Quality Factor” Q

» A second order system can also be characterized by it's
“Quality Factor” or Q.

H(s)|  =-—=Q
v 26

 Use Q in transfer function of series resonant circuit:

) - - 1 _ 1

Electromechanics Basics
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Second-Order System Step Response

« Shown for varying values of damping ratio.

Step regponse for netural frequency = 1 ad various darping ratios

16_ o ...... B
14 - - L ......... ........... CONh L L ............ .......... ............ ........... ]

Arrplitude

06 .....

g
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Undamped Resonant Circuit

iL _
> dip _ v, dv, _—iy
+ dt L dt C
VC ::C L dZVC__ii__VC
_ dt? C dt LC

We find the resonant frequency by guessing that the voltage v(t) is
sinusoidal with v(t) = Vesinat. Putting this into the equation for capacitor
voltage results in:

i 1 .
—w?sin(wt) = ———sin(wt
(at) T (at)

This means that the resonant frequency is the standard (as expected)

resonance.
1
P —
LC
Electromechanics Basics
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Energy Methods

Storage Mode Relationship Comments
Capacitor/electric field 1 ...,
storage Eoec = ECV

Inductor/magnetic field
storage

1

2
E oy = = LI :IB—dV
2 2,

Kinetic energy E - 1 M2
==
2
Rotary energy E 1 L2 | = mass moment of inertia
"2 (kg- m?)
Spring c 1 o2 k = spring constant (N/m)
spring — 2
Potential energy AE ; = MgAh Ah = height change
Thermal energy AE. = C. AT Ctn = thermal capacitance
T TH

(J/K)

Electromechanics

Basics
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Energy Methods

By using energy methods we can find the ratio of maximum capacitor voltage to
maximum inductor current. Assuming that the capacitor is initially charged to V,
volts, and remembering that capacitor stored energy E; = 15CV? and inductor
stored energy is E, = %4LI°, we can write the following:

1(;\/02 ZE LI
2 2

Electromechanics Basics
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Energy Methods

L

The term “Z,” is defined as the characteristic impedance of a resonant circuit.
E.g with C = 1 microFarad and L = 1 microHenry, the resonant frequency is 10°
radians/second (or 166.7 kHz) and that the characteristic impedance is 1 Ohm.

Electromechanics Basics
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Simulation

L
. —> Initial conditions at t = 0:
; capacitor voltage = 1;
v, Lc . i
T inductor current = 0.
1'0V_"______"_"__""""C_éﬁééit_c;r_\f(élfég_é __________________________________________
00V \ovooo NN
—jj 617 [ ORI IO AUV DU . ST (PO . S SRS PO WL ARSI
1.0A - V) .
! Indu;tor Current |
oad .\ ./ .\ NN 5
SEL>> NS NS NSNS _i
-1.0A Os Sus 10us 15us 20us 25us
o—I(L1) Time
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Typical Resonant Circuit
* Model of a MOSFET gate drive circuit

F: L wout
Iy SN .
-I 001 25nH |
Win '.J:_J' '
J_ 1000p F J_
1
H (S) — Vo (S) — CS _ 1 _ 1
2 2
v, (s) R+LS+1 LCs“+RCs+1 s +2§S+1
cs " o,
PR
" JLC
_oRC_1R 1R
"2 T2l 21
C
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Resonant Circuit --- Underdamped

« With “small” resistor, circuit is underdamped

R L
AR PR _vout
- 001 #H ]
| 'I 1000pF :[
@ —i— 200 Mrad /sec
" JLC
fn 31.8 MHz

7, E o0

C
R_i_
2\/72

Electromechanics Basics
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Resonant Circuit --- Underdamped Results

 This circuit is very underdamped, so we expect step
response to oscillate at around 31.8 MHz
» Expect peaky frequency response with peak near 31.8 MHz

= i =200 Mrad /sec

" JLC

f. 31.8 MHz

C

@, RC

Q

=55 000
2 27

Electromechanics Basics
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Underdamped Resonant Circuit, Step Response

* PSPICE result: rings at around 31.8 MHz

n.5U _i LT P o U . \] . U . Ry U . \/ ............. i
aul--U _____________________________________________________________________________________________________ |
3] 0.1 0.2us 0.3us 0.4%us 0.5u 0.6us 0. Tus 0.8us 0.9%9us 1.0us
o U(vout)
Time
Electromechanics Basics
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Underdamped Resonant Circuit, Frequency

Response

* Frequency response peaks at 31.8 MHz
B0 - - ooooooooooooooooooo-
saui
49U4
ZBU%

aui ------------------------------------------------------------------------------------------------------
1.0KHz 10KHz 100KHz 1.0MHz

U{vout)
Frequency
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Resonant Circuit --- Critical Damping

* Now, let's employ “critical damping” by increasing value of
resistor to R =22, =10 Ohms

 This is also a typical MOSFET gate drive damping resistor
value

R L
o vout

i —

i i
1 LTI ¥y

25nH

in Ly .
|.'lll.-l - - i o

1000pF

7 1—

—4
|
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Critical Damping, Step Response

* Note that response is still relatively fast (< 100 ns response
time) but with no overshoot

« “Critical damping” results in fastest step response without
overshoot

1.0U—--

Bsu_i ................................................. i

| |
|
o it S I e R e D e il bttt e [

Os 0.1us 0.2us 0.3us 0.4%us 0.5us 0.6us 0. Tus 0.8us 0.9%9us 1.0us
o v(vout)
Time
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Critical Damping, Frequency Response
* No overshoot in the transient response corresponds to

no peaking in the frequency response

1.0U-
9.5
B o = = — — — o o o — o L
1.0KH=z 10KHz 100KH=z 1.0MHz
o v(vout)
Frequency
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Impedance of a Series-Resonant Circuit

* The impedance is capacitive below the resonant frequency
* Impedance is inductive above resonance

Z!‘
L, C, 1
V=V, I < IL6, %R
O—
ZJ
(a) R

{b)

fc)

Figure 9-7 Frequency characteristics of a series-resonant circuit.

Reference: N. Mohan, Power Electronics, 3d edition

Electromechanics Basics
1-57



Impedance of a Parallel-Resonant Circuit

* The impedance is inductive below the resonant frequency

Z
4 [
f |
| = It |
—_— |
o~ ’ |
+ |
1 |
|
I?v = vie, 3L ‘[Cr E |
- |
(o} & : |
Zp |
(a) :
@
1 - g
wo
(b)
6 =16, -6

w--j

[-] 55

-~
—

5 .
n—rg

|

|

Figure 9-9 Frequency characteristics of a parallel-resonant circuit.

Reference: N. Mohan, Power Electronics, 3d edition
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Power, Complex Numbers and RMS

 Basic single-phase circuits

« AC voltage, current and power
« Complex numbers

« 3-phase power

* Root-mean square (RMS)

Electromechanics Basics
1-59



Sinewaves

« A pure sinewave can &
be expressed as v(t) = *
Vpksin(mt)

* Vx = peak voltage

* ® = radian frequency
*In Hz, ® = 2=nf where f
IS In Hz

* Verws = Vii/sqrt(2) =
120V for sinewave with o
peaks at £170V

* More on RMS later

Electromechanics Basics
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Sinewave Voltage Source with Resistive Load

* v(t) and i(t) are in phase and have the same shape; i.e. no
harmonics in current

- Time rieoresentation -Phasor representation
| _-*f’ | o -In this case, V and |
L — - have the same phase
L% Cda L o
>V
~ ()

Rﬁ(ﬂ o

Electromechanics Basics
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Sinewave with Inductive Load

 For an inductor, remember that v = Ldi/dt
* S0, i(t) lags v(t) by 90°in an inductor

A

""6!’) L

Electromechanics Basics
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Sinewave with L/R Load

* Phase shift (also called angle) between v and i is
somewhere between 0° and -90°

Electromechanics Basics
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Sinewave with Capacitive Load

« Remember that i = Cdv/dt for a capacitor
 Current leads voltage by +90°

L
—

- Phasor represe'ntati'on

I

A

N

Electromechanics Basics
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Phasor Representation of L and C

J
| . l. " oC
oy L
%
I
+ - + -
VL vc
A,
90°
(/)] - - ()]
] v v
90° L c
YiL

Figure 3-6 Phasor representation.

In inductor, current lags
voltage by 90 degrees

Reference: N. Mohan, Power Electronics, 3d edition

In capacitor, voltage lags
current by 90 degrees
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Response of L and C to pulses

ir, le
—_— —_—
+ +
VL L Ve - C
A A
Uy, ic
iL Ue
L (£]) et V(£ ]) e
0 >t 0 > ¢
2] 2]
(a) (b)

Figure 3-7 Inductor and capacitor response.

