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ABSTRACT 

It has been suspected that certain high voltage generator step-up transformers 

failed due to large inrush currents occurring when the transformers were connected to the 

energized transmission lines but the generators were not operating. Even though the 

transformers are designed to withstand the winding forces developed under short circuit 

conditions, the transformers failed when energized. Therefore, to gain further insight into 

this phenomenon, this research was undertaken. The research evaluates and compares the 

relative magnitude of the winding forces produced under inrush and short circuit current 

conditions in transformers of different design and winding configurations. 

A 2-dimensional finite element analysis modeling program was used to analyze 

the magnetic fields. This analysis method allowed realistic values of forces on the 

transformer windings to be determined. Also the ratio of the forces produced under inrush 

and short circuit current conditions could be predicted. The analysis determined and 

compared the forces experienced in the high voltage winding coils and the no-load tap 

changer winding coils in two different transformer designs. One design consisted of a 

high voltage winding with physically separated no-load tap changer winding coils. The 

second was a design having the tap winding coils constructed within the center portions 

of the high voltage winding coils. 

This research shows that it is possible for inrush currents to develop forces that 

may damage a high voltage generator step-up transformer. The analysis presented shows 

that it is necessary to determine the inrush current that can occur when a generator step

up transformer is energized so that it can be established whether the winding coils are 

physically strong enough to withstand the axial and radial forces developed. 
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1. INTRODUCTION 

The main objective of this research was to evaluate the relative magnitude of the 

winding forces produced under inrush and short circuit current conditions in high voltage 

generator step-up transformers of different design and winding configurations. 

This research was undertaken because it was suspected that certain transformers 

had failed owing to the possibility that large inrush currents were occurring when the 

transformers were connected to the energized transmission lines but the generators were 

not operating. This '"back-feeding" of transformers is often done in power plants that are 

used mainly as "peaking" plants. This means that the power plant remains idle for most 

of the time and is only operational during peak demand periods. The transformers must 

remain energized so that they do not cool down and absorb moisture, which is 

detrimental to the oil and paper insulation. Also, back-feeding is done to obtain the 

electrical supply for the operation of the power plant auxiliary equipment. 

In one situation, the transmission line connecting a power plant to a near by 

distribution substation was less than 2.5 miles in length, thus the system has low source 

impedence. The generator step-up transformers were of a center entry high voltage 

winding design with the tap winding coils physically separated (outside) from the high 

voltage winding coils. With the system having a low source impedence, it was suspected 

that these transformers had been seriously damaged due to having high flux densities and 

experiencing high inrush currents. In addition, the transmission lines did not have 

insertion loss type resistors across their respective SF6 breakers to reduce the inrush 

currents. 
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To achieve this research objective it was determined that one should evaluate and 

compare winding forces in two types of high voltage generator step-up transformer 

designs and each with two different types of connection configurations. One transformer 

design being a center entry high voltage winding design with the tap winding coils 

physically separated (outside) from the high voltage winding coils and evaluated with 

additive and subtractive type no-load tap changers. The second was a design having an 

additive type no-load tap changer and the tap winding coils constructed within the center 

portions of the HV coils. This design was evaluated with center entry and yoke entry type 

high voltage winding coil connections. 

A 2-dimensional (2-D) FEA modeling program [2] was used to analyze the 

magnetic fields in each of the transformers. This 2-D modeling approach was found 

through research of a modeling method developed by Steurer [ 1]. Steurer [ 1] indicated 

the 2-D method was easier to model and analyze transformer winding forces than with 

the more complex 3-dimensional (3-D) modeling method. It was recognized that the 

simple 2-D model: is not a realistic representation of the overall transformer geometry; 

does not produce the actual flux linkages that a transformer would experience under 

various loading conditions; and does not does not give realistic core and air-gap flux 

densities. Therefore, it will not give accurate predictions of the overall winding forces. 

However, the model modifications developed by Steurer [ 1]: does allow for more 

accurate force modeling; does give realistic values of forces on the transformer windings; 

and allows for the prediction of the ratio of forces produced under inrush and short circuit 

current conditions. 



The results clearly indicate that transformers experiencing an increase in leakage 

flux through the tap windings will result in an increase in forces on those windings. One 

transformer's design tap winding forces were significantly greater than those of the other 

transformer design due to higher leakage flux values. 
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In their paper [3] Faiz et al., also show that different winding forces will be 

predicted if the 2-D and 3-D modeling approaches are used. They also compare the 

winding forces for a transformer they proposed. They show that the force ratios (inrush to 

short circuit currents) obtained for their transformer are significantly different to those 

predicted by Steurer [1]. However, the research undertaken for this thesis project shows 

that these ratios are highly dependent on the design of the transformer, namely location 

and connection of the tap windings. 

Faiz et al. make no mention ofthe fact that the physical location of the windings 

plays such an important role. Also they do not apply Steurer's [1] modifications to their 

2-D model to get force predictions that match more closely with their 3-D predictions. 

Therefore, their conclusions that the axial forces due to inrush currents are always larger 

than those obtained from short circuit currents cannot be applied generally. 
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2. TRANSFORMER DETAILS AND PARAMETERS 

In this study, two types of high voltage winding configurations for center entry, 3-

legged GSU transformers were evaluated. Two transformers were evaluated, namely a 

245 MV A transformer, designated transformer TxA and a 230 MV A transformer 

designated Txs. Transformer TxA has its tap winding sections wound on the outside of 

the high voltage (HV) winding while transformer TxB has its tap winding sections wound 

at the center position of the HV winding. For each transformer, the following 

manufacturers' information was obtained: rated MVA and operating voltages; volts per 

tum; percent impedances; core and winding physical dimensions; and the no-load high 

voltage tap changer positions. The respective transformer winding connections and 

physical layout diagrams are given in Appendices A and B. 

The transformer primary winding voltage and phase current values for each tap 

winding connection were determined in the usual manner. The rated voltage (line to line) 

on the low voltage (LV) side is 18k V. The nominal primary per phase voltage (line to 

neutral) is 199.2kV (center tap, position No.3) giving a primary line to line voltage of 

345kV. (The respective tap voltages are given in Table 2.1). 

