
ECE 5984: Power Distribution System Analysis

Lecture 8: Voltage Regulation
Reference: Textbook, Chapter 7

Instructor: V. Kekatos
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Outline
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• Need for voltage regulation in distribution systems

• Voltage control mechanisms and standards

• Single-phase autotransformers and ABCD models

• Controlling single-phase voltage regulators

• Three-phase voltage regulators and models



Voltage regulation
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• In distribution systems, voltage control is more challenging

Effects of over-voltage
reduced light bulb life and electronic devices

Effects of under-voltage
lower illumination

constant-z heating devices (e.g., water heaters) operate slower
higher starting currents on motors and overheating

• Voltage drops due to both active and reactive loads (significant line resistances)
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Standard voltage ratings
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• American National Standards Institute (ANSI) C84.1-1995 on 5-min RMS voltages

• Service/delivery vs. utilitization voltage (~4V drop within customer’s wiring)

• Imbalance less than 3% at the utility meter

Range A must be the basis for 
equipment’s design and rating for 
satisfactory performance. Range B 
necessarily results from the practical 
operating conditions on supply and/or 
user systems. Such conditions should 
be limited in extent, duration and 
frequency. Corrective measures shall 
be undertaken within a reasonable 
time to bring back voltages within 
Range A limits.
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Means to improve voltage profile
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• Increase feeder conductor size (reconducting)

• Increase primary voltage level

• Converting feeder sections from single-phase to multiphase

• Load balancing across feeders

• Build new substations and feeders

• Install regulators at substation and primary feeders

• Install capacitors at substation and primary feeders



Voltage regulation mechanisms
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LTC transformer 
(substation 
regulator)

step-voltage 
regulator

shunt 
capacitors



Single-phase transformer 
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• Detailed model

• High-voltage side impedance referred to low-voltage side

• Approximate model
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Single-phase transformer ABCD
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• Transformation ratios
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Single-phase transformer ABCD (cont’d)
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• Ideal transformer

• Lecture 9 covers network models for all transformer connections

• Receiving voltage in terms of its current and sending voltage (E/F model)
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Autotransformer
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• A single-winding tapped, or a two-winding transformer reconnected
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• Windings magnetically and 
electrically coupled



Step-up autotransformer ABCD
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• Transformation ratios
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Step-up autotransformer ABCD (cont’d)
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• Different from autotransformers, regulators have small ratios
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Step-down autotransformer ABCD (cont’d)
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• ABCD model can be obtained 
similarly using

• Series winding voltage is subtracted 
from common winding voltage E1 E2
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• Current polarities have been reversed, but still satisfy dot convention
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Step-down autotransformer ABCD (cont’d)
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• Receiving voltage in terms of its current and sending voltage
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Rating advantage
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• Power ratings for autotransformer and two-winding transformer

• Significant power rating advantage for small turns ratios 

• Voltage ratings

<latexit sha1_base64="QipJ9BUsaIPjaogDhC7FeG+p+eM=">AAACEHicbVDLSsNAFJ34rPEVdekmWKyuSlIU3RQqIhjoohL7gLYMk+mkHTp5MDMRSugnuPFX3LhQxK1Ld/6N0zYLbT0w3MM593LnHi9mVEjL+taWlldW19ZzG/rm1vbOrrG33xBRwjGp44hFvOUhQRgNSV1SyUgr5gQFHiNNb3g98ZsPhAsahfdyFJNugPoh9SlGUknQOHHhVaHcgK4DXVWqDqx2OroLm4XyDbQdaKtScmAJGnmraE1hLhI7I3mQoQaNr04vwklAQokZEqJtW7HspohLihkZ651EkBjhIeqTtqIhCojoptODxuaxUnqmH3H1QmlO1d8TKQqEGAWe6gyQHIh5byL+57UT6V92UxrGiSQhni3yE2bKyJykY/YoJ1iykSIIc6r+auIB4ghLlaGuQrDnT14kjVLRPi9ad2f5ipXFkQOH4AicAhtcgAq4BTVQBxg8gmfwCt60J+1Fe9c+Zq1LWjZzAP5A+/wBL66Zdw==</latexit>

SA = VSIS = VLIL

SW = E1I1 = E2I2

<latexit sha1_base64="fo0fcTfTzbA1tb9CRZOjGZ6BaKU="></latexit>

If VL = (1 + nt)VS = 1.1 · VS ) nt = 0.1 ) SA = 11 · SW

If VL = (1 + nt)VS = 10 · VS ) nt = 9 ) SA = 1.11 · SW

<latexit sha1_base64="nmSRweMY79X1cTKd1Aw8qOmK1Qw=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWaKoghCRQQLXVS0D2hLyKSZNjSTGZKMUIb5Fzf+ihsXSnHjwn8xfQjaeiCXk3PuJbnHizhT2nE+rczS8srqWnY9t7G5tb1j7+7VVRhLQmsk5KFselhRzgStaaY5bUaS4sDjtOENrsd+45FKxULxoIcR7QS4J5jPCNZGQvZF25eYJPfoKjWlkV5O73VUKaNKmtygYhkVf1S3HQVQIJ0m44LsvFNwJoCLxJ2RPJihiuxRuxuSOKBCE46VarlOpDsJlpoRTtNcO1Y0wmSAe7RlqMABVZ1ksmMKj4zShX4ozREaTtTfEwkOlBoGnukMsO6reW8s/ue1Yu2fdxImolhTQaYP+TGHOoTjwGCXSUo0HxqCiWTmr5D0sYlDm1hzJgR3fuVFUi8W3NOCc3eSLzmzOLLgAByCY+CCM1ACt6AKaoCAJ/AC3sC79Wy9WiPrY9qasWYz++APrK9vf/GkwA==</latexit>

SA

SW
=

VLIL
E2I2

=
1± nt

nt

<latexit sha1_base64="j0es2jn3IhfxS8dP3kJdUHmN2y0="></latexit>

VS = E1 and VL = E1 ± E2 =
E2

nt
± E2 =

1± nt

nt
E2



Per-unit impedances
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• Base impedances significantly larger than those of two-winding transformers

load side

source side

• Per-unit impedances are significantly smaller than those of two-winding transformer

• Hence, autotransformers are oftentimes modeled as ideal (impedances ignored)

<latexit sha1_base64="ln4yKt4ZK4hZ1pB6yM1OdGZI8wo="></latexit>

ZA,base

ZW,base
=

✓
1± nt

nt

◆2 SW

SA
=

1± nt

nt

<latexit sha1_base64="TjBRjwv5QYgJ9tyeRvyEbZGzQtU=">AAAChHicbVFbb9MwFHYCjFFu3XjkxaICijRVSWHaXoY2oUk88DAEbSeaYjnuSWvNcSL7BK2y8kv4V7zxb3DacNt2JFufvouPfZyWSlqMop9BeOv2na272/c69x88fPS4u7M7tkVlBIxEoQpznnILSmoYoUQF56UBnqcKJunFu0affANjZaE/46qEWc4XWmZScPQU637/wtzJXoJwia45p65fHCWZ4cKN2Yevw9p9Yid1y/RPWZ yUOT1lw1d/JQUZ9jeGtaoZ1q7ZEiMXS/TOjehTv0NJ0vFtJze2/WOb1KzbiwbRuuh1ELegR9o6Y90fybwQVQ4aheLWTuOoxJnjBqVQUHeSykLJxQVfwNRDzXOwM7ceYk2fe2ZOs8L4pZGu2X8TjufWrvLUO3OOS3tVa8ibtGmF2eHMSV1WCFpsGmWVoljQ5kfoXBoQqFYecGGkvysVS+5ngf7fOn4I8dUnXwfj4SDeH0Qf3/SOo3Yc2+QpeUb6JCYH5Ji8J2dkREQQBC+DKIjDrXAvfB3ub6xh0GaekP8qfPsLOp7Cig==</latexit>

ZA,base =
V 2
L

SA
=

(E1 ± E2)2

SA
=

✓
1± nt

nt

◆2 E2
2

SA

ZW,base =
E2

2

SW

<latexit sha1_base64="YR0KZJE9Ae/sJmTrxSG9THR6Eas="></latexit>

YA,base =
SA

V 2
S

=

✓
1± nt

nt

◆2 SA

E2
1

YW,base =
SW

E2
1

<latexit sha1_base64="Z5vAsWlG1rL0ZOmbKrmCx7kQEbc=">AAACKXicbVDLSgMxFM34rPVVdekmWAQXUmZE0Y1QceOygn1IpwyZNNOGZjJDckcsw/yOG3/FjYKibv0RM20XtvVAwuGce29yjx8LrsG2v6yFxaXlldXCWnF9Y3Nru7Sz29BRoiir00hEquUTzQSXrA4cBGvFipHQF6zpD65zv/nAlOaRvINhzDoh6UkecErASF6p6gaK0PTeS6+OXWCPkObTsizLpea0dDmuddw4xNKDLM0vr1S2K/YIeJ44E1JGE9S80pvbjWgSMglUEK3bjh1DJyUKOBUsK7qJZjGhA9JjbUMlCZnupKNNM3xolC4OImWOBDxS/3akJNR6GPqmMiTQ17NeLv7ntRMILjopl3ECTNLxQ0EiMEQ4jw13uWIUxNAQQhU3f8W0T0wcYMItmhCc2ZXnSeOk4pxV7NvTctWexFFA++gAHSEHnaMqukE1VEcUPaEX9I4+rGfr1fq0vselC9akZw9Nwfr5BRm3qO4=</latexit>

