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A Little History

1800 Volta
= First electric battery

1830-31 Faraday and Henry

= Changing magnetic field can induce an electric
current. Build first very crude electric motors in lab.

1832 Pixii
= First crude generation of an AC current.

1856 Siemens
= First really practical electric motor

1860s Varley, Siemens and Wheatstone
= Each develop electric dynamos (DC Generators).

© 2013 William H Hardy




A Little History

1870s
= First electric railroad and street lights in Berlin (DC).

1880
= First electric elevator (DC).

1885-88 Thomson, Ferraris, Tesla

= Each develop AC electric induction motors.

= Tesla is granted a US patent for induction motor In
1888.

1890 Dolivo-Dobrovolsky
= First three phase generator, motor and transformer

© 2013 William H Hardy




A Little History

1879 Edison
= [ncandescent light bulb

1880
= First electric elevator (DC).

1885-88 Thomson, Ferraris, Tesla

= Each develop AC electric induction motors.

= Tesla is granted a US patent for induction motor In
1888.

1890 Dolivo-Dobrovolsky
= First three phase generator, motor and transformer
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A Little History

Edison and Westinghouse

= Edison favored DC power distribution, Westinghouse
championed AC distribution.

= The first US commercial electric systems were
Edison’s DC systems.

First AC system was in 1893 in Redlands, CA.

Developed by Almirian Decker it used 10,000
volt, three phase primary distribution.

Siemens, Gauland and Steinmetz were other
pioneers.

© 2013 William H Hardy




War of the Currents

Thomas Edison George Westinghouse

© 2013 William H Hardy




AC Theory - History

* By 1900 AC power systems had won the
battle for power distribution.

= Transformers allowed more efficient
distribution of power over large areas.

= AC motors were cheaper and easier to build.
= AC electric generators were easier to build.




AC vs DC

* Direct Current (DC) — an electric current
that flows in one direction.(IEEE100)

« Alternating Current (AC) — an electric
current that reverses direction at regularly
recurring intervals of time. (IEEE100)




AC Circuits

* An AC circuit has three general characteristics

= Value
= Frequency
= Phase

 |nthe US, the household value is 120 Volts with

other common voltages being 208, 240, 277 and
480 Volts. The frequency is 60 Hertz (cycles per

second).




AC Theory — Sine Wave

Sine Wave

V =V, Sin(27t —0)

V =vJ2V_Sin(27t —6)

V. =120
V,, =169
6=0

Degrees

21 Radians
360 Degrees
1/60 Sec
16.67 mSec
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AC Theory - Phase

Sine Wave

660

// N\ /N
/ER\NY/ERNN
R \ W7\

(5.000)

(10.000)

(15.000)

Degrees

V = ]_OSin(Z;zf[) | =10Sin(27ft —30)| Here current LAGS voltage.
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AC vs DC

* In DC theory we learned
= Ohm’s Law

* Voltage = Current x Resistance

= Power
e P=I?2R=V?R

« For AC we would like the same equations to
apply.

= Specifically we want to be able to say that a DC
voltage of 10 Volts applied to a resistor of value R
produces the same power dissipation as an AC
voltage of 10 volts applied to the same resistor.

© 2013 William H Hardy




AC Theory — RMS

* For DC voltage to equal AC voltage we need

2
\i_ j —V.2Sin? (244t — O)dt

Vie _ Vo

R 2R




AC Theory - RMS

Amplitude

Sine Wave

RMS Value
/

¥

—

Degrges

V =120+/2Sin(at) =169.68Sin(wt)
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AC Theory — RMS

« So If we want to have the V, in our equation for
an AC signal represent the same value as the its

DC counterpart we have

V =2V, Sin(2At —6)

* By convention in AC theory we refer to V- as
the RMS (Root Mean Squared) voltage.

 When we talk about AC values we always mean
the RMS value not the peak value unless we say

so specifically

2013 William H Hardy



AC vs DC

V=IR
P=VI=I°R =V?4R




AC Theory — Resistive Load

Sine Wave - I ms =

}

Vims

A A
//\\\\ /N *

[\ s

/\ /\

60 1 0 4

R

» 15\ w0 /60 o
\
VoV

Degrees \/

Resistors are measured in Ohms. When an AC voltage is applied to a resistor, the
current is in degrees. A resistive load is considered a “linear” load because when
the voltage is sinusoidal the current is sinusoidal.

FOWET, JJJ CASUINCINCI r;




AC Theory — Inductive Load

- Irms —

Sine Wave

Vrms

'

Degrees

Inductors are measured in Henries. When an AC voltage is applied to an inductor,
the current is 90 degrees out of phase. We say the current “lags” the voltage. A
inductive load is considered a “linear” load because when the voltage is sinusoidal

the current is sinusoidal.

HOWEYN: U‘ CASUINCINCI r;




AC Theory — Capacitive Load

- Irms —

Sine Wave

}

VA

AN\ /SN N/
/ \\ \\ // // \\ \\ //
NI N

\

Degrees \

Capacitors are measured in Farads. When an AC voltage is applied to a capacitor,
the current is 90 degrees out of phase. We say the current “leads” the voltage. A
capacitive load is considered a “linear” load because when the voltage is

sinusoidal the current is sinusoidal.
FOWerawvl

CASUINCINCI r ~J




AC Theory — Active Power

Active Power is definedas P = VI
Power Is a rate, i.e. Energy per unit time.

The Watt is the unit for Power

= 1 Watt = 1000 Joules/sec

Since the voltage and current at every point in
time for an AC signal is different, we have to

distinguish between instantaneous power and
average power.

Generally when we say “power” we mean
average power.