The primary and secondary short circuit currents were calculated using the stated 

transformer impedances (both equal to 6.5%) resulting in short-circuit to full-load current 

ratio of 15.38. 

The peak current density (A/mm2) of each winding was determined by dividing 

the actual conductor peak current in each winding tum by the actual copper area per tum. 

For full-load and short-circuit conditions, the peak current densities required for 

modeling the magnetic field distributions and for calculating the peak forces developed 
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within the windings were determined as described in Section 3 below. These values are 

given in Table 2.1. In the model, Ampere-Tum (AT) balance was maintained between 

the low voltage and high voltage windings. 

Table 2.1. Transformer characteristics and parameters 
Description TxA Txo 

MVA rating 245 230 

Low (secondary) Voltage Winding(s) 

Phase windings construction 
Helical, Copper, 2 layer, 

Disc, Copper 
in parallel 

Winding connections Delta Delta 

Voltage: Line to Line (kV) 18 18 

Full Load Line Current: (Amps, rms) 7394 7394 

Full Load Current: Per Phase Winding 
2269 4269 

Amps (rms) 

Peak Full Load Current Density: 
2.03 4.54 

Per Phase Winding, Amps/mm2 

Peak Short Current: Per Phase Winding 
49359 92867 

Amps 

High (primary) Voltage Winding(s) 

Disc, Copper, Center Line Disc, Copper, Center Line 
Phase windings construction 

Entry, in parallel Entry, in parallel 

Winding connections Wye Wye 

Tap windings: 

1 upper and 1 lower each connected in series 
Edge wound, Copper, 1 

with its respective high voltage winding. Disc , Copper 
layer, in parallel 

2-plus and 2-minus tap connections each at 

2.5% step size. 

Voltage (Line to Line) & Full Load Current 
kV I Amps (rms) kV I Amps (rms) 

Per Phase Winding 

Tap Position No. 1 362.25 I 195 362.25 I 183.3 

Tap Position No. 2 353.63 I 200 353.63 I 187.8 

Tap Position No. 3 345 I 205 345 I 192.4 

Tap Position No. 4 336.38 I 210 336.38 I 197.4 
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Table 2.1. Transformer characteristics and parameters (continued) 
Tap Position No. 5 327.75 I 216 327.75 I 202.6 

Peak Short Current: Per Phase Winding 
HV I TC HVITC 

Amps 

Additive: 4242 
Tap Position No. I 3987 

Subtractive: 4242 I 0 

Tap Position No. 2 5351 4085 

Tap Position No. 3 4460 4185 

Tap Position No. 4 4568 4295 

Additive: 4699 I 0 
Tap Position No. 5 4407 

Subtractive: 4699 

Transformer lmpedence (% Z) 6.5 6.5 

Peak Full Load Current Density: 
HV I TC HVITC 

Per Phase Winding, Ampslmm2 

Additive: 3.72 I 3.6 
Tap Position No. I 4.82 I 4.82 

Subtractive: 3.72 I 0 

Additive: 3.82 I 3.69 
Tap Position No. 2 4.94 I 4.94 

Subtractive: 3.82 1-3.69 

Additive: 3.91 I 3.78 
Tap Position No. 3 5.06 I 5.06 

Subtractive: 3.91 1-3.78 

Additive: 4.01 I 3.87 
Tap Position No. 4 5.19 I 5.19 

Subtractive: 4.01 1-3.87 

Additive: 4.12 I 0 
Tap Position No. 5 5.32 I 0 

Subtractive: 4.12 1-3.98 



3. FINITE ELEMENT ANALYSIS MODEL DEVELOPMENT AND 
ELECTROMECHANICAL FORCE CALCULATIONS 

3.1. FINITE ELEMENT ANALYSIS PROGRAM 

A 2-dimensional (2-D) FEA modeling program [2] was chosen and used to 

analyze the magnetic fields in each of the transformers because it is easier to model and 

analyze a structure in a 2-D compared with the more complex 3-D system. This is 

especially true when dealing with the 3-D magnetic fields and fluxes of the 3-phase, 3 

limbed transformer. 

However, 2-D modeling assumes that the fields are uniform in the z-direction for 

a depth of 1m. This is not the case in these transformers because the coil and core 

dimensions change in the z-direction. Therefore, any force calculations done by using the 
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results of the 2-D field plots will give force values that are far too large. To accommodate 

for this, Steurer [1] developed a method whereby the geometry of the 2-D model of the 

transformer is altered so that the total leakage flux linkage determined when considering 

the uniform field in the z-direction will be the same as that determined by the 3-D model. 

This section describes how the transformer models were created and executed, 

and magnetic flux data plotted for each transformer type and loading condition. 

3.2. TRANSFORMER MODEL COMPONENTS 

The model drawing for each transformer was developed as a collection of 2-D 

objects in the X-Y coordinate system. Each model was scaled according to the actual 

transformer component dimensions. The representative models of the coils and core 



configurations and their respective layouts, for each transformer type, are shown in 

Appendices A and B. 

The core and coil assemblies of each type of transformer modeled are symmetric. 
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Therefore, to determine the winding forces, it was sufficient to model only the center coil 

and half the core. The center limb coils and a modified representation of one-half of the 

core, as per Steurer [1], were used in the model. A description of the development of the 

model component parts, or objects, is given below. 

3.2.1. Core Object. The center core is dimensioned according to the actual core 

radius and core limb window height. 

The modification made to the upper and lower yoke dimensions are as follows. 

The 2-D modeling uses the dimension at the center of the core and yoke and assumes 

these to be uniform for a depth of 1 meter in the z-direction (into the paper). Therefore 

any force calculations involving coil current density and air-gap leakage flux will assume 

these quantities are uniform for the 1-meter depth. Since the core limb and coils are 

circular, these dimensions change as one moves into the z-direction as illustrated in 

Figure 3.1. 

