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Focus of this Presentation

Review basic power concepts as they relate to Power
Factor (PF)

 What s a vector diagram?

 How do different loads affect PF?

 How does low power factor lead to lost revenue?

« Show the vector diagram for each meter form and service
type

* See how vector diagrams help identify meter site errors

that can recover lost revenue
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AC Theory Review — an AC Generator

Three Phase Electricity

Explained

Positive
(North)

Neutral —

Negative |
(South)

E

Magnetic Pole: Neutral
Current Speed: Zero

TheEngineeringMindset.com
Figure Credit: https://theengineeringmindset.com/three-phase-electricity-explained/ ;
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AC Theory Review — an AC Generator

Three Phase Electricity

Explained

Phase |

Neutral

AN

Increasing - North

Phase 3 Phase 2

Decreasing - South

Ph |
cgﬁ? TheEngineeringMindset.com

3 Phases

Phase colours vary by countr

Figure Credit: https://theengineeringmindset.com/three-phase-electricity-explained/
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AC Theory Review — Sine Wave

Sine Wave

V =V, Sin(2#ft - 0)

// \\\ Where Vpk is peak voltage
7 < fis frequency
/ \\ tis time
\\ 0 (theta) is phase
‘ ‘ \ ‘
60 120 1%&0 300 0 Vpk = '\/E\/rms
\\ \/— ]
N V =2V, Sin(2xft - 6)
N S V. =120V
V,, =169V
21 Radians >
360 Degrees > f - 60 HZ
1/60 Sec >
16.67 mSec > 9 — OO

P
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Phase Relationship

Amplitu
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Current is lagging Voltage by 30°
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Three Phase Theory
Single Phase - Voltage Plot
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Three Phase Theory

Two Phases - Voltage Plot
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Three Phase Theory

Three Phase - Voltage Plot
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Three Phase Power
At the Generator

Three voltage vectors
each separated by
120°.

Peak voltages
essentially equal.

Most of what makes three phase systems seem complex is what we do to
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this simple picture in the delivery system and loads.
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Three Phase Power
Basic Concept — Phase Rotation

Phase Rotation:

The order in which the
phases reach peak
voltage.

There are only two
possible sequences:

A-B-C (previous slide)
C-B-A (this slide)

AMPLITUDE
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Phase rotation is important because the direction of rotation of a three
phase motor is determined by the phase order.
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Three Phase Theory
Phasors and Vector Notation

* Phasors are a graphical means of representing the
amplitude and phase relationships of voltages and
currents.
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Three Phase Power
Phasors and Vector Notation

« As stated in the Handbook of Electricity Metering, by
common consent, counterclockwise phase rotation has
been chosen for general use in phasor diagrams.
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Three Phase Power
Phasors and Vector Notation

« The phasor diagram for a simple 3-phase system has
three voltage phasors equally spaced at 120° intervals.

« Going clockwise the orderis A— B — C.
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Voltage and Current Vectors

Vector diagrams normally have a
voltage and current vector for
each phase

The voltage vector is lighter and
has an open arrow

The current vector Is darker and
has a closed arrow

The PF is the cosine of the angle
between the voltage and current

PF =cos ©

Voltage Vector

Phase angle

©) Wan
/

la
Current Vector

P
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Voltage and Current Vectors

» Vector sets are color coded by /(/
phase b

« Typical colors are
A — Red

C — Blue

« Colors can vary from utility to
utility
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Introducing the “Power Triangle”

(Sinusoidal Waveforms)

VA —the total
power in the o
system; the > § VARs — non-useful power
vector sum of W o that is required to drive the
Watts and VARSs Z g inductance or capacitance
% of the system
o
ACTIVE POWER >
Watts - useful Watts
power that does
real work at the If V = Sin(wt) and | = Sin(wt - 8) (the load is linear)
load — light a bulb then
or turn a motor Active Power = VICos(B) Watts

Reactive Power = VISin(B) Volt-Amp Reactive (VAR)

Apparent Power = VI Volt-Amp (VA) P
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Watt, VAR, and VA

ARs = Foam
(Non-Useful)

Vatts = Liquid

P
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Power Factor Definition:

Power Factor represents the ratio
of active power (Watts) to the
total power (VA) In a system.