Reference: N. Mohan, Power Electronics, 3d edition
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Review of Complex Numbers

* In “rectangular” form, a complex number is written in
terms of real and imaginary components
« A=Re(A) + jxIm(A)

S NTT I . hnde
_T  Fa T QZtanl(llQmEQ;j
| e

- Magnitude of A

, ' winy  [A=VReA) +(m(a)
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Find Polar Form
 Assume that current | = -3f5 +{(4.2)

-
W

2

Y

r

1

}

iy N .
'lll‘{l:-.. }‘

1|=/(-35)? +(4.2)? =5.5A
9=180°—y

y = tanl(:—'gj =50.2°

6 =180° —50.2° =129.8"
-1 =5.5A/129.8"
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Converting from Polar to Rectangular Form
o Im_ ' | : ' o

M
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National Electrical Code (NEC)

 Put out by National Fire Protection Agency (NFPA) as NFPA 70
* Initially developed in 1897, and is updated every 3 years

« Sets out requirements for wire sizing (phase conductors,
neutrals, grounds) and other rules for installation of power in
residential single phase and industrial 3 phase systems

Mational Electrical Code® Softbound 2005 Edition {(NFPA 70)

Itenh # FOO535E

Format List Member Cart
Book $72.50 %$65.25 WHapp
PDF $72.50 $65.25 WHapp

 iew Cart ¢ Check Out
|
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120V, 2-Wire System

 Older system, largely (hopefully) replaced in residences
* Neutral = “grounded conductor”
* Voltage between hot and neutral is 120 VAC (or 120 VRMS)
* Voltage stepped down at pole-mount or pad-mount
transformer; enters house service entrance at 120V between
HOT and NEUTRAL
———— & HoT
éi | 1.\20Q

= - f'JEu"rE:
LI*‘W TRAL

T SERVicg

EnTRANCE
GeounND
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120/240, 3-Wire System

* Most common residential service; 3 wires are derived
by center-tapping the distribution transformer secondary
 Voltage between one phase and neutral is 120V

* Voltage between phases is 240V: used for hot water
heaters, dryers, air conditioners, etc.

* Neutral is grounded at the service entrance

- ‘ S N
20
: 1 A ESE

I
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Typical Single-Phase Residential Service

- Typical 7.2 kV distribution voltage
« Qutput voltage is 120V with 2 single phases

 You'll run low-power loads (i.e. lights, electronics) from a

single phase

* High power loads (i.e. clothes dryer, hot water heater) run

phase-to-phase

G0:1 step down

T200% BOHz
ul o
Wizt ﬁ@ %‘ : .

Electromechanics

Basics
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Single-Phase Service --- Simulation Results
Transformer step-down

Wiist

Distribution voltage !

WL W_LMZ

10.00 20,00 30.00 40.00 50.00 80.00
Time (ms)
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200A Breaker Panel
- Main breaker at top (200A)
« Multiple branch circuits
below: black = hot wire,
white = neutral
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Single-Phase 60 Hz Power

Ideal 60 Hz sinewave

200 ! ! ! ! ! !
150 —fﬁ ----------- R EH -------- -
100 — -------- e R it e f* --------- -------- —
S AU S NS U S/ S W RSN W
g i 1 i
8 S P F
S 50 _ """""" """"" B
2400 [oreeeee e oo R A -
—150 _'_"""""_"'_'"'""""'?3‘":":} """"""""""""""""""""""""""""" H .'Nx"fx'h.'";;_;—‘{ """ |
_200 ; ; ; ; ; i
0 0.005 0.01 0.015 0.02 0.025 0.03

Time [sec]

Reference: A. Kusko and M. Thompson, Power Quality in Electrical Systems, McGraw-Hill, 2007
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Three-Phase Power

- Three-phase is used in higher power applications

* You can carry more power with less copper using 3 phase
 Large generators and motors are more efficient and smaller
using 3-phase compared to single-phase

« 3-phase voltages are created by 3-phase generators

Electromechanics Basics
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Three-Phase Generators
- More on 3-phase motor/generators later

Y-connection
of windings

2-pole 4-pole

(c)
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hree-Phase, 480V 60 Hz Power

- Line-line voltage is 480V RMS
* Line-neutral voltage is 277V (or 480/sqrt(3)), which has peaks

300 " 7Phase a, ’Phase b~ /Phase o\ /TN T F———=" ]
U T R —
— L I \ | | A \
= 100 F—5--—- B e el m-—7r - - A-———— -
g, R i L . 3 L
g T [ W T BT I ST
[ A e - S
. Y/ | | |
200 |- = TR SR RANE -
S N S 1 | |
800 [~ T S Er AN VA
qopl—t U L N e _ 1
0 0.005 0.01 0.015 0.02 0.025 03 0.035
Time, [sec]

Reference: A. Kusko and M. Thompson, Power Quality in Electrical Systems, McGraw-Hill, 2007
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208Y/120, 3-Phase, 4 Wire

« Can drive small 3 phase loads or single phase loads
 Voltage phase-phase = 208V (i.e. from A to B)

- \/oltage phase-neutral = 208/4/3 =120V

Electromechanics Basics
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480/277, 3-Phase, 4 Wire

« Typical industrial voltage for larger 3-phase loads

 Large 3-phase loads can be connected to the three phases

« Smaller 277V single-phase loads can be connected between
phase and ground

* Phase-phase = 480V; phase-neutral = 277V

Electromechanics Basics
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pos

480V 4-Wire System

* Line-line =480V; line-neutral = 277V

27TV

S

480V T
277V

r

27TV

1, l

FIGURE 1-1 4807Y/277-Volt System

Reference: Ralph Fehr, Industrial Power Distribution, Prentice Hall, 2002
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Basics

1-82



Some Comments on Delivery Voltage

A typical factory utilization voltage is 480Y/277V, meaning
that a 4-wire Y connected service is provided with 480V
line-line and a line-neutral voltage of 277V

Service for industrial facilities can be supplied by a utility at
distribution voltage (2.4kV to 34.5 kV) or at
subtransmission or transmission voltages (46 kV to 230
kV)

1888: Polyphase AC system invented by Tesla

First three-phase system was installed between Lauffen
and Frankfurt am Main in Germany in 1891
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Root Mean Square (RMS)

» Used for description of periodic, often multi-harmonic,
waveforms

« Calculation of RMS is done by taking the square root of the
average over a cycle (mean) of the square of a waveform

lovs = \/%_T([iz(t)dt

 RMS current of any waveshape will dissipate the same
amount of heat in a resistor as a DC current of the same

value
— DC waveform: V,.. = V¢
— Symmetrical square wave: Igys = |,
— Pure sine wave: Izys=0.7071,
 Example: 120 VRMS line voltage has peaks of £169.7 V

Electromechanics Basics
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Intuitive Descrlptlon of RMS

 The RMS value of  w~w | - |
a sinusoidal or o £ N\ N R T
other periodic /S -

waveform i pi v =
dissipates the : | \/ -

same amount of
power in a resistive

-1%o ¢

load as does a e Cieaa . )
battery of the same ... ' - -
RMS value - o ] -

+ So, 120VRMS into | kT TR
a resistive load N -
dissipates as much | | |

power in the load
as does a 120V
battery
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RMS Value of Various Waveforms

* Following are waveforms typically found in power
electronics, power systems, and motors, and their
corresponding RMS values

 Reference: R. W. Erickson and D. Maksimovic,
Fundamentals of Power Electronics, 2" edition, Kluwer, 2001
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DC Voltage
- Battery

()

s — — - : | Rms = T

> %
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Pure Sinewave

Electromechanics

Basics

M
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Square Wave

 This type of waveform can be put out by a square wave
converter or fuII-bridge converter
AL £)

A
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DC with Ripple

* Buck converter inductor current (DC value + ripple)

AL

. _.".'II._l'_.‘-_'i
EE [l (]

YA
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Triangular Ripple, No DC Value

 Capacitor ripple current in some converters (no DC value)

,L(;é}

Alpp
2 {3

RMs =
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Pulsating Waveform

* Buck converter input switch current (assuming small ripple)

a{%k)
A

Tk
Rms ka Y

| — b— & .-.'O_c'bfal
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Pulsating with Ripple

* |.e. buck AR
converter switch ~ | |
current - | - o
» We can use 1= - N
this result to get | | o
RMS value of 1 |
buck diode - S N S +
current _ DT T
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Triangular

it
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Piecewise Calculation
 For 1., |,, etc. at different frequencies

ForI=L1+L+1s ...

feis = {Pne * B+

Electromechanics Basics
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Piecewise Calculation --- Example
« What is RMS value of DC + ripple (shown before)?