YA,base

YW,base
=

1± nt

nt



Approximate model of ideal transformer
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• Distribution auto-transformers can be approximated as ideal ones with little error 

E1

+

N1

I1

–

E2

N2 Zt

I2

VS

+

– –

IS

VL

+

Ym

Iex

H2

H1

X1

X2

–

+

<latexit sha1_base64="ruOIa/MPHkZrU9357WuAPUzgiYs="></latexit>
VS

IS

�
=


a b
c d

� 
VL

IL

�
<latexit sha1_base64="ORIYoRI7O5aSuvMlM5iEu5JYQAQ="></latexit>

a =
1

1± nt
; b ' 0

c ' 0; d ' 1± nt

<latexit sha1_base64="HP1B7Uv9fr9UGODrKz8ku2Y8kIs=">AAACEnicbVC7TsNAEDyHVwivACXNiQgEQkQ2AkEZiYYySOQhxVF0vqyTE2efdbcGIiv8Ag2/QkMBQrRUdPwNzqMICVONZna1O+NFUhi07R8rMze/sLiUXc6trK6tb+Q3t6pGxZpDhSupdN1jBqQIoYICJdQjDSzwJNS828uBX7sDbYQKb7AXQTNgnVD4gjNMpVb+8Gj/0UV4wMRXmmomDPRdN3c8qUp1D7rfyhfsoj0EnSXOmBTIGOVW/tttKx4HECKXzJiGY0fYTJhGwSX0c25sIGL8lnWgkdKQBWCayTBSn+6lSpsOrvsqRDpUJzcSFhjTC7x0MmDYNdPeQPzPa8ToXzQTEUYxQshHh/xYUlR00A9tCw0cZS8ljGuR/kp5l2nGMW0xl5bgTEeeJdWTonNWtK9PCyV7XEeW7JBdckAcck5K5IqUSYVw8kReyBt5t56tV+vD+hyNZqzxzjb5A+vrF0+8ndY=</latexit>

+ for raise

� for lower



SVR of Type A
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Type A: load connected to series winding

• Reversing switch changes directions of currents

SL

E2

N2

VL

+

+

+ N1

E1

L

S
+

VS

IS

IL
L

R

–

–

––

I2

I1

SL

S
IS

VS

+

L
IL

+

––

VL

SL

E2

N2

VL

+

+

+ N1

E1

L

S
+

VS

IS

IL
L

R

–

–

––

I2

I1

SL

S
IS

VS

+

L
IL

+

––

VL

raise position lower position

• ±10% range in 32 steps of 20/32=0.625% (approx. 0.75V for nominal VS=120V)

• Step-voltage regulator (SVR) = autotransformer + load tap changer (LTC) mechanism



SVR of Type B
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Type B: source connected to series winding (more popular)

raise position lower position

+

–

VS

S

SL

+

–

VL

R

L

+

–
I1

E1

+

–

E2

I2

IS

IS

IL L

N2

N1

S
+

VS

–
SL

VL

L
IL

IS

+

–

+

–

VS

S

SL

+

–

VL

R

L

+

–

I1
E1

+

–

E2

I2IS

IS

IL L

N2

N1

S
+

VS

–
SL

VL 

L
IL

IS

+

–

<latexit sha1_base64="gcGYZgCUj2DOrkHZauJwXq2GiQs="></latexit>

VS = E1 � E2 = (1� nt)E1 = (1� nt)VL

IL = I2 � I1 = (1� nt)IS

<latexit sha1_base64="SE0qYBr0q8nyHgkQo8JAoy3FpBU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiiGBJRNGLUPDiwUNFmxbaEDbbTbt0swm7E6HEHPwrXjwo4tW/4c1/47bNQasPBh7vzTAzL0g4U2DbX0Zpbn5hcam8XFlZXVvfMDe3XBWnktAmiXks2wFWlDNBm8CA03YiKY4CTlvB8HLst+6pVCwWdzBKqBfhvmAhIxi05Js7rn990Q0lJpmTZ86R8CF3/VvfrNo1ewLrL3EKUkUFGr752e3FJI2oAMKxUh3HTsDLsARGOM0r3VTRBJMh7tOOpgJHVHnZ5P7c2tdKzwpjqUuANVF/TmQ4UmoUBbozwjBQs95Y/M/rpBCeexkTSQpUkOmiMOUWxNY4DKvHJCXAR5pgIpm+1SIDrMMAHVlFh+DMvvyXuMc157Rm35xU64dFHGW0i/bQAXLQGaqjK9RATUTQA3pCL+jVeDSejTfjfdpaMoqZbfQLxsc3G8CVcQ==</latexit>

VL =
1

1� nt
VS

<latexit sha1_base64="W77wyW2f+wA0reLyFWYh8vOKRDs=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiiEJJRNGLUPDiwUNFmxbaEDbbTbt0swm7E6HEHPwrXjwo4tW/4c1/47bNQasPBh7vzTAzL0g4U2DbX0Zpbn5hcam8XFlZXVvfMDe3XBWnktAmiXks2wFWlDNBm8CA03YiKY4CTlvB8HLst+6pVCwWdzBKqBfhvmAhIxi05Js7rn990Q0lJpmTZ86R8CF3/VvfrNo1ewLrL3EKUkUFGr752e3FJI2oAMKxUh3HTsDLsARGOM0r3VTRBJMh7tOOpgJHVHnZ5P7c2tdKzwpjqUuANVF/TmQ4UmoUBbozwjBQs95Y/M/rpBCeexkTSQpUkOmiMOUWxNY4DKvHJCXAR5pgIpm+1SIDrMMAHVlFh+DMvvyXuMc157Rm35xU64dFHGW0i/bQAXLQGaqjK9RATUTQA3pCL+jVeDSejTfjfdpaMoqZbfQLxsc3GKqVbw==</latexit>

VL =
1

1 + nt
VS

<latexit sha1_base64="QqBL18DwEDNAhiOcrmZc5Z9kHUk="></latexit>

VS = E1 + E2 = (1 + nt)E1 = (1 + nt)VL

IL = I2 + I1 = (1 + nt)IS



Regulator model
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• Neglect series impedances and shunt admittances

+

–

VS

S

SL

+

–

VL

R

L

+

–
I1

E1

+

–

E2

I2

IS

IS

IL L

N2

N1

S
+

VS

–
SL

VL

L
IL

IS

+

–

+

–

VS

S

SL

+

–

VL

R

L

+

–

I1
E1

+

–

E2

I2IS

IS

IL L

N2

N1

S
+

VS

–
SL

VL 

L
IL

IS

+

–

raise lower

• Type B (shown here)

• Type A (derived earlier)

<latexit sha1_base64="ruOIa/MPHkZrU9357WuAPUzgiYs="></latexit>
VS

IS

�
=


a b
c d

� 
VL

IL

�

<latexit sha1_base64="ekiv4UnBIo6MG5ukcMIwIt8lGXw="></latexit>

a = aR; b = c = 0; d =
1

aR
; aR = 1⌥ N2

N1

<latexit sha1_base64="TNo+LdIewimvLysc0NVHArEf4RI=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVZJi1Y1QcOOySl/QhDCZTNqhkwczN2IJ3brxV9y4UMStf+DOv3HSdqGtBy4czrmXe+/xEsEVmOa3UVhZXVvfKG6WtrZ3dvfK+wcdFaeSsjaNRSx7HlFM8Ii1gYNgvUQyEnqCdb3Rde5375lUPI5aME6YE5JBxANOCWjJLWPi3l1Zdphgs2qa57W6Tf0YsA3sAbIWSSZuuZI7OfAyseakguZouuUv249pGrIIqCBK9S0zAScjEjgVbFKyU8USQkdkwPqaRiRkysmmn0zwiVZ8HMRSVwR4qv6eyEio1Dj0dGdIYKgWvVz8z+unEFw6GY+SFFhEZ4uCVGCIcR4L9rlkFMRYE0Il17diOiSSUNDhlXQI1uLLy6RTq1r1qnl7VmmY8ziK6Agdo1NkoQvUQDeoidqIokf0jF7Rm/FkvBjvxsestWDMZw7RHxifP8YAmHU=</latexit>

aR = 1⌥ 0.00625 · Tap

<latexit sha1_base64="l1/FCkqCUS6SieR9gJPnH4oADAQ="></latexit>

a =
1

aR
; b = c = 0; d = aR; aR = 1± N2

N1

• Example of raise position
<latexit sha1_base64="gnf056VcK/SDD1jchJhvV0ONqFE="></latexit>