It Is a representation of the
percentage of useful work being

done.
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Power Factor Definition

VARS

REACTIVE POWER

ACTIVE POWER >
Watts
Power Factor = Active / Apparent Power
= Watts / VA
= Cos(0)

Power Factor can range from 1 to O P
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Resistive Load

A N
i/ —

i

A N A ;
S\
F/— -

eeeeeee

A purely resistive load has current and
voltage “in phase”; i.e. ZERO phase angle P
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Resistive Load

O=0°
Cos0°=1
Sin0°=0

0w 15\ w f’ v 5\ - f V =120V
\ \ | = 10A
\Y/ 7

eeeeeee

Active Power (W)=V 1 cos (6) =120 *10*1=1200 W
Reactive Power (VAR) =V I sin (B8) =120*10*0 =0 VAR
Apparent Power (VA) =V | =120 * 10 = 1200 VA

PF=W/VA=cos(0)=1

A a ) v
N ;
A W

Resistive Example:
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Resistive Load

iya N
i/ —
\

-5: 0 18\ w W /%o w @ 5\ A
\ \ )
N /A

-200

eeeeeee

A purely resistive load will:
* Only create Watts
 Create NO VARSs
 Have aPF =1
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Resistive Load

For aresistiveload: p=vi=2VISin?(at) =VI(1—Cos(2wt))

Sine Wave

200 —+7  —————mMB 0D 25000
o ;:§ /\ /\ 1
M / \ M / \ T 15000
100
\// \\/ \// \ o
50 -
<+ 5000
(0] T T T T T T T T (0]
q 60 120 18 240 300 60 420 480 54\ 600 660 20
(50) 4+ (5000)
4 (10000 )
(100)

(150)

(200) (25000 )

eeeeeee

A resistive load consumes only Watts, so the power will

always be delivered (positive). P
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Inductive Load

. \\

eeeeee

AAN AN
VAN VAR
AN A

SV NSV

\ / \ / u

A purely inductive load has current “lagging”
the voltage by 90° phase angle P
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Inductive Load

AN AN

| / \ \ | / | / \ \ | Inductive Example:
JEAN AN Ve
VNV e
150 \\// \\// Cos90° =0

eeeeee

Active Power (W)=V Icos (6)=120*10*0=0W
Reactive Power (VAR) =V I sin () =120*10 *+1 =+1200 VAR ~  ©™™%
Apparent Power (VA) =V | =120 * 10 = 1200 VA

PF=W/VA=cos(0)=0
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Inductive Load

eeeeee

A purely inductive load will:
* Only create positive VARS
 Create NO Watts

« Have aPF =0
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Inductive Load

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

Amplituc

Sine Wave

200

/
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\

100 -X /
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00000

NV N AN NN AN
LA ...
LN SN

7 \\ /\\ NS -
/Qx NS

0000000

000000

eeeeeee

An inductive load consumes receives and delivers equal
amounts of power, so the net active power (Watts) is ZERO

And the reactive load is 100%!

P
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Capacitive Load

100\/\ /\/\ g é\(m
1 N A N
AR NV A N W
XNAS SN AT
YA A
vV

A purely capacitive load has the current “leading”
the voltage by 90 degrees phase angle P

POWERMETRIX



Capacitive Load

~ ~ }

::\ \ /\/ \ ~ he Vims
JN N SN/ ¢
LN\ SN

w \zo 18\ 247 w /60 0 Xso 54\\ 607 @ fo |\T/1Ci u féle)/\e/ Example:

— v\/ | = 10A
\ / \ / | o=
NS \/ Cos -90° = 0
Sin -90° = -1

Active Power (W)=VI1cos (0)=120*10*0=0W
Reactive Power (VAR) =V | sin (8) =120 * 10 * -1 =-1200 VAR
Apparent Power (VA) =V | =120 * 10 = 1200 VA

PF=W/VA=cos (0)=0
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Capacitive Load

VA i)
)N A N *
NAY NS Faer il

- (T TR
I

|_m1’.i|vm;l!_l|.—l"‘ . 3 |

A purely capacitive load will:
* Only create negative VARS

e Create NO Watts
« Have aPF =0
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AC Theory —

For a Capacitive load: p = Vvi=2VISin(wt)Sin(wt +90) =VISIin(2awt)

Instantaneous Power

57 AN 7, S A A

N NN N N\ S e
J N N VN N Y
\o =\ A A

\\_/ /\// N/ N/ \

\ \VMVV/ 00000

V =120/2Sin(24t)| |1 =96v2Sin(2At+90)| | P =11520Sin(2xft)

P = 0 Watts

P
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Inductance Vs Capacitance

« More inductance creates more VAR and lower PF

« Capacitance Is added to an inductive load to reduce
VAR and raise PF

 l|deally, we want all loads to have a PF =1
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Power Factor Examples
Power — VA

For a 120 Volt service drawing 10 Amps at 1.0 PF (0°)

How much power (in Watts) is being drawn?