» - o | ' o~
Iq .__ - N - o B I*_B . | +
>, —y £ &
2 2
RMS = |1, N R e
N ’ 3| 27,
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Apparent, Real and Reactive Power

* “Power” has many shapes and forms
— Real power (P, in Watts). This is the power that does
work
— Apparent power (S, in VA). This is the total “apparent”
power seen by the source. It's the product of Vg5 and

IRMS
— Reactive power (Q, expressed in VAr)

* Reactive power does not do real work
— Instantaneous power p(t) — V(t)i(t)

— Average power <p(t)> = _H‘ v(t)i(t)dt

Electromechanics Basics
1-97



Vector Relationship Between P, Q and S

P = real power (Watts)

Q = reactive power (VAr)

S = apparent power (VA)
PF = power factor (unitless)

Electromechanics Basics
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Apparent Power from Voltage and Current
+ We’'ll use the “Poynting vector” S =V x |~

« V =complex phase voltage, I* = complex conjugate
of phase current

« IfA=q+jp then A* = o - jB
o AxA*= g2 + p2

Electromechanics

Basics
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Apparent Power from Voltage and Current
* Result:
P =N|1|cos(8)

V|[1]sin(&)

Electromechanics Basics
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Example: Finding P, Q and S
 Let'sfind P, Q, S and Z given V and |

I = 7 X
—p~

1| u.-:z{ 2% (ﬂL-*)

- Find apparent power S using Poynting vector

S =V x 1" =(120/30°)(7/ —10°) = 840/ 20°
S =789 + j(287) VA

Electromechanics Basics
1-101



Example: Finding P, Q and S

Tz IXw

e <-g
12.0 X 30

-

- Find real power P

P =VI cos(@) = (120)(7) cos(20°) = 798 W
- Find imaginary power Q

Q =VIsin(8) = (120)(7)sin(20°) = 287 VAr
- Find load impedance Z

/L = v = 12030 =17.14Q2/20°

I 7/10°

Electromechanics Basics
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Finding Load Current in Single Phase Systems

 We must know the current magnitude to properly size
conductors. The NEC (National Electrical Code)
gives guidance on sizing of conductors once we
know the RMS conductor current

« Current magnitude results in I°R loss and
temperature rise in conductors

Vi =VA:i

Electromechanics Basics
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Examples: Finding Load Current
 P=10 kVA, PF=1, 120V single phase

~ 10000

I =83.3A
120
« P=50 kVA, PF=0.9 lagging, 240V single phase
50000 31 EA

' = 240)(09)

Electromechanics Basics
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Sizing of Power Cables
Large power cables are available in copper and aluminum
Wire is sized by AWG (American Wire Gage) or thousands
of circular mils (kcmils)
He smallest wire used in power distribution is #14 AWG,
typically a solid conductor with an outside diameter of
0.06417, or 64.1 mils
The largest AWG is #4/0, with a diameter of approximately
0.522" for a 7-strand conductor

Electromechanics Basics
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AWG

» Wire size is denoted by AWG (American Wire Gage)
» Wire diameter varies by a factor of 2 every 6 AWG

« #36 AWG is defined to be 0.005” (5 mil) diameter

« “Circular mils” is the diameter in mils, squared. (1 mil
= 0.0017)

To find wire diameter d based on AWG number:

36—-AWG

Ininches: d =(0.005")x92 3

36—AWG

In millimeters: d =(25.4) x (0.005")x92 39

Electromechanics Basics
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Circular Mils

« The area of larger conductors is expressed in circular mils.
To find the area in cmils, square the diameter in mils by

itself. For example, a #10 solid conductor with a diameter

of 162 mils has an area of (162 mils)? = 26244 cmils, or
26.2 kemil
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DC Resistance of Power Cables

« Resistance is a function of length, cross-sectional area,
and electrical conductivity |

R=—
oA

« For copper, ¢ ~ 5.8x107 Ohm-'m-! at room temperature.
For aluminum, ¢ = 3.5x10” Ohm-'m-! at room temperature

Electromechanics Basics
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Copper Temperature Coefficient of Resistivity

» Copper resistivity goes up as temperature goes up

» S0, the total resistance of a piece of wire goes up as it heats
up

» Temperature coefficient of resistivity is about +0.004/°C, or
about 0.4% per degree C

« Resistance goes up as temperature goes up.
Ry =Ry|l+a(T, - 298)]

* R,; =resistance at 25C (298K), a = temperature coefficient
~ 0.00385 for copper and ~ 0.00395 for aluminum; rule of
thumb for copper is +0.4% per degree C
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Issues With Aluminum Wire

« Aluminum has higher resistivity than copper (about 70%
higher), with resistivity p = 2.9x10-% QQ-m

* A 15-amp branch circuit made with #14 copper would
require #12 aluminum, by the NEC

« Similar TC to copper

* Aluminum is much lighter than copper (about 33% of the
weight per unit volume)

 Often used in power transmission (good ratio of resistivity
to weight)

 Corrosion when joining aluminum to copper lugs; differing
thermal expansion

Electromechanics Basics
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Power Cables and Cable Impedance
« Power cables have a finite resistance (due to the
resistivity of the conductor) and a finite inductance (due
to the geometry of the cable)
« Cable impedance results in voltage drops, power loss,
and heating in the cable

Electromechanics Basics
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AC Cable Resistance

» DC resistance of a piece of wire:

R—_
oA
« A = cross sectional area of wire, | = length, and ¢ =
electrical conductivity
 However, AC resistance is higher than DC resistance, due
to skin effect and proximity effect
« Wire resistance can be found in a “wire chart” for an
isolated wire (i.e. in air, no metallic conduit, no other
current-carrying wires nearby)

Electromechanics Basics
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Copper Wire Data  zgrb of foe Sectraonics Lo Wl

582 Chapter 20 Magnetic Components ‘,Ir??ff

Table 20.1 Copper Wire Data

.'L'l'i"l'.'-_ SIZE [HAMETER (MM L s | KOEM TURNSN M
i BI5 352 475 N
| 7.3% ELES 77
1 .54 {624 ]

3 583 0,785 237
4 518 09 s
i 4,61 1,23 49
6 412 .58 IE
7 167 109 GLE
% 1.26 2.51 744
9 24l 3.16 6.0
i 2.5% 1484 468 14
1] 211 500 1.0 17
12 105 .34 Mpd 12
13 .83 7.0% 3 17
I4 L&D 101 8.3 34
15 145 |27 147 40
16 1. 160 1146 51
17 1.15 02 4.2 62
18 102 155 132 7%
19 512 11 5,80 9R
pol &1z 405 4.60 FE
21 {723 51.1 155 . 155
12 D644 G4 (?:; 289 192
23 f.573 gz | ATy 237
24 0511 jaz 182 343
24 0455 12 .44 364
% 0405 153 1.15 454
n 0,360 105 110 £75
. 0321 198 1,39 1
% 01286 327 175 871 )
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Copper Wire Data

e 11.1
Lfmi wire Sizes and Current Capabilities

Diameter Cross-Sectional Resistance, Current Capacity, Current Capacity,
(mm) Area (mm?) m{l/m at 25°C 500 A/cm? 100 A/cm?

5.189 21.15 (.8314 105.8 2113
4.115 13.30 1.322 66.51 13.30
3.264 8.366 2.10% 41.83 8.366
2.988 5.261 3.343 2631 5.261
2.053 3.300 5315 16.54 3.309
1.608 2,081 g.451 10.40 2081
1.2¢91 1.309 13.44 6.543 1.309
1.024 0.8230 21.36 4.115 0.8230
0.8118 05176 33.96 2.588 05176
0.6438 0.3255 54.00 1.628 0.3255
0.3106 0.2047 85.89 1.024 0.2047
0.4049 0.1288 136.5 0.6438 (.1288
0.3211 0.08098 217.1 0.4049 0.08098
(.2546 0.03093 345.1 0.2546 0.05093
4.2019 0.03203 549.3 {.1601 (.03203
(.1601 002014 B73.3 0.1007 (0.02014
{1.127000 00126677 1389, 0.06334 0126677
01007 0.007967 2208. (.:03983 0.007967
0.07687 G.005010 3510. {}.{13505 Q003010

Reference: P. Krein, Elements of Power Electronics, 3d edition
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Causes of Skin Effect

« Self-field of wire causes current to crowd on the surface of
the wire, raising the AC resistance
 Method:
— Current i(tf) = changing magnetic flux density B(t) =
reaction currents

ctirrent
density

eddy

CUFTENTS

eddy
CHITERLS

ift)

Reference: http://ece-www.colorado.edu/~pwrelect/book/slides/Ch12slide.pdf
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Effects of Skin Effect

For high frequencies, current is
concentrated in a layer
approximately one skin depth §  Skin depth in copper at 300K

: cond 5.90E+07
thick o mu 1.26E-06
Skin depth varies with frequency

f skin depth (meter)
5 2 / 1 1 6.55E-02
UG Auc 10 2.07E-02
H H 100 6.55E-03
o = electrical conductivity = 1000 2.07E-03
7 1 et 1.00E+04 6.55E-04