Likewise the amount of leakage flux and force will change as one moves into the 

z-direction. Steurer [ 1] recognized this and compared the forces predicted by using a 2-D 

model with those predicted by using a 3-D model. In order to obtain realistic predictions 

using the 2-D model, he developed equations 1 and 2 to modify the 2-D core geometry. 

Figure 3.1 and Figure 3.2, in association with equations 1 and 2, illustrate his technique. 

The height of the core yoke is reduced as a function of the distance away from the center 

limb, r, as follows; 
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(1) 

where ro= core radius, h0 = yoke height 

The outer core limb (adjoining limb) is modeled as a cylinder having the same 

limb height as the center limb and a wall thickness d, see Figure 3.2, where dis given as, 

Yul<e Cen Ler- I i--e 
(f'rcr~ top view) 

L Vl Coil 
L \/2 Coil 

Top View: Actual Transformer Middle Leg 
(Transformer TxA indicated as an example) 

Top View: Object Dimensions Assumed by Model 

CORE LiMb 

! 
L_ X 

Figure 3.1. FEA modeling of core yoke as seen looking down in to x-z plane 

(2) 



r 
h.O 

L Upper Yoke 

Adj. 
Core Core 

~1Mb Lil'lb 

r.o b.w r.o-l 

ORIGINAL CORE UPPER YOKE 
<LOWER YOKE SIMILAR> 

r h.D(r) 

h.o 

L Upper Yoke 

Adj. 
Core b.w Core 

j_Lir~b d-1 I Lll'lb 

r.o r 

MODIFIED CORE UPPER YOKE MODEL 
<LOWER YOKE SIMILAR> 

Figure 3.2. Core yoke model development 
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3.2.2. Winding Coil Objects. Figure 3.3 shows a typical flux plot obtained when 

only the primary (HV) winding is energized. 1 The flux magnitude and direction changes 

along the length of the coil as do the axial and radial components of the coil forces. 

Therefore the magnitude and direction of the leakage flux linking with each coil object 

had to be determined. The total vertical force on the windings could then be determined 

by summing all the vertical (axial) forces along the height of the HV and tap winding coil 

objects. Similarly, the variation of the horizontal (radial) forces along the height of the 

winding coils objects could be determined. 

The challenge was that the magnitude of flux changes and the flux direction 

relative to current flowing through the object change from one end of the object to the 

1 It must be noted that the flux lines shown in the plot of Figure 3.3 do not always appear to be continuous. 
This is so because different scaling was used for the flux plots within different objects. This was done to 
emphasize the flux distributions within the various objects, which otherwise, would have been masked. 
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other; thus the fields are non-uniform. Therefore the high voltage and tap winding coil 

objects were divided into symmetrical compartments to allow for an average resultant 

flux magnitude and direction to be determined based on the current flowing through each 

compartment object. 

Figure 3.3. Example FEA model object flux line plot 
(Transformer TxA illustrated) 
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Because of the scaling and the concentration of flux in the main core, the flux 

distributions within the winding coils are masked (difficult to view). Therefore, the flux 

within individual windings was plotted separately so that the respective flux magnitudes 

and directions could be evaluated, as illustrated in Figure 3.4. 

HV \Jinoling Coil 
10 COMPARTMENTS 

Ave. Flux 
direction 

Typico.l Flux lines 
with different 
Mo.gnitudes C\Jio/ M) 

Current flowing 
through object 
in z-direction 
<AIM"2) 

y 

a Flux o.ngle through 
coMpo.rtMent 

HV \Jinoling Coil 
Typico.l CoMpo.rtMent 

Figure 3.4. FEA model object flux line plots and average flux direction determination 
(TxA high voltage winding illustrated) 

This allowed for radial and axial force components to be determined for each 

compartment. The flux direction was determined by superimposing the H field vector on 

to the flux line plots, as shown below. 

The high voltage and tap winding coil objects are represented with actual 

transformer component overall dimensions but are compartmentalized to simplify 
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determining the magnitude and direction of flux flowing through and calculating the 

resulting axial and radial force components acting on each compartment's cross sectional 

area. The quantity of compartments indicated was selected to allow good averaging and 

representation of flux leakage through each coil compartments (sections). 

The low voltage winding coils were represented as solid objects, since we were 

only interested in determining resulting fields in the High voltage and Tap winding coils. 

Taking into account the above noted core object modifications and dividing the 

high voltage and tap winding coils into compartments, the 2-D models of the two 

transformers modeled in this study are illustrated in Figures 3.5 & 3.6. 

LV Call 
<LVI!:) 
<h x v> 

LV Call 
(LVL) 

<h x v) 

core 
Lll'lb 

Upp .. ,. 1 o.p Vlndlne CoiL (1C2) I 4 CDNPARTMENTS 
<EA h X v) 

HV "lndlng Call 
.,- ~<HV) 

..-""" 10 / 10 CDMI'AIHMENTS 
~ <E:It. h x w> 
~ + 

...................... 
........... / 

/ 2 

--- --
-----

2 

---- 3 - - . - ..__ T 

HV & TC winding coils 
<Lrt> conpo.rtMimto.llzE"d 
1o o.llov for nux 
Llnkag~ rDIJ"'Iiude &. 
dll"~~>cilan r4'cordlre 
ihroweh c:ro;;:s: 
sectbrn.l o.reo.s o.f'tE"r 
eo.ch Model siPlulo. tlon 
run o.nd results 
plot1ing. 

--...:::::.\1 
Tx> PIIVER TRN'lSf!li>4ER -Lo'"' Top VIOOOo CoR <TCD 
COI'Ipanen1 tonf'gt.ro:tlons llo :SIZing 4 COMPARTMENTS 
fOr- ltn:sof-t MII.><V~ll 11od~lllrg <EA h x v) 

Figure 3.5. TxA transformer model 
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(h x w) Upper HV 'w'hdhg Coil TAPS 
(HI/2) 
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-to o.llow for Flux 
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lllrec"llon recorang 
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sectlrno.l o.r-eas o. fter 
eo.ch no del siHuld tlon 
run o.ncl r~ul-t:!5 

plo-tting. 

