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Abstract:

Power factor is the value of a system that reflacts much power is being borrowed from the
power company for the system. Quantitatively, pofaetor ranges from zero to one and is the cosine
of the difference in the angle between the curagwlt voltage. Many power companies regulate
residential and industrial power factors to make $hat they do not fall below a certain level and
charge the customer more on their utility billshé power factor falls below a certain level.

Power factor correction serves to correct low pofaetors by reducing the phase difference between
the current and voltage at the distribution poamtég company or residence. The most common way to
correct the power factor is to switch capacitorksaat the source to generate “negative” reactive
power. This project’s goal is to make a systenh Wik switch capacitor banks in and out of thecdiit
when the power factor drops below a certain pargvoid power company charges.
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| ntroduction:

Power factor is the value of a system that reflacts much power is being borrowed from the power
company for the system. Quantitatively, powerdacanges from zero to one and is the cosine of the
difference in the angle between the current anthgel Poor power factors are due to inductivedoad
such as the induction motors found in air cond#isrnand refrigerators.

According to Pacific Gas & Electric Company, ab60%o of all loads in the United States are electric
motors. This fact in combination with the Unitet@t8s Energy Information Administration (EIA)
statistic of only about 25,000 out of 200,000 mawtifring companies participating in power factor
correction, illustrates a need for companies tolément power factor correction devices to improve
efficiency and reduce energy waste.

One incentive for companies to install power factmrection devices is the charges that many wtilit
companies impose for falling below a certain pofaetor. For example, Ameren lllinois requires
customers to install power factor correction desioa their system if the power factor falls below
0.85. If the customer does not install any devibes Ameren can actually come out to the cust@ner’
property and install devices themselves and chiwgeustomer a hefty rate for doing so.

Pacific Gas & Electric (PG&E) charges 0.6% for epehcentage point of power factor below 0.85 on
a utility bill. So if a customer’s utility bill i$10,000 and has an average power factor of 0.8®éor
month, the customer would be charge 1.2% of tred boli more because of that low power factor.
PG&E also provides an incentive to maintain a pofaetor above 0.85 as well. If a customer has a
power factor above 0.85 the customer receivesdit@qual to the process described above instead of
a charge.

There are also a couple of reasons for power cor@pam be concerned with low power factor. One of
the most important reasons they are concernea@ ipdtver losses that occur through their transmissio
lines or the “I squared R losses.” This is povsat the customer never uses and is not charged for.
This is a problem both for generating and distitiutompanies as a distribution company might be
charged for running at a low power factor in thsistem by a generating company. These charges
incurred are also important for keeping power commgs rates low to remain competitive.

With several power companies offering incentived amost power companies charging some type of
fee for falling below their specified power factsgme may wonder why companies do not actively
pursue to improve their power factor. This cardbe to several factors. One is that the companies’
administrators do not think the company will beealal recover costs from installing power factor
correction devices. Another is that some compamigt not have enough inductive loads to be
concerned about power factor at all.

Power factor correction acts to improve poor pofaetors by keeping a customer’s power factor
above the level specified by the power companye mlest common method of controlling power is by
the use of switching capacitor banks and was thaedamplemented in this project. Capacitor banks
generate “negative” reactive power or absorb thetree power produced by inductive loads.
However, it is possible to add too much capacitdadbe system and still incur power company
charges. This occurs when the amount of capa@tadded is so much greater than the inductance of
the system that the power factor goes below 0.8&ihg). The goal of this project was to obtain a
power factor as close to one as possible or targbifite system power factor within a range that wil
avoid any power company charges possible.



System Description:
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Figure 4-1, System Diagram

A 120 [VAC] source was used to power an inducloae as seen in Figure 4-1 above, since the
load power factor can be easily changed by adgistia inductance of the load. The load used m thi
project was a three phase Hampden 1.4[A] 1/3 [H&fomwith attached pony brake to easily vary the
power factor of the motor. Capacitor banks weedua parallel with the motor to improve the power
factor due to the inductive load. The SATEC progreable power meter shown in Figure 2-1 was
used to measure the power factor, current, voltage the active, reactive, and apparent power. The
meter was also used to energize the relays thatised the capacitors in and out of the system. The
software program, Power Analysis Software, usetl Wie power meter allowed to specify a set point
that when set to true, switched on a relay wherptiveer factor dropped below a certain point.