VL = (1 + nt)VS (type A) or VL =
1

1� nt
VS (type B)



Control settings
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• Set voltage (e.g., 124 V)

• Bandwidth: allowed deviation around set voltage level (e.g., ±1V);
specified as full (two-sided) bandwidth

• Time delay before taking action (to avoid fluctuations due to e.g., motor starting)

Deadband should be wider than the voltage change obtained by a single tap, 
otherwise tap may be flipping back-and-forth without ever falling in the deadband



Tuning bandwidth and delay

22

• Avoid excessive regulator operation and oscillations (reduces lifetime)

• Tuning is harder (impossible) with fluctuations in solar irradiance and PVs
• Smart inverters can handle fluctuations at faster timescale

Improper settings

Better settingsKevin Schneider (PNNL)



Time delays
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• Usually, in the range of 10-120 seconds

• Rule 1: Each regulator in series downstream requires a longer time delay

• Rule 2: Minimum time delay from one SVR to the next in cascade is 15 seconds

Eaton – Cooper Power Systems



Control of voltage regulators
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• Not all feeders have SVRs: no need for short and/or lightly-loaded feeders

1. Control based on local voltage output

Kevin Schneider (PNNL)



Control of voltage regulators
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2. Control based on remote voltage

Kevin Schneider (PNNL)



Control of voltage regulators
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3. Control based on voltage predicted at a pseudo-point

Kevin Schneider (PNNL)

• Line drop compensator (LDC) models the voltage drop at a remote point (load center)



Line drop compensator (LDC)

27

• Equivalent impedance is an analog (or digital) model of the actual line

• LDC impedance

usually 120V

usually few 
amperes

• LDC impedance oftentimes expressed in Volts
(voltage drop under rated current)

<latexit sha1_base64="AWZFVCUms3KrsRAPX8O60ohth4E="></latexit>

ZLDC,V = ZLDCCTS = Zline
CTP

NPT
V

<latexit sha1_base64="T+eIKJf3VCkBuriUYsVrRElfxZE="></latexit>

ZLDC = Zline
ZLDC,base

Zline,base
= Zline

✓
VLDC,base

Vline,base

◆✓
Iline,base
ILDC,base

◆
= Zline

CTP

NPTCTS
⌦



Examples 7.4-7.6
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substation transformer 
5 MVA and 115-4.16 kV

1. Find PT/CT ratings if the LDC ratings are 120V and 5A

• LDC potential transformer

• LDC current transformer

<latexit sha1_base64="5ZWB87nJ+Wp3mkKx42SctQnijMI="></latexit>

VLL,base = 4.16kV ) VLN,base = 2, 401.8V ' 2.4kV ) NPT =
2, 400V

120V
= 20

<latexit sha1_base64="5sXV3Kwy1mUs54+H3Dph31u1dCo="></latexit>

Ibase =
5MVAp
3 · VLL,base

= 693.9A ' 700A ) CT =
CTP

CTS
=

700A

5A
= 140



Examples 7.4-7.6 (cont’d)
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• Line current (assuming constant-current load)

3. 2.5 MVA load is to be served at 4.16 kV with 0.9 PF lagging. Voltage level to be held 
within 2V around 120V. Determine tap position so relay voltage is within [119:121]V

<latexit sha1_base64="cEcALhJeYMQQI6M2YDnzmrdBZes="></latexit>

Iline =
2.5MVAp
3 · VLL,base

= 346.97\� 25.84o ) ILDC = 2.478\� 25.84o A

2. Find LDC setting in ohms and volts if the 
equivalent impedance between SVR and load 
center is 

<latexit sha1_base64="k6oWqMFjPVBicBjAdLrGlGuSS88="></latexit>

ZLDC = Zline
CTP

NPTCTS
⌦ = 2.1 + j6.3⌦

ZLDC,V = (2.1 + j6.3)⌦ · 5A = 10.5 + j31.5V (data entry)

<latexit sha1_base64="1lyGWA2JBX20fAzYUFzBsq71t4M=">AAACBnicbVDJSgNBEO2JW4zbqEcRBoMgCMOMC+pBCHjxZgSzYBJCT6eStOlZ6K4RwxAvXvwVLx4U8eo3ePNv7MQ5aOKDgsd7Vd1Vz4sEV+g4X0Zmanpmdi47n1tYXFpeMVfXyiqMJYMSC0Uoqx5VIHgAJeQooBpJoL4noOL1zoZ+5Rak4mFwhf0IGj7tBLzNGUUtNc3N62Yd4Q6T4QODU8fe371x7JP7+oUPHdo0847tjGBNEjcleZKi2DQ/662QxT4EyARVquY6ETYSKpEzAYNcPVYQUdajHahpGlAfVCMZnTGwtrXSstqh1BWgNVJ/TyTUV6rve7rTp9hV495Q/M+rxdg+biQ8iGKEgP181I6FhaE1zMRqcQkMRV8TyiTXu1qsSyVlqJPL6RDc8ZMnSXnPdg9t5/IgX7DTOLJkg2yRHeKSI1Ig56RISoSRB/JEXsir8Wg8G2/G+09rxkhn1skfGB/fwtuX9A==</latexit>

Zline = 0.3 + j0.9 ⌦



Examples 7.4-7.6 (cont’d)
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Vr
<latexit sha1_base64="Z1XUPFNv4s5EF0DsxKIryYqfvd8=">AAAB6nicdZDLSgMxFIbP1Futt6pLN8EiuCpJEdvuCm5cVrQXaIeSSdM2NJMZkoxQhj6CGxeKuPWJ3Pk2ZtoKKvpD4OP/zyHnnCCWwliMP7zc2vrG5lZ+u7Czu7d/UDw8apso0Yy3WCQj3Q2o4VIo3rLCSt6NNadhIHknmF5leeeeayMidWdnMfdDOlZiJBi1zrptD/SgWMJljDEhBGVAqpfYQb1eq5AaIlnkVIKVmoPie38YsSTkyjJJjekRHFs/pdoKJvm80E8Mjymb0jHvOVQ05MZPF6PO0ZlzhmgUafeURQv3e0dKQ2NmYeAqQ2on5neWmX9lvcSOan4qVJxYrtjyo1EikY1QtjcaCs2ZlTMHlGnhZkVsQjVl1l2n4I7wtSn6H9qVMnF8c1FqkNU58nACp3AOBKrQgGtoQgsYjOEBnuDZk96j9+K9Lktz3qrnGH7Ie/sEgkON5A==</latexit><latexit sha1_base64="Z1XUPFNv4s5EF0DsxKIryYqfvd8=">AAAB6nicdZDLSgMxFIbP1Futt6pLN8EiuCpJEdvuCm5cVrQXaIeSSdM2NJMZkoxQhj6CGxeKuPWJ3Pk2ZtoKKvpD4OP/zyHnnCCWwliMP7zc2vrG5lZ+u7Czu7d/UDw8apso0Yy3WCQj3Q2o4VIo3rLCSt6NNadhIHknmF5leeeeayMidWdnMfdDOlZiJBi1zrptD/SgWMJljDEhBGVAqpfYQb1eq5AaIlnkVIKVmoPie38YsSTkyjJJjekRHFs/pdoKJvm80E8Mjymb0jHvOVQ05MZPF6PO0ZlzhmgUafeURQv3e0dKQ2NmYeAqQ2on5neWmX9lvcSOan4qVJxYrtjyo1EikY1QtjcaCs2ZlTMHlGnhZkVsQjVl1l2n4I7wtSn6H9qVMnF8c1FqkNU58nACp3AOBKrQgGtoQgsYjOEBnuDZk96j9+K9Lktz3qrnGH7Ie/sEgkON5A==</latexit><latexit sha1_base64="Z1XUPFNv4s5EF0DsxKIryYqfvd8=">AAAB6nicdZDLSgMxFIbP1Futt6pLN8EiuCpJEdvuCm5cVrQXaIeSSdM2NJMZkoxQhj6CGxeKuPWJ3Pk2ZtoKKvpD4OP/zyHnnCCWwliMP7zc2vrG5lZ+u7Czu7d/UDw8apso0Yy3WCQj3Q2o4VIo3rLCSt6NNadhIHknmF5leeeeayMidWdnMfdDOlZiJBi1zrptD/SgWMJljDEhBGVAqpfYQb1eq5AaIlnkVIKVmoPie38YsSTkyjJJjekRHFs/pdoKJvm80E8Mjymb0jHvOVQ05MZPF6PO0ZlzhmgUafeURQv3e0dKQ2NmYeAqQ2on5neWmX9lvcSOan4qVJxYrtjyo1EikY1QtjcaCs2ZlTMHlGnhZkVsQjVl1l2n4I7wtSn6H9qVMnF8c1FqkNU58nACp3AOBKrQgGtoQgsYjOEBnuDZk96j9+K9Lktz3qrnGH7Ie/sEgkON5A==</latexit><latexit sha1_base64="Z1XUPFNv4s5EF0DsxKIryYqfvd8=">AAAB6nicdZDLSgMxFIbP1Futt6pLN8EiuCpJEdvuCm5cVrQXaIeSSdM2NJMZkoxQhj6CGxeKuPWJ3Pk2ZtoKKvpD4OP/zyHnnCCWwliMP7zc2vrG5lZ+u7Czu7d/UDw8apso0Yy3WCQj3Q2o4VIo3rLCSt6NNadhIHknmF5leeeeayMidWdnMfdDOlZiJBi1zrptD/SgWMJljDEhBGVAqpfYQb1eq5AaIlnkVIKVmoPie38YsSTkyjJJjekRHFs/pdoKJvm80E8Mjymb0jHvOVQ05MZPF6PO0ZlzhmgUafeURQv3e0dKQ2NmYeAqQ2on5neWmX9lvcSOan4qVJxYrtjyo1EikY1QtjcaCs2ZlTMHlGnhZkVsQjVl1l2n4I7wtSn6H9qVMnF8c1FqkNU58nACp3AOBKrQgGtoQgsYjOEBnuDZk96j9+K9Lktz3qrnGH7Ie/sEgkON5A==</latexit>

