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Preface

The Institute of Electrical and Electronics Engineers Standard

No. 1246-2011™, IEEE Guide for Temporary Protective Grounding
Systems Used in Substations (IEEE 1246) provides a method to predict
worker touch voltage at grounded worksites in high voltage,
alternating current substations using impedance correction K-factors
for temporary protective grounds (TPG). This book provides
supportive information for the grounding models and derivations of
TPG impedance equations presented in IEEE 1246. Chapter 1
introduces the reactive voltage drop principle that occurs on TPG.
Chapter 2 develops the ground loop induction formulas for a basic
single-phase TPG grounding scenario. Chapter 3 expands the use of
the K-factor to practical single- and three-phase substation bus
examples. Chapter 4 develops the K-factor for bracket TPG grounding
scenarios and Chapter 5 expands the use of K-factors referenced in the
standard to power line TPG grounding scenarios.

This book’s development is based on years of research performed by
the Hydropower Diagnostics and SCADA Group and onsite testing
performed at various Bureau of Reclamation and Western Area Power
Administration facilities. Support and funding was provided through
the Bureau of Reclamation Science and Technology Program.

The authors gratefully acknowledge the assistance of all who
contributed to this research work.

Philip Atwater and James DeHaan
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Chapter 1
Introduction

The electric power industry has, for a long time, recognized the need
for grounding deenergized, high voltage power lines and equipment
for bare-hand contact during maintenance or construction activities.
Grounding of the line or equipment conductors is typically
accomplished by applying temporary protective grounds (TPG)
according to the utility’s procedure to create an equipotential safe
work zone. However, in practice, the various conductive parts of the
work zone are rarely at the same potential when an accidental
reenergization occurs. This is due to voltage drops in the fault current
carrying conductors, both TPG and the grounded equipment, which
cannot be avoided.

As stated in the Institute of Electric and Electronic Engineers Standard
No. 1246-2011 [1] (IEEE 1246), historically, the TPG cable resistance
was placed in parallel with the worker’s body to calculate current
through the body during an accidental energization of a grounded
worksite. The TPG cable resistive (IR) voltage drop resulting from the
alternating current (ac) power system available short-circuit current
was the key factor in determining worker touch voltage and body
current. Recent modeling of grounded worksites, and laboratory and
field testing (see IEEE 1246, Section 7, “Model Comparison With
Field Test Data), demonstrated that the TPG cable reactive (1X)
voltage drop often is a significant component of the worker touch
voltage and body current.

Grounded worksites inherently produce a reactive voltage drop (touch
potential) when TPGs conduct ac short circuit current. Induction
ground loops are typically formed by the TPGs, grounded line or
equipment conductors, and a current return path between TPG and
worker. The worker completes the ground loop circuit by touching a



Temporary Protective Ground Cable Impedance K-Factors
For Predicting Worker Touch Voltage

grounded conductor (intentionally grounded by TPG) and another
grounded object at the worksite. The induction ground loop creates
the reactive 1X voltage drop exposure to the worker. The combined
resistive and reactive voltage drops of a TPG cable can be several
times higher than the resistive voltage drop alone.

Therefore, the TPG effective ac impedance (not only resistance)
should be considered for realistic worker exposure evaluation. This
situation led to the development of TPG composite impedance, which
accounts for the physical layout of the TPGs at the grounded worksite.
To simplify the calculation of the TPG impedance, the TPG
impedance K-factors were introduced. The use of the K-factor to
predict worker touch voltage modifies the historic method of
calculating TPG resistive (IR) voltage drop by including the additional
effects of reactive voltage drop of the TPG cable. Worker touch
voltage may be approximated using the following equation:

Vt=If x Rc x K ()]
where
Vit is the touch voltage, Vrms
If is the available short-circuit current, KA rms sym.

Rc is the TPG cable resistance (excluding clamps and
ferrules), milliohm
K is the TPG impedance multiplier

Application of K-factors for the worker touch voltage calculation
procedure is covered in IEEE 1246. However, explanation of
magnetic induction concepts and derivation of equations is limited,
and additional explanation is provided in this book.



Chapter 2

Single-Phase TPG Grounding

Basic Single-Phase TPG Grounding Model

In the simplest grounding form, a single TPG conductor is shunted
across a worker’s body, as shown schematically in figure 1. The
worker’s body is represented by resistance Rw. The TPG conductor
has resistance Rc. Induction ground loop a,b,c,d is formed with the
TPG and worker and is assumed rectangular in shape in this example
with TPG conductor length L and depth of ground loop D (distance
from TPG to worker).

TPG Worker

Figure 1. Electrical schematic of basic
grounding model for single TPG shunting
worker’s body. The portion of magnetic flux y
internal to closed loop a,b,c,d (defined ys())
induces voltage Vx in contact with the worker.

Current | through the TPG (side b) creates magnetic flux y. Sides a
and c connect the worker to either end of the TPG. Voltage Vx is

3

|
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induced in the loop from flux linkages s, which penetrate (link
with) the enclosed loop area. No current is assumed through the body
(side d) because Rw>>Rc. This assumption is justified because the
body core resistance is approximately six orders of magnitude greater
than the resistance of a typical TPG cable (1 kQ versus 1 mQ).
Therefore, current through the worker side of the ground loop has a
negligible effect in determining voltage induced in the loop.

Induced voltage Vx in figure 1 is equivalent to the IX reactive voltage
drop of the TPG where X is the self-reactance of the TPG conductor
out to distance D; defined Xs@). Self-reactance Xsg) can be found by
treating the TPG and worker’s body current paths as two parallel
conductors of equal length L separated by distance D.

Figure 2 shows the same circuit of figure 1 looking parallel with the
plane of the ground loop (side ¢ above a).

- -<

be ‘: .d
\ ;D
\\\ ,’
\\\ //, “V

_________ La Lo

Ysd) Ym(d) oo
_____________ S ___________.>
Ys

Figure 2. View of circuit in figure 1 from top,
showing self- and mutual inductances of
TPG conductor (point b) with worker position
(point d).
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Magnetic flux components s, ws), and ym) (all produced by
current 1) create the self- and mutual inductances depicted by the
horizontal dashed vectors.

Inductance Lsq) is the TPG self-inductance out to distance D due to
flux linkages ws@). Mutual inductance Lm() is created from flux
linkages wm() beyond point d, which do not penetrate the area enclosed
by the ground loop and, therefore, do not contribute to the voltage
induced in the loop. The TPG self-inductance Ls results from the total
flux linkages ws with current 1. Figure 2 shows that flux linkage s)
is equivalent to ws minus wm(); therefore:

Ls) = Ls — Lm() 1)

Formulas for calculating self- and mutual inductances of equal length
parallel conductors are straightforward from Grover [2] and are shown
in equations (6) and (7) below.

Induced voltage Vx in figure 1 is the product of current and reactance
(I Xsa)) and leads the TPG current by 90 degrees. The total touch
voltage Vi across the worker is, therefore, the phasor sum of the

TPG conductor resistance and reactance voltage drops:

Ve = T(R¢ +0.0003 + jX(q)) (2)
where Xs) is the self-reactance from Ls), and j is the 90-degree phase
shift operator. Note that an additional 0.3 milliohm is added with
conductor resistance R¢ in equation (2) to account for the resistance of

the TPG cable clamps and ferrules at each end.

In scalar form:

V, = IJ(RC +0.0003)2 + XZ 4 3)
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where all values of resistance and reactance are in ohms, and current
I is in amps.

Dividing both sides of equation (3) by current magnitude I gives an
expression for the TPG composite impedance magnitude:

7,=", = \/(RC +0.0003)? + X2 (4)

Finally, TPG composite impedance Zg is normalized to the TPG
conductor resistance by dividing by Rc. This is the defined TPG
impedance correction K-factor, a dimensionless quantity. Therefore,
for the TPG grounding configuration in figure 1, the expression for the
TPG impedance correction K-factor is:

2
7 (Rc+0.0003)2+X¢ 4
== (5)

Rc Rc

Formulas for the self-inductance of a single straight conductor and
mutual inductance of two equal length parallel straight conductors are
reprinted from Grover [2] in inductance unit of Henry.