Equipment List:

Hampden Type WRM-100 Three Phase Motor

Figure 6-1, Hampden Motor with Attached Load

Motor is rated at 1.4 [A] 220 [VAC] 1725 RPM 1/3t Shown in Figure 6-1, attached is a pony
brake load that allows varying the power factothef motor. The top of the pony brake is cut it b
the load is varied by a knob that is twisted. Ac@meter is also attached so that efficiency @n b
measured by calculating the torque of the moteaabus loads. A tachometer was also used to
measure the RPM output of the motor. The torquetivan multiplied by the output speed in radians
per second gave the output power of the motors dhtput power was divided by input power, which
was obtained from meter readings, and multipliediy hundred to obtain efficiency. A graph of
these results was prepared and compared against paetor and is shown on the next page.



Motor Power Factor and Efficiency:

Power Factor & Efficiency vs. Ouiput Power (W)
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Figure 7-1, Motor Power Factor vs Efficiency

As can be seen from Figure 7-1 the motor’s pdemetor is variable from about 0.3 to about 0.8
lagging. This provides a wide range in which t&t gfferent values of capacitance to switch in and
out of the system. The power factor also genemadlygeases with motor efficiciency until an output
power of about 150 W. At this point the efficiermiythe motor begins to level off at about fiftydi
percent while the power factor continues to risggenaximum value of about 0.8 lagging.

SATEC PM172E-N Three Phase Programmable Logic Controller

Figure 7-2, SATEC Programmable Logic Controller



The SATEC programmable logic controller was usethasneter for this project along with the energy
source used to energize the relays used for swigchlhe data values taken from the meter for this
project are the line to nuetral voltages, active/@o power factor, apparent power, reactive polves,
currents, and the individual line powers and pofaetors. The controller is programmed either kg th
buttons provided on the front of the meter or tigwn@SATEC’s free software program, Power Analysis
Software (PAS). This software allows the usgorimgram set points that perform a certain action
when one or multiple conditions are set. One sation that can be taken is to energize or release
realys based on what the power factor of the sysdernihe software also provides several charts and
graphs that either stored data or real time data the controller. A tutorial of the main functsaof

the controller is provided at the end of this reépor

Alternative Controllers:

It should be noted that there are other programenlalgic controllers available and a lot of theméav
more than two relay inputs and outputs. Theseratere controllers also may have more
programming options, such as the ability to sea@ron when the power factor goes above a certain
point instead of only below as is the case forabwtroller used for this project. Two of the main
companies that make these other controllers aree@tder Engineering Laboratories and General
Electric Company. For this project, this controlkas graciously loaned from Ameren Corporation so
it was the controller that was used.

The two controllers shown in Figure 8-1 and Figgi2 are two examples of alternative controllers tha
can be used. The controller shown in Figure 8d $&hweitzer Engineering Laboratory 734B Logic
Controller. The controller shown in Figure 8-Ai&eneral Electric PM35 Logic Controller.

Figure 8-1, SEL PLC Figure 8-2, GE PLC



Potter & Brumfield KRPA-11AG-120 Power Relays

Figure 9-1 shows the relays that were used to buite capacitor banks in and out of the circuit.
These relays were controlled by the SATEC PLC aackvalso generously donated by Ameren
Corporation. Figure 9-2 is a side view of the ysla

Figure 9-1, Top View of Relay Figure 9-2, Sidew of Relay
Capacitor Banks

These were the capacitor banks used in this projgotre are two values of steps that could be used
with the range of capacitance per step that wastalibe switched into the system was 1.6uF to 50uF.
Figure 9-3 shows a maximum value of 50uF capabimoik with switches that enable different values
of capacitance to be configured. Figure 9-4 sveiscim the same way, but contains only a maximum
capacitance of 40uF.
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Figure 9-3, 50uF Capacitor Bank Figure g4@yF Capacitor Bank