I X
5.9x107 Q' m for copper at + 0E+05 > 07E.0d
300K 1.00E+06 6.55E-05

1 = magnetic permeability of
material = 47x10"7 H/m in free
space
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Skin Effect --- Increase in Wire Resistance
For high frequencies, resistance of wire increases

DC resistance of wire: R — |
DC 2

o\ar,
For frequencies above critical frequency where skin depth
equals wire radius r,,;: R(f)
I 20
R, = =R
A J(Zﬂ’rw5 ) DC[ r, j R,
1
1:crit — 2 | p f
ﬂrWlLlO- 1:crit

Result: for high frequency operation, don’t bother making
wire radius > o

— Skin depth in copper at 60 Hz is approximately 8 mm
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Proximity Effect
* In multiple-layer windings in inductors and transformers,
the proximity effect can also greatly increase the winding
resistance
* Field from one wire affects the current profile in another

Currents in opposite Currents in same
direction direction

ey

g I Iy

L [ = ')
L
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Cable Inductance

 Inductance is defined by the geometry of the wire loop
* Included in the calculation is wire radius, and loop length
and shape

Circular loop of wire Parallel-wire line
2R Q @
- o

Sl o 1d 1 d
Lzyoa{ln(%a)—lm} L== '”[E+Z‘T}
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AC Service with Real-World Impedance

* All electrical services have R L
finite impedance; shown — T
here the impedance is R, + Lo
joL " T {"*ﬂ ?
S

%
L. - - -

* These types of power
distribution drawings rarely

. . R AX
show inductance explicitly; [_\_,\M,_mi___ﬁ -
rather the inductive r
reactance jX, is used. K G)D ]ﬂh)
* L, may be the sum of b o
wiring inductance,

transformer leakage, etc.
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Example: Finding Load Voltage and Current

Find load voltage and load current
Note that line resistance is 0.1Q and line reactance is 0.2Q

24X R

21 (0,2) O.1 ) b
277 9 ! VJ..aH-D g f\)z__
- / J /O

- 277
"~ 0.2j+0.1+10

Vioso =1 R, =274-5.4]

= 27.4—0.54

Note voltage drop across line impedance of a few Volts
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National Elec. Code Impedance Estimates

* Note conduit type affects resistance and reactance

TABLE 16-1

Table 9 Alternating-Current Resistance and Reactance for 600-Volt

Three Single Conductors in Conduit

Cables, 3-Phase, 60 He, 75°C (167°F)—

Obms to Neatral per Kilometer - i
I | Olimis 1o Neotral per 1000 Fret
Alternating-Carrvni Alermaling-Cormegt o .
g-Cn
o, ek hwmﬁ:;?m R“““m“?;‘::hﬂhm Effective Z af (.85 PP for Lifective Z 3t 085 PF for
=13 Wires i Hucomted Copper Wires Alvminun Wires
(AWG | pve, - ) s
mwu: ﬁcﬁ?ﬁx ‘mm::“ . r:n-uhﬁ'm ﬁm cﬂeﬂn mrvc Alumingm | Steet EVC | Alantinum | Steel PVC | Aluminum | Steel {!T;
| | uft imdnﬁ Candult | Condult | Condnlt | Conduit | Condult | Cosdolt | Coeduit kel
1 0.19 £240 | w2 | 102 19.2 - =% | = g i
058 0073 1 al 11 - — 1! 2'3 E i‘g = - - *
- ; T = = —
12 0177 0213 56 66 6.5 10.3 105 :
0.054 aess | 20 20 2.0 33 3.2 H;f—i fh ﬁ' f'f'. 3_: ;_5 ii‘ 1
10 0.164 0207 19 39 3.9 66 6.6 | .
3 : 6.8 16 :
006 | o063 | 12 : 1.2 2 | 20 22 L1 5 36 % L + 10
8 0.171 0,213 2.56 255 1.56 43 | 4 2 i . :
. E - )
6.052 0065 | o7 0,78 0.78 i3 L3 ; '.j ﬁ ﬁﬂ ;ﬂ ﬂ‘ :-*':' if !
6 | ouer oz | Lt 1.61 61 246 2% | 2e - : : I
) 66 266 L4
' 0.0 01064 045 .29 0.49 0.81 081 041 0 .'.':: f{:i o ﬁg ﬁf :
; ! da s L
4 0.5 0.t : ; 9 i =
'_ Mﬂ. ¥ &g? i?ff 162 167 1.67 085 0.95 09E 1.5l 1.51 L.s1 4
0042 : ! 655 051 029 029 .40 046 0,46 046
3 0154 0.194 082 0.82 0.82 13t 135 ' T e 152 D8 I it o Y
0.047 0.059 025 0.25 025 0.40 041 .],_Iu EE Eﬁ-' : s e
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Power Cable Types
o =3

A. Armured Cable (AC)

_' Insulatedconductnrs Interiocked armor losulated conductors

SEU.

PYC ;a;ekel

: Ouler PVC jacket Grrounding conduetor
nE Fitler
~ Insulated conductors
RTMER CNEREENE 8, Metal-Clad Cable (MC)
SER
Insuiated conductors, Insulited conductors

‘( Quter PV jacket lasutated conductor

[ " .
ey BT grovnding
contuctor
I Pnsulured congluctor
Triplex Quadruplex
: o C. Nuameatlic Sheathed Cable {(NM)
USE
Electromechanics Basics
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Power Cable Types
TABLE 61

(Cabie Insulation Types

THW.2 Fhermoplastic insulation {usually PVCI, Heat resistant {90°C rating). suitable for
Wet locations.

THWN-2 Same as THW except Nyton jacket over reduced insulation thickness, Also rated
THHN.

THHN Fhermoplastic insulation (usually PVC). High Heat resistunt (90°C raing), dry
locations only, Nylon juckes. Al rated THWN,

XHHW-2  Crogs-linked polyethylene insutation (X), High Heat resistant (90°C rating). for wet
and dry locations.

- RHA Rubber insulation. Most manufacturers use cross-linked polvethvlene because it has
' the same propertics as rubber, High Heat resistant (90°C rating), fordry locations i
_ oaly. !
RHW-2 Rubber insulation {cross-linked polyethylene ). Heat vesistant (90°C rating), suiable |~

tor Wet fucations,

USE-2 Underground Service Entrance. Most utilize XLP for 90°C i direet burial apphca-
dons, Product is usually triphe vated: RHH-RHW-USE,

NM-B NonMewllic shearhed cable. The “B” denotes that individual condactor insulztion is
rated 90°C: hewever, ampacity is limited 10 that of & 60°C conducior, Thermoplistic
(PVCT condoeter inselation. nvlon jucketed, with overall PVC cahble jacket.

SEU Service Entrance Cable, Unarmoned. Usually type NHHW insulited conductors with
averall PVC jacket. Ax such, the eable is med for 907°C dey, 75%C wet focations,

SER Service Entrance Cabie. Round. Same matertal construction as $ELU but round con-
SIruCtion.

Sairce: Souttnvire Power Cabl®dvanual and Product Caialog. €3 Southwice Company.
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National Elec. Code Ampamty Estlmates

. - TypesRl-[W FHW-2,
THWNZ,USE-Z XE[H, e THHW THW, R RHW
orkemil | . COPPER o | ALumINUM OR COPPER-CLAD ALUMINUM I'a

 Size AWG |

18 — — o 4 - § - —_ —

16 — - B I - 1 =
14% 20 20 L - I o= — ' -
o 12% 25 25 ' 30 {20 20 A 25
ta) =rlor | GO | 35 - - 40 S 25 30 ' 35
. 40 50 : s 1 3 | 40 ' 45
55 | - : 7% 40 | - 50 . 60
720 | @ CY I 95 1 s | 65 . 75
85 100 - 110 65 75 : 85
95 |- 15 ' 130 75 90 100
10 | - 130 150 85 100 115
125 150 170 U100 120 , 135
145 175 195 115 135 150
165 200 225 130 155 : 175
230 260 150 180 205
215 255 - 290 170 205 230
240 285 320 190 230 255
\ 260 \ 310 350 210 250 280

335 380 225 270 L3050

55888885 vukas
S

Electromechanics Basics
1-125



National Elec. Code Ampacity Estimates

CORRECTION FACTORS
Ambient . '_ -
Temp. For ambient temperatures other than 30°C (86°F), multiply the allowable ampacities
cC) - shown above by the appropriate factor shown below
21-25 1.08 1.05 1.04 1.08 1.05 1.04
26~30 1.00 1.00 oo 1.00 1.00 100
31-35 0.2 - 0,94 - .96 ' 0.91 .94 0.96
3640 0.82 0.8% 09 (.82 (.88 0.9]1
4145 0.71 0.82 - 0.87 0.71 (.82 0.57
46-350 .58 0.75 082 ' .58 (.75 0.82
51-55 0.41 0.67 - 0.76- N4l .67 .76
56-60 — .58 071 — 0.58 0.71
6170 —_ 0.33 0.58 — (.33 0.58
7188 —_ — 0.41 — — 041
*See 240.4(D).
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"Single-Line Drawings”

Also called “one-line” FIGURE 1-3 Radial System

|
drawing | EE [edies
Shorthand to describe
power distribution e T ans forme,
systems MY
Symbols include power )
busses, transmission
lines, disconnect % 113 % %
switches, air and oil-filled T T “T’ T

circuit breakers,
transformers, motors,
generators, efc.