Lover Yok> 

Llnb Plich 

AdJ. 
Core 
LIMIJ 

TxB PDVER TRANSFORMER 
CoMponent co....;lgYI""'O. -tlon" i< Slzlrg 
for Ansoft Mro<well Modellln1:1 

f.4 

4 Cl:t1P,RTMENT:> 
(EA. h x 'I) 

__...,.-T3 
-re--
....----- T1 

. -n 

. ------ T2 __ _ 
--._T3 

T4 LoiYer HV 'w'lndlnc Col TAPS 
<HVD 
4 CDMPAATMENTS 
<EA. h x wl 

Lower HV Winding Coil <HVD 
'::' CDMPARTM[Nl:S 
(EA. h >< w) 

Figure 3.6. Tx8 transformer model 

3.2.3. Material Assignments. The FEA software material manager menu allows 

transformer material properties to be assigned to each model object. The core material 

properties were modeled as Grain Orientated M-5 steel. The winding coil properties were 

assigned as solid copper. 

3.2.4. Current Density Assignments. The FEA modeling program considers 

each current carrying object as a solid material that is carrying current (in or out) 

distributed uniformly throughout its cross sectional area. 

Therefore, an effective current density was determined and assigned for each 

current carrying object by evaluating an appropriate utilization factor. 



The utilization factor for each winding was calculated by determining the 

percentage of the winding overall area that is actually copper current carrying material. 

Each winding's actual total area includes its current carrying copper and space for other 

construction non-current carrying components consisting of insulation, ducts and spacer 

blocks. 
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A utilization factor was developed for each winding. The effective current density 

is the product the actual current density values (as noted above in Section 2 & Table 2.1) 

and the utilization factor for that specific object. The effective current densities were used 

as modeling assignments for each current carrying object. 



4. RESULTS 

4.1. OVERVIEW 

This section describes the results of computing axial (vertical) and radial 

(horizontal) force components imposed on each transformer's upper and lower high 

voltage winding (HV) and tap winding (TC) coils during short-circuit (Isc) and inrush 

(I,R) current loading conditions. 
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Peak axial (F P-ax), resultant axial (F R), and peak radial (F P-rad) forces were 

evaluated for each winding coil. Fr-ax is the peak vertical force at any one section along 

the winding coil. F R is the resultant summation of the vertical forces distributed along 

each winding coil. F P-rad is the peak horizontal force at any one section along the winding 

coil. Axial and radial force components were calculated for Isc modeling, as well as for 

when 11R equaled 40%, 70%, and 100% of lsc. 

The transformer TxA design (with the TC coils physically separated (outside) 

from the HV coils) was modeled in two types of center entry HV configurations. First as 

a unit with an additive type no-load tap changer and secondly as a subtractive type no

load tap changer. 

The transformer Tx8 design (with the TC coils constructed within the center 

portions of the HV coils) was modeled in two types ofHV configurations, each with an 

additive type no-load tap changer. First as a center entry HV construction, then secondly 

as a yoke (top) entry HV construction. 
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4.2. TRANSFORMER TxA (Additive Type No-Load tap Changer) 

The upper high voltage winding (HV2) inrush (11R) current-produced peak axial 

(F P-ax) and resultant axial (F R) forces exceeded those due to short-circuit (Isc) current 

when the l1R currents were greater than 40% of the lsc current. At I1R equal to Isc the Fp_ 

ax force was 8 times the lsc F P-ax force and the I1R F R force was greater than 13 times the 

lsc F R force. The inrush current -produced peak radial (F P-ract) forces were equal to or less 

than 50% of short-circuit current FP-rad forces. Results are illustrated in Figure 4.1 and 

presented in Appendix D. 

Inrush current within the lower high voltage winding (HV 1) produced peak axial 

(FP-ax) and resultant axial (FR) forces that exceeded those due to short-circuit current 

when the IIR currents were greater than 50% of the Isc current. At l1R equal to lsc the 

FP-ax force was 6 times the lsc FP-ax force and the I1R FR force was greater than 4 times the 

lsc FR force. The inrush current-produced peak radial (Fp.ract) forces were equal to or less 

than 40% of short-circuit current F P-rad forces. Results are illustrated in Figure 4.1 and 

presented in Appendix D. 

The upper tap winding (TC2) inrush 0IR) current-produced peak axial (FP-ax) force 

exceeded those due to short-circuit (Isc) current when the I1R currents were greater than 

70% of the lsc current. The TC2 11R resultant axial (F R) force exceeded those due to Isc 

current as I1R currents were greater than 50% of the lsc current. At I1R equal to lsc the 

FP-ax force was greater than 2 times the lsc FP-ax force and the IIR FR force was greater 

than 4 times the lsc FR force. Results are illustrated in Figure 4.2 and presented in 

Appendix D. 
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Figure 4.1. Transformer TxA(Actctitive): High voltage winding forces 
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The lower tap winding (TC 1) inrush (I1R) current-produced peak axial (FP-ax) and 

resultant axial (FR) forces exceeded those due to short-circuit (lsc) current when 11R 

currents were greater than 80% ofthe lsc current. At 11R equal to lsc the FR and FP-ax 

forces were 2 times the lsc FR and FP-ax forces. Results are illustrated in Figure 4.2 and 

presented in Appendix D. 