Damping Resistors:

Damping resistors are placed in series with tlpaciors that are being switched into the system to
limit the inrush current that occurs. Figure 18khbws a resistor valued at 25 ohms. This inrush
current occurs because when a capacitor is switcheditially it looks like a short circuit and dwa
very large currents for a short amount of time.riNally in a power factor correction system these
resistors are only placed in series with the capescfor a very short amount of time to limit these
inrush currents and avoid excessive power lossegalthe resistors. After this short amount oftim
the resistors are switched out of the circuit dr@dapacitors remain in parallel with the load.eDu
the limited about of relay outputs available on¢batroller used for this project, the dampingstsis
were kept in series with the capacitors and loas¥e calculated.

1200°
Current through 10uF Capacitdr = =0.450395184.6159 A]

26€.4331-84.615¢

Power Losses P = | R = (0.450395° * 25=5.07139W]

Current through 20uF Capacitorl = 120110 =0.889119179.3252[ A]

134.9650 —79.3252°
Power Losses P =19.7633W]

12010°
itor | = =1.305971174.212TA
Current through 30uF Capacitor 01.88570] — 74.212T [Al

Power Losses P = 42639:\/\/]

R
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Figure 10-1, Damping Resistor 25 ohms



Softwar e

The software used in this project is the Power psialSoftware available directly from SATEC’s
website. There is no code involved with prograngrilmee meter so there is no specific programming
language. Rather, several graphical user intesfé@&J1) are provided to program the meter. One
example is shown in Figure 11-1 below.

Triggers

Figure 7-1, Software Set Point

This is the menu provided to program set pointhéometer. With set points, the user can specify
certain conditions that need to occur for one gesd actions to occur. In the figure above, the s
point becomes true and relay one is operated wieenurrent in line A is above 0.1 Amps and the
power factor of the system is below 0.85 laggihgaddition to the relay being operated, the cdlgro
records this event in the event log contained withe controller that is viewable by the prograhis
set point can be described by the flow chart iruFédl1-2 and also is the process at which the igyste
in this project operates.

Flow Chart:

Meter Power Up

Turn capacitor bank
relay off

T.

Is there line
current?

Yes No

Is power factor
below 0.85 lagging™?

Turn capacitor bank
relay on

Figure 7-2, Software Flow Chart



Beginning at the top of Figure 7-2 once the cotgrgdowers up, it checks to see whether a load is
present by checking whether there is any line aiirethe system and if no current is present, any
relays that are on are turned off and this checi&pgated. If there is current then the meterkhax
see if the system is running at a power factorwdél@5 lagging and if it is the relays are enerdiaad
the capacitor banks are switched into the systéhe check for line current and a lagging powerdact
continue until the meter is powered down.

Results:

To determine what value of capacitance needed swiiehed into the system, a theoretical model of
the motor was made. The magnitude of impedanteeafnotor was found by dividing the voltage by
the current of a single line of the motor. Theg#hangle of the impedance was found by taking the
inverse cosign of the power factor of the motone Tmpedance of the motor was recorded at four
different power factors, 0.3, 0.45, 0.6, and Oat@ying. Five different values of capacitances were
each added with each of the different power fact@ace the model of the motor was developed, the
damping resistor and capacitor bank were addednallpl and the equivalent impedance was found.
This allowed a calculation of the phase angle efttital impedance and the cosign of this angle was
taken to obtain a source power factor. Atablguf@ 12-1, and a graph, Figure 12-2, are shownbelo
Any value above one should be subtracted from twebtaken as a leading power factor.