Shown here is a “radial”
power distribution system
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Single-Line Drawing Symbols

* There are lots more, but these are some of the important

ones : O
3

......
(&4

Electromechanics

ROTATING MACHINE

TWO WINDING POWER TRANSFORMER

THREE WINDING POWER TRANSFORMER

FUSE
CURRENT TRANSFORMER,

POTENTIAL TRANSFORMER

AR CIRCUIT BREAKER
OIL CIRCUIT BREAKER

THREE-PHASE WYE, NEUTRAL UNGROUNDED
THREE-PHASE WYE, GROUNDED NEUTRAL

THREE-PHASE DELTA

Basics
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Typical Single-Line Drawing

) e
Bl EHELEE v 2
B TTteTvain e

PYPPeeey
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Typical Single-Line Drawing

Source
impedance
Z

1}

o A_J
—— | ransformer

z,

¥

AL
Filter reactor
Equivalent

| L]
motor load
o T

Non-linear load

Reference: J. C. Das, “Passive Filters --- Potentialities and Limitations,” IEEE Transactions on Industry Applications, vol.
40, no. 1, January/February, 2004, pp. 232-241

Electromechanics Basics
1-130



Power Factor and Power Factor Correction

* Power factor is an important concept in power circuits,
power electronics, and electric motors

« Power factor is a measure of how easily you deliver real
power to a load

Electromechanics Basics
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Power Factor

« Ratio of delivered power to the product of RMS voltage
and RMS current

oE _ <P>

VRMS I RMS

« Power factor always <=1
« With pure sine wave and resistive load, PF = 1
« With pure sine wave and purely reactive load, PF =0
 Whenever PF < 1 the circuit carries currents or voltages
that do not perform useful work
« The more “spikey” a waveform is the worse is its PF
— Diode rectifiers have poor power factor
* Power factor can be helped by “power factor correction”

Electromechanics Basics
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Example: Power Factor Calculation
* A 3-phase load consumes 100 kW and 50 kVAr

 Find P, Q, S and power factor PF

& Q
Vo
L P
P =100 kW =10°
Q =50 kVAr

S =/(10°)? + (5x10*f =111.8kKVA
P 100 o0,
S 1118

Electromechanics Basics
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Example: Another PF Calculation

* Aload consumes 500 kW at 0.85 PF lagging. Find apparent
power, reactive power, and power factor angle

P =500 kW =5x10°

5
S PF 5

P2+ 02 =52 =0Q =+/S2 - P2 =+/5882 —5002 = 310 kVAr
0 =cos ™ (PF) = cos *(0.85) = -31.8°

Electromechanics Basics
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Causes of Low Power Factor ---

Nonlinear Load

* Nonlinear loads include:
e Variable-speed drives
e Frequency converters
e Uninterruptible power

supplies (UPS)
Saturated magnetic
circuits

Dimmer switches
Televisions
Fluorescent lamps
Welding sets

Arc furnaces
Semiconductors
Battery chargers

Electromechanics

NES Imn
LR

WOLTAGE AT THE
DISTREBUTION POINT

LINE CURFENT

IR LINE DROP BETYWEEN
CISTRBUTION POINT
AT THE WALL OUTLET

CLIPPED WOLTAGE
SIMNE WAVE AT
THE WALL OUTLET

Basics

GENERVC SYm@ow
Foe r ELCTIFTER

/N
NN
f\ f\
v V
/\ \
v v
/N

NN
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Further Comment on Power Factor

* Power factor (k;) can be broken up into 2 pieces:

» Displacement power factor kg, due to phase shift between 15t
harmonic of current and input voltage

* Distortion power factor (k,) due to harmonics

» Total power factor is product of these 2

K, =k K,

Electromechanics Basics
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HWR with Resistive Load

* Note that power is delivered in W D
periodic blips; line current has l 0 3
harmonics so PF < 1 '

o I(RL)* I(RL)=18
o
! . . . . !

Electromechanics . Basics
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HWR with Resistive Load --- Power Factor

« We can calculate P.F. by v o o
Inspection: (e RL =
1 10
_ Vi 1 1

Vin,RMS - \/5
s =[5 [ )2

2 2
V V
<P >= iii,RMS RL :( pk ] RL =B

V.
<p.> 4RL \/E
Vin,RMSiin,RI\/IS (Vpkj

P.F.=

Electromechanics Basics
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FWR with Resistive Load --- PSPICE Simulation
« We need dummy resistor to keep PSPICE happy

RL 2
10

Rdummy <.
1ed

Electromechanics Basics
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FWR with Resistive Load

Load . current

-eﬂ ________________________________________________________________________________________________________________
s - I{RL)
290U - =~ m o oo |
i Load. vol tage
I
I
I
|
I
100U -
I
I
I
|
I
SEL>> !
-GU __________ L TTTTT T T T T B I I e I I | I | |
Os 10ms 20ms 30ms 40ms S50ms 60ms TOms 80ms 90ms 100ms
s y(vl+)-y(ul-)
Time
Electromechanics Basics
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FWR with Resistive Load --- Power Factor
V

Vi ris :szk
AT
V2 \R. ) 2R,
2 2
<P >=iiamsRL = (\/\%;L] R, = ;/ngL
By
pE.- P> _ 2R %:10

Vin,RMS iin,RMS Vpk Vpk B
V2 \ V2R,
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Half Wave Rectifier with RC Load

* If RC >> 1/f then this operates like a peak detector and the
output voltage <v > is approximately the peak of the input

voltage

* Diode is only ON for a short time near the sinewave peaks

.l.._' L. I

Electromechanics

1 L
.-.l'

D3
WiOILR
_r'___ Es
D sk |
1 — =
1000uF | R1 = 100
4 -
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Half Wave Rectifier with RC Load

* Note poor power factor due to peaky input line current

B T == m m mm o m ey

SEL>> ' A ' % ' ' r\

_Gn P - - -
I1(D3)
2B - = = — m o m s ey
WS .
-200U +--—————---- R
Os 10ms 20ms 30ms 4Qms S50ms 60ms TOms 80ms 90ms 100ms
o U{vout) Ulus)
Time
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Unity Power Factor --- Resistive Load

 Example: purely resistive load
— Voltage and currents in phase

V(t) =V sin wt Yoltage
) V .
i(t) = —sinowt
(t) R Sin®
V2
p(t) = v(b)i(t) = Fsin2 ot
V2
t) >= —
< p(t) > R
Vv
VRMS:ﬁ
A
RMS R\/E
V2
op _<PO>_ 2R _
VRMSIRMS (V j( V j
V2 \R2

Electromechanics
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Causes of Low Power Factor --- Reactive Load

« Example: purely inductive load
— Voltage and currents 90° out of phase
v(t) =V sin ot

I(t) = icos wt
wl
V2
p(t) = v(b)i(t) = —sin wt cos wt
wl

< p(t)>=0

* For purely
reactive load,
PF=0

Electromechanics Basics
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Why is Power Factor Important?
» Consider peak-detector full-wave rectifier

1 E

* Typical power factor k, = 0.6

« What is maximum power you can deliver to load ?
— V¢ X current x k, x rectifier efficiency
— (120)(15)(0.6)(0.98) = 1058 Watts

« Assume you replace this simple rectifier by power
electronics module with 99% power factor and 93%
efficiency:

_ (120)(15)(0.99)(0.93) = 1657 Watts

Electromechanics Basics
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Power Factor Correction

« A toaster can draw 1500W from a 120V/15A line

« Typical offline switching power converter can draw
<1000W from the line since it has poor power factor

* High power factor results in: lower utility bills, increased

system capacity, better voltage quality, reduced heating
losses

« Methods of power factor correction

— Passive: add capacitors or inductors
— Active
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Power Factor Correction --- Passive
« Switch capacitors in and out as needed as load changes

Electromechanics Basics
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Power Factor Correction --- Active

* Fluorescent lamp ballast application

Qz .g‘ll: AE —
LR 2 iy
—g_[:ﬁ—
11 L L4
1 T _
L&
% (17
- L i
- [Lamp —_ A
14 1 15 2
T m
e 1 ;;Li-|_ Iz
L N W TN
— 10
Tt
19 .
§ Tes
HE&;
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Power Factor Corrected Power Supplies