Ly =2L[in (%) - 0.75] x10° H (6)

Ling) = 2L [ln <§ + \/1 + (%)2) = \/1 T %] x10° H (7)

where
Ls = self-inductance of single conductor out to infinite
distance
Lm@ = mutual inductance of parallel conductors separated by d
L = conductor length, centimeters (cm)
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r = conductor radius, cm
d distance between center of conductors, cm

Grover’s formula in equation (7) quantifies mutual inductance due to
flux linkages common to both parallel conductors (e.g., TPG and
worker position) out to infinity, as shown in figure 2 for ym); not the
flux in the space between conductors. However, flux linkages ys()
bounded by the closed ground loop circuit of dimension D induce
voltage Vx. By inspection of figure 2, flux linkages s are equivalent
t0 ws MINUS Wm(d), MaKing Lya) = Ls — Lm(ay. 1he above inductance
formulae are based, in part, on a characteristic 1/d relationship of
magnetic flux density with radial distance from the current carrying
conductor.

Therefore, for equations (3) through (5):
Xs@y = Xs = Xm(@) = 21f (Ls = Lin(a)) 2 8

where
Xs@y = TPG self-reactance to touch point (distance D).

Basic Single-Phase TPG Example

Example curves for K versus D are shown below. The K-factors are
for 60-hertz (Hz) values of reactance Xs(q) in equation (5). Example
data spreadsheets show all of the calculated variables required to
determine K.

The TPG conductor radius r and resistance per meter of copper
conductor are given in table 1 for class K and M stranded conductors.

—
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Table 1. Conductor Radius and Resistance

Conductor size Conductor Resistance
(AWG or kemil) radius (cm) (mQ/m)
2 0.428 0.551
1/0 0.537 0.344
2/0 0.645 0.278
4/0 0.819 0.175
250 0.906 0.148

Source: From National Electrical Manufacturer’s
Association (NEMA) WC 58-1997, table 5-1 (average value
for Class K and M conductors).

Note: AWG = American wire gauge, kemil = circular mils

The conductor resistance per meter values in table 1 is used to
determine TPG cable resistance Rc from length L.

Families of K-factor curves shown below (figures 3-5) are plotted
from equation (5) for the basic grounding model in figure 1. Tables 2
and 3 are example data spreadsheets for No. 4/0 AWG copper TPGs
(L = 4.57 meters [m] and 10 m).
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250 MCM

f ajonws
25

2/0AWG

1/0AWG

#2 AWG

5 10 15 20 25 30
Ground Loop Depth (D) in Meters

Figure 3. 60-Hz TPG impedance K-factors for single
TPG shunt across body; TPG length =2 m.

35

250MCM

30

2/0AWG

20

1/0AWG

f #2 AWG
0 5

10 15 20 25 30

Ground Loop Depth (D) in Meters

Figure 4. 60-Hz TPG impedance K-factors for single
TPG shunt across body; TPG length = 4.57 m.
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250 MCM

4/0AWG

2/0AWG

1/0AWG

#2 AWG

0.0 5.0 10.0 15.0 20.0 25.0 30.0
Ground Loop Depth (D) in Meters

Figure 5. 60-Hz TPG Impedance K-factors for single TPG
shunt across body; TPG length = 10 m.

Worker touch voltage V: is determined in figure 1 (Vx becomes V) for
the worksite available short-circuit current I, resistance of the TPG,
and the above-derived K-factor as follows:

V,=1eR;eK 9)

In summary, the TPG impedance correction K-factor in equation (5)
adjusts conductor resistance Rc to the effective impedance of the TPG
in shunt with the worker from a distance. The K-factor is a function of
the specific TPG grounding layout with the worker (simple rectangular
geometry of figure 1 in this example).

10
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Table 2. Data Spreadsheet for No. 4/0 AWG Copper TPG,L =4.57 m

(15 ft)

TPG size rad. (cm) L (m) Rc f (Hz)
No. 4/0 0.819 4.57 7.9975E-04 60
Simple Configuration Single TPG Shunt Across Body
D (m) Xm(d) Xs(d) Zy K
0.05 1.454E-03 7.057E-04 1.307E-03 1.634E+00
0.3 8.549E-04 1.305E-03 1.706E-03 2.134E+00
0.75 5.712E-04 1.588E-03 1.932E-03 2.416E+00
15 3.821E-04 1.778E-03 2.090E-03 2.614E+00
3 2.301E-04 1.929E-03 2.221E-03 2.777E+00
6 1.258E-04 2.034E-03 2.312E-03 2.891E+00
12 6.485E-05 2.095E-03 2.366E-03 2.958E+00
24 3.271E-05 2.127E-03 2.394E-03 2.994E+00
Xs Ks
2.160E-03 3.030E+00

Zg = equivalent TPG impedance (includes R of cable, clamps, ferrules) for single

TPG shunt across body
Xs@) = TPG self-reactance to touch point (distance D), ohm
Xm() = TPG mutual reactance with touch point (distance D), ohm
Xs = TPG self-reactance out to infinite distance, ohm

¢ = resistance of TPG copper conductor, ohm

L = TPG length, m
D = distance from TPG to worker, m
K = TPG impedance correction factor

Ks = TPG impedance correction factor for self-reactance Xs (not Xs())

Note: ft = feet, m = meters
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Table 3. Data Spreadsheet for No. 4/0 AWG Copper TPG,L =10 m

TPG size rad. (cm) L (m) Rc f (Hz)
No. 4/0 0.819 10 1.7500E-03 60
Simple Configuration Single TPG Shunt Across Body
D (m) Xm() Xs(d) Zg K
0.05 3.767E-03 1.549E-03 2.569E-03 1.468E+00
0.3 2.435E-03 2.881E-03 3.536E-03 2.021E+00
0.75 1.777E-03 3.539E-03 4.090E-03 2.337E+00
15 1.308E-03 4.008E-03 4.502E-03 2.573E+00
3 8.858E-04 4.430E-03 4.882E-03 2.789E+00
6 5.411E-04 4.775E-03 5.196E-03 2.969E+00
12 2.989E-04 5.017E-03 5.420E-03 3.097E+00
24 1.549E-04 5.161E-03 5.553E-03 3.173+00
Xs Ks
5.316E-03 | 3.256E+00

Zg = equivalent TPG impedance (includes R of cable, clamps, ferrules) for single

TPG shunt across body
Xs(d) = TPG self-reactance to touch point (distance D), ohm
Xm() = TPG mutual reactance with touch point (distance D), ohm
Xs = TPG self-reactance out to infinite distance, ohm

Rc = resistance of TPG copper conductor, chm

L = TPG length, m
D = distance from TPG to worker, m
K = TPG impedance correction factor

Ks = TPG impedance correction factor for self-reactance Xs (not Xs())

12




Temporary Protective Ground Cable Impedance K-Factors
For Predicting Worker Touch Voltage

TPG Self Impedance

The K-curves tend to flatten for values of D greater than about 5 m.
This occurs because as D increases, the value of Xs() quickly
approaches the TPG self-reactance Xs, due to the rapid decrease in
mutual reactance Xm(). This suggests that for practical applications, a
representative worst-case, single-value K-factor could be chosen,
letting Xs) = Xsin equation (5) for a given TPG conductor size and
length (identified as Ks in tables 2 and 3). The value of Ks for the
10-m TPG (rounded to two decimal places) is included in table C.1 of
IEEE 1246.

13






Chapter 3
Three-Phase Grounding

Practical Single- and Three-Phase TPG
Grounding Model for Substation Bus

In this chapter, the basic TPG model is expanded to represent more
practical single- and three-phase grounding methods implemented in
ac substations. The three-phase grounding method is depicted on the
book cover.

Figure 6 depicts an electrical circuit model of three-phase, single-point
worksite grounding in an ac substation. Temporary protective grounds
connect the station bus to the ground grid between the worker touch
point (represented by Rw) and energy source. A worker could also be
located between the TPGs and energy source (not shown). The
objective is to express Vi (Vexp in figure) in terms of the substation
available three-phase, short-circuit current magnitude Iy, taking into
account the effects of magnetic coupling from the three TPG currents
Ia y Ib y and Ic.