VLDC
<latexit sha1_base64="AocX0frX2iUIAaEuUqbNTMSq1Po=">AAAB83icdZDLSgMxFIYzXmu9VV26CRbBVUmK2HZXqAsXLirYC3SGkknTNjRzITkjlqGv4caFIm59GXe+jZm2gooeCHz8/zmck9+PlTRAyIezsrq2vrGZ28pv7+zu7RcODtsmSjQXLR6pSHd9ZoSSoWiBBCW6sRYs8JXo+JNG5nfuhDYyCm9hGgsvYKNQDiVnYCW33XdB3EN6fdmY9QtFUiKEUEpxBrRyQSzUatUyrWKaWbaKaFnNfuHdHUQ8CUQIXDFjepTE4KVMg+RKzPJuYkTM+ISNRM9iyAJhvHR+8wyfWmWAh5G2LwQ8V79PpCwwZhr4tjNgMDa/vUz8y+slMKx6qQzjBETIF4uGicIQ4SwAPJBacFBTC4xraW/FfMw042BjytsQvn6K/4d2uUQt35wX63QZRw4doxN0hiiqoDq6Qk3UQhzF6AE9oWcncR6dF+d10briLGeO0I9y3j4BLK+RuA==</latexit><latexit sha1_base64="AocX0frX2iUIAaEuUqbNTMSq1Po=">AAAB83icdZDLSgMxFIYzXmu9VV26CRbBVUmK2HZXqAsXLirYC3SGkknTNjRzITkjlqGv4caFIm59GXe+jZm2gooeCHz8/zmck9+PlTRAyIezsrq2vrGZ28pv7+zu7RcODtsmSjQXLR6pSHd9ZoSSoWiBBCW6sRYs8JXo+JNG5nfuhDYyCm9hGgsvYKNQDiVnYCW33XdB3EN6fdmY9QtFUiKEUEpxBrRyQSzUatUyrWKaWbaKaFnNfuHdHUQ8CUQIXDFjepTE4KVMg+RKzPJuYkTM+ISNRM9iyAJhvHR+8wyfWmWAh5G2LwQ8V79PpCwwZhr4tjNgMDa/vUz8y+slMKx6qQzjBETIF4uGicIQ4SwAPJBacFBTC4xraW/FfMw042BjytsQvn6K/4d2uUQt35wX63QZRw4doxN0hiiqoDq6Qk3UQhzF6AE9oWcncR6dF+d10briLGeO0I9y3j4BLK+RuA==</latexit><latexit sha1_base64="AocX0frX2iUIAaEuUqbNTMSq1Po=">AAAB83icdZDLSgMxFIYzXmu9VV26CRbBVUmK2HZXqAsXLirYC3SGkknTNjRzITkjlqGv4caFIm59GXe+jZm2gooeCHz8/zmck9+PlTRAyIezsrq2vrGZ28pv7+zu7RcODtsmSjQXLR6pSHd9ZoSSoWiBBCW6sRYs8JXo+JNG5nfuhDYyCm9hGgsvYKNQDiVnYCW33XdB3EN6fdmY9QtFUiKEUEpxBrRyQSzUatUyrWKaWbaKaFnNfuHdHUQ8CUQIXDFjepTE4KVMg+RKzPJuYkTM+ISNRM9iyAJhvHR+8wyfWmWAh5G2LwQ8V79PpCwwZhr4tjNgMDa/vUz8y+slMKx6qQzjBETIF4uGicIQ4SwAPJBacFBTC4xraW/FfMw042BjytsQvn6K/4d2uUQt35wX63QZRw4doxN0hiiqoDq6Qk3UQhzF6AE9oWcncR6dF+d10briLGeO0I9y3j4BLK+RuA==</latexit><latexit sha1_base64="AocX0frX2iUIAaEuUqbNTMSq1Po=">AAAB83icdZDLSgMxFIYzXmu9VV26CRbBVUmK2HZXqAsXLirYC3SGkknTNjRzITkjlqGv4caFIm59GXe+jZm2gooeCHz8/zmck9+PlTRAyIezsrq2vrGZ28pv7+zu7RcODtsmSjQXLR6pSHd9ZoSSoWiBBCW6sRYs8JXo+JNG5nfuhDYyCm9hGgsvYKNQDiVnYCW33XdB3EN6fdmY9QtFUiKEUEpxBrRyQSzUatUyrWKaWbaKaFnNfuHdHUQ8CUQIXDFjepTE4KVMg+RKzPJuYkTM+ISNRM9iyAJhvHR+8wyfWmWAh5G2LwQ8V79PpCwwZhr4tjNgMDa/vUz8y+slMKx6qQzjBETIF4uGicIQ4SwAPJBacFBTC4xraW/FfMw042BjytsQvn6K/4d2uUQt35wX63QZRw4doxN0hiiqoDq6Qk3UQhzF6AE9oWcncR6dF+d10briLGeO0I9y3j4BLK+RuA==</latexit>

Zline
<latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit><latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit><latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit><latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit>

Zline
<latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit><latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit><latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit><latexit sha1_base64="8nbt26EiWdCrC4Ydgkjq9C3UP+8=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJSli213BjcsK9oHtUDJppg3NPEzuFMvQ73DjQhG3fow7/8ZMW0FFDwQO59zDvTlerKQBQj6cldW19Y3N3FZ+e2d3b79wcNgyUaK5aPJIRbrjMSOUDEUTJCjRibVggadE2xtfZn57IrSRUXgD01i4ARuG0pecgZXc234PxD2kWXzWLxRJiRBCKcUZoZULYkmtVi3TKqaZZVFESzT6hffeIOJJIELgihnTpSQGN2UaJFdilu8lRsSMj9lQdC0NWSCMm86PnuFTqwywH2n7QsBz9XsiZYEx08CzkwGDkfntZeJfXjcBv+qmMowTECFfLPIThSHCWQN4ILXgoKaWMK6lvRXzEdOMg+0pb0v4+in+n7TKJWr59XmxTpd15NAxOkFniKIKqqMr1EBNxNEdekBP6NmZOI/Oi/O6GF1xlpkj9APO2yegmpKb</latexit>