0.3 0.45 0.6 0.78
10uF 0.609445 0.74704 0.855108 0.933201
15uF 0.873233 0.928109 0.964573 0.983411
20uF 0.999937 0.999926 1.00002 0.999972
30uF 1.13754 1.09493 1.06663  1.03199
40uF 1.21777 1.17129 1.13211  1.07689

Figure 12-1, Theoretical Values

Source vs Motor Power Factor
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Figure 12-2, Theoretical Graph



As can be seen from Figure 12-2, it is desiredsto20uF of capacitance per phase to increase power
factor to near unity and avoid any power compargy@es. Data was taken at the different values of
capacitance from the controller to confirm that 2Quas the ideal capacitane for this project. A
comparison of experimental and theoretical ressilshown below. Again, any value over one
represents a leading power factor and should bieasaieéd from two to find the value of that power
factor.

0.3 0.45 0.6 0.78
10uF Meter 0.5815 0.704 0.85 0.93
15uF Meter 0.845 0.906 0.944 0.972
20uF Meter 0.992 0.997 0.999 0.999
30uF Meter 1.097 1.076 1.049 1.02
40uF Meter 1.196 1.154 1.1 1.074
10uF 0.609445 0.74704 0.855108 0.933201
15uF 0.873233 0.928109 0.964573 0.983411
20uF 0.999937 0.999926 1.00002 0.999972
30uF 1.13754 1.09493 1.06663 1.03199
40uF 1.21777 1.17129 1.13211 1.07689

Figure 13-1, Theoretical and Experimental Values
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Figure 13-2, Theoratiand Experimental Values



A final picture of the system is shown in FigureIL4The motor seen on the right has the attached
pony brake and is currently running. This is shdoyrthe controller in between the two capacitor
banks. The controller is currently measuring thpasent power, power factor, and active power.
Behind the controller is the fused power sourcéh several neutral points being used and a ground.
The damping resistors are right in front of theam@or banks, but connected in series with them.
Finally, Power Analysis Software can be seen orctmputer displaying real time values of the
system including individual active powers, linetagles, and individual line power factors.

Figul4-1, Picture of Current System



Satec PM 172-N Programmable L ogic Controller and Power Analysis Software Tutorial:

Powering Controller and Communicating with Computer:

To power up the meter, a 120 [VAC] source is neededg with a ground and neutral connection.
These are connected to ports 10, 12 and groundrasrtstrated in Figure 9-1 below.
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Figure 9-1, Terminal Connections

When connecting the controller to line voltage andent there are several different wiring modes
available and depending on which are availabletmroller will need to be told which ones to use.



These settings can be set in the meter or the adtprogram. One such configuration and the one
used in this project can be seen in Figure 10-1.
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Figure 10-1, 4LL3 or 4Ln3 Wiring Configuration

Note in the above diagram that current transforrasgsused. The controller can be told what raitio o
potential and current transformers are used idivectly connecting the controller to line power.

The controller is able to be programmed from tloatito do and see anything that would be set ar see
in the software program. As there are easily dwerhundred settings and measurements that can be
viewed, this tutorial will only cover the settingsed in this project and will only cover which madh
was used to configure these settings. The resbedound in the manual downloaded from the
SATEC website.

The most common way to connect the controller coraputer to view data or configure settings is
through a serial port connection, although an atag#n be bought to communicate over ethernet or
dial up. This serial port connection also needssi a null modem cord and not a straight modem
cord, otherwise the controller will not responcttomputer commands.

When using the Power Analysis Software, the userccaate multiple databases corresponding to each
controller connected. For this project since amyg controller was used, there was no need toecreat
multiple databases and remained with the defatitidae.

To set up communications with the controller pr€ssfiguration from the Tools menu at the top and
select the site database to be used along wittntdokel number of the controller, which for this @«
was PM172-N.



The Device Address, Device ID, and Sampling RatiEngs in the software need to match the settings
contained in the controller. To check the settimghe controller, press select and three optshaild
appear as Sta, Ops, and Chg as seen in Figure 11-1.

To move through these menus on the controllerhesaselect button, while
pressing enter will enter that menu. To checkstiagus of a setting the Sta
menu will be used, while changing a setting witjuge the Chg menu. Now

LSELEI:T ||_'
E scroll through the menu that should appear likeiFadl1-2.