TPGs Between Energy Source and Worker

During an accidental energization of the grounded worksite, balanced
three-phase currents are assumed in the overhead bus and TPGs from
the energy source. Therefore:

I, = 1k (1+]j0)

L, = 11(-05-j0.866)
I = 11(-0.5+j0.866)
| =

worksite available short-circuit current magnitude,
Aand I+, +1,=0

f

15
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No current is conducted in the bus beyond the TPGs toward the worker
(no energy source at the right side in figure 6), and no current enters
the earth from the ground grid. Note that any potential that might exist
across ground grid resistance Ry would not appear in the induction
ground loop described next.

ZSc - N V \
_ _——7
4 —-t-=
Sh L
o Vexp
Energy AN Zyp - Flux <=Rw
Source Z, TPGs \\ /\\ “/
R |-~
AN N Ground
\\\ So Zr, Loop
~ N
N ‘\\\ (._J—_ - N
S Ground Grid a7
. - -

Figure 6. Electrical schematic representation for three-phase, single-point
TPG grounding of an ac substation bus. One TPG is connected from each
bus conductor to the substation ground grid. Lumped impedances for the
TPGs (2), bus (Zg), and energy source (Zs) are shown. Resistance Ry
represents the substation ground grid earth resistance. (Source:

figure C.3 from IEEE 1246 [1])

An induction ground loop circuit is formed with the worker comprised
of the A-phase TPG and portion of overhead bus between TPG and
worker, and station ground grid conductor between worker and TPG.
The worker actually connects with the ground grid conductor by

16
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contacting a grounded object in the station (transformer or circuit
breaker tank, support pedestal, etc.). The ground loop is assumed
rectangular with dimensions L and D. No current is assumed in the
portion of station ground grid conductor with the loop (balanced
three-phase, short-circuit current is confined to grid conductors
directly between TPGs).

Touch voltage Vi (Vexp in figure) is the phasor sum of the A-phase TPG
conductor resistance and self-reactance voltage drops due to la
(equation (2) in chapter 2), plus mutual reactance voltage drops from
TPG currents I and I¢ as follows:

Ve = I,(Rc +0.0003 + jXo) + jI,Xap + jIcXac (10)
where
Xa = Xs@)= A-phase TPG self-reactance to touch
point D, ohm
Xan = A-phase TPG mutual reactance to touch point D due to
current in B-phase TPG, ohm
Xac = A-phase TPG mutual reactance to touch point D due to

current in C-phase TPG, ohm

The resistance of the A-phase TPG clamps and ferrules is again
represented by 0.3 milliohm. Equation (10) is equation (C.1) in
IEEE 1246.

The circuit model for obtaining expressions for the mutual reactances
(Xan, Xac) of magnetically coupled circuits is shown in figure 7.
Ground loop circuit a,b,c,d with the A-phase TPG acquires an induced
voltage Vyx due to magnetic flux linkages produced by current I, and
currents I and I¢ in the external B- and C-phase TPG conductors.

Note that a resistive IR voltage drop component of V: occurs only from
the A-phase TPG (phase touched by worker). The B- and C-phase
TPG currents couple only reactive voltage drops into the induction

17
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ground loop circuit through mutual reactances Xa, and Xac . All
conductors lie in the same plane and are either parallel or
perpendicular as they appear in the figure, making the ground loop
circuit rectangular with dimensions L and D. Magnetic fluxes y, and
wc produced by the external currents link with (penetrate) the ground
loop circuit in the same direction as flux wa (right hand rule);
therefore, the reactance terms in equation (10) are all additive.

lc Ib la

R

< - < +

<\___ ___‘m\___ __*,m\ ___4,» I_Vx d

Ye Vb Ya R
«—S—>»|e—S—>» HD%’
W a

TPG

Figure 7. Circuit model representation for the TPGs
shown in figure 6 for obtaining mutual reactances (Xap,
Xac). Vxrepresents the location of the worker. All
conductors lie in the same plane and are either parallel or
perpendicular.

[—S—Pie—5—>
N A
I (] 1 ] h II'] a, -d
\\\\_—"I \\\\__"I D
v v
o Lan,bac Lo,y
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18 Figure 8. Circuit model representation for the TPGs shown in

figure 7, redrawn looking parallel to the plane of the ground loop.
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The circuit of figure 7 is redrawn in figure 8, looking parallel to the
plane of the ground loop. Fluxes wyand wc, produced by currents I,
and I¢, link ground loop a,b,c,d, creating mutual inductances Lap and
Lac, depicted by the horizontal dashed vectors. Other magnetic flux
components of the Iy and Ic currents and associated inductances are
shown, which are necessary to determine mutual inductances Lay and

Lac:

where
Wh(bd)

We(bd)
Wmb(d)
Wme(d)
Wmab

Wmac

Lab

Lac

Lmab
Lmac

Lmb(d)

flux produced by Iy linking area bounded by ground loop
a,b,c.d

flux produced by I¢ linking area bounded by ground loop
a,b,c.d

mutual flux produced by Iy, linking touch point d (distance
S+D) out to infinite distance

mutual flux produced by I¢ linking touch point d (distance
25+D) out to infinite distance

mutual flux produced by Ia or I, linking both A- and
B-phase TPGs out to infinite distance

mutual flux produced by Ia or I¢ linking both A- and
C-phase TPGs out to infinite distance

A-phase TPG mutual (coupled) inductance with touch
point d (distance D), due to current in B-phase TPG (due
to ysea), H

A-phase TPG mutual (coupled) inductance with touch
point d (distance D), due to current in C-phase TPG (due
to wea) H

A- and B-phase TPGs mutual inductance (due to ymab), H
A- and C-phase TPGs mutual inductance (due to wmac), H
B-phase TPG mutual inductance with touch point d
(distance S+D) (due to ymn()) , H

Lme) = C-phase TPG mutual inductance with touch point d

(distance 2S+D) (due to wmc()) , H

19
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The word "coupled” distinguishes mutual inductances Lap and Lac from
the other defined mutual inductances. These coupled inductances
occur from magnetic fluxes that are bounded by the ground loop area,
whereas all other mutual inductances arise from magnetic fluxes that
are unbounded to infinite distance from two parallel conductors.

By inspection of figure 8, mutual inductances Lap and Lac can be
determined, noting that the flux linkages creating them (wnnq) and

we(bd)) are equivalent to the difference in the mutual flux linkages of
TPG-to-TPG and TPG-to-worker, or:

Yowa) = Ymab — Ymb(a) (11)
Yewa) = Ymac — Yme() (12)
Stated in terms of the associated inductances:
Lap = Limab = Lmb(a) (13)
Lac = Limac — Linc(a) (14)
Ground loop induced voltage Vy related to the self- and mutual
inductances associated with current I, is similar to figure 2 in

chapter 2. Using variable subscripts suitable for this three-phase
circuit model, the A-phase TPG inductances become:

Ls(d) - La (15)
Linay = Lmaca) (16)
where:
La = A-phase TPG self-inductance out to touch point d

(distance D), H
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Lma@ =A-phase TPG mutual inductance with touch point d
(distance D), H

and self-inductance Ls is unchanged (A-phase self -inductance out to
infinite distance). The desired reactances for equation (10) are then:

Xa = an(Ls - Lma(d)) 0 (17)
Xap = znf(l'mab - Lmb(d)) ) (18)
Xac = 27Tf(l'mac - me(d)) 0 (19)

Equations (17), (18), and (19) are IEEE 1246 equations (C.5), (C.6),
and (C.7), respectively.

The self- and mutual inductances in equations (17) through (19) are
determined from equations (6) and (7) in chapter 2. However, the
circuit depicted in figures 7 and 8 is planar, while the circuit geometry
of figure 6 is L-shaped with the worker position normal to the plane of
the three TPGs. In this case, distances from the B- and C-phase TPGs
to worker position point d are found using the right-triangle rule:

d =/ (nS)% + D2 (20)
with n = 1 or 2 for mutual inductance Lmn) Or Lmc(), respectively.