Iline �!
<latexit sha1_base64="yIio3MEKc81VARZAMWgjvSwZVAM=">AAACBXicdZDLSgMxFIYzXmu9VV3qIlgEVzIRsXUnuNFdBXuBdhgyadoGM8mQnFHL0I0bX8WNC0Xc+g7ufBsztYKKHgh8/P85Sc4fJVJY8P13b2p6ZnZuvrBQXFxaXlktra03rE4N43WmpTatiFouheJ1ECB5KzGcxpHkzejyJPebV9xYodUFDBMexLSvRE8wCk4KS1tnYQf4DWT5BaOO1KpvRH8A1Bh9HZbK/p7v+4QQnAOpHPoOjo6q+6SKSW65KqNJ1cLSW6erWRpzBUxSa9vETyDIqAHBJB8VO6nlCWWXtM/bDhWNuQ2y8RYjvOOULu5p444CPFa/T2Q0tnYYR64zpjCwv71c/Mtrp9CrBplQSQpcsc+HeqnEoHEeCe4KwxnIoQPKjHB/xWxADWXggiu6EL42xf9DY3+POD4/KB+TSRwFtIm20S4iqIKO0SmqoTpi6Bbdo0f05N15D96z9/LZOuVNZjbQj/JePwBBGpmm</latexit><latexit sha1_base64="yIio3MEKc81VARZAMWgjvSwZVAM=">AAACBXicdZDLSgMxFIYzXmu9VV3qIlgEVzIRsXUnuNFdBXuBdhgyadoGM8mQnFHL0I0bX8WNC0Xc+g7ufBsztYKKHgh8/P85Sc4fJVJY8P13b2p6ZnZuvrBQXFxaXlktra03rE4N43WmpTatiFouheJ1ECB5KzGcxpHkzejyJPebV9xYodUFDBMexLSvRE8wCk4KS1tnYQf4DWT5BaOO1KpvRH8A1Bh9HZbK/p7v+4QQnAOpHPoOjo6q+6SKSW65KqNJ1cLSW6erWRpzBUxSa9vETyDIqAHBJB8VO6nlCWWXtM/bDhWNuQ2y8RYjvOOULu5p444CPFa/T2Q0tnYYR64zpjCwv71c/Mtrp9CrBplQSQpcsc+HeqnEoHEeCe4KwxnIoQPKjHB/xWxADWXggiu6EL42xf9DY3+POD4/KB+TSRwFtIm20S4iqIKO0SmqoTpi6Bbdo0f05N15D96z9/LZOuVNZjbQj/JePwBBGpmm</latexit><latexit sha1_base64="yIio3MEKc81VARZAMWgjvSwZVAM=">AAACBXicdZDLSgMxFIYzXmu9VV3qIlgEVzIRsXUnuNFdBXuBdhgyadoGM8mQnFHL0I0bX8WNC0Xc+g7ufBsztYKKHgh8/P85Sc4fJVJY8P13b2p6ZnZuvrBQXFxaXlktra03rE4N43WmpTatiFouheJ1ECB5KzGcxpHkzejyJPebV9xYodUFDBMexLSvRE8wCk4KS1tnYQf4DWT5BaOO1KpvRH8A1Bh9HZbK/p7v+4QQnAOpHPoOjo6q+6SKSW65KqNJ1cLSW6erWRpzBUxSa9vETyDIqAHBJB8VO6nlCWWXtM/bDhWNuQ2y8RYjvOOULu5p444CPFa/T2Q0tnYYR64zpjCwv71c/Mtrp9CrBplQSQpcsc+HeqnEoHEeCe4KwxnIoQPKjHB/xWxADWXggiu6EL42xf9DY3+POD4/KB+TSRwFtIm20S4iqIKO0SmqoTpi6Bbdo0f05N15D96z9/LZOuVNZjbQj/JePwBBGpmm</latexit><latexit sha1_base64="yIio3MEKc81VARZAMWgjvSwZVAM=">AAACBXicdZDLSgMxFIYzXmu9VV3qIlgEVzIRsXUnuNFdBXuBdhgyadoGM8mQnFHL0I0bX8WNC0Xc+g7ufBsztYKKHgh8/P85Sc4fJVJY8P13b2p6ZnZuvrBQXFxaXlktra03rE4N43WmpTatiFouheJ1ECB5KzGcxpHkzejyJPebV9xYodUFDBMexLSvRE8wCk4KS1tnYQf4DWT5BaOO1KpvRH8A1Bh9HZbK/p7v+4QQnAOpHPoOjo6q+6SKSW65KqNJ1cLSW6erWRpzBUxSa9vETyDIqAHBJB8VO6nlCWWXtM/bDhWNuQ2y8RYjvOOULu5p444CPFa/T2Q0tnYYR64zpjCwv71c/Mtrp9CrBplQSQpcsc+HeqnEoHEeCe4KwxnIoQPKjHB/xWxADWXggiu6EL42xf9DY3+POD4/KB+TSRwFtIm20S4iqIKO0SmqoTpi6Bbdo0f05N15D96z9/LZOuVNZjbQj/JePwBBGpmm</latexit>

ZLDC
<latexit sha1_base64="d8cMYzntIm5gJTurbbq/7eaZDwA=">AAAB83icdZDLSgMxFIYz9VbrrerSTbAIrsqkiG13hbpw4aKCvWBnKJk004ZmLiRnxDL0Ndy4UMStL+POtzHTVlDRA4GP/z+Hc/J7sRQabPvDyq2srq1v5DcLW9s7u3vF/YOOjhLFeJtFMlI9j2ouRcjbIEDyXqw4DTzJu96kmfndO660iMIbmMbcDegoFL5gFIzk3A4c4PeQXl00Z4NiyS7btk0IwRmQ6rltoF6vVUgNk8wyVULLag2K784wYknAQ2CSat0ndgxuShUIJvms4CSax5RN6Ij3DYY04NpN5zfP8IlRhtiPlHkh4Ln6fSKlgdbTwDOdAYWx/u1l4l9ePwG/5qYijBPgIVss8hOJIcJZAHgoFGcgpwYoU8LcitmYKsrAxFQwIXz9FP8PnUqZGL4+KzXIMo48OkLH6BQRVEUNdIlaqI0YitEDekLPVmI9Wi/W66I1Zy1nDtGPst4+ATLrkbw=</latexit><latexit sha1_base64="d8cMYzntIm5gJTurbbq/7eaZDwA=">AAAB83icdZDLSgMxFIYz9VbrrerSTbAIrsqkiG13hbpw4aKCvWBnKJk004ZmLiRnxDL0Ndy4UMStL+POtzHTVlDRA4GP/z+Hc/J7sRQabPvDyq2srq1v5DcLW9s7u3vF/YOOjhLFeJtFMlI9j2ouRcjbIEDyXqw4DTzJu96kmfndO660iMIbmMbcDegoFL5gFIzk3A4c4PeQXl00Z4NiyS7btk0IwRmQ6rltoF6vVUgNk8wyVULLag2K784wYknAQ2CSat0ndgxuShUIJvms4CSax5RN6Ij3DYY04NpN5zfP8IlRhtiPlHkh4Ln6fSKlgdbTwDOdAYWx/u1l4l9ePwG/5qYijBPgIVss8hOJIcJZAHgoFGcgpwYoU8LcitmYKsrAxFQwIXz9FP8PnUqZGL4+KzXIMo48OkLH6BQRVEUNdIlaqI0YitEDekLPVmI9Wi/W66I1Zy1nDtGPst4+ATLrkbw=</latexit><latexit sha1_base64="d8cMYzntIm5gJTurbbq/7eaZDwA=">AAAB83icdZDLSgMxFIYz9VbrrerSTbAIrsqkiG13hbpw4aKCvWBnKJk004ZmLiRnxDL0Ndy4UMStL+POtzHTVlDRA4GP/z+Hc/J7sRQabPvDyq2srq1v5DcLW9s7u3vF/YOOjhLFeJtFMlI9j2ouRcjbIEDyXqw4DTzJu96kmfndO660iMIbmMbcDegoFL5gFIzk3A4c4PeQXl00Z4NiyS7btk0IwRmQ6rltoF6vVUgNk8wyVULLag2K784wYknAQ2CSat0ndgxuShUIJvms4CSax5RN6Ij3DYY04NpN5zfP8IlRhtiPlHkh4Ln6fSKlgdbTwDOdAYWx/u1l4l9ePwG/5qYijBPgIVss8hOJIcJZAHgoFGcgpwYoU8LcitmYKsrAxFQwIXz9FP8PnUqZGL4+KzXIMo48OkLH6BQRVEUNdIlaqI0YitEDekLPVmI9Wi/W66I1Zy1nDtGPst4+ATLrkbw=</latexit><latexit sha1_base64="d8cMYzntIm5gJTurbbq/7eaZDwA=">AAAB83icdZDLSgMxFIYz9VbrrerSTbAIrsqkiG13hbpw4aKCvWBnKJk004ZmLiRnxDL0Ndy4UMStL+POtzHTVlDRA4GP/z+Hc/J7sRQabPvDyq2srq1v5DcLW9s7u3vF/YOOjhLFeJtFMlI9j2ouRcjbIEDyXqw4DTzJu96kmfndO660iMIbmMbcDegoFL5gFIzk3A4c4PeQXl00Z4NiyS7btk0IwRmQ6rltoF6vVUgNk8wyVULLag2K784wYknAQ2CSat0ndgxuShUIJvms4CSax5RN6Ij3DYY04NpN5zfP8IlRhtiPlHkh4Ln6fSKlgdbTwDOdAYWx/u1l4l9ePwG/5qYijBPgIVss8hOJIcJZAHgoFGcgpwYoU8LcitmYKsrAxFQwIXz9FP8PnUqZGL4+KzXIMo48OkLH6BQRVEUNdIlaqI0YitEDekLPVmI9Wi/W66I1Zy1nDtGPst4+ATLrkbw=</latexit>