Top: Input Voliage Bettom: Input Current
100%
L5 80% —1 —1 i
Without PFC S| |
3 5 MR . . T A%
20% —tH—
0% T I”EHE”IHI”FI"I”I”IH
1) CHI: 200V 6ms 13 5 7 89 1 13 15 17 19 2
2)CHZ: 2ZA Bms i
Harmonic Number

Figure 1. Input Characteristics of a Typical Figure 2. Harmonic Content of the Current Waveform in Figure 1
Switched-Mode Power Supply without PFC

100%

e VAVAVA -
\
VAVAVAI

1)CH1: 100V Sms 0% -4
2 CH: 2 A Ems I i 3

-
1=}
s
jury

13 185 17 19 21

Harmonic Number
Figure 3. Input Characteristics of a Power Supply with Near-Perfect PFC

Reference: On Semiconductor, “Power Factor Correction Handbook,” www.onsemi.com
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Power Supply with Power Factor Correction
m VIN L ﬁ

g *
- —
. F Y 'a'a Y | I — Load
Acin ™ contro :
o
W -
Vi e
i — —
Mutt. Div. -
Kin S T e
\.,'ISIH ¥ Ol YERR
- .| Square
Kiv | s KS K2 VINZ

, , . W - Epa - Ve
I i Vi = VDIv - K - Vsin = e ZM SIl

= = KD - K - Kg= - Vin=

Figure 12. Block Diagram of the Classic PFC Circuit

Reference: On Semiconductor, “Power Factor Correction Handbook,” www.onsemi.com
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Harmonics

- Joseph Fourier (1768-1830) worked out that any periodic

waveform can be broken up into a fundamental frequency
plus harmonics

* The harmonics need to have the proper amplitude and
phase relationship to the fundamental
* The result is a “Fourier series” for a periodic waveform

Electromechanics Basics
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Fourier Series
- Here’s the recipe:

W
Fix)=a, -I—Z_:l[.:zn cms?#—bﬂ sin?

 Finding the Fourier coefficients:

I
a, =%f F(x) dx

:_f f{xjcc:-s—.:ix n=142,.

by = f f{x]sm— dx n=12...

Reference: http://www.efunda.com/math/fourier_series/fourier_series.cfm
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Harmonics of Square Wave
* A 50% duty cycle square wave:

e
1T S
T T ‘;_t
-1
4 . 4 .
v(t) = ( Jsm(a)t)+( j3|n(3wt)+(—jsm(5a)t)+---
3 S5
2T
gt =
T
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Building Up a Square Wave

* Building up a 50% duty cycle square wave:
fix)

Reference: http://mathworld.wolfram.com/FourierSeries.html
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Triangle Wave

AP ()
Vi |
‘ -

Ve

v(t) = ( jsm(a)t) (3282jsin(Ba)t)+(52i2jsin(Sa)t)+...

T

Electromechanics Basics
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Harmonics in the Power Line

 Harmonics are created by nonlinear circuits
— Rectifiers
« Half-wave rectifier has first harmonic at 60 Hz
 Full-wave has first harmonic at 120 Hz
— Switching DC/DC converters
« DC/DC operating at 100 kHz generally creates
harmonics at DC, 100 kHz, 200 kHz, 300 kHz, etc.
« Line harmonics can be treated by line filters
— Passive
— Active

Electromechanics Basics
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Harmonics in the Power Line
* The issue of harmonics has become much more

Important in recent years in power systems
 Harmonic sources include

— Switching power supplies

— Variable speed drives (VSDs)

— Arc furnaces

— Welders

— Fluorescent lamp ballasts

Electromechanics Basics
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Half-Wave Rectifier, Resistive Load

» Simplest, cheapest rectifier

* Line current has DC component; this current appears in
neutral

« High harmonic content, Power factor = 0.7

Udiode i
NL >
"L

+

@ o, S

(a) Pav
PF. =2

VRMS I RMS

(b)

Figure 5-2 Basic rectifier with a load resistance.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003,
pp. 80
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Half Wave Rectifier with Resistive Load ---
Power Factor and Average Output Voltage

Average output voltage:

: v LV
< vy = == [V, sin(t)d (o) = -2 [~ cos(@t)]1 7 =2
277 0 2r T

Power factor calculation:

1Y 12
<P>= l _ Pk — _ Pk R
2\ /2 4
\/ ::\/pk — ka
RMS \/E Rﬁ
ka 1
| R :ﬁﬁ
|2
PR
pr-_<P> _ 4 - 0.707
VRMSIRMS ka ka 1
RvV2 \~2 42
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Half-Wave Rectifier, Resistive Load --- Spectrum
of Load Voltage

60U-r ————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— -
| 1
Spe ctrum of output of half-wave rectifier

I I

SOUS - - - - - | i

I I

! . . . . . . . . . . !

Y 1 '

I I

20U :

I

I

ZBU_: . . . . . A . . . . LR e e e e e :

1| 1

1] I

10UJI . B . . . B . . 1 :
1]

! . . . . /\ . . . . . . !

1 1

| . . . . . . . . . . |

GU i T T T T T T T A T T J{\ T T fi

BH=z S50Hz 100Hz 150Hz 200H=z 250H=z 300H=z 350Hz 400H=z 4S0Hz S00H=z 550Hz 600Hz
o u{vload)
Frequency
7] | | »
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Half Wave Rectifier with RC Load

» More practical rectifier
 For large RC, this behaves like a peak detector

D1 vioad
[--J
L1

|
V1 @ RL
i 100 CL -

1000uF ]
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Half Wave Rectifier with RC Load

* Note poor power factor due to peaky line current
* Note DC component of line current

BB T~~~
SEL>> % ' % ' ' r\ I\
eAL---- -
I(D3)
ZOOU T mmm o
WS .
200U+ ---—— - e E R LT T T |
Os 10ms 20ms 30ms 40ms 50ms 60ms TOms 80ms 90ms 100ms
o U{vout) Ulus)
Time
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Half Wave Rectifier with RC Load --- Spectrum of
Line Current

P T T e B
! Half wave rectifier with RC load —— spectrum of line current !
! . . . . . . !
I I
i i
2.0A- i
I I
| |
I I
I I
I I
I I
I I
| |
1.6A4 i
i i
I I
| |
I I
I I
i i
I I
1.2 i
| |
I
I
|
i
0.8A
1f
1
1
1
l
| |
I I
0.4A- ]
I I
I I
I I
I I
I I
I I
i i
I I
an I T T T T T I T T T T T I
BHz S0Hz 100Hz 150Hz 200H=z 250H=z 300Hz 350H=z 400H=z 450H=z 500Hz 550Hz 600Hz
v i(vl)
Frequency
< | »
Electromechanics Basics

1-164



Total Harmonic Distortion

« Total harmonic distortion (THD)
— Ratio of the RMS value of all the nonfundamental
frequency terms to the RMS value of the fundamental

THD = .|zt _ |.RMS ~ "1RMS

2 2
(115 ) |

1,RMS

2.1
n,RMS \/|2 _|2

« Symmetrical square wave: THD =48.3%
« Symmetrical triangle wave: THD=12.1%

Electromechanics Basics
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Crest Factor

Another term sometimes used in power engineering
Ratio of peak value to RMS value
* For a sinewave, crest factor = 1.4
— Peak =1; RMS =0.707
» For a square wave, crest factor = 1
— Peak =1; RMS =1

Electromechanics Basics
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Harmonics and THD --- Pure Sinewave
e THD = 0%

Number of harmonics N=1 THD =0 %

1.5
1L
05F
ok
05
s
k '50 O.I01 0.I02 O.IO3 O.IO4 0.I05 0.66 0.07
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Harmonics and THD - Sinewave + 3rd Harmonic
- THD = 33.3%
1.:1|'£\/\ j IP\J‘(\

o5l

S

ol 1] r
\W &W W

1.5

L QoL L2 n.GF nos G Q.06 0.07
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Harmonics and THD --- Sinewave + 3rd + 5th

« THD = 38.9%

Electromechanics

1.3

!

g3

0pF

05t

gt

1%

Harmonic
fod - /Wl W
I
J\f\j )
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Harmonics --- Up to N = 103
 THD = 48%

1.5

o] Jon] oo o

0.9 r

Mumber of harmonics M =103

0 F

-05

S e e T e BN o B

-1.5

0 0. 01 002 0.03 0. 04 Q.05 Q.08 0.0y
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Single Phase, Full-Wave Rectifier

« Draws significant harmonics from the line

: VL

=3 T
~ 7~ -

1.0

1/
5 1 1
e T g Yy
} ) ) N
1 3 5 7 9 11 13 15

Harmonic number (N)

Harmonic amplitude
of line current
"
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Full-Wave Rectifier with RC Filter --- PSPICE

ZJS I “ yload+ 1800 - ;,' ‘ ‘i‘:‘ I : f’
. 01 0z (. y |
- _ IL CBUS |
— 1000uF ,
W r C) - U o]

