ECE 5984: Power Distribution System Analysis

Lecture 8: Voltage Regulation

Reference: Textbook, Chapter 7
Instructor: V. Kekatos
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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

* In distribution systems, voltage control is more challenging

AV ~ Re{zl} = Re{z (%Y}
~ Re{zs*} = rp+ zq

* Voltage drops due to both active and reactive loads (significant line resistances)

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



Standard voltage ratings

* American National Standards Institute (ANSI) C84.1-1995 on 5-min RMS voltages
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ANSI C84.1 Voltage Ranges

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

* Imbalance less than 3% at the utility meter



Means to improve voltage profile

* 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

LTC transformer
(substation
regulator)

step-voltage
regulator

shunt
capacitors
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Tap Setting 1

\ Tap Setting 2

Feeder Length

»

Location of Regulator

Feeder Length

-

Location of Shunt Capacitor

Feeder Length
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Single-phase transformer

Z
* Detailed model H, @—\\\Y
T — ]S

ex

turns ratio N2
ng = —
t N1 VS

e Approximate model Vs Y,
source

H, ® ® X,

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

Zy =niZy + Zo

* The dot convention for voltages and currents



Single-phase transformer ABCD

NI:N2
H @
+ — L, — +
IS 11
Vs Y, E,
Hye _
. ) FEy Ny 1 I
e Transformation ratios == = d = =
Ey Ny mny o I e
E 1 YA
e AB model Vo =F, = 2=+ 2
n¢ n¢ n¢
e CD model Is =Y,,Vs + 11
Y., Y, Z
= PV + 2 gy
n¢ n¢




Single-phase transformer ABCD (cont’d)

H @ 7
+ —= lex
Is
Vg Y,
H,®

¢ Ideal transformer Y., =Z2; =0

* Receiving voltage in terms of its current and sending voltage (E/F model)

Vi = Vs — Z4 11,

o Lecture 9 covers network models for all transformer connections



Autotransformer

* A single-winding tapped, or a two-winding transformer reconnected

o
* Windings magnetically and
electrically coupled
Vi
common or

shunt winding

H,® ®
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Step-up autotransformer ABCD

N2 Zt
® X,
e Transformation ratios "
E1 N1 1 d Il
— = —=— and —=n
Es Ny ¢ 1o ! N, Vi
—>
Il
e AB model Vs E
Vi =E1+ By — Z, 17 He - .
=Fi(1+n,)— Z 11,
Vs(1+ny) — Z I = V. L oy 2t g
= n — =
S t ¢l S 1+ntL 1+ntL
e Step-up because for small Z;: Vi ~ (14 n:)Vs
e CD model IS:YmVS+Il+IQ
Y., Y, . Z;
— Vi 1 1 I
1+ ny I’%_]_+-nt Lt (L+n)l

Y o (1 + 2mPe )
= n
1+ ny L ! 1+ ny L



Step-up autotransformer ABCD (cont’d)

o
Vi
Ny
%_'_
I
Vi E
H),® — 0
1 Ly
a = ;b=
Vs | a b Vi 1+ ny 14+ n
Ig N c d I Y.
c= ;o d=14+n;+
1—|—nt

* Different from autotransformers, regulators have small ratios




Step-down autotransformer ABCD (cont’d)

step-down (subtractive)

I N;:N, Z, I

* Series winding voltage is subtracted
from common winding voltage

®X
e ABCD model can be obtained +7
similarly using
Vi, = kW — B> — Z411,
Is =Y, Vo— I+ I, N VL
1
<— +
Il
Vs E,
H, ® — ®

* Current polarities have been reversed, but still satisfy dot convention
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Step-down autotransformer ABCD (cont’d)

*%,
Vi
Ny
<— +
L
Vs £y
H,® — o
1 Ly
a = ;b=
[VS]_[CL b][VL] 1—nt 1—7’Lt
= Y., Y, Z
Ls ¢ d]l 1 ¢ = . d=1-—n, + 22
1—nt 1_77'15

* Receiving voltage in terms of its current and sending voltage

VL == (1 + nt)VS — ZtIL

¢ Step-down model looks like step-up model with n; = —n;
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Rating advantage

E2 1:|:nt

o Voltage ratings Vs = FE1 and V= E1 £ Ey = — + Ey = -
t t

Es

* Power ratings for autotransformer and two-winding transformer

SA:VSIS:VLIL ‘ SA _VLIL_lﬂ:nt
SW == E1[1 == EQIQ SW N EQIQ - Nt

* Significant power rating advantage for small turns ratios

IfVL=<1—{—nt)VS:1.1-VS = =01 = Sp=11-Sw
IfVLI(l—i—nt)VS:lO-VS = m=9 = Sp4=111-Sw
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Per-unit impedances