Is �!
<latexit sha1_base64="k7Fn1ypJzMdWv4RNYr2BnrvCTbU=">AAAB+3icdZDLSgMxFIYzXmu9jXXpJlgEV2VSxLa7ghvdVbAXaIchk2ba0EwyJBm1DH0VNy4UceuLuPNtzLQVVPRA4OP/z+Gc/GHCmTae9+GsrK6tb2wWtorbO7t7++5BqaNlqghtE8ml6oVYU84EbRtmOO0liuI45LQbTi5yv3tLlWZS3JhpQv0YjwSLGMHGSoFbugr0gEsxUmw0NlgpeRe4Za/ieR5CCOaAaueehUajXkV1iHLLVhksqxW474OhJGlMhSEca91HXmL8DCvDCKez4iDVNMFkgke0b1HgmGo/m98+gydWGcJIKvuEgXP1+0SGY62ncWg7Y2zG+reXi395/dREdT9jIkkNFWSxKEo5NBLmQcAhU5QYPrWAiWL2VkjGWGFibFxFG8LXT+H/0KlWkOXrs3ITLeMogCNwDE4BAjXQBJegBdqAgHvwAJ7AszNzHp0X53XRuuIsZw7Bj3LePgHoBpT0</latexit><latexit sha1_base64="k7Fn1ypJzMdWv4RNYr2BnrvCTbU=">AAAB+3icdZDLSgMxFIYzXmu9jXXpJlgEV2VSxLa7ghvdVbAXaIchk2ba0EwyJBm1DH0VNy4UceuLuPNtzLQVVPRA4OP/z+Gc/GHCmTae9+GsrK6tb2wWtorbO7t7++5BqaNlqghtE8ml6oVYU84EbRtmOO0liuI45LQbTi5yv3tLlWZS3JhpQv0YjwSLGMHGSoFbugr0gEsxUmw0NlgpeRe4Za/ieR5CCOaAaueehUajXkV1iHLLVhksqxW474OhJGlMhSEca91HXmL8DCvDCKez4iDVNMFkgke0b1HgmGo/m98+gydWGcJIKvuEgXP1+0SGY62ncWg7Y2zG+reXi395/dREdT9jIkkNFWSxKEo5NBLmQcAhU5QYPrWAiWL2VkjGWGFibFxFG8LXT+H/0KlWkOXrs3ITLeMogCNwDE4BAjXQBJegBdqAgHvwAJ7AszNzHp0X53XRuuIsZw7Bj3LePgHoBpT0</latexit><latexit sha1_base64="k7Fn1ypJzMdWv4RNYr2BnrvCTbU=">AAAB+3icdZDLSgMxFIYzXmu9jXXpJlgEV2VSxLa7ghvdVbAXaIchk2ba0EwyJBm1DH0VNy4UceuLuPNtzLQVVPRA4OP/z+Gc/GHCmTae9+GsrK6tb2wWtorbO7t7++5BqaNlqghtE8ml6oVYU84EbRtmOO0liuI45LQbTi5yv3tLlWZS3JhpQv0YjwSLGMHGSoFbugr0gEsxUmw0NlgpeRe4Za/ieR5CCOaAaueehUajXkV1iHLLVhksqxW474OhJGlMhSEca91HXmL8DCvDCKez4iDVNMFkgke0b1HgmGo/m98+gydWGcJIKvuEgXP1+0SGY62ncWg7Y2zG+reXi395/dREdT9jIkkNFWSxKEo5NBLmQcAhU5QYPrWAiWL2VkjGWGFibFxFG8LXT+H/0KlWkOXrs3ITLeMogCNwDE4BAjXQBJegBdqAgHvwAJ7AszNzHp0X53XRuuIsZw7Bj3LePgHoBpT0</latexit><latexit sha1_base64="k7Fn1ypJzMdWv4RNYr2BnrvCTbU=">AAAB+3icdZDLSgMxFIYzXmu9jXXpJlgEV2VSxLa7ghvdVbAXaIchk2ba0EwyJBm1DH0VNy4UceuLuPNtzLQVVPRA4OP/z+Gc/GHCmTae9+GsrK6tb2wWtorbO7t7++5BqaNlqghtE8ml6oVYU84EbRtmOO0liuI45LQbTi5yv3tLlWZS3JhpQv0YjwSLGMHGSoFbugr0gEsxUmw0NlgpeRe4Za/ieR5CCOaAaueehUajXkV1iHLLVhksqxW474OhJGlMhSEca91HXmL8DCvDCKez4iDVNMFkgke0b1HgmGo/m98+gydWGcJIKvuEgXP1+0SGY62ncWg7Y2zG+reXi395/dREdT9jIkkNFWSxKEo5NBLmQcAhU5QYPrWAiWL2VkjGWGFibFxFG8LXT+H/0KlWkOXrs3ITLeMogCNwDE4BAjXQBJegBdqAgHvwAJ7AszNzHp0X53XRuuIsZw7Bj3LePgHoBpT0</latexit>

• Relay voltage models load voltage

<latexit sha1_base64="bcV6CeSGwVM9cItK7zbIX6O1OQQ=">AAACFnicbVDLSsNAFJ3UV62vqEs3waK4aUlE0Y1QcKO7CjYttiFMJtN26OTBzI1YQr7Cjb/ixoUibsWdf+O0jVBbDwycOefeO3OPF3MmwTS/tcLC4tLySnG1tLa+sbmlb+/YMkoEoQ0S8Ui0PCwpZyFtAANOW7GgOPA4bXqDy5HfvKdCsii8hWFMnQD3QtZlBIOSXL1iux2gD5DyCPvZ4YXtisrdr6RmZtfTF1cvm1VzDGOeWDkpoxx1V//q+BFJAhoC4VjKtmXG4KRYACOcZqVOImmMyQD3aFvREAdUOul4rcw4UIpvdCOhTgjGWJ3uSHEg5TDwVGWAoS9nvZH4n9dOoHvupCyME6AhmTzUTbgBkTHKyPCZoAT4UBFMBFN/NUgfC0xAJVlSIVizK88T+7hqnVbNm5NyrZrHUUR7aB8dIQudoRq6QnXUQAQ9omf0it60J+1Fe9c+JqUFLe/ZRX+gff4A30KgZQ==</latexit>

Vload = Vr � ZlineIline

<latexit sha1_base64="EBYRBl8rJGJJwJ6+/n41NiDePbc="></latexit>

Vrelay = VLDC � ZLDCILDC =
Vr � ZlineIline

NPT
=

Vload

NPT

• Regulator output (type-B)

• Raise tap 𝜏 so that relay voltage goes above 119V

<latexit sha1_base64="TOJ6tcUU0T3fZFIuY+rJHybkkZY="></latexit>

Vr =
Vs

aR(⌧)
where aR(⌧) = 1� 0.00625 · ⌧

and ⌧ 2 {�16, . . . ,�1, 0,+1, . . . ,+16}

• At neutral position                    relay voltage is  
<latexit sha1_base64="5yETgYXnMfGEewR8G9gYIXuJErU=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUkGVXFL0IBS8eq9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0w408bzvp2l5ZXVtfXCRnFza3tnt7S339Bxqgitk5jHqhViTTmTtG6Y4bSVKIpFyGkzHN5M/OYTVZrF8sGMEhoI3JcsYgQbKz3i7n3FO7n2T7ulsud6U6BF4uekDDlq3dJXpxeTVFBpCMdat30vMUGGlWGE03Gxk2qaYDLEfdq2VGJBdZBNDx6jY6v0UBQrW9Kgqfp7IsNC65EIbafAZqDnvYn4n9dOTXQVZEwmqaGSzBZFKUcmRpPvUY8pSgwfWYKJYvZWRAZYYWJsRkUbgj//8iJpnLn+hevdnZerbh5HAQ7hCCrgwyVU4RZqUAcCAp7hFd4c5bw4787HrHXJyWcO4A+czx+pqo7x</latexit>

aR(0) = 1,
<latexit sha1_base64="aALmP2B9I6SNM3wk2Ya8QiqKWtQ=">AAACCHicbVA9SwNBEN3zM8avqKWFh0GwOu5CRC2EgI1lBPMByXHsbSbJkr0PdufEcElp41+xsVDE1p9g579xk1yhiQ8GHu/NMDPPjwVXaNvfxtLyyuraem4jv7m1vbNb2NuvqyiRDGosEpFs+lSB4CHUkKOAZiyBBr6Ahj+4nviNe5CKR+EdDmNwA9oLeZczilryCkejutdGeMBUgqDD8ejKsS+tUnmm1cdeoWhb9hTmInEyUiQZql7hq92JWBJAiExQpVqOHaObUomcCRjn24mCmLIB7UFL05AGoNx0+sjYPNFKx+xGUleI5lT9PZHSQKlh4OvOgGJfzXsT8T+vlWD3wk15GCcIIZst6ibCxMicpGJ2uASGYqgJZZLrW03Wp5Iy1NnldQjO/MuLpF6ynDPLvi0XK1YWR44ckmNyShxyTirkhlRJjTDySJ7JK3kznowX4934mLUuGdnMAfkD4/MHfBqZjg==</latexit>

|Vrelay| = 109.24V

<latexit sha1_base64="3CrHx5UurX6vLe6K+5X96LN64RI="></latexit>

Vs =
4, 160p

3
V

<latexit sha1_base64="Ay1c7ofDlqUiu4V1491EaP19U/o=">AAACBXicdZDLSkMxEIZzvNZ6q7rURbAIglgS8VJ3hbpQcKFgW7EtJSdN22DOhWSOWA7two2v4saFIm59B3e+jTm2QhUdCHz8/wyT+d1QSQOEfDhj4xOTU9OpmfTs3PzCYmZpuWyCSHNR4oEK9KXLjFDSFyWQoMRlqAXzXCUq7nUx8Ss3QhsZ+BfQDUXdY21ftiRnYKVGZm2rf9WogbiF+PSo2DsZ4f52I5MlOUIIpRQnQA/2iYXDw/wOzWOaWLayaFhnjcx7rRnwyBM+cMWMqVISQj1mGiRXopeuRUaEjF+ztqha9JknTD3+uqKHN6zSxK1A2+cD/lJHJ2LmGdP1XNvpMeiY314i/uVVI2jl67H0wwiEzweLWpHCEOAkEtyUWnBQXQuMa2n/inmHacbBBpe2IXxfiv+H8k6O7uXI+W62kBvGkUKraB1tIooOUAEdozNUQhzdoQf0hJ6de+fReXFeB61jznBmBf0o5+0TZqiYdg==</latexit>