The tap windings TC 1 and TC2 inrush current-produced peak radial (F P-ract) forces 

exceeded those due to short-circuit (lsc) current. At I1R equal to lsc the TC1 FP-ract force 

was nearly 14 times the lsc F P-ract force and the TC2 F P-ract force was greater than 34 

times the lsc F P-ract force. Results are illustrated in Figure 4.3 and presented in 

Appendix D. 
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245MVA Tap Winding Coils TC1 & TC2 
Fp-Axial: Peak Axial Force 
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Figure 4.2. Transformer TxA(Additive): Tap winding axial forces 

245MVA Tap Winding Coils TC1 & TC2 
Fp-Radial: Peak Radial Force 

(Additive Type NL T) 
No Load Tap-Position #3 
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~ TC2 Fp-Radial 
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Figure 4.3. Transformer TxA(Actditive): Tap winding radial forces 
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4.3. TRANSFORMER TxA (Subtractive Type No-Load tap Changer) 

The upper high voltage winding (HV2) inrush (11R) current-produced peak axial 

(FP-ax) and resultant axial (FR) forces exceeded those due to short-circuit (lsc) current 

when I1R currents were greater than 40% of the lsc current. At 11R equal to lsc the FP-ax 

and FR forces were at or nearly 8 times the lsc FP-ax and FR forces_ The inrush current 

peak radial (FP-ract) forces were equal to or less than 70% of the short-circuit F P-rad forces 

Results are illustrated in Figure 4.4 and presented in Appendix D. 

Inrush current within the lower high voltage winding (HV 1) produced peak axial 

(FP-ax) forces that exceeded those due to short-circuit current when 11R currents were 

greater than 40% of the lsc current. The inrush current resultant axial forces exceeded 

those due to short-circuit current when 11R currents were greater than 50% of the lsc 

current. At I1R equal to lsc the F P-ax force was greater than 8 times the lsc F P-ax force and 

the I1R FR force was greater than 4 times the lsc FR force. The inrush current peak radial 

(FP-ract) forces were equal to or less than 60% of the short-circuit F P-rad forces. Results are 

illustrated in Figure 4.4 and presented in Appendix D. 

The upper tap winding (TC2) inrush 0IR) current-produced peak axial (FP-ax) and 

resultant axial (F R) forces exceeded those due to short-circuit Osc) current when I1R 

currents were greater than 70% of the lsc current. At I1R equal to lsc the FP-ax and FR 

forces were 2.8 times the Isc FP-ax FR forces. Results are illustrated in Figure 4_5 and 

presented in Appendix D. 

The lower tap winding (TCI) inrush (IIR) current-produced peak axial (FP-ax) and 

resultant axial (FR) forces exceeded those due to short-circuit Osc) current when I1R 

currents were greater than 95% of the lsc current. At l1R equal to lsc the FP-ax and FR 
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forces were 1.1 times the lsc FR and Fr-ax forces. Results are illustrated in Figure 4.5 and 

presented in Appendix D. 
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Figure 4.4. Transformer TXA(Subtractive): High voltage winding forces 

The tap windings TC 1 and TC2 inrush current-produced peak radial (FP-rad) forces 

exceeded those due to short-circuit current. At I11~ equal to lsc the TC I FP-rad force was 

nearly 12 times the lsc F P-rad force and the TC2 F P-rad force was greater than 8 times the 

short-circuit F P-rad force. Results are illustrated in Figure 4.6 and presented in Appendix 

D. 
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Figure 4.5. Transformer TxA(Subtractive): Tap winding axial fotces 
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Figure 4.6. Transformer TxA(Subtractive): Tap winding radial f()rces 
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4.4. TRANSFORMER Tx8 (Additive Type No-Load Tap Changer) WITH CENTER 
ENTRY HIGH VOLTAGE WINDING CONNECTIONS 

The upper high voltage winding (HV2) inrush (11R) current-produced peak axial 

(Fr-ax) and resultant axial (FR) forces exceeded those due to short-circuit (Isc) current 

when l1R currents were greater than 50% of the lsc current. At l1R equal to lsc the FP-ax and 

F R forces were 3 times the lsc F P-ax and F R forces. The inrush current peak radial (F P-rad) 

forces were equal to or less than 25% of the short-circuit F P-rad forces. Results are 

illustrated in Figure 4.7 and presented in Appendix D. 

The lower high voltage winding (HVl) inrush (IIR) current-produced peak axial 

(FP-ax) and resultant axial (FR) forces exceeded those due to short-circuit (Isc) current 

when l1R currents where near to or greater than 60% of the lsc current. At l1R equal to lsc 

the FP-ax and FR forces were greater than 3 times the lsc FP-ax and FR forces. The inrush 

current peak radial (FP-rad) forces were equal to or less than 26% of the short-circuit F P-rad 

forces. Results are illustrated in Figure 4.7 and presented in Appendix D. 

4.5. TRANSFORMER Tx8 (Additive Type No-Load Tap Changer) WITH YOKE 
ENTRY HIGH VOLTAGE WINDING CONNECTIONS 

The upper high voltage winding (HV2) inrush (IIR) current-produced peak axial 

(FP-ax) and resultant axial (FR) forces exceeded those due to short-circuit (lsc) current 

when I1R currents were greater than 50% of the lsc current. At I1R equal to Isc the FP-ax and 

F R forces were 3 to 4 times the Isc F P-ax and F R forces. The inrush current peak radial 

(FP-rad) forces were at or less than 32% ofthe short-circuit F P-rad forces. Results are 

illustrated in Figure 4.8 and presented in Table 4.1. 
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The lower high voltage winding (HVl) inrush (11R) current-produced peak axial 

(FP-ax) and resultant axial (FR) forces exceeded those due to short-circuit (lsc) current 

when l1R currents were near or 50% of the Isc current. At I1R equal to lsc the F P-ax and FR 

forces were near or greater than 4 times the Isc FP-ax and FR forces. The inrush current 

peak radial (FP-ract) forces were at or less than 27% of the short-circuit F P-ract forces. 