* Base impedances significantly larger than those of two-winding transformers

load side
2 2 2 2
ZA,base — gL = (El ;’t EQ) = (1 :l; nt) 52 ‘ ZA,base _ 1+ Nn¢ 2 SW _ 1+ T
Ejv42 . ' 4 ZW,base U7 SA N
2

ZW base —
9 SW

source side

YA,base — W - E% ‘ YA,base _ 1+ n

YW,base Uz

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

* Hence, autotransformers are oftentimes modeled as ideal (impedances ignored)
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Approximate model of ideal transformer

N, Z

-+ for raise

— for lower
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SVR of Type A

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

Type A: load connected to series winding

SL SL

raise position lower position

* Reversing switch changes directions of currents

* +10% range in 32 steps of 20/32=0.625% (approx. 0.75V for nominal Vs=120V)

18



SVR of Type B

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

SL

raise position

VS = E1 —E2 = (1 —nt)El = (1 —nt)VL
IL :IQ—Il == (1—7%)[5

SL

lower position

Vg =F1 + FEy = (1 -|—nt)E1 = (1 +nt)VL
IL :IQ—FIl = (1—|—nt)IS
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Regulator model

Neglect series impedances and shunt admittances

ar = 1 F0.00625 - Tap

Type A (derived earlier)

a=—; b=c=0; d=ag;

ar

Example of raise position

Vi = (1+n:)Vs (type A)

or

¢ V2
ap = —
R + N,
Ny
arp — 14+ —
Ny
Type A Type B
Raise + -
Lower - I
Vs (type B)

20



Control settings

* Setvoltage (e.g., 124 V)

T

Set voltage 'Z— Bandwidth

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

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

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

21



Tuning bandwidth and delay

* Avoid excessive regulator operation and oscillations (reduces lifetime)

Regulator Tap Positions

A A

. T ) — —

4 4 = ' = .

2 4 1 | ' | I  S—

0 ———y WW — o0
io.oo ; 12:00 :00 0:00
6

———Top A

s Tap C

14 ] Improper settings

Regulator Tap Positions

.00 1200 18.00

w—Tap A
w—Tap B

s Tap C

1 Kevin Schneider (PNNL) Better settings

* Tuning is harder (impossible) with fluctuations in solar irradiance and PVs

e Smart inverters can handle fluctuations at faster timescale
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Time delays

* Usually, in the range of 10-120 seconds

SVR SVR
TD =45 sec TD = 60 sec

L7 7

—aD O~ o0~

3-phase SVR SVR SVR
LTC /@’ TD = 45 TD = 60 sec TD = 75 sec
SVR SEC
transformer D = 45 sec
TD =30 SEC

Eaton — Cooper Power Systems

* 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
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Control of voltage regulators

* Not all feeders have SVRs: no need for short and/or lightly-loaded feeders

1. Control based on local voltage output

Regulator Output End of Feeder
Feeder
Transformer Regulator Feeder Impedance
—F
oY 1
|
: Regulator
- Relay
:
1
: \’Fi % Vi O-- :
| :
! I

Kevin Schneider (PNNL)



Control of voltage regulators

2. Control based on remote voltage

Regulator Output

Feeder
Transformer Regulator

L

Regulation Node End of Feeder
Y Y Yo\ AN—YY YN
Regulator
Relay

Kevin Schneider (PNNL)
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Control of voltage regulators

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

Feeder
Transformer

Regulator

Regulator Output

% § j ‘:'I Estimated Impedance
A% RandX

Relay
Vi % Vg -

Regulator

—=——-Confrol bne--——-=——--

-
|
|
|
I
|
|
|
I
|
|
|

Estimated Regulation End of Feeder
Point
Actual Impedance
AN NV~
Kevin Schneider (PNNL)

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

26



Line drop compensator (LDC)

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

MVA rating
kV hi-kV lo
I
l %E ""65 Cla: T R line +jX line
o A_A
3& e/ V\____
o T~ usually few Load
: : Y center
amperes
? Base Line Circuit Compensator Circuit
Npt; 1 >Voltage Volta ge VLN VLN
relay Npr
Current CTp CT
‘ Iy 120V Impedance Zbasej;,, = Vi Zbaseomp = Vi
° usua y CTp Np’]‘ e CTS