WM

L 1

Figure 11-1, Select Menu

Press the UP or DOWN button to scroll through thgseons with the top menu
highlighted until Prt.1 is blinking and press ent&éhen use the up and down arrows
to scroll the different settings available for coomitations and make sure these
ESC correspond to the settings in the software. Thiegss is shown in Figure 11-3.

Figure 11-2, Status Menus
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Figure 11-3, Diagram Showing Route to CommunicaSettings
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Once all of the communication settings for the oalidgr have been set, communications can be tested
by powering up the controller and setting the safewto go “on-line.” This is a state in which the
software can communicate with the controller tareasend settings and read data. The button that
takes the controller on-line is to the right of thep down menu where the database being used in
located. When pressed, communications are testégibhg to communicate with the controller in
anyway. The most common method used is seleceepltis sign next to the database name in the tree
located in the right panel of the program.

Configuring Basic Device Setup:

The basic device settings need to be setup facah&oller in order for data to be correctly read.
These settings can be accessed in two ways; #tadito select General Setup under the MeterSetup
menu at the top next to the Logs menu. The otlagrig/to select the plus sign next to your database
name in the right panel and then the plus sign tee@@eneral Setup and finally double click Basic
Setup. This will bring up a window that contaihs basic configuration settings on the meter sigrti
with wiring mode. For this project, the only segfithat needed to be confirmed was the wiring mode,
PT ratio and multiplier, and the nominal frequenblotice, that all the tabs at the top of this vand
correspond to the options under General Setupefibrer all options can be accessed by clicking the
tabs at the top of the window. In the panel atritjet the Memory/Log, Energy/TOU Setup,
Communication Setup, and Protocol Setup were red usthis project.



Viewing Data:

When the controller is initially power on, the liteeneutral voltages are displayed which is shown b
the L present in the bottom left corner. To sctimibugh the measurements, the up and downs arrows
are used and if the down arrow is pressed thaditi@e voltages are displayed which is shown Iy a
The next set of measurements will be the line cisrand the next measurements are the apparent
power, power factor, and real power respectivélye last set of menus displays the neutral line
current, frequency, and the reactive power.

These values can also be viewed in the softwargyalgth many other data. To view real time values
in chart or graph form, go to the monitor menuhattop and scroll over RT data monitor. This Vsl

all the available chart or graph types that carelag. The ones used in the project are the Dath Se
Real Time Measurements and Data Set 2 Average verasats. Initially, the chart form of data is
shown, but graph form can be displayed by predsiadirst top left button that is called data trend
when hovered over. When in chart form, the dasaldiyed can be changed for any data set by
pressing the fifth button from the left that whesvlred over is called data set. For changing data
values displayed in the graph, the fifth buttonrirthe left is pressed.

An event log that displays user defined events,ngdet points are set, and when the controller is
powered up or down. This event log can be founddigcting the event log under the logs menu at the
top. This event log is very useful for viewing whe set point has been activated or released aad wh
the set points were sent to the controller.

Programming Set Points:

The set point menus can be accessed from the sardewthat was used to access the Basic Setup
Menu. Click the Control/Alarm Setpoints tab andrthshould be a drop down menu where the set
point number is chosen, a triggers box where logerators, trigger parameters, and operate and
release limits are set, an actions box where axtiomake when the set point becomes true, anca bo
for operate and release delays.

For this project the three important trigger partarsethat were used are the LO PF LAG AVR, LO PF
LEAD AVR, and HI I1 AVR. The operate parameter folagging power factor was set at 0.85 while
the release limit was at 1.0. This was anded thighcurrent parameter to ensure the relays onlicbwi
when line current is present. The set point bedaugewhen the power factor at the source fellwelo
0.85 lagging and line current is present. Theoasttaken were OPERATE RELAY #1 and EVENT
LOG. The operate relay action sent a signal oth@felay output #1 from the controller and therdgv
log action logged that the set point was evalutdduk true.

To send the current configuration to the contrdlere is a send button in the bottom left of the
window. Configurations can be saved and loademltint databases mention earlier by pressing the
save as button and selecting the database pertoém controller being programmed.



