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Voltage Regulation

* The regulation of voltages is an important function on a distribution
feeder.

* As the loads on the feeders vary, there must be some means of
regulating the voltage so that every customer's voltage remains within
an acceptable level.

* Common methods of regulating the voltage are the application of step-
type voltage regulators, load tap changing (LTC) transformers, and
shunt capacitors.

* A step-voltage regulator i1s basically an autotransformer with a LTC
mechanism on the “series” winding. The voltage change 1s obtained by
changing the number of turns (tap changes) of the series winding of the
autotransformer.

* An autotransformer can be visualized as a two-winding transformer
with a solid connection between a terminal on the primary side of the
transformer and a terminal on the secondary.
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Standard Voltage Ratings

The American National Standards Institute (ANSI) standard ANSI C84.1-1995 for “Electric
Power Systems and Equipment Voltage Ratings (60 Hertz)” provides the following definitions
for system voltage terms [1]:

o System voltage: The root mean square (rms) phasor voltage of a portion of an alternating
current electric system. Each system voltage pertains to a portion of the system that is
bounded by transformers or utilization equipment.

o Nominal system voltage: The voltage by which a portion of the system is designated and to
which certain operating characteristics of the system are related. Each nominal system
voltage pertains to a portion of the system bounded by transformers or utilization equipment.

o Maximum system voltage: The highest system voltage that occurs under normal operating
conditions, and the highest system voltage for which equipment and other components are
designed for satisfactory continuous operation without derating of any kind.

o Service voltage: The voltage at the point where the electrical system of the supplier and the
electrical system of the user are connected.

o Utilization voltage: The voltage at the line terminals of utilization equipment.

o Nominal utilization voltage: The voltage rating of certain utilization equipment used on the
system.

[1] American Nation Standard for Electric Power—Systems and Equipment Voltage Ratings (60 Hertz), ANSI C84.1-1995, National Electrical Manufacturers
Association, Rosslyn, VA, 1996.
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Standard Voltage Ratings

The ANSI standard specifies two voltage ranges. An over simplification of the voltage ranges is
Range A.

Electric supply systems shall be so designated and operated such that most service voltages will
be within the limits specified for range A. The occurrence of voltages outside of these limits
should be infrequent.

Range B:

Voltages above and below range A. When these voltages occur, corrective measures shall be
undertaken within a reasonable time to improve voltages to meet range A.

For a normal three-wire 120/240 V service to a user, the range A and range B voltages are
Range A:

o Nominal utilization voltage =115V

o Maximum utilization and service voltage = 126 V

o Minimum service voltage =114 V

o Minimum utilization voltage =110 V

Range B:

o Nominal utilization voltage =115V

o Maximum utilization and service voltage = 127 V

o Minimum service voltage =110 V

o Minimum utilization voltage = 107 V

[OWA STATE UNIVERSITY ECpE Department




Standard Voltage Ratings

These ANSI standards give the distribution engineer a range of “normal steady-state” voltages
(range A) and a range of “emergency steady-state” voltages (range B) that must be supplied to
all users.

In addition to the acceptable voltage magnitude ranges, the ANSI standard recommends that the
“electric supply systems should be designed and operated to limit the maximum voltage
unbalance to 3 percent when measured at the electric-utility revenue meter under a no-load
condition.” Voltage unbalance is defined as

Max. deviation from average voltage

Voltageunpatance = Average voltage +100% (1)

The task for the distribution engineer is to design and operate the distribution system so that
under normal steady-state conditions the voltages at the meters of all users will lie within
Range A4 and that the voltage unbalance will not exceed 3%.

A common device used to maintain system voltages is the step-voltage regulator. Step-voltage
regulators can be single phase or three phase. Single-phase regulators can be connected in wye,
delta, or open delta, in addition to operating as a single-phase device. The regulators and their
controls allow the voltage output to vary as the load varies.
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Standard Voltage Ratings

A common device used to maintain system voltages is the step-voltage regulator. Step-
voltage regulators can be single phase or three phase. Single-phase regulators can be
connected in wye, delta, or open delta, in addition to operating as a single-phase device. The
regulators and their controls allow the voltage output to vary as the load varies.

A step-voltage regulator is basically an autotransformer with a LTC mechanism on the
“series” winding. The voltage change is obtained by changing the number of turns (tap
changes) of the series winding of the autotransformer.

An autotransformer can be visualized as a two-winding transformer with a solid connection
between a terminal on the primary side of the transformer and a terminal on the secondary.
Before proceeding to the autotransformer, a review of two-transformer theory and the
development of generalized constants will be presented.
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Two-Winding Transformer Theory

The exact equivalent circuit for a two-winding transformer 1s shown 1n Fig.1. In Fig.1,
the high-voltage transformer terminals are denoted by H, and H,, and the low-voltage
terminals are denoted by X, and X,. The standards for these markings are such that at
no load the voltage between H, and H, will be in phase with the voltage between X,
and X,. Under a steady-state load condition, the currents /; and /, will be in phase.

zl Ni:Nz
H ._/\/\/\,.I’WY\
1+ -—)IS Ie,x ? : ;
1
Vs Yom E,
H,@ -

Fig.1 Two-winding transformer: exact
equivalent circuit
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Two-Winding Transformer Theory

Without introducing a significant error, the exact equivalent circuit of Fig.l 1s
modified by referring the primary impedance (Z,) to the secondary side as shown in
Fig.2. Referring to Fig.2, the total “leakage” impedance of the transformer 1s given by

Z,=n?-Z,+ 27, 2)
where
N,
Ng = — 3
t N, 3)
N1:N2 ZI
H @ ANNYYNY—o X
T — + s :
I I I
Vs gYm E, E, Vi
Hz; _ _ ; Xz

Fig.2 Two-winding transformer: approximate equivalent circuit
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Two-Winding Transformer Theory

In order to better understand the model for the step-regulator, a model for the two-

winding transformer will first be developed. Referring to Fig.2, the equations for the
ideal transformer become

EZZE'Elznt'El (4)
N
[1=F1.[2=nt.;2 (5)
H e
+%‘ Ie;x
Ig
Vs gym
Hz; - - o X,

Fig.2 Two-winding transformer: approximate
equivalent circuit
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Two-Winding Transformer Theory
Applying Kirchhoff's voltage law (KVL) in the secondary circuit,

Ezlz VL‘I'th'Iz ,
Vo= By = By =V + 2 (6)

ng

In general form, equation (6) can be written as

VS=H'VL+b'IZ (7)
here _ 1
v a= (8)
p =L
=, )

The input current to the two-winding transformer is given by

Is =Yy - Vo +14 (10)
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Two-Winding Transformer Theory

N,
11:N_1'12:nt'12 (5)
E2=VL+Zt'12
1 1 Z 6
V9=E1=n_t‘E2=n_t'VL+n_z‘12 ()
Iy = Yo - Vs +1, (10)

Substitute Equations (5) and (6) into Equation (10)

1 Z

Is=y_m'VL+(Ym.Zt+ nt)-fz (11)

ng ng

In general form, Equation (11) can be written as

Iy=c-V,+d- 1, (12)
where Y. Y. .7
R L/ (13
ng n¢
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Two-Winding Transformer Theory

Vo=a -V, +b-1, (7)

Iy=c-V,+d-1I, (12)
(VLG gpcln=[al - [VLG gp e+ [+ Uapelm (7.a)
Uabcln=[c] - [VLGapclm+[d] - [lapclm (12.a)

Equations (7) and (12) are used to compute the input voltage and current to a two-
winding transformer when the load voltage and current are known.