Power = V X AXPF
120 x 10 x 1.0 = 1200 Watts mge

How many VA are being drawn?
VA= VXA

120 x 10 = 1200 Volt-Amperes P

POWERMETRIX




Power — VA

Power Factor Examples

For a 120 Volt service drawing 10 Amps at 0.866 PF (30°)

How much power is being drawn?
Power =120 x 10 x 0.866 = 1039 Watts

How many VA are being drawn?
VA =120 x 10 = 1200 Volt-Amperes

-
\

~
%
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Power — VA

Power Factor Examples

For a 120 Volt service drawing 10 Amps at 0.5 PF (60°)

How much power is being drawn?
Power =120 x 10 x 0.5 = 600 Watts

How many VA are being drawn?
VA =120 x 10 = 1200 Volt-Amperes

f
o

A
N

P
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Power Factor, Watts, and VA

For our 120V, 10A system

Watts
Phase
Angle

0 1200 W 1200 VA
30 0.866 1039 W 1200 VA
60 0.5 600 W 1200 VA

As PF get closer to 1, the VA generated by the utility
gets closer to the Watts required to drive useful work at
the site! This means less VARs have to be generated.

This also means the utility can more adequately “right-
size” assets (wires, transformers, and substations)!
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Delivered vs Recelved Power

Positive Watts are DELIVERED
from the Utility to the Consumer

P
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Delivered vs Recelved Power

Negative Watts are RECEIVED by
the Utility from the Consumer

P
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Delivered vs Recelved Power

Positive and Negative VARSs flow
In both directions

P
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Negative Power Factor?

Meter Vector Diagram

SVe

SVa

The vector diagram
for a renewable site
may have current
vectors 180° out
when the site is
generating power.
Whr, VAROr, and PF
may also be
negative when
generating power.
The sign of PF will
follow Watts

P
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Single Phase — 3 Wire Service
0° = Unity Power Factor

« One Voltage
Phasor

« Vabis A vy B -
phase-phase 4

e Two Current |
Phasors, < > X 240
2
v

180° apart

* Aligned with
Voltage at

PF=1

2S or 4S
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3 Phase, 4-Wire “Y” Service

Three
Voltage
Phasors
120° Apart

Three
Current
Phasors

Aligned with
Voltage at
PF=1

9S or 16S

System PF = Average of A, B, and C phase PF

0° = Unity Power Factor

7 Yector Graph

Vector Diagram

SYce

Ic

Selected Site: SHOP

Slb

Svb

g
Sla SVa

OS5V aSIa
SVa 120.707 0.00°
Sla 1.012 359.970
PF = 1.000 -0.03°
Lead

®SVbSIb
SVb 119.419 119.820
SIb 0.994 119.70°
PF = 1.000 -0.12°
Lead

OSVcSIc
SVe  119.727  239.94°
Slc 1.056 239.96°
PF = 1.000 0.02°
Lag

SYS

Vsvs = 119.951
Isys = 1.021
PF = 1.000
ROT = ABC

Measurement; Live Test, Sec ¥/Sec I, Instantaneous

|' Reference rShDW Wiring r

Interval

r Sec W/Pril r Enable Ratios r Stop

P
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3 Phase, 4-Wire Wye

Meter Vector Diagram

SVce

SVa

N4

Phase} Voltage V-Phase Phase Current I[-Phase VI-Phas¢ PF
SVa| 120.451 0.000| Sla 2.447| 19.891| 19.891 0.940
SVb| 120.348| 120.051| SIb 2.464| 139.886| 19.834| 0.941
SVc| 120.332| 240.010( SIc 2.461| 259.820| 19.810| ©0.941
Vn 0.000 In 0.000

VSys| 120.377 ISys 2.457 0.941
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2 Phase, 3-Wire ‘“Network” Service
0° = Unity Power Factor

¥ ¥Yector Graph

Vector Diagram

Selected Site: SHOP

dSYanSla
Two Voltage Sla 1010 359,99
Phasors Egaj 1.000 -0.01
PpSYbnSIb
1200 Apart Svbn  119.411 119.82°
SIb 0.993 119.?22
Two Current (ad 0 O
SYS
Phasors | s || T3
Al|gned W|th PF~ 1,000
Voltage at b
PF: 1 Svbn
5S or 12S
Measurement: Live Test, Sec ¥/Sec I, Instantaneous
|' Reference rShDW Wiring r Interval r SeC W/Pril rEnable Ratios r Stop

Network is only 2 phases of a 4 wire-Wye

P
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3 Phase, 3-Wire Delta Service

Common service type for industrial customers. This service has NO

neutral.
A la A

— T

240
. i 240

c B b A C i
Source Load 240

Ic Y

—>

*\/oltages normally measured relative to phase B.

*\/oltage and current vectors do not align.