A ase 1% ase Iine ase CT
* LDC impedance Zipc = Ziine =P = Zine ( ~DLs ) ( Hneb ) = Zline———a— Q)

Zline,base Viine,base ILDC,base NPT CTS’
: : : CTp
e LDC impedance oftentimes expressed in Volts ZLpc,v = ZLpcCTs = ZlineN— Vv
PT

(voltage drop under rated current)
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Examples 7.4-7.6

MVA rating
kV hi-kV lo

’ gg g‘ g CTp: CT; R line + jX line
o—A A
e e

Load
center

substation transformer
5 MVA and 115-4.16 kV

Npt:1

Voltage
relay

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

* LDC potential transformer

2.400V
VLL base — 4.16kV = VLN base = 2, 401.8V ~ 2.4kV = NPT = — =
) ) 120V
e LDC current transformer
SMVA CT T00A
Those = — 693.9A ~700A = CT=_—FL_— — 140
\/g ’ VLL,base CTS 5A

= 20
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Examples 7.4-7.6 (cont’d)

MVA rating
kV hi-kV lo
‘ %g Il‘g CTiCTs R line +jX line
2. Find LDC setting in ohms and volts if the ‘ i Q/Z 'ﬁ M/W—NW\—{
equivalent impedance between SVR and load v i

center is Zj;,. = 0.3 + 50.9 Q

CTp
YA = Llipe———0 = 2.1 6.3
LDC 1 NprCTs + 7

ZLDC,V = (21 + ]63)Q -5A =10.5 + j315V (data entry)

Voltage
relay

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

* Line current (assuming constant-current load)

2.5MVA
\/§ : VLL,base

Lipe = = 346.974 — 25.84° = I1pc = 2.4784 —25.84° A

29



Examples 7.4-7.6 (cont’d)

Load
center

IS — ‘/load — ‘/r - ZlineIline
‘ gg Vr Iline — .
gg g} _:_/I\VI\\— W
‘ 7 Zline
4,160 LDC
Vo= —"7V
V3

+ +

Voltage
VLDC Ve <> relay

Relay voltage models load voltage Vrelay = Vinc — Zupclipe =

Regulator output (type-B) V, =

CLR(T>

and 7€ {-16,...,—1,0,+1,...,+16}

At neutral position ar(0) =1, relay voltage is |Vielay| = 109.24V

Raise tap 7 so that relay voltage goes above 119V

Vr - Zlinelline ‘/load

Nprt Npr1

where agr(7) =1-—0.00625 - T

30



-16.0000  98.3929

Examples 7.4-7.6 (cont’d) T12 0000 9. 6300
-13.0000 100.2727

-12.0000 100.9139

Relay voltage magnitude for different tap settings -11.0000 101.5628
-10.0000 102.2193

-9.0000 102.8837

. . -8.0000 103.5560

* Working assumptions _7.0000 104.2365
-6.0000 104.9252
-5.0000 105.6223
- VR started from neutral position -4.0000 106.3279
-3.0000 107.0423

-2.0000 107.7656

-1.0000 108.4979

Can you repeat the analysis for a neutral position | 0 109.2394 |

) ? '
constant-Z load? .0000 110.7508

.0000 111.5210
.0000 112.3012
.0000 113.0914
.0000 113.8921
.0000 114.7032
.0000 115.5251
.0000 116.3579
.0000 117.2019
.0000 118.0573

final position | ig:gggg Hg:ggg“

14.0000 120.6941
15.0000 121.5974
16.0000 122.5133 31

- constant-current load

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

v 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’

R O WO NOUL B WN

[




Examples 7.4-7.6 (textbook solution)

* Book’s solution uses three approximations

v _ Vs _ Ztineliine approx. 1: 1 1+ 0.00625
YT (1 -0.00625-7) Nor Npr POt & 0006257~ - Y 7
Vts Zine]ine
~ (1 + 0.00625 - T) . Zlne]
PT Npt
‘/s Zlinelline) ( Vs )
= — + ( 0.00625 T : ~ -
< Nt Nt N approx. 2: 0.00625 x (~120) = 0.75
~V,+0.757 =
Vietay — Vs |[Vielay| — [Va| 119 — 109.24 .
— ~ — = 13.02 approx. 3: small phase differences
0.75 0.75 0.75 PP P ff

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

32



Finding taps using a PF solver

» Set taps

l

Compute regulator
A and d matrices

l

Analysis program

All V1, inside
bandwith?