The A-phase TPG composite impedance magnitude Zg3, due to
balanced three-phase currents in the TPGs, is found by substituting the
rectangular form of short-circuit currents into equation (10), collecting
real and imaginary terms and converting to magnitude, then dividing
by I

293:
JIRc +0.0003 + 0.866(Xgp — Xac)]? + [Xq — 0.5(Xap, + Xo0)2 (21)
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Equation (21) is IEEE 1246 equation (C.2)

TPGs Between the Energy Source and Worker Example

Equation (21) represents an equivalent TPG impedance magnitude.
When multiplied by the worksite available, three-phase, short-circuit
current, it gives the worker touch voltage Vi, shown as Vexp in figure 6.
The TPG self- and mutual reactances are readily calculated by
computer software for a range of values of L, D, and S in figure 6. The
TPG impedance correction K-factors are then determined by dividing
Zg3 by Rc. Touch voltage V:is calculated with equation (9) in chapter
2.

The family of 60-Hz, K-factor curves in figure 9 is for three-phase
grounding with No. 4/0 AWG copper TPGs, L = 4.57 m (15 ft), for
balanced three-phase TPG currents. Table 4 is a sample data
spreadsheet for substation bus spacing S = 3 m.

The K-curves are plotted from equation (21):

Z
_ “g3
k= /Rc

= 1/Rc \/[RC + 0.0003 + 0-866(Xab - Xac)]2 + [Xa - O-S(Xab + Xac)]z
(22)

The TPG conductor resistance R is determined from table 1 in
chapter 2 for length L.

Note that the three-phase, grounding K-curve for bus spacing S =24 m

is identical to the single-phase, grounding K-curve shown in figure 4
in chapter 2.
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Figure 9. 60-Hz TPG impedance K-factor curves for three-phase,
single-point TPG grounding; TPGs between worker and energy
source; No. 4/0 AWG copper TPGs, L =4.57 m

Assessment of Three-Phase Results

Comparison of K-factor curves in chapter 2, as well as the above
example, reveals that the three-phase K-values approach an upper limit
of the corresponding single-phase values as bus spacing S increases.
This is to be expected because mutual reactances Xa» and Xac become
small relative to self-reactance Xa, and equation (21) reduces to
equation (4) in chapter 2, making Zgz = Zg. It implies that, for
conservative results, the single-phase grounding model (figure 1 in
chapter 2) can be used for three-phase grounding (figure 6). The error
is less than about 10 percent if bus spacing S > 1.5 m.
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A second degree of conservancy may be applied if the single-phase
K-factors are based only on TPG conductor self-inductance Ls

(Lm@ = 0 in equation (1) and Xs@) = Xs in equations (3) through (5) in
chapter 2); defined Ks. This is the basis for the K-factors given in table
C.1 of IEEE 1246.

Working Between Energy Source and TPGs

For this scenario, the worker touch point (Rw) in figure 6 with the
A-phase overhead bus is to the left of the TPG at distance D (hot
shown). The induction ground loop circuit comprises the A-phase
TPG and portions of the overhead bus and station ground grid
conductor between TPG and the worker. The ground loop is again
assumed rectangular with dimensions L and D, and there is no current
in the station ground grid conductor forming the loop with the worker.

In the previous three-phase grounding example, it was shown that the
B- and C-phase TPG currents had minor influence on the touch
voltage in the A-phase TPG ground loop circuit. Therefore, this
three-phase grounding example can be modeled in the single-phase
representation of figure 10 for simplicity of calculation.

Sides b and c of the induction ground loop in figure 10 represent

the A-phase TPG and overhead bus, respectively. The A-phase,
short-circuit current enters the upper left corner of the loop and

exits the lower right corner into the plane of the page (toward B- and
C-phase TPGs). There is no current in sides a and d of the ground
loop and essentially no magnetic flux produced by the exit current
links the loop.

Flux produced by the A-phase current links the ground loop in

figure 10 from the bus (ybus) in addition to the TPG (ys@)). Therefore,
touch voltage V¢ includes an additional reactive voltage component
from the bus current compared to figure 1 in chapter 2.
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The self-inductance Lunus of the bus segment forming the ground loop
with the worker (side c) cannot be calculated directly from Grover’s
formula, equations (6) and (7) in chapter 2. Current in the bus exists
beyond the boundary of the loop (toward energy source), which does
not fit the condition of equal length parallel conductors for sides a and
c. Noting that dimension D runs parallel with the bus, self-reactance
Xous can be approximated using an ohms per-meter factor based on the
self-inductance of a fixed length of tubular conductor.

,’I\‘\\Ifbu%
=
l\‘ 1: Rb/\’:___ -__}\
+ d ” WS(d
v SR R=b
Work TP
o—»| /1
VAR
a

Fig. 10. Single-phase schematic
representation of three-phase
grounding model for worker
positioned between TPGs and energy
source. Side a represents the station
ground grid conductor. Current I,
exits the ground loop at lower right
corner into the plane of the page.

Modification of equation (5) in chapter 2 to include the bus segment
self-reactance Xous and resistance Roys becomes:

2
\/(RC+0.0003+Rbu5)2+(X5(d)+Xbus)
= e

(23)
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Formula for the self-inductance of straight tubular conductor is
reprinted from Grover [2] in inductance unit of Henry. For modeling
purposes, the station overhead bus is assumed schedule 40 pipe bus.*
Larger bus sizes will result in slightly lower K-factors.

— 2l -9
Ly =21|In(%) + m¢ — 1] x 107° H (24)
where
L, = self-inductance of straight tubular conductor, H
I = length of tubular conductor (note 1 # D; see below), cm
r = pipe bus outer radius (one-half outside diameter), cm
Lng = 0.0416 for schedule 40 pipe bus

Working Between Energy Source and TPGs Grounding
Model Example

This example shows a family of K-factor curves with the worker
positioned between the energy source and TPGs. The curves are valid
for both single- and three-phase grounding if bus spacing S > 1.5 m.
The family of K-factor curves shown in figure 11 is plotted from
equation (23). A sample data spreadsheet is shown in table 5.

Self-reactance Xsq) is determined from equation (8) in chapter 2 using
equations (6) and (7) in chapter 2 for Ls and Lm@). TPG conductor
resistance Rc is calculated from table 1 in chapter 2 for 4.57-m length
No. 4/0 AWG copper conductor. Station overhead bus resistance Rpus
is calculated from the ac resistance per meter of seamless pipe
specified in footnote 1 for distance D. Station overhead bus reactance

1 Schedule 40 seamless pipe 3.5-inch outside diameter and 3.06-inch inside
diameter, ac resistance at 70 °C is 26.7 pQ.
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Xous IS approximated based on inductance L, from equation (24) for a
24-m length of same seamless pipe bus specified in footnote 1.

Letting | = 2,400 cm and r = 4.45 cm in equation (24) gives
Lb24 = 28.9 pH.

Therefore:
~ Lb24 — —
Xpus = 21fD (“924/,4) = 0.00046 « D Q (f= 60 Hz) (25)
where D is the distance from TPG to worker position, m.

20,0
250 kemil

4/0 AWG
15.0

210 AWG
10.0

110 AWG

#2 AWG
5.0

0.0 T T T T \
0 5 10 15 20 25 30

Ground Loop Depth (D) in Meters

Figure 11. 60-Hz TPG impedance K-factor curves for single-phase,
single-point grounding, worker between energy source and TPG,
L=4.57 m (15 ft)
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Table 5. Data Spreadsheet for No. 4/0 AWG Copper TPG Length
L =4.57 m (15 ft)

TPG Rbus Xbus
size rad. (cm) L (m) Rc (ohm/m) (ohm/m)
4/0 0.819 4.57 7.998E-04 | 2.670E-05 | 4.600E-04
D (m) Xs(d) Xm(d) Xbus Zg K Rbus
0.05 7.058E-04 |1.45E-03 |[2.300E-05 |1.320E-03 |1.65 1.335E-06
0.3 1.305E-03 |8.550E-04 |1.380E-04 |[1.819E-03 |2.27 8.010E-06
0.75 1.588E-03 |5.712E-04 |3.450E-04 |2.234E-03 |2.79 2.003E-05
15 1.778E-03 |3.821E-04 |6.900E-04 |[2.718E-03 |3.40 4.005E-05
3 1.930E-03 |2.301E-04 |1.380E-03 |[3.514E-03 |4.39 8.010E-05
6 2.034E-03 |1.258E-04 |2.760E-03 |4.957E-03 |6.20 1.602E-04
12 2.095E-03 |6.485E-05 |5.520E-03 |7.746E-03 |9.69 3.204E-04
24 2.127E-03 |3.271E-05 [1.104E-02 |1.328E-02 |16.61 6.408E-04
Xs
2.160E-03

Z4 = equivalent single TPG impedance (includes R of cable, clamps, ferrules) during short circuit
current producing touch potential at worker position, ohm

Xs = self-reactance of TPG out to infinite distance, ohm

Xm@ = mutual reactance of TPG with worker position (distance D), ohm

Xs@) = self-reactance of TPG out to distance D (worker position), ohm

R. = resistance of TPG copper conductor, ohm

L =length of TPG, m

D = distance from TPG to worker, m

rad. = radius of TPG conductor, cm

Ruus = bus segment length D, ac resistance, ohm

Xpus = bus segment length D, self-reactance, ohm

K = TPG impedance correction factor

Note: All values of reactance at 60 Hz.