*Service is provided even when a phase is grounded. P
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3 Phase, 3-Wire Delta Service
Resistive Loads

« Two Voltage
Phasors

# vector Graph Selected Site: SHOP

Vector Diagram

* 600 Apart SVab q;'a%:g?f]:a 0.00°
 Two Current i SV §Lg R o
Slc a
P h asors PSYchSlc
+ For a e e
resistive lead B
load one Svab Vsvs = 2385.’:'158
current Isvs =  1.044
|eadS by 300 » PF = 0.860
while the
other lags
by 30° f
Measurement; Live Test, Sec ¥/Sec I, Instantaneous
g 58 Or 128 |' Reference r Show Wiring r Interval r Sec V/Pril r Enable Ratios r Stop

P
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3 Phase, 3-Wire Delta Service
Understanding the Diagram

A la
Source Load
Ic
C C
Vbc Vca Vcb

>
B Vab A B Vab A P

POWERMETRIX



3 Phase, 3-Wire Delta Service
Understanding the Diagram

C e
Source b Load

lab
Ica
lac Ic \
la
Icb

P
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3 Phase, 4-Wire Delta Service

Common service type for industrial customers. Provides a residential
like 120/240 service (lighting service) single phase 208 (high side) and
even 3 phase 240 V.

A la A
- B
N N v 240
== \ T
= - I 120 240
c B Ib C B \ ' t
Source Load 208 240
IC A ¥ y v

*\/oltage phasors form a “T” 90° apart
«Currents are at 120° spacing

*In 120/120/208 form only the “hot” (208) leg has its voltage and
current vectors aligned.

P
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3 Phase, 4-Wire Delta Service

Three
Voltage
Phasors

90° Apart
Three

Current
Phasors

120° apart
9S or 16S

Resistive Load

¥ Vector Graph

Vector Diagram

Selected Site: SHOP

OSYaSla
SVa 120.684 0.00°
Sla 1.013 29 970
PF = 0.866 29.970
Lag

dSVYbSIb
Svb 119.439 179.81°
SIb 0.994 149.68°
PF = 0.865 -30.14°
Lead

OSYcSlc
SV 119.720 269.91°
Slc 1.056 269.97°
PF = 1.000 0.05°
Lag

SYS
Vsys = 119.948
Isvys = 1.021
PF = 0.910
ROT = ABC
Measurement: Live Test, Sec V/Sec 1, Instantaneous
|' Reference r Show \Wiring r Interval r Sec W/Pril r Enable Ratios r Stop

P
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Troubleshooting with Vectors

What’s Wronq?

P Vector Graph Selected Site: DELETE ME

Vector Diagram

dSVanSla
S¥an 117.914 0.00°
Sla 3.243 179.78°
PF = 1.000 179.78°
Lag
PSYbnSIb
Svbn  119.674  240.87°
Sib 2.288 240.42°
PF = 1.000 -0.45°
Lead
SVan PSVenSlc
S¥en 121.251 119.46°
Slc 1.679 119.21°
PF = 1.000 -0.25°
Lead
SYS
Veys = 119.613
Isys = 2.403
PF = 1.000
ROT = CBA
Measurement: Live Test, Sec ¥/Sec I, Instantaneous
|' Reference r Show Wiring r Interval r Sec W/Pril Stop

Phase A CT reversed.
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Backwards CT = ??? $$%

e kW=Va*la*Cos0O0+Vb*Ib*Cos
O+Vc*Ilc*Cos o0

» Cos 180 on phase A makes this
NEGATIVE power!

* Reading will be 66% low assuming a
balanced current load!

P
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Troubleshooting with Vectors

What’s Wronq?

¥ Wector Graph

Vector Diagram

Svbn

<

J

SIvan

Measurement: Live Test, Sec ¥/Sec I, Instantaneous

Selected Site: DELETE ME

|' Reference

r Shiowy Wiring r Interval r Sec WPril

dSVanSla
SYan 118.017 0.00°
Sla 2.289 240 .46°
PF = 0.493 -119.54°
Lead

GSYbnSIb
SVbn 119.774 240.491°
SIb 3.245 359,770
PF = 0.482 118.86°
Lag

dSVenSlc
SYen 121.387 119.50°
Slc 1.680 119.24°
PF = 1.000 -0.26°
Lead

SYS

Vsys = 119.726
Isys = 2.405
PF = 0.658
ROT = CBA

Phase A & B CTs swapped.
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Swapped Wire = 2?? $$$

e kW=Va*la*Cos0O0+Vb*Ib*Cos
O+Vc*Ilc*Cos o0

* Cos 120 on phase A and B makes
this NEGATIVE power!

* Reading will be OW assuming a
balanced current load!

P
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Summary — Vector Diagrams

* Vectors show the relationship between
voltage and current amplitude and phase

 There are different vectors for each meter
form and service type combination

* Vectors can quickly help find problems in
your system

P
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Summary — Power Factor

* Power Factor Is the ratio of useful power
(Watts) to total power (VA) in a system

 PF decreases with inductance, and
Increase with capacitance

* An ideal system has a PF =1, which
represents 100% active, useful power
being delivered to the load

» PF calculations may differ depending on

the metering P
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Questions? Comments?

Want a copy of this
presentation?

Go to
powermetrix.com/presentations/

Thank you for your time!

POWERMETRIX
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