Results are illustrated in Figure 4.8 and presented in Appendix D. 
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Figure 4.7. Transformer Txs(Actditive) (Center Entry): High voltage winding forces 
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Figure 4.8. Transformer Txs(Additive) (Yoke Entry): High voltage winding forces 
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Ir/Isc 

Ratio 

0.4 

0.7 

1.0 

lr/lsc 

Ratio 

0.4 

0.7 

1.0 

Table 4.1: Transformer TxA & Tx8 results comparison 

Fr =Resultant Axial (vertical) Force 
Fp-Axial =Peak Axial (vertical) Force 

Fp-Radial =Peak Radial (horizontal) Force 
TxA (Additive NL T) Center Entry HV Connections 

Fp-Axial Fr Fp-Radial Fp-Axial Fr 

HV1 HV2 HV1 HV2 HV1 HV2 TC1 TC2 TC1 TC2 

0.7 1.0 0.5 1.6 0.1 0.1 0.2 0.3 0.2 0.5 

2.8 3.6 1.9 5.9 0.2 0.3 0.6 1.1 0.6 1.9 

6.2 8.1 4.2 13.3 0.4 0.5 2.0 2.6 2.0 4.3 

TxA (Subtractive NLT) Center Entry HV Connections 

Fp-Axial Fr Fp-Radial Fp-Axial Fr 

HV1 HV2 HV1 HV2 HV1 HV2 TC1 TC2 TC1 TC2 

0.9 0.9 0.6 0.9 0.2 0.2 0.1 0.3 0.0 0.3 

3.9 3.6 2.6 3.7 0.5 0.4 0.5 l.l 0.5 l.l 

8.6 7.9 4.1 8.1 0.6 0.7 1.1 2.8 l.l 2.8 

Tx8 (Additive NL T) Center Entry HV Connections 

Fp-Axial Fr Fp-Radial 

lr/Isc 

Ratio HV1 HV2 HV1 HV2 HV1 HV2 

0.4 0.5 0.4 0.4 0.5 0.06 0.05 

0.7 1.5 1.5 1.4 1.4 0.13 0.12 

1.0 3.2 3.1 3.7 3.1 0.26 0.23 
.. Tx8 (Add1hve NLT) Yoke Entry HV Connectmns 

Fp-Axial Fr Fp-Radial 

lr/lsc 

Ratio HV1 HV2 HV1 HV2 HV1 HV2 

0.4 0.50 0.49 0.52 0.65 0.07 0.06 

0.7 1.55 1.66 1.87 1.86 0.14 0.16 

1.0 3.48 3.20 4.20 4.40 0.27 0.32 
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Fp-Radial 

TC1 TC2 

2.5 5.7 

7.3 16.7 

13.9 34.3 

Fp-Radial 

TC1 TC2 

2.0 1.3 

5.8 3.6 

11.8 8.5 
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5. CONCLUSION 

The main objective of this research was to evaluate the relative magnitude of the 

winding forces produced under inrush and short circuit current conditions in high voltage 

generator step-up transformers of different design and winding configuration. 

The objective was achieved by evaluating and comparing winding forces in two 

types of high voltage generator step-up transformer designs with each one having two 

different types of connection configurations. One transformer was a center entry design 

having the tap winding coils physically separated and on the outside of the HV coils. 

These were evaluated for both additive and subtractive type no-load tap changers. The 

second was a design having an additive type no-load tap changer with the tap winding 

coils constructed within the center portions of the HV coils. This design was evaluated 

with center entry and yoke entry type high voltage winding coil connections. 

2-D FEA is easier to for modeling and analyzing transformer winding forces than 

the more complex 3-dimensional (3-D) modeling method. Steurer [1] recognized that the 

simple 2-D model is not a realistic representation ofthe overall transformer geometry. It 

does not produce the actual leakage flux linkages that a transformer would experience 

under various loading conditions. Therefore, it cannot be used to predict the overall 

winding forces with meaningful accuracy. However, the model modification developed 

by Steurer [ 1] does allow for accurate force modeling; does give realistic values of forces 

on the transformer windings; and gives accurate predictions of the ratio of forces 

produced under inrush and short circuit currents. 

Steurer's [1] method was used to determine winding forces under inrush current 

conditions for the different transformer designs. The results of this research show that 
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there is a significant difference between transformer designs depending on the physical 

location ofthe high voltage tap windings. The definite advantage ofhaving the tap 

windings constructed near the center of the high voltage windings, as opposed to being 

physically separated (outside) from the high voltage windings is well demonstrated in this 

research. The results confirm that transformers experiencing an increase in leakage flux 

through the tap windings will have increased forces develop in those windings. The 

transformer (TxA) with a center entry HV winding design and the tap winding coils 

physically separated (outside) from the HV winding coils had winding inrush to short

circuit current axial peak and resultant force ratios that were significantly greater than 

those of the transformer (TxB) design where the tap winding coils are within the center 

portions of the HV coils. 

In the case of the TxA transformer, as the inrush current approaches 40% to 50% 

of the short circuit current, the peak and resultant axial forces on the HV coils can be up 

to 13 times greater than those produced by the short circuit current. However, inrush 

current produced peak radial forces on the TxA HV coils are lower than those produced 

by the short circuit current. Also, as the imush current approaches 70% to 80% of the 

short circuit current the peak and resultant axial forces on the tap winding coils (TC 1 & 

TC2) can be greater than and up to 2.8 times those produced by the short circuit current. 

During all inrush current conditions, the peak radial forces on the upper tap winding coil 

(TC2) range from almost 6 up to over 34 times those produced by the short circuit 

current. The peak radial forces produced on the lower tap winding coil (TC 1) will range 

from 2.0 up to 14 times. 
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In the case of both the yoke entry and center entry Tx8 transformers, as the inrush 

current approaches and exceeds 50% of the short circuit current, the peak and resultant 

axial forces on the HV coils can be up to approximately 4 times greater than those 

produced by the short circuit current. Inrush current produced peak radial forces on the 

Txo HV coils are lower than those produced by the short circuit current. 

The Txs transformer yoke entry type high voltage winding connection has slightly 

higher current density values as compared to the center entry configuration due to an 

increase winding copper area. This higher current density changed leakage flux patterns 

(compared to the center entry type), which in tum caused a small increase in the peak 

axial forces and a larger (up to a 40%) increase in the resultant axial forces (compared to 

the center entry type). 