These two equations are of the same form as Equations (7.a) and (12.a) for the three-
phase line models from Ch.6. The only difference at this point is that only a single-
phase two-winding transformer is being modeled. Later, in this chapter, the terms a, b,
¢, and d are expanded to 3 x 3 matrices for all possible three-phase regulator
connections.
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Two-Winding Transformer Theory
V.=a-V,+b 1, (7)

Sometimes, particularly in the ladder iterative process, the output voltage needs to be computed
knowing the input voltage and the load current. Solving Equation (7) for the load voltage yields

1 b
VL=;'V§_E‘12 (15)
1
a=— (8)
ng
Z
=— 9)
n¢
Substituting Equations (8) and (9) into Equation (15) results in
where Vi=A4-Vs=B-1 (16)
A=n (17)
B =1Z, (18)

Again, Equation (16) 1s of the same form as Equation (16.a) from Ch.6. Later, in this
chapter, the expressions for 4 and B is expanded to 3 x 3 matrices for all possible

three-phase transformer connections. (16.2)
VLG gpclm=[A] - [VLGgpcln — [B] - Ugp] '
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Example 7.1

A single-phase transformer is rated 75 kVA, 2400-240 V. The transformer has the
following impedances and shunt admittance:

Z,=0.612 + ;1.2 Q (high-voltage winding impedance)

Z,=0.0061+;0.0115 Q (low-voltage winding impedance)

Y =192 x10%—;8.52 x 1074 S (referred to the high-voltage winding)

Determine the generalized a, b, ¢, and d constants and the 4 and B constants.

The transformer “turns ratio’ is
N, _ Vrated_z _ 240 _

Ny Vrated 1 2400 ‘
The equivalent transformer impedance referred to the low-voltage side:

Tlt=

Z, =7, +n? - Z; =0.0122 + j0.0235

The generalized constants are

_ Y _ _ o
A== 10 ¢ = -2=0.0019 —j0.0085 A=n,=0.1

b=2t _ 01222 + 10235 g="m%
= = 01222 + 0.2 -
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Example 7.1

Assume that the transformer 1s operated at rated load (75 kVA) and rated voltage (240
V) with a power factor of 0.9 lagging. Determine the source voltage and current using

the generalized constants.
V, =24020

I =202 £ — cos™1(0.9) = 31252 — 25.84

Applying the values of the a, b, ¢, and d parameters computed earlier:
Vo=a-V, +b-1, = 2466.9241.15V
I,=c-V, +d - I, = 32.672 — 28.75V
Using the computed source voltage and the load current, determine the load voltage:

V,=A-V, =B -
(0.1) - (2466.921.15) — (0.0122 + j0.0235) - (312.52 — 25.84)

2400
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Example 7.1

For future reference, the per-unit impedance of the transformer is computed by

_ kVigeq 271000 0.2402-1000

Zpase = VA s = 0.768 ()
Z o = Z:t = MEEHRELE — 0.0345£62.5 p.u.
The per-unit shunt admittance is computed by
Ybase = kvlz-i{g;okm - 2.4;?000 =0.0135
A Y:‘: = 1'92'10_;_;252'1”_4 = 0.0147 — j0.0654 p.u.

Example 7.1 demonstrates that the generalized constants provide a quick method for
analyzing the operating characteristics of a two-winding transformer.
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Two-Winding Autotransformer

A two-winding transformer can be connected as an autotransformer. Connecting the
high-voltage terminal H, to the low-voltage terminal X, as shown in Fig.3 can create
a “step-up” autotransformer. The source 1s connected to terminals A, and H,, while
the load 1s connected between the X, terminal and the extension of /,.

N, Z
o X
+ i + !
I
E,
Xy r " Vi
1
H, @
g —> I vi. ﬁ“}- -
1
H, ® — ®

Fig.3 Step-up autotransformer
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Two-Winding Autotransformer

In Fig.3, Vg is the “source” voltage and V; is the “load” voltage. The low-voltage
winding of the two-winding transformer will be referred to as the “series” winding of
the autotransformer, and the high-voltage winding of the two-winding transformer
will be referred to as the “shunt” winding of the autotransformer.

N, Z
o X
+ — +
I
E,
X, r N Vi
1
H ®
ot —> 7 vi, %}- +
1
H, ® — o

Fig.3 Step-up autotransformer
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Two-Winding Autotransformer

Ey= 2. —n-E

2—Nl' 1 = N¢* £q 4)
N,

11=F1‘12=nt']2 (5)

Generalized constants similar to those of the two-winding transformer can be
developed for the autotransformer. The total equivalent transformer impedance is
referred to the “series” winding. The “ideal” transformer Equations (4) and (5) still

apply.
Applying KVL in the secondary circuit,

E/+E,=V,+2Z,-1, (19)
Using the “ideal” transformer relationship of Equation (5),

Ey+ng-Ey=Q+n)-Ey=V+ 2015 (20)
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Two-Winding Autotransformer
Ei4n,Ei=Q+4n)-E1=V,+Z. 1, (20)

Since the source voltage Vs 1s equal to £, and 7, 1s equal to 7,, Equation (20) can be
modified to

VoV, 4 21
ST 1+4n, " 1+4n ° 1)
Vi=a-Vy;+b-1, (22)
where . 1
1+n, (23)
Zt
b = 24
1+ n; &)
Applying Kirchhoff's current law (KCL) at input node H,,
1’5=11+l’2+}r€x
(25)

I =0+ n) I +Yy -V
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Two-Winding Autotransformer

Zy
V, = - Y|
ST 141, VL+1+nt 2 (21)
.=+ n)-I,+Y, -V (25)

Substitute Equation (21) into Equation (25):

1 Z
I, =(1+ ”t)'lz+ym'(1+nt'vf~+1+tn -12)
t

Y, Y, - Z
m 'VL+ m t
1+ n; 1+ n;

I =

+1+ nt)'lz

Is=c-Vy+d-I; (26)
where

_ _'tm 27)
1+n,

g=tm Lo g (28)
_1+nt e
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Two-Winding Autotransformer

a= ! — Ym
Z!.' Y .

b = =-m 28
1+ n, (24) d 1+nt+1+ ne  (28)

Equations (23), (24), (27), and (28) define the generalized constants relating the source
voltage and current as a function of the output voltage and current for the “step-up”
autotransformer.
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Two-Winding Autotransformer

The two-winding transformer can also be connected in the “step-down” connection
by reversing the connection between the shunt and series winding as shown in Fig.4.
Generalized constants can be developed for the “step-down” connection following
the same procedure as that for the step-up connection.