+ ZLDCILDC �



Examples 7.4-7.6 (cont’d)
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• Relay voltage magnitude for different tap settings

neutral position

final position 

• Working assumptions
– constant-current load

– VR started from neutral position

• For specific loading, the SVR tap depends also on 
prior loading conditions

ü e.g., if the SVR was at +16 before (due to heavy load 
earlier), then it will now stop at tap +14, not +13 
simply because it started ‘from above’

• Can you repeat the analysis for a 
constant-Z load?



Examples 7.4-7.6 (textbook solution)
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• Book’s solution uses three approximations

<latexit sha1_base64="En45krCpP557fYK8miXTYe4Tu3M="></latexit>

Vrelay =
Vs

(1� 0.00625 · ⌧)NPT
� ZlineIline

NPT

' (1 + 0.00625 · ⌧) Vs

NPT
� ZlineIline

NPT

=

✓
Vs

NPT
� ZlineIline

NPT

◆
+

✓
0.00625

Vs

NPT

◆
⌧

' V̂s + 0.75⌧ )

⌧ =
Vrelay � V̂s

0.75
' |Vrelay|� |V̂s|

0.75
=

119� 109.24

0.75
= 13.02

• Textbook also repeats analysis for constant power and finds final tap 
position  to be +12

<latexit sha1_base64="6XaHkpjnZ/3EkbktHy4kIE2K9nI=">AAACHnicbVBNS8NAEN34WetX1KOXxSIIYkmKVY8FLx4r2A9oStlsN+3STTbuToQS8ku8+Fe8eFBE8KT/xk3bg7Y+GHi8N8PMPD8WXIPjfFtLyyura+uFjeLm1vbOrr2339QyUZQ1qBRStX2imeARawAHwdqxYiT0BWv5o+vcbz0wpbmM7mAcs25IBhEPOCVgpJ5d9QJFaOpmqXvmlB3nolL1aF+CByTJPM1Ddo/d03mnZ5dyKQdeJO6MlNAM9Z796fUlTUIWARVE647rxNBNiQJOBcuKXqJZTOiIDFjH0IiETHfTyXsZPjZKHwdSmYoAT9TfEykJtR6HvukMCQz1vJeL/3mdBIKrbsqjOAEW0emiIBEYJM6zwn2uGAUxNoRQxc2tmA6JyQtMokUTgjv/8iJpVsputezcnpdq5VkcBXSIjtAJctElqqEbVEcNRNEjekav6M16sl6sd+tj2rpkzWYO0B9YXz94WaAp</latexit>

1

1� 0.00625 · ⌧ ' 1 + 0.00625 · ⌧approx. 1:

approx. 3: small phase differences

approx. 2: 0.00625 x (~120) = 0.75 



Finding taps using a PF solver
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LDC impedance

34

• So far, assumed ZLDC  models voltage drop on actual line

• However, usually ZLDC is only an equivalent impedance to model the voltage drop 
between the SVR and a load center located several buses and laterals downstream

Let‘s move on to three-phase SVRs...

• ZLDC is then computed using PF simulations to compute the three needed quantities 
under different conditions

<latexit sha1_base64="i+NUDXsrmjFsH0qJzwH+vuYsKGo=">AAACIHicbVDLSsNAFJ3UV62vqEs3wSK40JKIUjdCwY3uKtgqtiVMpjft0MnDmRuxhHyKG3/FjQtFdKdf47RG0OqBgTPn3Htn7vFiwRXa9rtRmJqemZ0rzpcWFpeWV8zVtaaKEsmgwSIRyUuPKhA8hAZyFHAZS6CBJ+DCGxyP/IsbkIpH4TkOY+gEtBdynzOKWnLN6pXbRrjFdDRgB66zo7YvKUubrtxtflsR7WZZeppfJfSyzDXLdsUew/pLnJyUSY66a761uxFLAgiRCapUy7Fj7KRUImcCslI7URBTNqA9aGka0gBUJx0vmFlbWulafiT1CdEaqz87UhooNQw8XRlQ7KtJbyT+57US9A87KQ/jBCFkXw/5ibAwskZpWV0ugaEYakKZ5PqvFutTHRDqTEs6BGdy5b+kuVdxDir22X65VsnjKJINskm2iUOqpEZOSJ00CCN35IE8kWfj3ng0XozXr9KCkfesk18wPj4BuZOlIw==</latexit>

Zline,eq =
Vr � Vload

Ireg

Note: this current may not be reaching the load center



Wye SVR
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• Each regulator may have its own tap changer/LDC

• Advantage over a single three-phase SVRs that are ‘gang’-operated

B

A

IB

IA

C IC

a

b

c

Ia

Ib

Ic

+
–

Van

+

–

VAn

• Problem if LDCs share the same line impedance

• Model holds for raise/lower position; extends trivially to open Wye connection

• Generalized 
matrices

<latexit sha1_base64="L5x6hv747he2MUBdPSXABupAlkU="></latexit>

A =

2

4
aaR 0 0
0 abR 0
0 0 acR

3

5 ; B = C = 0; D = A�1
<latexit sha1_base64="8GjIDFo32WSyvTFygCXuLTZ0p74="></latexit>

v� = Av� +Bi`

iL = Cv� +Di`

type A or B?



Delta-connected regulators
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<latexit sha1_base64="KuvauMYCnzEoBrGkNmDBKni5/6s=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPFi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1W3cVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBjsWMtw==</latexit>

A
<latexit sha1_base64="VGgrmS9Gb6u9AuRPRYI0E3QuR14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6pereo2ryt1N4+jCGdwDpfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz+/RYzX</latexit>a

<latexit sha1_base64="ETd34Ctmbctw/pKoETaBwXr8SnU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1W3cVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkEmMuA==</latexit>

B

<latexit sha1_base64="LgKibjNPf8p7zmpJJU4cIXZUHCg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOhF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7U3DyOIpzBOVyCB7dQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Akc2MuQ==</latexit>

C
<latexit sha1_base64="jAgTT2QOBRheCTfD0/8h7vWoRqs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6pereo2ryt1N4+jCGdwDpfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/CTYzZ</latexit>c

<latexit sha1_base64="l4KrxgFP/fmUXOluDtp4uecW9DA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVtXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwMmM2A==</latexit>

b

<latexit sha1_base64="KuvauMYCnzEoBrGkNmDBKni5/6s=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPFi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1W3cVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBjsWMtw==</latexit>

A

<latexit sha1_base64="VGgrmS9Gb6u9AuRPRYI0E3QuR14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6pereo2ryt1N4+jCGdwDpfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz+/RYzX</latexit>a

<latexit sha1_base64="ETd34Ctmbctw/pKoETaBwXr8SnU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUuO2XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1W3cVmpuXkcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBkEmMuA==</latexit>

B

<latexit sha1_base64="LgKibjNPf8p7zmpJJU4cIXZUHCg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOhF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoJJfe53nlBpHssHM03Qj+hI8pAzaqzUrA/KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9m6rbvK7U3DyOIpzBOVyCB7dQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4Akc2MuQ==</latexit>

C

<latexit sha1_base64="jAgTT2QOBRheCTfD0/8h7vWoRqs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6pereo2ryt1N4+jCGdwDpfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/CTYzZ</latexit>c

<latexit sha1_base64="l4KrxgFP/fmUXOluDtp4uecW9DA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVtXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwMmM2A==</latexit>

b

3 single-phase ordinary 
transformers connected in delta

3 single-phase voltage regulators 
(type B) connected in delta

• E.g., point b cannot be connected at both ends of the series winding of second VR



Delta-connected regulators (voltages)
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• Used in three-wire delta feeders