As the TxA type transformer has higher flux linkages with the tap windings being 

external to the HV windings, higher inrush currents will occur when the transformer is 

connected to a source with low impedence. The relevant flux plots illustrate this very 

clearly (See Appendix C). In line with this, the results show that both Txs transformer 

configurations (center entry and yoke entry type HV winding connections) experienced 

less peak and resultant axial forces under inrush conditions (as compared to those 

produced by the short circuit current) than either of the TxA configurations. 

This research shows that it is possible for inrush currents to develop peak and 

resultant axial forces that may damage a high voltage generator step-up transformer. The 

insight gained from the analysis presented shows that it is necessary to determine the 

inrush currents that can occur when the transformer is energized and to establish whether 

the winding coils are physically strong enough to withstand the axial and radial forces 
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developed. If it is established that the inrush current at any specific site exceeds the safe 

limits determined, then it is highly recommended that insertion loss resistors be used in 

conjunction with the transformer protection breakers. 

Further research could be pursued to develop a method of testing and measuring 

the axial and radial forces developed in a transformer under inrush conditions thereby 

verifying these predicted results with those actually measured under laboratory 

conditions. 



APPENDIX A. 

245 MV A GSU TRANSFORMER TxA INFORMATION 



This appendix provides information for the 245MV A (TxA) center entry 

transformer evaluated with additive and subtractive type no-load tap changers: 

General physical layout drawing 

Winding connections diagram 

Manufacturer's characteristics 

Transformer parameter calculations 

Winding Utilization Factor calculations 

Amp tum balance checks & FEA model full load current densities calculations 

Short circuit current density calculations 

FEA model input inrush current density calculations 
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X2 

LOW VOLTAGE WINDINGS 

N2B 
TURNS 
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N18 TURNS 

HIGH VOLTAGE WINDINGS 

GSU TRANSFORMER TxA (245MVA) 

5 

4 

3 

2 

ADDITIVE TYPE HIGH VOLTAGE WINDING AND TAP WINDING 

CONNECTION REPRESENTATION (Center Entry) 

(Indicated current flow directions are normal load flow operations) 

TAP POSITION TURNS RATIO V1 (kV) 

11A (LINE) 

H1 

V1 (LINE TO NEUTRAL) 

HO 

V1 (kV) 

' N1/N2 LINE TO NEUTRAL VOLTAGE LINE TO LINE VOLTAGE 

2 

3 

4 

5 

11.62 209.2 

11.34 204.2 

11.07 199.2 

10.79 194.2 

10.51 189.2 

N 1 A : Number of Turns, Upper High Voltage Winding, each phose 
N18 : Number of Turns, Lower High Voltage Winding, each phase 
NT : Number of Turns, High Voltage Top Windings, each phose 
N2A Number of Turns, 1st Low Voltage Winding, each phose 
N2B : Number of Turns, 2nd Low Voltage Winding, each phose 

362.25 

353.63 

345.0 

336.38 

327.75 

Figure A.2. 245MV A (TxA) (Center Entry Additive) transformer winding connections. 
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Table A.l. 245MV A (TxA) (Additive) manufacturer's transformer characteristics 

Generator Step Up Transformer 
MVA Ratings OA/FA/FAFA 148/196/245MVA 
Center Tap Hi Voltage Windings 
Winding Connections: Wye-High Voltage: Delta-Low Voltage 
Additive type No Load Tap Configuration 

Ratings at HV No-Load Tap Settings 
1 2 3 4 5 

5.0% 2.5% 0.0% -2.5% -5.0% 
MVA Rating-FAFA 245 
Hi Volts (L-L), V( 1 ), kV 362.25 353.63 345.00 336.38 327.75 
Hi Volts (L-N), V(1), kV 209.2 204.2 199.2 194.2 189.2 
Lo Volts (L-L),V(2), kV 18 

Turns Ratio (V(1)-L-N I V(2)-LL): (N1/N2) 11.62 11.34 11.07 10.79 10.51 
Volts per Turn 310.3 
Total LV Turns (N2) 58 
Total Hi Voltage Turns (N1) 

Primary Full Load Line Amps, 1(1) 
Primary Full Load Winding Amps 
Magnetizing Current (5% of FL) 

Secondary Full Load Line Amps, 1(2) 
Secondary Full Load Phase Amps 
Secondary Full Load Winding Amps 

Transformer design lmpedence 

Core: 

674 

390 
195 
9.8 

7858.6 
4537.3 
2268.7 

6.50% 

658 642 

400 410 
200 205 
10.0 10.2 

Core Material 
Area net (cmA2) 

Grade M5, Grain Orientated Steel, High Quality 
6761 

Diameter (mm) 
Weight (lbs) 
Flux Density (Tesla) 
Core Loss (KW) 
% Exciting Current 
Window Height 
Window Width 
Design 

Windings: 
Quantity 

Type 
Material 

984 
207294 
1.722 
124.4 
0.075 
2450 
1840 

Core Form-5 leg 

LV 
2 

2 Layer-Helical 
CTC 37 Strand 

Not bonded 

HV 
2 

Disc. Center line Entry, Parallel 
Copper 

4 strands per 
turn 

626 

421 
210 
10.5 

Tap 
2 

610 

432 
216 
10.8 

Layer, Edge 
Wound, Parallel 
Copper 



Table A.4. TxA (Additive) Amp Tum balance checks & FEA model full load current densities calculations 

Check for Amp Turns Balancing 

Hi Voltage No-Load Tap Positions 
1 2 3 4 5 

LV I HV Tap HV Tap HV Tap HV Tap HV 

Cu Area, mmA2 45774 22601 2453 22601 1840 22601 1227 22601 613 22601 
Winding Quantity 2 2 2 2 2 2 2 2 2 2 
Total Cu Area, mmA2 91548 45201 4906 45201 
peak Current Density, 

3680 45201 2453 45201 1227 45201 

Amps/ mmA2 2.03 3.72 3.60 3.82 3.69 3.91 3.78 4.01 3.87 4.12 

Amp Turns 18608 168195 17647 172508 13574 176821 9276 181133 4751 186309 
Subtotal 18584 Subtotal 18608 Subtotal 18609 Subtotal 18588 Subtotal 