[ ]

Fig.4 Step-down autotransformer
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Two-Winding Autotransformer
Applying KVL in the secondary circuit,

Ei—E,=V,+Z,-1, (29)
i N2 I I

p— . :n .
1 NI 2 t 12 (5)

Using the “ideal” transformer relationship of Equation (5),

El_nt'E:l:VL‘l'Zt'lz (30)
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Two-Winding Autotransformer

Since the source voltage Vs 1s equal to £, and 7, 1s equal to /;, Equation (30) can be

modified to 1 Z, 31)
V. = -V [
S 1-n, * 1z ng °
Vi=a-V; +b-1, (32)
where 1
“= 1 - nt (33)
Z
h=—1" (34)

[t 1s observed at this point that the only difference between the a and b constants of
Equations (23) and (24) for the step-up connection and Equations (33) and (44) for
the step-down connection 1s the sign in front of the turns ratio (n,).

1
a_1+nt (23)

p = —2t
1+n, 24
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Two-Winding Autotransformer

This will also be the case for the ¢ and d constants. Therefore, for the step-down
connection, the ¢ and d constants are defined by

Y
C_l—nt (35)

Y, - Z
g=tmZe g (36)

1_nt

The only difference between the definitions of the generalized constants is the sign of
the turns ratio n,. In general, then, the generalized constants can be defined by

1 . Yin

“=1re 37 T+n, (39)
Zt Ym'Zt

b_lint (38) d_lint-l-lint (40)

In Equations (37) through (40), the sign of n, will be positive for the step-up
connection and negative for the step-down connection.
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Two-Winding Autotransformer

Vi=a-Vy+b-1, (32)
As with the two-winding transformer, it 1s sometimes necessary to relate the output

voltage as a function of the source voltage and the output current. Solving Equation
(32) for the output voltage:

VL=§-I§—;-Zr12 (41)
b
VL=§'%—;'Zt-fz (42)
where A= l: 1+n, (43)
‘ (44)
B __=Zt

The generalized equations for the step-up and step-down autotransformers have been
developed. They are of exactly the same form as was derived for the two-winding
transformer and for the line segment in Chapter 6. For the single-phase
autotransformer, the generalized constants are single values but will be expanded later
to 3 x 3 matrices for three-phase autotransformers.
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Autotransformer Ratings

The kVA rating of the autotransformer 1s the product of the rated input voltage V'
times the rated input current / or the rated load voltage V/; times the rated load

current /;. Define the rated kVA and rated voltages of the two-winding transformer
and autotransformer as follows:

kVA,, represents the KV A rating of the two-winding transformer.

kVA,, represents the kVA rating of the autotransformer.

V. ..q 1= E, represents rated source voltage of the two-winding transformer.
V. .oq » = E, represents rated load voltage of the two-winding transformer.
Voo _S represents rated source voltage of the autotransformer.

VautO_L represents rated load voltage of the autotransformer.

O O O O O O
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Autotransformer Ratings

For the following derivation, neglect the voltage drop through the series winding
impedance:

Vautor, = E1 £ E; = (1+ny)-E; (45)

The rated output kVA is then

kVAquto = auto L ° I, = (1 T+ nt) By - 1 (46)
but I
1’2 — _1
Nyg
Therefore (1+n)
n
kVA 0 = ot E, -l (47)
ng
but El . 11 = M 3ﬁn
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Autotransformer Ratings

Therefore

1+n
kVA g0 = (n—tt) - kVAyfm (48)

Equation (48) gives the kVArating of a two-winding transformer when connected as
an autotransformer. For the step-up connection, the sign of n, will be positive, while
the step-down connection will use the negative sign. In general, the turns ratio n, will
be a relatively small value so that the kVA rating of the autotransformer will be
considerably greater than the kV A rating of the two-winding transformer.
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Example

The same two-winding transformer as shown in Example 7.1 is connected as a “step-
up” autotransformer, the turns ratio 1s n, = 0.1, the KVA rating 1s 75. Determine the
kV A and voltage ratings of the autotransformer.

The rated kVA of the autotransformer using Equation (47) 1s given by

(1+0.1)
kVAquto = ~—57—+75 = 825 kVA

The voltage ratings are

Vauto_S = Vrated_l = 2400V

Vauto.r, = Vrateds + Vratea 1 = 2400 + 240 = 2640 V

Therefore, the autotransformer would be rated as 825 kVA, 2400-2640 V.
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Example

Suppose now that the autotransformer 1s supplying rated kVA at rated voltage with a
power factor of 0.9 lagging, determine the source voltage and current:

VL — Vaum_L — 2640&0 V

kVAguto - 1000 825,000
I, = - £ —cos™1(0.9) = 312.52 — 25.84 A
Vauto 1 2,640

Determine the generalized constants

a === 09091
_001224j00235 _
- 1+01 - Jo

~ (1.92-j8.52)-107*
€= 1+0.1
g (1.92 —8.52)-107*-(0.0122 + j0.0235)
B 1+0.1

= (1.7364 — j7.7455) - 104

+0.1+1=1.1002-,0.000005
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Example

Applying the generalized constants,

Vi=a-2640£0+ b-312.54 — 25.84 = 2406.0£0.1V

Is=c-264040 +d-312.54 — 25.84 =345.062 — 26.11 A

When the load-side voltage is determined knowing the source voltage and load

current, the 4 and B parameters are needed:

1
A=—=1.1
ng
B=Z,=0.0111+,0.0235

The load voltage is then

Vi =A-2406.0420.107 — B-312.52 — 25.84 = 264040V
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Example

Rework this example by setting the transformer impedances and shunt admittance to
Zero.
When this is done the generalized matrices are

0.9091 __Im__,
S g “T1+n
Z Yo - Z
h=—L—=0 d=""L41+n,=11
1+mn,; 1+n,;

Using these matrices the source voltage and currents are
VS=a-VL+b-IL=24OOLO
Is=c-Vy+d-1;,=343.752 — 25.8
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Example

The “errors” for the source voltages and currents by ignoring the impedances and
shunt admittance are

2406 — 2400
2406

Errory = ( ) +100 = 0.25%

(345.07 — 343.75
rror; =

- 100 = 0.389

345.07 ) /o

By ignoring the transformer impedances and shunt admittance, very little error has
been made. This example demonstrates why, for all practical purposes, the
impedances and shunt admittance of an autotransformer can be ignored. This 1dea
will be carried forward for the modeling of voltage regulators.
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Example