© 2013 William H Hardy




AC Theory — Energy

* Energy is power integrated over a period of time.

* The units of Energy are:
= Watt-Hour (abbreviated Wh)
= Kilowatt-Hour (abbreviated kWh)

A Wh is the total energy consumed when a load
draws one Watt for one hour.




AC Theory — Instantaneous Power

For aresistive load: p=vi=2VISin?(at) =VI (1L— Cos(2«t))

Sine Wave

150 / N / /\ N\
N\

50 A

O -

(50)

(100)

(150)

(200)

V =120+/2Sin(274t) | =96+/2Sin(27At) P = 23040Sin?(24t)

P =11520 Watts

© 2013 William H Hardy




AC Theory — Instantaneous Power

For an inductive load: p=Vvi=2VISin(at)Sin(at —90) = -VISin(2af)

Sine Wave

/N

/N

50
100 /
O

TN\

/ %:\\ /

/
[
/60 420

N
480

\

s'o/
/

V =120+/2Sin(24t)

| =96+/2Sin(2ft —90)
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P =0 Watts

P = —11520Sin (2ft)




AC Theory — Instantaneous Power

For an capacitive load.:

p =Vi=2VISin(at)Sin(at +90) =VISIin(2at)

200

150

PN

V =120~/2Sin(2A4t)

| =96+/2Sin(2ft +90)

© 2013 William H Hardy

P =0 Watts

P =11520Sin(2At)




AC Theory — Complex Circuits

Impedance — The equivalent to the concept of resistance
for an AC circuit. It is also measured in Ohms.
Designated by the symbol X.

In AC circuits non-resistive impedance affects both the
amplitude and phase of the current.

A resistor R has an impedance which is frequency
iIndependent. There is no phase shift.

An inductor has an impedance which is proportional the
frequency, X, = 2afL. The phase is shifted by 90
degrees lagging.

A capacitor has an impedance which is inversely
proportional the frequency, X. = 1/2nfC. The phase is
shifted by 90 degrees leading.

© 2013 William H Hardy




AC Theory — Complex Circults

Amplitude (Current)

V
1
R* + (oL — —2)°
\/ g a)C)

Phase (Current)

_(wL_%)_

@ = ArcTan
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AC Theory — Instantaneous Power

V =120+/2Sin(24t) | =96+/2Sin(2Aft —60)
P =VI =23040(Cos(60°) + Cos(47ft —60°)) =19953 - 23040Cos(4-At —60°)




Time Out for Trig

(Right Triangles)

The Right Triangle:
The Pythagorean theory
c?=a’+ b?

Sin(@) = 2

Cos(8) =

Tan(@) =




AC Theory — Power Triangle

(Sinusoidal Waveforms)

REACTIVE POWER

ACTIVE POWER >

Watts

If V = Sin(wt) and | = Sin(wt - 6) (the load is linear)
then
Active Power = VICos(0) Watts
Reactive Power = VISin(0) VARSs
Apparent Power = VI VA
Power Factor = Active/Apparent = Cos(0)

© 2013 William H Hardy




Harmonics
Curse of the Modern World

* Every thing discussed so far was based on
“Linear” loads.

= For linear loads the current is always a simple
sine wave. Everything we have discussed is

true.

* For nearly a century after AC power was in
use ALL loads were linear.

* Today, many loads are NON-LINEAR.




Harmonic Load Waveforms

ANSI C12 Standards do not currently address harmonics,

but tests are under development

A

i

"N

/_

100.00 \ﬁo

D ﬂ)ol.oo
\V/

vV

Test waveforms being proposed for ANSI C12.20.
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AC Theory - Phasors

« An easier way to view AC data

7 Vector Graph Selected Site: SHOP

Vector Diagram dSVaSIa
SVa 120.707 0.00°
Sla 1.012 359 970

PF = 1.000 -0.030
Lead

$SVbSIb

Svb 119.419
SIb 0.994
PF = 1.000

119.82°
119.70°
-0.12°

Lead

OSVeSIc

SVc 119.727  239.94°
Slc 1.056  239.96°

PF = 1.000 0.02°
Lag

SYS

Vsys = 119,951
Isys = 1.021
PF = 1.000
ROT = ABC

Measurement: Live Test, Sec ¥/Sec I, Instantaneous
|' Reference r Show Wiring r Interval r Sec V/Pril r Enable Ratios r Stop |

©2013 William H Hardy powervieasurements




AC Theory - Phasors

The length of the phasor is
proportional to the value of the
guantity

The angle of the phasor (by
convention phase A is drawn
as horizontal) shows the phase
of the quantity relative to
phase A voltage.

Here the current “lags” the
voltage by 25 degrees.

V =120+/2Sin(2ft —0)

| =2.5:/2Sin(2A4t — 25)




AC Theory - Phasors

Phasors are particularly useful in poly-phase situations

Vector Diagram dSVaSIa

SvVa 118.611 0.00°

2.488 6.30°
PF = 0.994 6.30°
Lag

®SYbSIb

SVb 119436 119.80°
SIb 2.602 247290
PF = 0.609 127.49°
Lag

dSVeSIc

SYc 119.715 239.87°
Slc 2469 124.83°

PF = 0.423 -115.04°
Lead

SYS

Vsys = 119.254
Isys = 2.520
PF = 0.675
ROT = ABC

© 2013 William H Hardy




Power
Measurements
Handbook

William (Bill) Hardy, PhD is an internationally recognized
authority on power measurement. He serves on the
ANSI C12 Standards Committee and chairs several
subcommittees including the committees writing
standards for field testing, power measurement under
non-sinusoidal conditions and harmonization of US and
international standards. He is a popular teacher at many
meter schools.
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