Tap changing
routine

foriel..3

VLN;,

Vieg, < _N
pt

I

abc;

Iregi S CT

Vrelay = Vreg_Z I

comp’ ‘reg

Tap, < Tap, +1if [V <120

relayy

Tap, < Tap,+1if |V <120

relayy

Taps < Taps+1if |V <120

relayg

Out; < Tap

Out

33



LDC impedance

Regulator Output Esﬁmm: Regulation End of Feeder
omt

Feeder
Transformer Regulator

3 E | Estimated Impedance

A% : RandX

: Regulator
| Relay
I
i . % m _
I
I
I
I
I
I
:
I

-
|
|
|
I
|
|
|
I
|
|
|

Actual Impedance

———-Control line-—-——————————- !

* So far, assumed Z;pc models voltage drop on actual line

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

* Z;pcis then computed using PF simulations to compute the three needed quantities
under different conditions

Let’s move on to three-phase SVRs...
Note: this current may not be reaching the load center 34



type A or B? _

S @®c
N
®

Each regulator may have its own tap changer/LDC
Advantage over a single three-phase SVRs that are ‘gang’-operated

Problem if LDCs share the same line impedance

Generalized ve = Avy + Biy A a(f a(’)’ 8 . B_C-0 D-A"!
matrices iL — CV¢ _|_ Diﬁ 0 OR a%i ) )

Model holds for raise/lower position; extends trivially to open Wye connection
35



Delta-connected regulators

A a A

1
1
c C 1
¢ 1
1
= C
|
1
3 single-phase ordinary 3 single-phase voltage regulators
transformers connected in delta (type B) connected in delta

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

36



Delta-connected regulators (voltages)

e Used in three-wire delta feeders

* Voltage transformations

Vap = Vaa +Vaur — Vo
Nab

2
=2V — -
N{‘b b+ Vab (

Nab Nbc
( Nfb> TN

® a

not line current

line-to-line voltage

\V

— a(]%zbvab + (1 — a%)%c S be

* Repeat for other LL loops to get AB model

a%’ 1—a
Vo Ll = 0 abs

1—a%’ 0

Nab
recall that a% =17F sz
1
0
1— CL%G Vo, LL

37



Delta-connected regulators (currents)

A
®

e Current transformations

Ia: ca+IA_Iab

ca Nab
_ 2 . 2
— NfaIC+IA Nla’bIA
Nab NEa
=(1-=2)I 2T
( Nfb) AT e

= a%I4+ (1 - a$®) o

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

ab ca
ir=]1-ay d¥% 0 ir
be ca
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Closed delta SVR (ABCD)

e Generalized matrices Vo, = Avy 1 + Big
i, = Cvy 1 + Diy

be

ab ca

A= 0 a% 1—a® |;:B=C=0;D=|1-a% a% 0
l—a® 0 agy 0 1-—ab% aff

* Harder to control due to coupling in voltages and currents



Open delta SVR

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

* Voltage transformations

VAB — VAa + Vab

Nab
=(1-=2 ) Vab = aaRbVab
( N{®

b
VBC — aRC%c

Voa=—Vap + Vae)

ab be
= —apg Vab - aRV;)c

¢ Current transformations

NgP 1
Ip =14+ 10 =1,+ abIA = IA:WI(L
Nj a%y
1
similarly: lc = ﬁlc
R

Ip=—(Ia+ Ip)
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Open delta SVR (cont’d)

line current

—> I,

e Generalized matrices Vo, = Avy 1 + Big
iL = CV¢7LL + Dig

a® 0 0
A = 0 a%’ 0 [;B=C=0;D=
—a‘}ib —a%’ 0

1/a% 0 0
~1/a® 0 —1/a$®
0 0 1/a®

41



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: 2
Line Segment: 9-14
Location: 9
Phases: A
Connection: 1-Ph, L-G
Monitoring Phase: A
Bandwidth: 2.0 volts
PT Ratio: 20
Primary CT Rating: 50
Compensator: Ph-A
R - Setting: 0.4
X - Setting: 0.4
Voltage Level: 120

Examples from IEEE 123- bus feeder

Regulator ID: 1
Line Segment: 150 - 149
Location: 150
Phases: A-B-C
Connection: 3-Ph, Wye
Monitoring Phase: A
Bandwidth: 2.0 volts
PT Ratio: 20
Primary CT Rating: 700
Compensator: Ph-A
R - Setting: 3

X - Setting: 7.5
Voltage Level: 120

1195
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
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Summary

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

43