In this section, the equivalent circuit of an autotransformer has been developed for
the “raise” and “lower” connections. These equivalent circuits included the series
impedance and shunt admittance. If a detailed analysis of the autotransformer is
desired, the series impedance and shunt admittance should be included. However, it
has been shown in Example that these values are very small, and when the
autotransformer 1s to be a component of a system, very little error will be made by
neglecting both the series impedance and shunt admittance of the equivalent circuit.
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Step-Voltage Regulator

A step-voltage regulator consists of an Preventive N,
autotransformer and a LTC mechanism. The autotransformer
voltage change is obtained by changing the
taps of the series winding of the °
autotransformer. The position of the tap is
determined by a control circuit (line drop
compensator).  Standard  step-regulators
contain a reversing switch enabling a £10% N, li_/“v“\_l ;
regulator range, usually in 32 steps. This ‘o " Control
amounts to a 5/8% change per step or 0.75 V —_— r
change per step on a 120 V base. Step- winding £ Cﬂ;:;fol Viead
regulators can be connected in a “Type A” or

“Type B” connection according to the

ANSI/IEEE C57.15-1986 standard [2]. The

more common Type B connection is shown in SL

Fig.5.

+

o R .
E, \. Revevrsmg
., switch

Series
winding

[2] IEEE Standard Requirements, Terminology, and Test Code for Step-Voltage Flgs Type “B” step_voltage
and Induction-Voltage Regulators, ANSI/IEEE C57.15-1986, Institute of

Electrical and Electronic Engineers, New York, 1988 regulator
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http://e.pub/v6co5xk0d2yc320br5cl.vbk/OPS/loc_008.xhtml#eid8823

Step-Voltage Regulator

The step-voltage regulator control circuit is shown in block form in Fig.6.

The step-voltage regulator control circuit requires the following settings:

o Voltage level: The desired voltage (on 120 V base) to be held at the “load center.” The load
center may be the output terminal of the regulator or a remote node on the feeder.

o Bandwidth: The allowed variance of the load center voltage from the set voltage level. The
voltage held at the load center will be £1/2 of the bandwidth. For example, if the voltage
level is set to 122 V and the bandwidth set to 2 V, the regulator will change taps until the

load center voltage lies between 121 and 123 V.

. Control current transformer
Line current

- FANIFAY

il

Line drop Voltage Time M(}tc‘ur
i compensator relay delay operating
circuit

Control potential transformer

Fig.6 Step-voltage regulator control circuit
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Step -Voltage Regulator

Time delay: Length of time that a raise or lower operation is called for before the actual
execution of the command. This prevents taps changing during a transient or short time

change in current.

o Line drop compensator: Set to compensate for the voltage drop (line drop) between the
regulator and the load center. The settings consist of R and X settings in volts
corresponding to the equivalent impedance between the regulator and the load center. This

setting may be zero if the regulator output terminals are the “load center.”

. Control current transformer
Line current

- o AN

= ﬁ A w—
Line drop Voltage Time Motor
| compensator relay delay operating
circuit

Control potential transformer

Fig.6 Step-voltage regulator control circuit
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Step-Voltage Regulator

The required rating of a step-regulator 1s based upon the kVA transformed and not the
kVA rating of the line. In general, this will be 10% of the line rating since rated
current flows through the series winding, which represents the £10% voltage change.
The kV Arating of the step-voltage regulator is determined in the same manner as that
of the previously discussed autotransformer.

. Control current transformer
Line current

~ o AA

- t o
Line drop Voltage Time Motc‘-r
I compensator relay delay operating
circuit

Control potential transformer

Fig.6 Step-voltage regulator control circuit
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Single-Phase Step-Voltage Regulator

* Because the series impedance and shunt admittance values of
step-voltage regulators are so small, they will be neglected in
the following equivalent circuits.

* It should be pointed out, however, that if 1t 1s desired to
include the impedance and admittance, they can be
incorporated into the following equivalent circuits in the same
way they were originally modeled in the autotransformer
equivalent circuit.
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Type A Step-Voltage Regulator

The detailed equivalent circuit and abbreviated equivalent circuit of a Type A step-
voltage regulator in the “raise” position are shown in Fig.7.

As shown in Fig.7, the primary circuit of the system is connected directly to the shunt
winding of the Type A regulator. The series winding is connected to the shunt
winding and, in turn, via taps, to the regulated circuit. In this connection, the core
excitation varies because the shunt winding is connected directly across primary
circuit.

Fig.7 Type A step-voltage regulator in the raise position
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Type A Step-Voltage Regulator

When the Type A connection is in the “lower” position, the reversing switch is
connected to the “L” terminal. The effect of this reversal is to reverse the direction of
the currents in the series and shunt windings. Fig.8 shows the equivalent circuit and
abbreviated circuit of the Type A regulator in the lower position.

Fig.8 Type A step-voltage regulator in the lower position

[OWA STATE UNIVERSITY ECpE Department




Type B Step-Voltage Regulator

The more common connection for step-voltage regulators 1s the Type B. Since this is
the more common connection, the defining voltage and current equations for the
voltage regulator will be developed only for the Type B connection.

The detailed and abbreviated equivalent circuits of a Type B step-voltage regulator in
the “raise” position are shown in Fig.9.

SL

Fig.9 Type B step-voltage regulator in the raise position
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Type B Step-Voltage Regulator

The primary circuit of the system 1s connected, via taps, to the series winding of the
regulator 1in the Type B connection. The series winding is connected to the shunt
winding, which 1s connected directly to the regulated circuit. In a Type B regulator,
the core excitation is constant because the shunt winding 1s connected across the
regulated circuit.

The defining voltage and current equations for the regulator in the raise position are
as follows:

Ey Ej N N
NN, NVeli=Nel 6) H=0-3)V L=0-3)0k (65)

Ve=E1—E, Ip=1=11  (62) Vs=ag-V, ly=ap-Is  (66)
N
Vy=E4 Iy =1 (63) aR=(1—N—2) (67)
1
N, N, N N
Br=p, Bi=q, i h=gh=g-ls (64)

Equations (66) and (67) are the necessary defining equations for modeling a Type B
regulator 1n the raise position.
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Type B Step-Voltage Regulator

The Type B step-voltage connection in the “lower” position is shown in Fig.10. As in
the Type A connection, note that the direction of the currents through the series and
shunt windings change, but the voltage polarity of the two windings remain the same.