L

SL

S

L

SL

S

L

SL S

a

b
c

+

–

+

–

+

–

VBb

VAa

Vab

B

C

A –

+

+

–

VAB

– +

+

–
VCc

+

–

Vca

+– Vbc

not line current

line-to-line voltage

• Voltage transformations

• Repeat for other LL loops to get AB model

recall that
<latexit sha1_base64="eFEul1hgbpwKzYCn/7rFxEvn+UA=">AAACEHicbZDLSsNAFIYnXmu9RV26GSyiq5AURTdCwY0rqWIv0MQwmU7aoTNJmJkIJeQR3Pgqblwo4talO9/GaZqFtv4w8PGfczhz/iBhVCrb/jYWFpeWV1Yra9X1jc2tbXNnty3jVGDSwjGLRTdAkjAakZaiipFuIgjiASOdYHQ5qXceiJA0ju7UOCEeR4OIhhQjpS3fPEL+7X2GgvzCcXkC3VAgnF379cLLNTlT8s2abdmF4Dw4JdRAqaZvfrn9GKecRAozJGXPsRPlZUgoihnJq24qSYLwCA1IT2OEOJFeVhyUw0Pt9GEYC/0iBQv390SGuJRjHuhOjtRQztYm5n+1XqrCcy+jUZIqEuHpojBlUMVwkg7sU0GwYmMNCAuq/wrxEOlMlM6wqkNwZk+eh3bdck4t++ak1rDKOCpgHxyAY+CAM9AAV6AJWgCDR/AMXsGb8WS8GO/Gx7R1wShn9sAfGZ8/oW2c6g==</latexit>

aabR = 1⌥ Nab
2

Nab
1

<latexit sha1_base64="nH6NQcblY0+8F6cYUNT7MMlNBXM="></latexit>

VAB = VAa + Vab � VBb

= �Nab
2

Nab
1

Vab + Vab �
✓
�N bc

2

N bc
1

Vbc

◆

=

✓
1� Nab

2

Nab
1

◆
Vab +

N bc
2

N bc
1

Vbc

= aabR Vab + (1� abcR )Vbc

dot 
convention

<latexit sha1_base64="QPsE28G/IoEk+6MIpSNhuTFFCww="></latexit>

v�,LL =

2

4
aabR 1� abcR 0
0 abcR 1� acaR

1� aabR 0 acaR

3

5v�,LL



Delta-connected regulators (currents) 
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• Current transformations

L

SL

S

L

SL

S

L

SL S

A

C

B

IA

IC

IB

Ica

IC

Ić

Ibc

Ib́

IB

Iab

IA
Iá Ia

Ib

Ic

a

b
c

<latexit sha1_base64="ivg2vgfOC2W/mMRg4Er3+BRrORs="></latexit>

Ia = Ica + IA � Iab

=
N ca

2

N ca
1

IC + IA � Nab
2

Nab
1

IA

=

✓
1� Nab

2

Nab
1

◆
IA +

N ca
2

N ca
1

IC

= aabR IA + (1� acaR )IC

• Repeat for other load nodes to get the CD after inversion

<latexit sha1_base64="knK4xgLEI+NLmSVub5uuD2NSQZ0="></latexit>

i` =

2

4
aabR 0 1� acaR

1� aabR abcR 0
0 1� abcR acaR

3

5 iL



Closed delta SVR (ABCD) 
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• Generalized matrices

• Harder to control due to coupling in voltages and currents

L

SL

S

L

SL

S

L

SL S

A

C

B

IA

IC

IB

Ica

IC

Ić

Ibc

Ib́

IB

Iab

IA
Iá Ia

Ib

Ic

a

b
c

<latexit sha1_base64="2dakt5g+My3kMs3oLJ8D+7sNtzs="></latexit>

A =

2

4
aabR 1� abcR 0
0 abcR 1� acaR

1� aabR 0 acaR

3

5 ;B = C = 0;D =

2

4
aabR 0 1� acaR

1� aabR abcR 0
0 1� abcR acaR

3

5
�1

<latexit sha1_base64="pyFvVIEKb9L1xm4FjUeRmNdFIjk="></latexit>

v�,LL = Av�,LL +Bi`

iL = Cv�,LL +Di`



Open delta SVR
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• Current transformations

IC
b

a

Ic

Ib

Ia

IA

IB

L

SLS

L

SL

S

+

–

–
C

+

–

A

–

B
+

+

–

Vbc

Vca

Vab

+ –

+c

+

–
+

–
Iab

Icb
+ –

VAB

VBC

VCA

VCc

+– Vbc

VAa

Vab

• Voltage transformations

<latexit sha1_base64="n+BvjgTtyUMAYLd54kmMgApcyyY="></latexit>

VAB = VAa + Vab

=

✓
1� Nab

2

Nab
1

◆
Vab = aabR Vab

<latexit sha1_base64="Gn+ob9FSXKCL7C7K5JBSrgJ0zQg=">AAAB/3icbVC7TsMwFL0pr1JeASQWlogKxBQlCAQLUkUXxoLoQ2pD5Lhua9VxIttBqkIGfoWFAYRY+Q02/ga3zQAtR7J1fM69utcniBmVynG+jcLC4tLySnG1tLa+sbllbu80ZJQITOo4YpFoBUgSRjmpK6oYacWCoDBgpBkMq2O/+UCEpBG/U6OYeCHqc9qjGCkt+eZew0+vqtnRJfJv79MAZ/qtb98sO7YzgTVP3JyUIUfNN7863QgnIeEKMyRl23Vi5aVIKIoZyUqdRJIY4SHqk7amHIVEeulk/8w61ErX6kVCH66sifq7I0WhlKMw0JUhUgM5643F/7x2onoXXkp5nCjC8XRQL2GWiqxxGFaXCoIVG2mCsKB6VwsPkEBY6chKOgR39svzpHFiu2e2c3Narth5HEXYhwM4BhfOoQLXUIM6YHiEZ3iFN+PJeDHejY9pacHIe3bhD4zPH226las=</latexit>

VBC = abcRVbc

<latexit sha1_base64="87aDI4w6aap2vKGeGG8TOsOCK6g="></latexit>

VCA = �(VAB + VBC)

= �aabR Vab � abcRVbc

similarly:

<latexit sha1_base64="rkWv4dewBtO3iiFqL8KmZuvpK+Y="></latexit>

IA = Ia + Iab = Ia +
Nab

2

Nab
1

IA ) IA =
1

aabR
Ia

IC =
1

acbR
Ic

IB = �(IA + IB)

• Regulate voltage in 3-wire delta system with only two regulators



Open delta SVR (cont’d)
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• Generalized matrices

IC
b

a

Ic

Ib

Ia

IA

IB

L

SLS

L

SL

S

+

–

–
C

+

–

A

–

B
+

+

–

Vbc

Vca

Vab

+ –

+c

+

–
+

–
Iab

Icb
+ –

VAB

VBC

VCA

VCc

+– Vbc

VAa

Vab

line current

line-to-line voltage

<latexit sha1_base64="5zwc8JXuUxlmid6LQV7aKnnO81U="></latexit>

A =

2

4
aabR 0 0
0 acbR 0

�aabR �acbR 0

3

5 ;B = C = 0;D =

2

4
1/aabR 0 0
�1/aabR 0 �1/acbR

0 0 1/acbR

3

5

<latexit sha1_base64="pyFvVIEKb9L1xm4FjUeRmNdFIjk="></latexit>

v�,LL = Av�,LL +Bi`

iL = Cv�,LL +Di`



Examples from IEEE 123- bus feeder
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Regulator ID: 3
Line Segment: 25 - 26
Location: 25
Phases: A-C
Connection: 2-Ph,L-G
Monitoring Phase: A & C
Bandwidth: 1
PT Ratio: 20
Primary CT Rating: 50
Compenator: Ph-A Ph-C
R - Setting: 0.4 0.4
X - Setting: 0.4 0.4
Voltage Level: 120 120

Regulator ID: 4
Line Segment: 160 - 67
Location: 160
Phases: A-B-C
Connection: 3-Ph, LG
Monitoring Phase: A-B-C
Bandwidth: 2
PT Ratio: 20
Primary CT Rating: 300
Compensator: Ph-A Ph-B Ph-C
R - Setting: 0.6 1.4 0.2
X - Setting: 1.3 2.6 1.4
Voltage Level: 124 124 124

1

3

4
5 6

2

7 8

12

11 14

10

20
19

22
21

18
35

37

40

135

33
32

31

27
26

25
28

29
30

250

48 47
49 50

51

44
45

46

42

43

41

36
38 39

66

65
64

63

62

60
160 67

575859

545352
55 56

13

34

15

16

17
96

95

94

93

152

92 90 88

91 89 87 86

80

81

82
83

84

78

8572
73

74
75

77

79

300
111 110

108
109 107

112 113 114

105

106

101

102
103

104
450

100

97

99

68
69

70
71

197

151

150

61 610
 9

24

23

251

195

451

149

350

76

98

76



Summary
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• Voltage regulation is challenging in distribution systems

• Voltage control mechanisms

– OLTC
– in-line voltage regulators 

– capacitors

– (smart inverters)

• Control of SVR can be performed based on 

– local readings
– remote readings

– LDC circuit
– centrally computed voltage setpoints

• Derived ABCD models for single- and three-phase SVRs