Placement of TPG Grounds

Comparing the K-factor curves for the two examples in this paper
illustrates that working between an energy source and TPGs can create
a substantially higher touch voltage (higher value K-factors). This
suggests that for single-point worksite grounding applications, the
TPGs should be placed between worker and energy source whenever
possible.
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The K-factor values in the previous section will increase if the
substation ground grid conductor (side a in figure 10) conducts a
portion or all of the A-phase, short-circuit return current. The latter
case is represented by the K-factor curves given in IEEE 1246,

figures C.18, C.19, and C.20. For those K-factor curves, equation (23)
was modified to include the resistance and self-reactance of the station
ground grid conductor segment in a method similar to that described
above for the overhead bus.
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Chapter 4
Bracket Grounding

Bracket TPG Grounding Model for
Substation Bus Overview

In addition to single- and three-phase grounding, bracket grounding is
another option implemented in grounding ac substations. It uses a set
of grounds on each side of the work area. Figure 12 depicts a form of
bracket grounding. Only one phase is shown because single-phase
modeling has been proven sufficiently accurate for three-phase
grounding (see chapter 3). The station overhead bus is grounded with
two identical TPGs separated by distance B. The worker (Rw) contacts
the station bus and ground grid anywhere between the TPGs. An
energy source is located to the left of TPG1, and there is no energy
source to the right of TPG2. The sum of TPG currents I1and I equals
the station available, short-circuit current Is from the source. Touch
voltage Vt is to be determined for worker-to-TPG1 distance D < B.

For conservative analysis (highest touch voltage), current I, carried by
TPG2, is modeled returning to the source in a single station ground
grid conductor directly below the overhead bus. As shown in

figure 12, magnetic flux produced by currents in the TPGs, overhead
bus, and ground grid conductor links (penetrates) the shaded area,
forming an induction ground loop with the worker.

Determination of TGP Currents l1 and I2

The bus I+ current division in the TPGs is first solved for 11 and I».
Current division in the TPGs is dependent on the TPGs’ self- and
mutual inductances associated with fluxes y1 and y», and the bus and
ground grid conductor impedances between the TPGs.
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TPG TPG
attachment - attachment
point K \‘ point
i < L >
Energy | < : .| B > | Bus
source I N
|1l ' ,* Wous |2l
< D >
TPG1 X\ TPG2

Ground grid ' ;'

Figure 12. Single-phase schematic representation of bracket TPG grounding.
The worker (Ry) contacts station overhead bus anywhere between TPGs.
The depth of induction ground loop with worker is distance D from the worker
to TPG1. (Source: Modified figure C.2 from IEEE 1246 [1])

Circuit parameters for the parallel connected (bracket) TPG model are
shown in fig 13. The TPG, bus, and ground grid conductor reactances
are shown as lumped circuit elements which represent the actual
distributed reactances associated with the flux linkages shown:

where
X1sp) and Xospy = TPG1 and TPG2 self-reactance out to distance B

(by symmetry Xisp) = Xasp) & X1PG(n))
overhead bus length B self-reactance
station ground grid conductor length B self-reactance

Xbus
ng
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Re TPG conductor length L resistance
Rous = overhead bus length B resistance
Rgg = station ground grid conductor length B resistance

~
N
.,
-

=y

\
- '.' “. Bus
— N —\\
1 V0 Xous Roe H I2
\
,‘,_i- ----- - \\ Iyl/lbus ’,,—i‘ ~~~~ <
{ P [
\\~~-_____—‘ \‘~_-___
w1 Y2
X1s(b) % §
TPG1 | B
L %

Rc%

/">, yg  Ground grid

'/ * conductor

— W
1 1

\ ,’l Xag Rog

Figure 13. Circuit diagram for determining bracket grounding TPG curre

nts

I and I.. TPGs are constructed of conductors identical in size and length.

Magnetic flux w1 is produced by current I;. All other fluxes shown are
produced by current I».

For a given conductor length L, self-reactance Xtpg(p) is a nonlinear
function of B in the radial dimension to the TPG, due mainly to a

1/B relation in magnetic flux density for linkages w1 or w>. Therefore,
self-inductance Ltpg(p) iS determined in a way similar to that described

in chapter 2, “Basic Single-Phase TPG Example” section, as well as
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from equations (6) and (7) of chapter 2, noting that mutual inductance
from equation (7) in chapter 2 is determined for d = B as follows:

Lys = 2L [in (%) - 075|x10° H (26)
2 2
Loy, = 2L ln<§+\/1+(§) )—J1+(§) +21x10° H (27)
with all dimensions in centimeters, and:
Xrpw) = 27tf (L1s — Lim1z) {2 (28)
where
Lis = TPGL1 self-inductance out to infinite distance
Lmiz = TPG1 mutual inductance with TPG2

Conversely, the bus and station ground grid conductor self-reactances
approximate a linear function of B because their respective magnetic
flux density patterns are approximately constant in the axial direction
with those conductors. Therefore, the bus and ground grid conductor
self-inductances are obtained from equations (24) in chapter 3 and (15)
and (6) in chapters 3 and 2, respectively, setting | = B as follows:

2B
Lyus = 2B [ln (r—> + In — 1] x10~° H (29)
b
where
Lous = self-inductance of straight tubular conductor, H
B = length of tubular conductor
ro = pipe bus outer radius (one-half outside diameter)
Lné = 0.0416 for schedule 40 pipe bus
34
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2B -
Log = 2B |In(%£) - 0.75|x107° H (30)
where
Lgg = self-inductance at ground grid conductor, H
B = length at ground grid conductor

r conductor radius

with all dimensions in centimeters.

Bus resistance Rous and station ground grid conductor Rgg are
calculated from information provided in footnote 1 of chapter 3 for
tubular pipe bus and table 1 in chapter 2 for 4/0 AWG copper
conductor, respectively.

From basic circuit theory, the ratio of TPG currents is equal to the
inverse ratio of their parallel circuit impedances:

I Z
Y, ="z, (31)
and for this bracket grounding example:
Zy = Zrpg1 = Rc +0.0003 + jX7pgp) (32)

Zy = Zrpgy + Zyys + Zgg =
R; +0.0003 + Ryys + Ryy +j(XTPG(b) + Xpus + ng) (33)

For simplicity in calculating worker touch voltage V: (see the section
entitled, “Determination of Worker Touch Voltage, Vi,” below), the
TPG currents are expressed in per-unit of It in order to determine
K-factors in terms of the station available short-circuit current. The

ratio % is found by substituting Z; and Z, from equations (32) and
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(33) into (31) and replacing I, with I — I; in the left side
denominator:

E _ Rc + Rbus + Rgg +j(XTPG(b) + Xbus + ng)
It = 2R, + Ryus + Ryg + j2X1pan) + Xpus + Xgg)

(34)

Although equation (34) is not reduced to simplest form, it is readily

manipulated in software and displayed in polar form as the ratio :—1 27,
f
Ratio :—2 £Y is determined from the relation :—2 =1 —:—1 since the I1
f f f

and 12 complex current ratios must sum to one per unit of Is.