Fig.10 Type B step-voltage regulator in the lower position
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Type B Step-Voltage Regulator

The defining voltage and current equations for the Type B step-voltage regulator in
the lower position are as follows:

E E N N
NN, Neli=Nel (68) G=(4g) v =043k (72)
1
VS:E1+E2 IL=IS+11 (69) VSzaR'VL ILzaR'IS (73)
N
Vy=Eq I, =1, (70) aR=(1+F2) (74)
1
N N
52=Fj'51=F2'VL Il:Fj-h:N_j'US) (64)
N,
ﬂR= _N_l (67)
N
aR=1+N—2 (74)
1

Equations (67) and (74) give the value of the effective regulator ratio as a function of
the ratio of the number of turns on the series winding (N,) to the number of turns on

the shunt winding (V,).
[OWA STATE UNIVERSITY ECpE Department



Type B Step-Voltage Regulator
N,

ag N, (67)
N,

=14+— 74

ag + N, (74)

In the final analysis, the only difference between the voltage and current equations for
the Type B regulator in the raise and lower positions is the sign of the turns ratio
(N,/N,). The actual turns ratio of the windings is not known. However, the particular
tap position will be known. Equations (67) and (74) can be modified to give the
effective regulator ratio as a function of the tap position. Each tap changes the voltage
by 5/8% or 0.00625 per unit. Therefore, the effective regulator ratio can be given by

ar = 1+ 0.00625-Tap (75)

In Equation (75), the minus sign applies for the “raise” position and the positive sign
for the “lower” position.
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Generalized Constants

In previous chapters and sections of this chapter, generalized a, b, ¢, and d constants
have been developed for various devices. It can now be shown that the generalized a,
b, c, and d constants can also be applied to the step-voltage regulator. For both Type A
and Type B regulators, the relationship between the source voltage and current to the
load voltage and current is of the form:

Type A
1
o=—-V, I¢=ap-1; (76)
Type B R 1
VS:aR'VL Isza"’,[, (77)

Therefore, the generalized constants for a single-phase step-voltage regulator become

Type A
yp e h=0 c=0 d=ap, A=agr B=0 (78)
a
Type B ¥ 1 1
a=ap b=0 ¢c=0d=— A=— B=0 (79
Ap ap
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Generalized Constants
agr =1+ 0.00625-Tap (75)
The a, 1s given by Equation (75) and the sign convention is given in Tab.1.

Tab.1 Sign Convention Table for ap

Raise + -
Lower - +
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Line Drop Compensator

* The changing of taps on a regulator 1s controlled by the “line drop
compensator.”

* Fig.11 shows an analog circuit of the compensator circuit and how it is
connected to the distribution line through a potential transformer and a current
transformer.

* Older regulators are controlled by an analog compensator circuit. Modern
regulators are controlled by a digital compensator. The digital compensators
require the same settings as the analog, because it 1s easy to visualize, the
analog circuit will be used in this section. However, understand that the modern
digital compensators perform the same function for changing the taps on the
regulators. MVA rain

kV hi-kV lo

;Ir'nr . .
%E }71 CTp:CTg Rline + jX line
- lﬁVA WV\,_N\’\’\_{

Fig.11 Line drop compensator circuit
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Line Drop Compensator

* The purpose of the line drop compensator is to model the voltage drop of
the distribution line from the regulator to the “load center.” The
compensator is an analog circuit that is a scale model of the line circuit.

 The compensator input voltage is typically 120 V, which requires the
potential transformer in Fig.11 to reduce the rated voltage down to 120 V.
For a regulator connected line to ground, the rated voltage is the nominal
line-to-neutral voltage, while for a regulator connected line to line, the rated
voltage is the line-to-line voltage.

* The current transformer turns ratio is specified as CTp: CT where the
primary rating (C7») will typically be the rated current of the feeder.

* The setting that is most critical is that of R" and X’ calibrated in volts. These
values must represent the equivalent impedance from the regulator to the
load center. |

Fig.11 Line drop
compensator circuit
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Line Drop Compensator

* The basic requirement is to force the per-unit line impedance to be equal to
the per-unit compensator impedance.

* In order to cause this to happen, it is essential that a consistent set of base
values be developed wherein the per-unit voltage and currents in the line and
in the compensator are equal.

* The consistent set of base values is determined by selecting a base voltage and
current for the line circuit and then computing the base voltage and current in
the compensator by dividing the system base values by the potential
transformer ratio and current transformer ratio, respectively. For regulators
connected line to ground, the base system voltage 1s selected as the rated line-
to-neutral voltage (7, ), and the base system current 1s selected as the rating
of the primary winding of the current transformer (C75).

MVA rating
KV hi—kV Lo

R

Fig.11 Line drop
compensator circuit
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Line Drop Compensator

Tab.2 gives “table of base values” and employs these rules for a regulator connected
line to ground.

Tab.2 Table of Base Values

Voltage Vin Vin
Npr
Current CTp CTs
Impedance Vin Vin
Zb oy = Zb =
AS€line CTP as ecomp NPT . CTS
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Line Drop Compensator

With the table of base values developed, the compensator R and X settings in Ohms
can be computed by first computing the per-unit line impedance:

_ Rlineg + jXlineg

R X
pu +j pu Zbaseﬁne

_ CTp
Rpu + jXpy = (Rlineq + jXlineg) - m (80)

The per-unit impedance of Equation (80) must be the same in the line and in the
compensator. The compensator impedance in Ohms is computed by multiplying the
per-unit impedance by the base compensator impedance:

Rcompq +chompn = (Rpu +jXpu) - Zbase omp
VLN
VLN NPT CTs (81)

=(Rlineq + jXlineg) -
=(Rlineq + lemeﬂ)

PT" CTS
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Line Drop Compensator

Rcompg +fXCOmPﬂ = (Rpy + jXpu) - Zbasecomp
VLN
VLN NPT CTs

1
=(Rlineq + jXlineq) Q (81)
Npr- C‘Ts
Equation (81) gives the value of the compensator R and X settings in Ohms. The

compensator R and X settings in volts are determined by multiplying the compensator
R and X in Ohms times the rated secondary current (CT) of the current transformer:

=(Rlineq + jXlineq) -

R"+ jX' = (Rcompq + jXcompg) - CT,

. - _CTp
=(Rlineq + jXlineq) NorCT CT;

~(Rlineq + jXlineq) -2V (82)

PT

Knowing the equivalent impedance in Ohms from the regulator to the load center, the
required value for the compensator settings in volts 1s determined by using Equation
(82). This 1s demonstrated in Example 7.4.
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Example

The substation transformer is rated 5000 kVA, 115kV delta—4.16 kV grounded wye,
and the equivalent line impedance from the regulator to the load center is 0.3 + ;0.9 Q.