L vin- | 54 DC M:‘
03 ZE D4 % - N
P\ | \ p\ |
{ o ( S \
I L

i ‘ |

| “ I | ﬁ

\. | u \ | \ I Y
[+ o S 0 Y

eeeeeeeeee
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Three-Phase Circuits and Three-Phase Power
 Three phase is used extensively in high power

applications
* For high power, it has multiple advantages over single
phase
Y-connection
pole A-pole of windings
(™ e, ) D K F
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A Three-Phase, Four-Wire System

« A common neutral wire is assumed

* If there are 3 equal linear loads, i, =0

 However, if there are nonlinear loads, there can be a neutral
current

Single-phase
<« rectifier system

& &S

57

Figure 5-28 Three-phase, four-wire system.
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Balanced, Three-Phase, Four-Wire System

Result shows that for balanced load, i, = 0

T O T~ oo

SEL>>:

1= T
o I{Rneutral)

2 B T~ - m o o
P,\\\\ phase gurrent |

ea4 /- \ -

-2_en%‘__________I____________|___________'I___________T___________l____________I____________|___________'f___________T___________i
Os 10ms 20ms 30ms 40ms 50ms 60ms TOms 80ms 90ms 100ms
o I(R1) - I(R3) v I(R4)

Time
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Three-Phase, Four-Wire System, Unbalanced
Load

SEL>> | i
2L B L m o oo
o I(Rneutral)

i/\ _ _ _ — unbalanced Jogd
: . . . . .
|

oA 4
P L R T T T T s e T T |
Os 10ms 20ms 30ms 40ms S0ms 60ms TOms 80ms 90ms 100ms
o I(R1) I(R3) v I(RY)
Time
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Three-Phase, Full-Bridge Rectifier

« Commonly used in high power applications
* Also called “6-pulse rectifier”
* This circuit generates line harmonics

id
—_—

-2 — *-
+
AD, AD3 NDs
- + a Ls
: —_—
ia
- + p
n ™ Ca~ U §Rload
_:<::;:qg__l'fﬁf\f\ ST\ -®
ADys KD AD; -
® —g " o

Figure 5-30 Three-phase, full-bridge rectifier.
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6-Pulse Rectifier with Current Source Load
« 3-phase source; draws 5t 7th 11th 13th  harmonics

DA JSDS Z5D5

Z
a
Three-Phase b._________+
service . A
O (}) 1 load
75D2 D4 Z5D6
(a)
Phase
current
1
I+
| | | | Electrical
T 1 T I -
60 120 180 240 300 360 degrees
-+ | |
(b)
Electromechanics

Basics

Spectrum for ideal 3 phase bridge

1 2 3 4 g

0 m m

B 7 8 9 10 1 12 13 14
Harmonic humber, N
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6-Pulse Rectifier: Redrawn

» Two groups with three diodes each

D,
—e >—O- >
P + D3 P Id
—_—
ND, IND3 L\ Ds . D
i i + o+
- t+ 9% .. - + _ 9 Dg
_-@_—o a —@—0 a -}
. Upn
-+ -+ -
no—-@ T 0b vy G} I no—@ M -Q b ne vy
B + - + I\ 122 UN;
_@ AN AN\ ) ¢ __@ N —kt n
IADG * _
ADy ADsg KD, N :‘N -
N - Dy I
é 0 +<}
(a) (b)
Figure 5-31 Three-phase rectifier with a constant dc current.
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6-Pulse Rectifier Waveforms
Shown for output DC current source load

Pn

Electromechanics

Van
|
(a) O | )
1

~

0
—Ds—

Ubn Ven

wt=0

— Dy —

pe— Dy —>|

fe—120° —>

f«— Dg—>{

fe— Dg—>

fe— Dy —>

e— D3—>|

e— Dp—>{

e—Dy—>

— D3—>{

le— Ds—>|

fe— Ds—

Figure 5-32 Waveforms in the circuit of Fig. 5-31.
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6-Pulse Rectifier: Line Current

« Assuming output current to be purely dc and zero ac-side
iInductance

1.0
A
at
Isl
0 > i
1
5 1
7 1l 3
i
4
> h
0 1 5 7 11 13
H\
(b)

(a)
Figure 5-33 Line current in a three-phase rectifier in the idealized case with L, = 0 and
a constant dc current.
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6-Pulse Rectifier with Current Source Load

wout+

-y

| L
s\
ol
- -

Simulation
 Simplified with L, = 0 (no line inductance); and current source
load

D3 2': D5 zT: D7 31

Dbreak Dbreak Dbreak
WS va
)
By
T—J'-T 'J Fil
1 Obreak | EII:-rE:kT DbrEaBI-:T out.
= Rneutral ' )
0.0001
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6-Pulse Rectifier with Current Source Load

Os 10ms 20ms 30ms 4Oms S0ms 60ms TOms 80ms 90ms 100ms

o U(va) U{ub) + U(ve) 2o U{vout+)- U{vout-)
Time
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0-Pulse Rectifier with Resistive Load Simulation
» Simplified with L, = 0 (no line inductance)

vout+
D3 zl'_q DS 115 D7 :]:
Dbreak Dbreak Dbreak B =
VI w3 100 7
W
VI b
L)
=) =
- D4 '-J'-' DE 7% D& 7% it
Dbreak | DObreak ]  Obreak | wout-
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6-Pulse Rectifier with Resistive Load --- Output

* Note that fundamental of ripple frequency = 360 Hz
* Note that average output voltage is higher than single line
voltage. Peak value is sqrt(3) x peak of line = 294V

20 -~~~

wh

SEL>>:

2B L~ = m =
o U{va) U(ub) « U(ue)
BB - - - — o o :
250Ui___________I____________|____________l___________1'___________l____________I____________|____________l___________T___________i
Os Sms 10ms 15ms 20ms 25ms 30ms 35Sms 40ms 4Sms 50ms
o U{vout+)- U(vout-)
Time
|
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6-Pulse Rectifier with Resistive Load and
Capacitor Filter

* Let’s add filter capacitor

* Note that a smaller capacitor can be used for the 3 phase
rectifier compared to single phase rectifier, because (1) Ripple
iIs smaller and (2) Ripple frequency is higher

WO+
D3 ﬂ; D5 ﬁ; D7 é; ]
Dbreak Dbreak Dbreak R1 - L 02
"..f'lf':hl wa 100 10000 F
M b
"""3.:':-‘_‘: we
D4 7+ D6 7% De ?L
Dbreak T Dbraak T Dbreak T wolt-
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6-Pulse Rectifier with Resistive Load and
Capacitor Filter

ZEIEIUT—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————:
! e vol tage |

2B - - - - o

o U(va) U{ub) w U{uc)
2O - - o :
290U Y |-
SEL>>! : : : : : : : : : :
285U +--———-————- I
Os Sms 10ms 15ms 20ms 25ms 30ms 35ms 4O0ms 45ms S0ms
o U{vout+)- U(uout-)
Time
< |
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12-Pulse Rectifier

« Add 2 phase-shifted 6-pulse rectifiers; 5t and 7t are

eliminated

« Only harmonics are the 11th, 13th, 23rd 25t

;rgr.\;l

a1lt) L
- —

dgac b

vult)

hlll

L

> TOO—

(1) |

I WY FOO

=
F=

- =
e

—

Reference: R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics, 2d edition
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Three-Phase, Four-Wire System with

Nonlinear Load
- With single-phase nonlinear load, there can be a neutral

current

Single-phase
<« rectifier system

Figure 5-28 Three-phase, four-wire system.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003,
pp. 101
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Neutral Current in a 3-Phase, Four-Wire System

- The neutral current can be very high if driving nonlinear loads
line to neutral which generate 3" or other harmonics

« If line currents are highly discontinuous, the neutral current
can be as large as 1.73xline current 3rd harmonic

*Note 3rd harmonic here

In

| /\/\}\\//\

Figure 5-29 Neutral-wire current i,.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003,
pp. 102
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Simulation of Simple Case

it

o

V3

é"“
En1
|

LLB RL2 LLZ
RL3 1

T1 Q0000uF 1 T1 Q0000uF % 1

RL1

| CL1

[ 100000uF
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Simulation of Simple Case --- Neutral Current vs.
Time

I

2_0Kn_i...... ........... e T
I
i
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I
I
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1
ell,Kn_i . . . . . P T O P . . P T [ T P . . . . .
1

I
_e.eKn; -= T T i | T - T -= T - T - T -T -
50ms 55ms 60ms E5ms TOms TSms 80ms 85ms 9Oms 95ms 100ms
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Simulation of Simple Case --- Spectrum of

Neutral Current
- Note high 3" harmonic

700A - T oooooIIooooooooooooooooooooeoooooo
: .
I
: .
I
! .
I
300A
I
! .
zggn_i oL
I

| .
1

- T T T T T T T T T T :
OHz S0Hz 100Hz 150Hz 200Hz 250Hz 300Hz 350Hz 400Hz 450Hz S00Hz 550Hz ©600Hz
o =i(rn1)
Frequency
A1
Electromechanics Basics

1-193



Example: Three-Phase Line Current Calculation

« Assume 60 Hz, 3-phase 4-wire, 480 V phase to phase (277V
phase-neutral). Loads on phases A and B are 48 Ohms to
neutral. Load on phase C is 24 Ohms to neutral. We’'ll find
phase currents and neutral current

e
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Example: Three-Phase Line Current Calculation

* Let’s find phase currents:

Electromechanics

an

Von =

n

cn

Basics

_ Vbn

=289 o0 = 277200

J3

189 /1200 = 2772 ~120°
el

480

=—/—240° =277/ - 240°

NE]

V

a5 77AL0°
Q

=577TA« -120°

— =11.54AZ — 240°
Q
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Example: Three-Phase Line Current Calculation
* Phase currents

20 T T

151

101~

0 0.005 0.01 0.015 002 0.025 003 0.035
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Example: Neutral Current Calculation

 Calculation of neutral current. remember that in a balanced,
3-phase system with linear loads the neutral current sums to
Zero.