Determination of Worker Bracket Touch Voltage Vt

Touch potential V¢ is found by summing the resistive and reactive
voltage drops around the loop circuit enclosing the shaded area in
figure 12. This again implies that all the loop voltage appears across
worker resistance Rw. A reactive 1X voltage drop is calculated for
each of the reactances associated with the fluxes (w1, w2, wbus, Wqg),
which links only the shaded ground loop area shown in the figure.

The electrical schematic for determining touch voltage V: is shown in
figure 14. The worker contacts the station bus and ground grid
conductor at distance D from TPG1, completing an induction ground
loop circuit with shaded area in the figure. Touch voltage V: is found
by summing the voltage drops around this loop circuit to the contact
points with worker. For this purpose, the sectional impedances of
station bus and station ground grid conductor included in the shaded
loop are approximated by multiplying Rous, Rgg, Xbus, and Xgg by the
ratio D/B.
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If D/B(Rbus + ijus) Bus

V1 2
Xis()t % % Xia@)

Vi
TPGL | D > TPG2
Rc ;
h Gnd. Grid -
v D/B(Rgg + jXgg) Conductor
—i -
b L .
Ww1(d) L Ymid) <o
__________________________________________ .>
Wis
4____L_'E____|< _______ I_-J- _________
oo Wm Y2(d)
e L2 ________
WUm2

Figure 14. Schematic diagram of a bracket TPG grounded station bus
and induction ground loop with worker creating touch voltage V:. The
TPG self- and mutual inductances required to determine V; are depicted
by vectors representing the associated flux linkages with TPGs and
worker. TPG2 resistance R does not appear in the I, branch because it
is not involved in calculation of Vi by summation of voltage drops around
the shaded portion of the loop.
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By inspection of figure 12, flux linkages w1 produced by current 11
out to worker distance D induce a voltage in the shaded loop. The
TPG1 self-inductance Lis@) and reactance Xis(q) associated with w1
produce an equivalent voltage drop in this loop circuit. They are
determined by noting that flux linkages y1s minus ym1(q) are equivalent
to w1 such that self-inductance Lig(qy = Lis — Lin1ca)- Therefore,
self-reactance Xus) is calculated in a way similar to Xtpg(), as shown
above, with distance D substituted for B in equation (27):

2 2
Lniay = 2L [ln <§+\/1 +(3) )—J1 +(2) +2[x10 H (35)
and
Xis@) = 21f (L1s — Liniay) (36)
where
Lis = self-reactance out to infinity

Limi1ay = TPG1 mutual inductance with touch point (distance D)
TPG1 self-reactance to touch point (distance D)

X1s(a)

Again, by inspection of figure 14, flux linkages w>() produced by
current Iz induce a voltage in the shaded loop. The TPG mutual
inductance [Li2) and reactance Xiz)] associated with ) produce an
equivalent voltage drop in this loop circuit. They are determined by
noting that flux linkageL,q) = Lmz(a) — Lm21S Wma(d) MINUS ymo1 are
equivalent to w2 such that mutual inductance . Mutual inductances
Lm2(g) and Lm2z are calculated with equation (27) using the appropriate
distance between boundaries for the flux linkages:

38



Ground Cable Impedance K-Factors
For Predicting Worker Touch Voltage

b = 2L |1 (— i (;TD)Z) ey
B-D
L

—lx10-9 H (37)

where
L2y = TPG2 mutual inductance with touch point (distance B-D)

By symmetry L,,,»; = L,,15; therefore, equation (27) is Lm21 directly.

Finally,
X12(a) = 27f (Linzay — Lmz21) 2 (38)

where
X12(ay = TPG1 mutual reactance with touch point (distance D)
due to TPG2 current I,

Summation of the voltage drops around the shaded loop circuit in
figure 14 gives:

7, = L(Re +0.0003 + X150)) = I [iXa2a) +
D . .
B (Rbus + Rgg + ]Xbus + ]ng)] (39)

I, and I, are complex currents in terms of It+. As before, 0.3 milliohm is
added to TPG conductor resistance R to account for cable clamps and
ferrules.

The bus Xnus and ground grid Xgg reactances are produced from flux
linkages (ynus , wgg) that are at a predominant right angle to

dimension D and, therefore, do not have similar mathematical forms as
for Xis@). Therefore, ratio D/B in equation (39) provides a linear
resistance and reactance relationship for the overhead bus and ground
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grid conductor segments versus dimension D of the ground loop with
TPG1 and worker.

Determination of K-factor results from dividing both sides of
equation (39) by I, giving the TPG1 composite complex impedance
Z, = V/I;. Division by I; on the right side of the equation is

L) L1 2y for
Iy Iy
currents I; and I, respectively. Currents I; and I, are solved in per
unit of I and converted to rectangular form for computation of
composite impedance Z;. The magnitude of Z, is then readily
determined after collecting real and imaginary terms. This magnitude
represents the effective composite impedance of TPG1 in terms of the
station-available, short-circuit current and worker position between
TPGs. The K-factors are then found, as before, by dividing the
composite impedance magnitude Zg by TPG conductor resistance Re.

accomplished by substituting per-unit quantities |—=| 2Z and

Note that the choice of determining K-factors for TPGL1 is arbitrary
(closest to source); K-factors for TPG2 would produce the same touch
voltage at a given location on the bus.

Bracket TPG Grounding Example

A family of bracket grounding TPG impedance correction K-factor
curves for various bracket spacing B is shown in figure 15.

Values for magnitude Z, and TPG impedance correction K-factor
K = Z, /R, are given in table 6 for one bracket distance B = 24
meters in figure 15.

The associated K-curve from Table 6 is replotted in figure 16, along
with TPG per-unit currents ;—1 and ;—2 versus TPG bracket separation

f f
distance B for comparison. The steep portion of the K-curve to the left
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of the vertical dashed line in figure 16 is due to the rapid nonlinear
change in self-reactance Xisq) near TPG1 relative to the linear
changing overhead bus and ground grid conductor impedances. In the
region to the right of the dashed line, X1sg) becomes fairly constant,
and the linear impedances of the bus and ground grid conductor
dominate.

4/0 AWG Copper TPGs - Length L = 4.57 meters
(15 feet)

25

A

e NN

B=12
m B=18m B=24m

0.0

T T T 1
0 5 10 15 20 25 30

Distance D from TPG1 to Worker in Meters

Figure 15. Family of 60-Hz TPG impedance correction K-factor curves
for single-phase, bracket grounded overhead station bus. B = bracket
distance between TPGs. Worker contacts bus between TPGs. Curves
include effect of impedance for a single 4/0 AWG station ground grid
conductor current return path below the bus. Refer to figure 12

(figure C.21 in IEEE 1246).
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0.0

0 10 20
Distance D or B, meters

Figure 16. 60-Hertz TPG K-factor curve from Fig. 15 for
B = 24 m, shown with associated TPG currents. Current
ratio traces show range of TPGs current division for
0<B <24 m. AtB =24 m, TPG1 carries 92% of total
short-circuit current It . Refer to Fig. 1.
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Chapter 5
Power Line Grounding

Power Line Grounding Introduction

A method to predict worker touch voltage in substations using TPGs
impedance correction K-factors has been developed in the previous
chapters. Similar analysis of touch potential can be applied to workers
aloft in contact with power line conductors at a support structure.
Ground potential rise at the structure footings, guy wire anchors, etc.,
are not addressed in this analysis. Two examples for single-point
protective grounding at a high-voltage transmission and utility line
structure are presented. These examples are simple in layout: TPGs
lie in the same plane as the structure, and the source of short-circuit
current is from either side of the structure.