MVA rating
kV hi-kV lo

X
\3&75

R line + jX line

Load
center

Voltage
relay

Fig.11 Line drop compensator circuit
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Example

1. Determine the potential transformer and current transformer ratings for the
compensator circuit.
The rated line-to-ground voltage of the substation transformer 1s

V. —4160—24018
s ﬁ - '

In order to provide approximately 120 V to the compensator, the potential transformer
ratio 1s

N 2400
e 120
gg Q? e - M—i The rated current of the substation transformer 1s
(J'_ Load
&K center B 5000 -
11 T:’T“"_ Irated — ﬁ . 4.16 - 693.9
Npﬁl%%;’“ % Q\’;;;;;e The primary rating of the CT is selected as 700 A,
ks and 1f the compensator current 1s reduced to 5 A,
° the CT ratio is
Fig.11 Line drop compensator circuit CT = E‘??:P = —720 = 140
S
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Example
2. Determine the R and X setting of the compensator in Ohms and volts

Applying Equation (82) to determine the setting in volts

R'+jX' =(03 +j0.9) - 22 = 10.5 + j31.5V

The R and X settings in Ohms are determined by dividing the settings in
volts by the rated secondary current of the current transformer:

10.5 + j31.5
5

Rcomp,pms + JXcompopms = =2.1+j6.31

Understand that the R and X settings on the compensator control board
are calibrated in volts.
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Example

The substation transformer in Example 7.4 is supplying 2500 kVAat 4.16 kV and 0.9
power factor lag. The regulator has been set so that

R +jX =105+j315V
Voltage level = 120 V (desired voltage to be held at the load center)
Bandwidth=2V
Determine the tap position of the regulator that will hold the load center voltage at the
desired voltage level and within the bandwidth. This means that the tap on the
regulator needs to be set so that the voltage at the load center lies between 119 and
121 V.
The first step 1s to calculate the actual line current:

Line = % / — acos(0.9) = 346.972 — 25.84 A

The current in the compensator is then
_ 346.97.-25.84

Ieomp = v = 247834 — 25.84 A
The input voltage to the compensator is
2401.840
Vieg = 0 - 120.0940V
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Example

The voltage drop 1n the compensator circuit 1s equal to the compensator
current times the compensator R and X values in Ohms:

Varop = (2.1 +j6.3) - 2.47832 — 25.84 = 16.458245.7 V
The voltage across the voltage relay 1s

Ve=Vi —Vap =120.09240 —16.458£45.7 =109.242 - 6.19V

The voltage across the voltage relay represents the voltage at the load
center. Since this 1s well below the minimum voltage level of 119, the
voltage regulator will have to change taps in the raise position to bring
the load center voltage up to the required level. Recall that on a 120 V
base, one step change on the regulator changes the voltage 0.75 V. The
number of required tap changes can then be approximated by

119 — 109.24

P ="475

= 13.02
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Example
This shows that the final tap position of the regulator will be “raise
13.”” With the tap set at +13, the effective regulator ratio assuming a

Type B regulator 1s
ar=1-0.00625-13=0.9188

The generalized constants for modeling the regulator for this operating
condition are

a=ap =0.9188
b=0
c=0
1
d= 09188 — 1.0884
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Example

Using the results of Examples 7.5, calculate the actual voltage at the
load center with the tap set at +13 assuming the 2500 kVA at 4.16 kV
measured at the substation transformer's low-voltage terminals.

The actual line-to-ground voltage and line current at the load-side

terminals of the regulator are
EE 2401840

v, == = = 2614.220V
a 0.9188
Is _ 346.97.-2584 B
I, =2 ===—""—=318772— 25844

The actual line-to-ground voltage at the load center is

Vie =V, — Zyine - I, = 2614.220 — (0.3 + j0.9) - 318.772 — 25.84
= 241282 —5.15V
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Line Drop Compensator

On a 120 V base, the load center voltage 1s
Vic _ 2412.8£-5.15

VLCyp = ~£ = = 120.62 — 5.15V

Np¢ 20

The +13 tap 1s an approximation and has resulted
in a load center voltage within the bandwidth.
However, since the regulator started in the
neutral position, the taps will be changed one at a
time until the load center voltage i1s inside the
119 lower bandwidth. Remember that each step
changes the voltage by 0.75 V. Since the load
center voltage has been computed to be 120.6 V,
it would appear that the regulator went one step
more than necessary. Table 7.3 shows what the
compensator relay voltage will be as the taps
change one at a time from 0 to the final value.

[OWA STATE UNIVERSITY

Tab.3 Tap Changing

w N -~ O

109.2
110.1
110.9
111.7
117.8
118.8
119.7
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Line Drop Compensator

Table 3 shows that when the regulator 1is Tab.3 Tap Changing
modeled to change one tap at a time starting

from the neutral position that when it reaches

tap 12, the relay voltage 1s inside the L Lo
bandwidth. For the same load condition, it 1 110.1
may be that the taps will change to lower the 2 110.9
voltage due to a previous larger load. In this 3 111.7
case, the taps will reduce one at a time until

the relay voltage is inside the 121 upper
bandwidth voltage. The point is that there can 10 117.8
be different taps for the same load depending 11 118.8
upon whether the voltage needed to be raised 12 119.7

or lowered from an existing tap position.
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Line Drop Compensator

It 1s important to understand that the value of equivalent line impedance is not the
actual impedance of the line between the regulator and the load center. Typically, the
load center 1s located down the primary main feeder after several laterals have been
tapped. As a result, the current measured by the CT of the regulator 1s not the current
that flows all the way from the regulator to the load center. The only way to
determine the equivalent line impedance value is to run a power-flow program of the
feeder without the regulator operating. From the output of the program, the voltages
at the regulator output and the load center are known. Now the “equivalent” line

impedance can be computed as
VOItageregu!ator_output o VOl‘tageioad_center

[ line
In Equation (83), the voltages must be specified in system volts and the current in
system amperes.

This section has developed the model and generalized constants for Type A and Type
B single-phase step-voltage regulators. The compensator control circuit has been
developed and demonstrated how this circuit controls the tap changing of the
regulator. The next section will discuss the various three-phase step-type voltage
regulators.

Q (83)

Rline,pms + jXline,pms =
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Three-Phase Step-Voltage Regulator

Three single-phase step-voltage regulators can be connected externally to form a
three-phase regulator. When three single-phase regulators are connected together,
each regulator has its own compensator circuit, and, therefore, the taps on each
regulator are changed separately. Typical connections for single-phase step-
regulators are

1. Single phase

2. Three regulators connected in grounded wye

3. Three regulators connected 1n closed delta

4. Two regulators connected in open delta

5. Two regulators connected 1n “open wye” (sometimes referred to as “V” phase)
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Three-Phase Step-VoItage Regulator

B —>

4}{4

e ®
e
[

Closed delta

Grounded wye

~ Open delta
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Three-Phase Step-Voltage Regulator

A three-phase regulator has the connections between the single-phase windings
internal to the regulator housing. The three-phase regulator 1s “gang” operated
so that the taps on all windings change the same, and, as a result, only one
compensator circuit 1s required. For this case, it 1s up to the engineer to
determine which phase current and voltage will be sampled by the compensator
circuit. Three-phase regulators will only be connected in a three-phase wye or
closed delta.

Many times the substation transformer will have LTC windings on the
secondary. The LTC will be controlled in the same way as a gang-operated
three-phase regulator.

In the regulator models to be developed in the next sections, the phasing on the
source side of the regulator will use capital letters A, B, and C. The load-side
phasing will use lower case letters a, b, and c.
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Wye-Connected Regulators

Three Type B single-phase regulators connected in wye are shown in
Fig.12.