* In this case, we have an imbalance because the amplitude of
phase C current is higher than the others.

* The “leftover” current equals the neutral current

Lo=1, +1, +1
=5.77£0° +5.77£ -120° + (5.77.£ — 240° + 5.77.£ — 240°)
=5.774 - 240°
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Example: Neutral Current Calculation
Lo=1, +1, +1
=5.77£0° +5.77£ -120° + (5.77.£ — 240° + 5.77.£ — 240°)
=5.774 - 240° e

-
o

R e L R e

EN
o

| | | | | |
0.005 0.01 0.015 0.02 0.025 003 0.035

o
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Thyristor Converter --- Single Phase with
Resistive Load

* Angle a is called “firing angle”
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Thyristor Converter --- Single Phase with

Resistive Load

 Control characteristic: average output voltage vs. firing angle

V
<vy >=—%(1+cosa)
2r

0.9

0.8

o
\'

v

Normalized <vd>
o
(6]

o (
~

v

o ¢
N

©
—

o

o

20 40 60 80 100 120 140 160 180
Angle, degrees
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Three-Phase Thyristor Converter
 AC-side inductance is included

o
Ky, &1, B,

_@_&_fw\ P P 4
1§ -K .
£ Figure 6-24 Three-phase
Ty TG. TZ' - converter with L, and a constant
N de current.
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Today’s Summary
» Today we’ve covered:
« Signal basics, step response, resonance, etc.
* Power in its various forms
* Root-mean square (RMS)
 Power cables and cable impedance
* Power factor and power factor correction (PFC)
* Fourier series and harmonics
 Basic three-phase circuits

Electromechanics Basics
1-202



	Electromagnetic and Electromechanical Engineering Principles�Notes 01�Basics
	Slide Number 2
	Lens Actuator
	High Power Laser Diode Driver Based on Power Converter Technology
	Magnetically-Levitated Flywheel Energy Storage System
	Transrapid Maglev
	Japanese EDS Maglev
	Japanese EDS Guideway
	MIT Maglev Suspension Magnet 
	MIT Maglev Test Fixture
	MIT EDS Maglev Test Facility
	Permanent Magnet Brakes
	Halbach Permanent Magnet Array 
	Halbach Permanent Magnet Array 
	Photovoltaics
	Offline Flyback Power Supply
	Transcutaneous Energy Transmission
	50 KW Inverter Switch
	Transformer Failure Analysis
	Non-Contact Battery Charger
	High Voltage RF Supply
	60 Hz Transformer Shielding Study
	Course Overview
	Course Overview --- Day 1
	Course Overview --- Day 2
	Course Overview --- Day 3
	Basic Circuit Analysis Concepts
	First-Order Systems
	First-Order Systems --- Some Details
	Step Response 10 - 90% Risetime
	Relationship Between Risetime and Bandwidth
	First-Order Step and Frequency Response
	Second-Order Mechanical System
	Second-Order Mechanical System
	Second-Order Mechanical System
	Second-Order Electrical System
	Second-Order System Frequency Response
	Second-Order System Frequency Response
	Quality Factor, or “Q”
	Q of Series Resonant RLC
	Q of Parallel Resonant RLC
	Relationship Between Damping Ratio and “Quality Factor” Q
	Second-Order System Step Response
	Undamped Resonant Circuit
	Energy Methods
	Energy Methods
	Energy Methods
	Simulation
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Power, Complex Numbers and RMS
	Sinewaves
	Sinewave Voltage Source with Resistive Load
	Sinewave with Inductive Load
	Sinewave with L/R Load
	Sinewave with Capacitive Load
	Slide Number 65
	Slide Number 66
	Review of Complex Numbers
	Find Polar Form
	Converting from Polar to Rectangular Form
	National Electrical Code (NEC)
	120V, 2-Wire System
	120/240, 3-Wire System
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Slide Number 78
	Slide Number 79
	208Y/120, 3-Phase, 4 Wire
	480/277, 3-Phase, 4 Wire
	Slide Number 82
	Slide Number 83
	Root Mean Square (RMS)
	Intuitive Description of RMS
	RMS Value of Various Waveforms
	DC Voltage
	Pure Sinewave
	Square Wave
	DC with Ripple
	Triangular Ripple, No DC Value
	Pulsating Waveform
	Pulsating with Ripple
	Triangular
	Piecewise Calculation
	Piecewise Calculation --- Example
	Apparent, Real and Reactive Power
	Vector Relationship Between P, Q and S
	Apparent Power from Voltage and Current
	Apparent Power from Voltage and Current
	Example:  Finding P, Q and S
	Example:  Finding P, Q and S
	Finding Load Current in Single Phase Systems
	Examples:  Finding Load Current
	Sizing of Power Cables
	Slide Number 106
	Circular Mils
	DC Resistance of Power Cables
	Slide Number 109
	Slide Number 110
	Power Cables and Cable Impedance
	AC Cable Resistance
	Copper Wire Data
	Copper Wire Data
	Causes of Skin Effect
	Effects of Skin Effect
	Skin Effect --- Increase in Wire Resistance
	Proximity Effect
	Cable Inductance
	AC Service with Real-World Impedance
	Example:  Finding Load Voltage and Current
	National Elec. Code Impedance Estimates
	Power Cable Types
	Power Cable Types
	National Elec. Code Ampacity Estimates
	National Elec. Code Ampacity Estimates
	“Single-Line Drawings”
	Single-Line Drawing Symbols
	Typical Single-Line Drawing
	Typical Single-Line Drawing
	Power Factor and Power Factor Correction
	Power Factor
	Example:  Power Factor Calculation
	Example:  Another PF Calculation
	Causes of Low Power Factor --- �Nonlinear Load
	Slide Number 136
	HWR with Resistive Load
	HWR with Resistive Load --- Power Factor
	FWR with Resistive Load --- PSPICE Simulation
	FWR with Resistive Load
	FWR with Resistive Load --- Power Factor
	Slide Number 142
	Slide Number 143
	Unity Power Factor --- Resistive Load
	Causes of Low Power Factor --- Reactive Load
	Why is Power Factor Important?
	Power Factor Correction
	Power Factor Correction --- Passive
	Power Factor Correction --- Active
	Power Factor Corrected Power Supplies
	Power Supply with Power Factor Correction
	Harmonics
	Fourier Series
	Harmonics of Square Wave
	Building Up a Square Wave
	Triangle Wave
	Harmonics in the Power Line
	Harmonics in the Power Line
	Slide Number 159
	Slide Number 160
	Slide Number 161
	Slide Number 162
	Slide Number 163
	Slide Number 164
	Total Harmonic Distortion
	Crest Factor
	Harmonics and THD --- Pure Sinewave
	Harmonics and THD - Sinewave + 3rd Harmonic
	Harmonics and THD --- Sinewave + 3rd + 5th Harmonic
	Harmonics --- Up to N = 103
	Single Phase, Full-Wave Rectifier
	Full-Wave Rectifier with RC Filter --- PSPICE
	Three-Phase Circuits and Three-Phase Power
	Slide Number 174
	Slide Number 175
	Slide Number 176
	Slide Number 177
	6-Pulse Rectifier with Current Source Load
	Slide Number 179
	Slide Number 180
	Slide Number 181
	Slide Number 182
	Slide Number 183
	Slide Number 184
	Slide Number 185
	Slide Number 186
	Slide Number 187
	12-Pulse Rectifier
	Slide Number 189
	Slide Number 190
	Slide Number 191
	Slide Number 192
	Slide Number 193
	Slide Number 194
	Slide Number 195
	Slide Number 196
	Slide Number 197
	Slide Number 198
	Slide Number 199
	Slide Number 200
	Slide Number 201
	Slide Number 202