Transmission Line Structure Grounding

Figure 17 shows a simple TPG worksite grounding application for a
H-frame, wood pole, transmission line structure. The structure and
TPGs lie in the same plane (i.e., the TPGs are connected to the line
conductors near the insulators). A worker contacts the line conductor
and pole ground down-lead wire at the elevation of the line conductor,
forming a rectangular induction ground loop (shaded area) with the
A-phase TPG and ground down-lead of dimensions D and H. This
model lends itself to analysis of touch voltage V: using mutual
induction formulas that are similar to those for the substation models
in the previous chapters. Other, more complicated structure grounding
configurations (e.g., worksite bracket grounding) are beyond the scope
of this chapter.
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OGW o

Worksite Grounding
Line-to-Structure Exposure

B C
3: v, 0
| p&——— Ib 1’ |
al \ l/ \ llc
\ (AR /
\ D D , [ v D D y
\ N AN K
~_-7 \\‘// ~_-" \\‘// ™ Simulated
T TPG
TPGlength=H+D
Actual TPG

Figure 17. Graphic representation of three-phase, TPG worksite
grounding at high-voltage, transmission line, H-frame wood pole
structure. Line conductors are perpendicular to plane of page. Pole
ground down-lead wires connect overhead ground/shield wires to
pole footing earth electrodes. Four TPGs of length D+H connect the
line conductors to the down-leads. Structure and TPGs lie in the
same plane. Worker contacts touch voltage V; between line
conductor and pole ground down-lead wire. Structure height is not to

scale.

Figure 18 shows the circuit model for obtaining expressions for the
self and mutual reactances. The three line currents are again balanced,
and no current is assumed in the pole ground down-lead wires. For
modeling purposes, the TPG2 and TPG3 horizontal conductor
segments combine, as shown in a single conductor of the same radius,
which carries line current Ip. The horizontal segments of TPG3 and
TPG4 are shown without magnetic flux encircling the conductors
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because flux linkages with the ground loop are insignificant. Each of
the four TPGs has conductor resistance R¢ (not shown), but only the
TPG1 conductor produces a resistive IR voltage drop component in the
ground loop.

dA B ]®;
la ,’/ Ip ,'/ le ,’/
l}/‘_Vt_ lll - l Ir/
/' |«—D—»|«—D< > 2D—»
T v B H U S
N al N N
e T I
II ‘\Vad
TPG1~ | P F ™ PG4
% TPG2 TP?
pole ground -

down-lead wires

Figure 18. Circuit representation for transmission line, three-phase,

TPG worksite grounding at H-frame, wood pole structure. Four TPGs of
length D + H connect the line conductors to the pole ground down-leads
(ground down-lead associated with touch voltage V: is shown extending from
TPGs up to level of line conductor). Touch voltage exposure is between
A-phase line conductor and pole ground down-lead wire. No current is
assumed in the ground down-leads. Structure and TPGs lie in the same
plane. Using the right-hand rule, fluxes was and wan penetrate the ground loop
out of the plane of the page, while fluxes wy, and . penetrate the ground loop
into the page.

The A-phase, TPG1 self-inductance associated with the voltage
induced in the worker ground loop creating touch voltage V: is
determined in two parts. This TPG forms two sides of the worker
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ground loop; therefore, flux linkages wad and wan must be accounted
for when determining the self-inductance. These fluxes are at a
predominant right angle to each other; therefore, they can be evaluated
separately, and their associated self-inductances can be combined by
superposition. The TPG1 self-inductance associated with flux
linkages wan (flux produced by Ia in length H of TPG1) is determined
in a similar way to that described in the “Basic Single-Phase TPG
Grounding Model” section in chapter 2, as well as from equations (6)
and (7) in chapter 2. As described in that section, the method of
determining self-inductance for a specified radial distance from a
conductor involves finding the mutual inductance of two equal length
parallel conductors; in this case, the vertical segments of TPG1 and
pole ground down-lead of length H, separated by distance D.
Therefore:

2H
Ly = 2H [ln (T) - 0.75] x10~° H (40)

Lympa = 2H [ln (g + \/1 + (g)z) - \/1 + (Z)2 + g] x10™°H (41)

where
r = the conductor radius and all dimensions in centimeters

Then:
Xisucay = X1sn — Ximucay = 27f (Lisy — Limuay) 2 (42)
where
Xisu@y = A-phase TPG1 length H self-reactance to pole ground

down-lead (distance D)
Lisu, X1sy = A-phase TPG1 length H self-inductance (reactance) out
to infinite distance
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Lymucay Xamuay = A-phase TPG1 length H mutual-inductance
(reactance) with pole ground down-lead
(distance D)

The TPG1 self-inductance associated with flux linkages yad (flux
produced by la in length D of TPGL1) is determined in the same manner
as for XsH(g), noting that the worker position (of length D) is parallel
with the 1o current in the horizontal segments of TPG1 and TPG2 of
length 2D. Therefore, the desired mutual inductance is for two
unequal length parallel conductors. From Grover [2], the mutual
inductance of two unequal length parallel conductors with their ends
on a common perpendicular is found from the relation:

2Limxy = Linx) + L) = Lmx-y) (43)
y

N

the mutual inductance of the two unequal length parallel
conductors of lengths x and y, having x > y

Lmey = the mutual inductance of two parallel conductors of equal
length x

the mutual inductance of two parallel conductors of equal
length y

Lix—yy = the mutual inductance of two parallel conductors of
equal length x — y

where
mey

m(y)

and all parallel conductors are separated the same distance h.
The TPG-worker ground loop in figure 18 is a special case of one
conductor (TPG current ) twice the length of the other (worker),
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Making Ly,yy = Ly and, therefore, L., = %Lm(x). The required
mutual inductance is then:

bano =20 [1n (+ 1+ ()) = 1o () + a0

where the 1/2 factor for Lm) results in the 2D term (rather than 4D) in
front of the bracket.

The TPG1 approximate self-inductance? of length D is:

2D -
Ligp = 2D [zn (7) - 0.75] x10™° H (45)

Finally:

XlsD(h) = XlsD - leD(h) = 27Tf(L15D - leD(h)) 1) (46)
where

X1sp(h) = A-phase TPG1 length D self-reactance to worker

position (distance H)
Lisp, X1sp = A-phase TPGL1 length D self-inductance (reactance)

out to infinite distance
Lympny X1mpn) = A-phase TPG1 andTPG2 segments length
2D mutual-inductance (reactance) with
worker position (distance H)

The total self-reactance Xa of the A-phase TPG1 associated with the
area enclosed by the worker ground loop is:

2 Approximate self-inductance of horizontal segment of TPG1 based on
self-inductance formula for I, current-carrying conductor of length D, which ignores
influence of flux linkages due to the same current in adjacent horizontal segment of
TPG2. This results in slightly lower K-factor values.
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Xo = Xisuay + Xisoy 12 (47)

Flux linkages yb and wc, and their associated mutual reactances Xan
and Xac, influence touch voltage V: to a much lesser extent than Xa.
This is due to the distant locations of the vertical portions of the Iy and
Ic TPG conductors with the worker induction ground loop (lc has the
least effect). Calculated values for mutual reactance Xac will show it
insignificant and, therefore, will be ignored when determining
composite TPG impedance Zg: below.

The yw flux linkages with the A-phase TPG1-worker ground loop are
similar in physical arrangement to those for linkages y»q in figure 14
in chapter 4, where TPG1 in that figure becomes the vertical portion
A-phase TPG1, and TPG2 becomes the common vertical portion of the
B-phase TPG. Thus, the mutual reactance term Xap is of similar form
as Xi2(q) from equation (38) in chapter 4. Due to symmetry (pole
ground down-lead centered between TPGs), mutual reactance Lmz) in
equation (38) in chapter 4 is equivalent to LimH() in equation (41);
therefore:

Xap = leH(d) — Xmap = an(leH(d) - Lmab) Q (48)
where
Xab = mutual reactance of the vertical portion of TPG1 with the
pole ground down-lead due to current Iy in the common

vertical portion B-phase TPG

From modified equation (27) in chapter 4:

Lonay = 2H [ln <% + Jl + (%)2) - J1 + (%)2 + %] x10™° H (49)

with all dimensions in centimeters.
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Derivation of mutual reactance Xa, if it were to be evaluated, would
follow a similar process as for Xap in determining the mutual reactances
of the vertical portions of the C- and A-phase TPGs, and of the C-phase
TPG with the pole ground down-lead. A single value of Xqc is given in
the sample data spreadsheet below for comparison with Xap.