Fig.12 Wye-connected Type B regulators
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Wye-Connected Regulators

In Fig.12 the polarities of the windings are shown 1n the “raise” position. When the
regulator 1s in the “lower” position, a reversing switch will have reconnected the series
winding so that the polarity on the series winding 1s now at the output terminal.
Regardless of whether the regulator is raising or lowering the voltage, the following
equations apply:

Voltage equations:

0 0 Von
arp 0 |- Vbn‘ (84)
0 ar¢| LVen

where ap ,, az, and ag.
represent the effective turns ratios
for the three single-phase
regulators.

C —=>i Tg

Fig.12 Wye-connected Type B regulators
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Wye-Connected Regulators

Van -aR_ﬂ 0 0 | Van
VBTE = 0 aR_b 0 . Vb?‘l (84)
Ven | 0 0 agr ¢ Ven
Equation (84) is of the form
[VLNpcl=[a] - [VLNgpc]+[b] - [1gp] (85)
Current equations
— 0 0
Iy “Ra . I,
lfﬁl =0 — 0] \Ib] (86)
[ C N 1 ]c
0 0
AR ¢
Or
Uapcl=lc] - [VLGapc)+[d] - Ugpe] (87)
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Wye-Connected Regulators
[VLNABC]:[a] ’ [VLNabc]+[b] ) [Iabc] (85)
UasclHlel + [VLGapcIHd] - [lanc] (87)
Equations (85) and (87) are of the same form as the generalized equations that were
developed for the three-phase line segment of Chapter 6. For a three-phase wye-
connected step-voltage regulator, neglecting the series 1mpedance and shunt

admittance, the forward and backward sweep matrices are therefore defined as
' :

an 0 0
ag a 0 0 B ) 1
[a] = E_ ag p 0 (88) [d] = 0 D 0 91)
0 0 AR ¢ 0 0 a:
1 -
0 0 O] R a 0 0
0 0 O agr b 1
0 0 .
0 D 0- - U U UR_C—
[cl=]0 0 o (90) Bl=|0 0 0 (93)
0 = (] (] ]
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Wye-Connected Regulators

_ ] 0 0
aR_a 0 0 AR_a
[al]=| 0 agp O |(8) d]=| 0 ﬁ o|
0 0 a -
i R_c | 0 0 al
R c
0 0 0
[B]=(0 0 0O (93)
0 0 0

In Equations (88), (91), and (93), the effective turns ratio for each regulator must
satisty 0.9 <ap ,,. < 1.1 1n 32 steps of 0.625%/step (0.75 V/step on 120 V base).

The effective turn ratios (a, ,, a ,, and a, ) can take on different values when three
single-phase regulators are connected in wye. It is also possible to have a three-
phase regulator connected in wye where the voltage and current are sampled on only
one phase and then all three phases are changed by the same number of taps.
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Closed Delta-Connected Regulators

Three single-phase Type B regulators can be connected in a closed delta as shown in
Fig.13. In the figure, the regulators are shown in the “raise” position.

The closed delta connection is typically used in three-wire delta feeders. Note that the
potential transformers for this connection are monitoring the load-side line-to-line
voltages and the current transformers are not monitoring the load-side line currents.

+ A®

e b
9 c

Fig.13 Wye-connected Type B regulators
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Closed Delta-Connected Regulators

The relationships between the source side and currents and the voltages are needed.
Equations (64) through (67) define the relationships between the series and shunt
winding voltages and currents for a step-voltage regulator that must be satisfied no
matter how the regulators are connected.

KVL 1s first applied around a closed loop starting with the line-to-line voltage
between phases 4 and C on the source side. It defines the various voltages:

Vap = Vaa + Vap — Vap (94)
But
N,
Vep = N, Ve (95)
N,
Via = — Fl * Vab (96)

Substitute Equations (95) and (96) into Equation (94) and simplify:

Nz NZ
Vaig=|1——) Voetr— Voc=agrap Vap + (1 —agpc) Ve  (97)
N, N,
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Closed Delta-Connected Regulators

The same procedure can be followed to determine the relationships between the other
line-to-line voltages. The final three-phase equation i1s

Vagl | @ravr 11— aroac 0 | Vb
Ve | = 0 AR _bc 1 —ag cal| - |Vbe (98)
Vea |1 —ag qp 0 AR _ca Vea
Equation (98) is of the generalized form
[VLLapc]=[a] - [VLLapcl+{b] - [apcl (%9)
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Closed Delta-Connected Regulators

Fig.14 shows the closed delta—delta connection with the defining currents.

Iy
—

—_— T

@b
®c

Fig.14 Closed Delta-connected regulators with currents
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Closed Delta-Connected Regulators

The relationship between source and load line currents starts with applying KCL at
the load-side terminal a.

ly=1+1.q=14—1,p+1., (100)
but
N,
Iy = Fl I4 (101)
N,
I.q = N_1 -1 (102)

" Substitute Equations (101) and (102) into
Equation (100) and simplify:

N, N,
lq = 1_F1 g+l (103)

= AdR ab * IA+(1 aRca)'Ic

Fig.14 Closed Delta-connected
regulators with currents
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Closed Delta-Connected Regulators

The same procedure can be followed at the other two load-side terminals. The
resulting three-phase equation is

I.,1 | % ab 0 1 —ag ca| [lg
Iy|=|1—ar.ap AR _bc 0 - |1
I, I

104
0 1 —ag pc AR _ca C (104)
Equation (104) is of the general form
Uabc] =[D] - [14pc] (105)
where
AR_ab 0 1- AR _ca
[Dl=|1=arap  Qropc 0
0 1 —ag pc AR _ca
The general form needed for the standard model is
Uagcl =le] - [VLLspc] +[d] - [apc] (106)

where [d] = [D]!
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Closed Delta-Connected Regulators

As with the wye-connected regulators, the matrices [b] and [c] are zero as long as the
series impedance and shunt admittance of each regulator are neglected.

The closed delta connection can be difficult to apply. Note that in both the voltage
and current equations, a change of the tap position in one regulator will affect
voltages and currents in two phases. As a result, increasing the tap in one regulator
will affect the tap position of the second regulator. In most cases, the bandwidth
setting for the closed delta connection will have to be wider than that for wye-
connected regulators.

[OWA STATE UNIVERSITY ECpE Department




Open Delta-Connected Regulators

Two Type B single-phase regulators can be connected in the “open” delta connection.
Shown in Fig.15 1s an open delta connection where two single-phase regulators have
been connected between phases AB and CB.

Two additional open connections can be made by connecting the single-phase
regulators between phafes BC and AC and also between phases CA4 and BA.

Fig.15 Open delta connection
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Open Delta-Connected Regulators

The open delta connection is typically applied to three-wire delta feeders. Note that
the potential transformers monitor the line-to-line voltages and the current
transformers monitor the line currents. Once again the basic voltage and current
relations of the individual regulators are used to determine the relationships between
the source-side and load-side voltages and currents. The connection shown in Figu.15
will be used to derive the relationships and then the relationships of the other two
possible connections can follow the same procedure.

>

b %

Fig.15 Open delta connection
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Open Delta-Connected Regulators

The voltage V,, across the first regulator consists of the voltage across the series
winding plus the voltage across the shunt winding:

VAB =VA1 +Vcb (107)

Paying attention to the polarity marks on the series and shunt windings, the voltage
across the series winding is

2, (108)

Substituting Equation (108) into Equation (107) yields

2
Vap = (1 - _) *Vab = ar_ap " Vap (109)

Following the same procedure for the regulator connected across V5, the voltage
equation 1s

Vee =1—) Vpe = AR ¢b * Vhe (110)

[OWA STATE UNIVERSITY ECpE Department




Open Delta-Connected Regulators
KVL must be satisfied so that

Vea = —(Vap + Vge) = —ag ap * Vab —Ar cb* Vie (111)
Vg =Va +Vy (107)

N
Vap = (1 - N_Z) *Vab = ag_ab * Vap (109)

1

Equations (107) through (109) can be put into matrix form:

Vap] | ar.ap 0 Ol Van
Vec|=| O arcpr O |Vpe (112)
Vea —arap —Arcp 0] LVea

Equation (112) in generalized form is
[VLLapc) =lars) - VLLape] +bis] - apel — (113)

where ) )
aR_ab 0 0

la,] = 0 arcp 0 (114)
|—Arap —Arcp O
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Open Delta-Connected Regulators

g = 1+ 0.00625-Tap (75)
I aR_ab 0 0-

[a;; ] = 0 ag ch 0 (114)
—Arap —Arcp O]

The effective turns ratio of each regulator 1s given by Equation (75). Again, as long as
the series impedance and shunt admittance of the regulators are neglected, [b,,] is
ZEero.

Equation (114) gives the line-to-line voltages on the source side as a function of the
line-to-line voltages on the load side of the open delta using the generalized matrices.
Up to this point, the relationships between the voltages have been in terms of line-to-
neutral voltages.
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Open Delta-Connected Regulators

In Chapter 8, the [W] matrix is derived. This matrix is used to convert line-to-line
voltages to equivalent line-to-neutral voltages.

[VLNgcl = W] - [VLLyg(] (115)
210
(W] = 3 y lﬂ 2 1‘
1 0 2

The line-to-neutral voltages are converted to line-to-line voltages by

|[VLLsgcl = D] - [VLNapc]

1 -1 0
[D] = \ 0 1 -1
-1 0 1

IOWA STATE UNIVERSITY ECpE Department
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Open Delta-Connected Regulators

[VLLspcl =[ayL] - [VLLgpe] +[brr] - Uanc) (113)
Convert Equation (113) to line-to-neutral form:
[VLNpgc]l =[W]1 - [VLLsgc] = [W] - [ay] «[D] - [VLNgp,]
[VLN5¢] =[areg] - [VLNgp] (117.2)

[areg] = [W] " [aLL] ‘[D]

When the load-side line-to-line voltages are needed as function of the source-side
line-to-line voltages, the necessary equation is

1 : [VLLapcl =[ALL] - [VLL4pC] (118)
0 0 -1 1
AR ab 0 0
Vab 1 VAB AR ab
vl 0w TR Lol o o] a9y
C ]
Veq . 1 Vea [ALL] ag cb
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Open Delta-Connected Regulators

[VLLgpe] =[A1L] - [VLLsgC] (118)
Equation (118) is converted to line-to-neutral form by

[VLNapcl =[Areg] - [VLNpc]

[Aregl = [W] - [ALL] -[D]

(120)

]. The

reg
must be computed according to Equation 7.120.

There 1s no general equation for each of the elements of [4

matrix [4,,,]
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Open Delta-Connected Regulators

Referring to Fig.15, the current equations are derived by applying KCL at the L
node of each regulator:

Iy = 1gtgp (121)
but N,
Iap = E -1y
Therefore, Equation (121) becomes
N>
(1 — N—l) =1, (122)
Therefore
1
I, = -1, (123)
by Ve aR_(Ib

In a similar manner, the current equation for the
second regulator is given by

1
0, (124)

Fig.15 Open delta connection I =
AR cp
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Open Delta-Connected Regulators

In matrix form, the current equations become

1
» 0 0
R _ab
I4 1 1 Iq
Ig|=|— 0 — -, (126)
] aR_ab aR_cb I
C 1 C
0 0
: AR cb -
In generalized form, Equation (126) becomes
[IABC] =[Creg] ’ [VLNABC] +[dreg] ) [Iabc] (127)
where 1
0 0
aR_ab
] 1 0 1 (128)
regl aR_ab aR_cb
1
0 0
AR cp
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Open Delta-Connected Regulators

When the series impedances and shunt admittances are neglected, the constant matrix [c
will be zero.

reg]

The load-side line currents as a function of the source line currents are given by

where

Iq - aR_ab
Ib = |7ARr ab
IC’

0

0
0
0

0
—Aag ch
ar cb

[Ia,bc] =[Dreg] ' [‘IABC]

- AR _ab
[Dreg] = |~ 4%R_ab
0

0
0
0

0

—Apg ch

ag cp |

|
| I,{;‘ (129)
IC
(130)
(131)

The determination of the R and X compensator settings for the open delta follows the same
procedure as that of the wye-connected regulators. However, care must be taken to recognize
that in the open delta connection the voltages applied to the compensator are line to line and
the currents are line currents. The open delta—connected regulators will maintain only two of
the line-to-line voltages at the load center within defined limits. The third line-to-line
voltage will be dictated by the other two (KVL). Therefore, it is possible that the third
voltage may not be within the defined limits.
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Open Delta-Connected Regulators

With reference to Fig.16, an equivalent impedance between the regulators and the load
center must be computed. Since each regulator i1s sampling line-to-line voltages and a
line current, the equivalent impedance is computed by taking the appropriate line-to-

line voltage drop and dividing by the sampled line current.

Ly

Load
CEenter

Ve

Fig.16 Open delta connected to a load center
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Open Delta-Connected Regulators

For the open delta connection shown in Figure 7.16, the equivalent impedances are

computed as
Zeq, = VRap = Vhan (132)
I a
VRcp — Vi (133)
I C
The units of these impedances will be in system Ohms. They must be converted to
compensator volts. For the open delta connection, the potential transformer will

transform the system line-to-line rated voltage down to 120 V.

zeq, =

—=
—":|, 'Fﬂ | I
Viea L Ve "
b ?:v VR, VL,
V.HI 'fab
+ (| g Iy — = Load
C — . i [ v center
= — — = LY =
e N la VR, VL.
Vic
—"T  —
gt —> e L= |

Fig.16 Open delta connected to a load center
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Thank You!
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