The expression for touch voltage V: is similar to equation (10) in
chapter 3, except that the B- and C-phase currents’ mutual reactance
terms are subtractive:

V = [o(Rc + 0.0003 + jXo) = jlyXap — jloXac (50)

where
Xa = self-reactance of A-phase TPG bounding shaded area of
ground loop with worker, ohm
Xab = mutual reactance of vertical segment of A-phase connected
TPG with pole ground down-lead due to current Iy, ohm
Xac = mutual reactance of vertical segment of A-phase connected
TPG with pole ground down-lead due to current I, ohm

Subtraction of the B- and C-phase current terms in equation (50)
accounts for the opposing direction those magnetic fluxes penetrate the
worker ground loop relative to the A-phase flux. The Xac mutual
reactance term is also shown to be insignificant and can be eliminated
from equation (50).

The A-phase TPG1 composite impedance magnitude Zg1, due to
balanced three-phase currents in the TPGs of figures 17 and 18, is found
by substituting the rectangular form of short-circuit currents into
equation (50), collecting real and imaginary terms and converting to
magnitude, then dividing by Ir. However, assuming the C-phase current
term is insignificant and can be neglected in solving for Zg1, we get:

Zg = ;’—; = J(R, +0.0003 — 0.866X4,)% + (X, + 0.5X,,)2  (51)
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Dividing equation (51) by R gives the desired TPG impedance
correction K-factor formula:

K — V(R +0.0003 — 0.866X4;,)? + (X, + 0.5X ;)2 52)
= r

Transmission Line Grounding Example

Three families of K-factor curves for three-phase TPG worksite
grounding (figure 17) plotted from equation (52) are shown in

figure 19 for No. 2, No. 1/0, and No. 4/0 AWG copper TPGs. Values
for TPG conductor resistance Rc are calculated from table 1 in
chapter 2 for conductor length D + H. These curves have noticeably
different shapes compared to the curves in figure 9 in chapter 3 for
three-phase grounding substation bus and do not converge to a
minimum value of K for D <2 m. This is due primarily to the
influence of resistance Rc dependency on TPG length D + H.

These K-curves are not necessarily applicable to single-phase
grounding or single-phase line energization with three-phase
grounding. In those cases, significant current may be present in the
pole ground down-lead wires.

A sample data spreadsheet, table 7, is provided for No. 4/0 AWG
copper TPGs for H=6 m. It includes a single value for mutual
reactance Xac and %Xac (in percent of Xa) for D = 0.5 m to show that it
iIs insignificant (< 5%). The values for Ks represent K-factors for the
A-phase TPG based only on current I, and the TPG self-impedance
(resistance and self-reactance) for length L = H + D.

Note that the average value of Ks is approximately 2.9 over the entire
combined ranges of D and H for No. 4/0 AWG conductor in figure 19.
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Temporary Protective Ground Cable Impedance K-Factors
For Predicting Worker Touch Voltage

This suggests that, for conservative results, the TPG self-impedance
can be used to determine touch voltage. Likewise, average values of
Ks for each size conductor over the entire combined ranges of D and H
are shown on all the graphs of figure 19.

Utility Line Structure Grounding

The grounding scheme from figure 17 is modified for utility pole
grounding in figure 20, with only line and TPG conductors shown;
distance D between line conductors is usually less than 2D for the
transmission line. Two TPGs are connected in a line-to-line (chain)
grounding configuration. Simulated TPGs for modeling purposes are
the solid lines of length 2H + D. The vertical segments of TPGs
connected to the B-phase line conductor are separated D /3 to account
for the hang of the actual TPGs. A third TPG typically connects from
the center B-phase line to the neutral and/or pole ground down-lead
wire or other temporary earth electrode. Balanced three-phase line
currents are assumed with no current in a neutral or earth ground wire.

DA
Ial \4— Vt

Figure 20. Graphic representation of three-phase TPG
chain grounding circuit at utility line pole. Actual TPGs
are depicted by dashed lines, and simulated TPGs are

56 depicted by solid lines of length 2H + D.
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Temporary Protective Ground Cable Impedance K-Factors
For Predicting Worker Touch Voltage

Worker touch voltage V: in figure 20 is found using a similar calculation
procedure as for the transmission line model, except induced touch
voltage components are calculated for each current (la and I¢) in the
vertical segments of the TPG connections to the B-phase line conductor.
This is necessary for adequate modeling of the magnetic coupling with
the ground loop bounded by the current-carrying conductor at B-phase.
In the transmission line case, the ground loop was bounded by the
noncurrent-carrying ground down-lead wire, making the model less
sensitive to the conductor shape chosen to carry current Ip.

The derivation of the K-factor expression for the AB-phase connected
TPG1 (or BC-phase connected TPG2 due to symmetry) is left to the
reader. It has the same form as equation (52) for the transmission line
case:

K =/(R. + 0.0003 — 0.866X1,_5)% + (Xpq + 0.5X1,_p)?
R,

(53)

where

X126 =mutual reactance of TPG1, due to current I in adjacent (2B)
vertical segment of TPG2, ohm

Xnd = TPG self-reactance of shaded rectangle sides 2H+D, ohm

and, again, noting that the contribution to induced voltage Vt, due to

current I¢ in the vertical segment of TPG2 connected to the C-phase
line conductor, is neglected.

Utility Line Structure Grounding Example
Three families of K-factor curves for three-phase TPG worksite chain

grounding (figure 20) plotted from equation (53) are shown in
figure 21 for No. 2, No. 1/0, and No. 4/0 AWG copper TPGs.
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A sample data spreadsheet, table 8, is provided for No. 4/0 AWG
copper TPGs for H=3 m. The values for Ks represent K-factors for
the A-phase TPG based only on current I, and the TPG self-impedance
(resistance and self-reactance) for length L = H 4+ D. Values for Ks
are also shown for each size conductor in figure 21, and they apply to
all curves in a family. The range of K for each family of curves is
relatively small; an average value K-factor could be chosen to
adequately represent each TPG conductor size.
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No. 2 AWG Copper TPG length = 2H +

_
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Distance D Between Phases in Meters

No. 1/0 AWG Copper TPG length = 2H + D
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No. 4/0 AWG Copper TPG length = 2H

Figure 21. 60-Hz TPG
// impedance K-factor curves
. // for utility line -phase

7 (chain) worksite grounding
' 2 : . g : 7 line-to-line exposure.
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Chapter 6
Conclusion

Electrical grounding models for six temporary protective grounding
scenarios covered in this book illustrate the effect magnetic induction
has on worker touch voltage when a worksite is accidentally
energized. The underlying induction principles are presented and
developed into touch voltage equations in terms of the self- and mutual
reactances for the TPGs. These grounding models are the basis for
applying TPG impedance correction K-factors that appear in

IEEE 1246.

Temporary protective grounding staged-fault field tests [3] [4] confirm
the model predictions of higher value touch voltages due to TPG
induction ground loops formed with the worker.

The induction ground loop effect is demonstrated in [3] for the case of
a grounded generator bus with TPGs between worker and energy
source. The measured touch voltage remote from the point of
attachment of the TPGs to the bus is two or more times the fault
voltage drop measured directly across the TPGs (refer to figures 1 and
3, as well as table 1, in [3]). For the transmission line grounding tests
[3] [4], the measured touch voltages from line conductor to structure
are approximately three times the fault voltage drop directly across the
TPG forming the ground loop with the worker (refer to figures 9

and 10 in [3] and Test 6, figure 3, and table 2 in [4]). The
above-referenced field test examples do not precisely fit the
grounding models presented in this paper; however, the test data
generally confirm the model predictions and are useful for study.

In the previous chapters, impedance correction K-factors are described

which adjust the resistance of the TPG conductor to an equivalent
shunt impedance across the worker’s body. This equivalent
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impedance, multiplied by the worksite available short-circuit current,
approximates the actual touch voltage due to the physical layout of the
TPGs, creating an induction ground loop with the worker. In some
cases, touch voltage calculation can be further simplified by using the
TPG conductor self-impedance (resistance and self-reactance) to
determine K-factors, making it independent of the physical layout at
the worksite.

Touch (exposure) voltage is shown to be approximately three times
higher, depending on the physical arrangement of TPGs with the
worker, if the reactive IX voltage drop of the cable is included with the
resistive IR voltage drop; however, for the case of working between an
energy source and TPGs, the touch voltage (and K-factors) continues
to rise with worker distance from the TPGs.
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