Calculate Full Load Current Den~ities for FEA Model input values 
Actual peak Current 
Density, Amps/ mmA2 2.03 

I 
3.72 3.60 

I 
3.82 3.69 

I 
3.91 3.78 

I 
4.01 3.87 

I 
4.12 

Utilization Factor 0.60 0.19 0.29 0.19 0.29 0.19 0.29 0.19 0.29 0.19 
Model peak Current 
Density, Amps/ mmA2 1.22 I 0.71 1.04 I 0.73 1.07 0.74 1.10 0.76 1.12 I 0.78 

Tap 

0 
2 
0 

0 

0 
18630 

0 
0 

0 

w 
0\ 



Table A.3. TxA (Additive) winding utilization factor calculations 

Calculate winding areas based on manufacturer's dimensions and data 
LV I HV I Hi Voltage No-Load Tap Winding settings 

1 2 3 4 
Radial Build, mm 34.50 112.50 15.00 15.00 15.00 15.00 
Height, mm 2228 1055 570 427.5 285 142.5 
Total Winding Area, mm"2 76866 118688 8550 6413 4275 2138 

Calculate winding utilization factors 

LV HV 1 2 3 4 
Cu Area I winding, mm"2 45774 22601 2453 1840 1227 613 
Total Winding Area, mm"2 76866 118688 8550 6413 4275 2138 
Utilization Factor 0.60 0.19 0.29 0.29 0.29 0.29 

5 
15.00 

0 
0 

5 
0 
0 

0.00 

w 
-....) 



Table A.2. TxA (Additive) transformer parameter calculations 

Hi Voltage No-Load Tap Positions 
1 2 3 4 5 

Windings coils: LV 

I 
HV Tap HV Tap HV Tap HV Tap HV Tap 

Calculate Total Copper (CU) Area 
No. of Turns 29 305 32 305 24 305 16 305 8 305 0 
Area I Turn, mmA2 1578.42 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 

Total Cu Area, mmA2 45774 22601 2453 22601 1840 22601 1227 22601 613 22601 0 

Calculate Full Load Current Densities 

Full Load Amps (rms) per 
ph. winding 2269 

I 
195 195 I 200 200 

I 
205 205 

I 
210 210 

I 
216 0 

Area I Turn, mmA2 1578.4 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 

rms Current Density, 
Amps/ mmA2 1.44 I 2.63 2.54 I 2.70 2.61 I 2.77 2.67 I 2.83 2.74 I 2.91 0 

peak Current Density, 
Amps/ mmA2 2.03 I 3.72 3.60 I 3.82 3.69 I 3.91 3.78 I 4.01 3.87 I 4.12 0 

Calculate Total Current Carrying Amp Turns & Confirm Amp-Turn Balance 
Turns 29 I 305 32 I 305 24 I 305 16 I 305 8 I 305 0 

Full Load Amps (rms) per 
ph. winding 2269 195 195 200 200 205 205 210 210 216 0 
Amp-Turns (rms) 65801 59475 6240 61000 4800 62525 3280 64050 1680 65880 0 
peak Amp-Turns 93043 84098 8823 86254 6787 88410 4638 90567 2376 93154 0 

Calculate and confirm current carrying area based on calculated Amp-Turns & peak Current Density 
peak Amp-Turns 93043 84098 8823 86254 6787 88410 4638 90567 2376 93154 0 

peak Current Density, 0 

Amps/ mmA2 2.03 3.72 3.60 3.82 3.69 3.91 3.78 4.01 3.87 4.12 
Total Cu Area. mmA2 45774 22601 2453 22601 1840 22601 1227 22601 613 22601 0 I w 

00 
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Table A.5. TxA (Additive) short circuit current density calculations 

Model Model Actual Actual 
1-FL I 111-sc I 

Coil Volts phase 111-FL 111-sc 111-FL 11J-FL 11J-sc 11J-FL 11J-sc 
rms peak peak 

kV Amps Amps Amps ratio peak Current Density, Amps/ mm 112 
/winding I winding I phase 

Hi Voltage No-Load Tap Position No. 1 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 
HV 209.2 195 276 4242 15.4 0.7 10.9 3.7 57.2 
TC 209.2 195 276 4242 15.4 1.0 16.0 3.6 55.4 

Hi Voltage No-Load Tap Position No.2 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 

HV 204.3 200 283 4351 15.4 0.7 11.2 3.8 58.8 

TC 204.3 200 283 4351 15.4 1.1 16.5 3.7 56.8 

Hi Voltage No-Load Tap Position No.3 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 

HV 199.2 205 290 4460 15.4 0.7 11.4 3.9 60.2 

TC 199.2 205 290 4460 15.4 1.1 16.9 3.8 58.2 

Hi Voltage No-Load Tap Position No.4 

LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31 2 

HV 194.2 210 297 4568 15.4 0.8 11.7 4.0 61.7 

TC 194.2 210 297 4568 15.4 1.1 17.2 3.9 59.5 

Hi Voltage No-Load Tap Position No. 5 

LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 

HV 189.2 216 305 4699 15.4 0.8 12.0 4.1 63.4 

TC 0.0 0 0 0 0.0 0.0 0.0 
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Table A.6. TxA (Additive) FEA model input inrush current density calculations 

Hi Voltage No-Load Tap Position No. 1 
Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 
"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 
Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 848.4 2.18 0.2 848.4 3.2 
0.3 1272.6 3.28 0.3 1272.6 4.8 
0.4 1696.8 4.37 0.4 1696.8 6.4 
0.5 2121.0 5.46 0.5 2121.0 8.0 
0.6 2545.2 6.55 0.6 2545.2 9.6 
0.7 2969.4 7.64 0.7 2969.4 11.2 
0.8 3393.6 8.74 0.8 3393.6 12.8 

0.9 3817.8 9.83 0.9 3817.8 14.4 

1.0 4242.0 10.92 1.0 4242.0 16.0 

Hi Voltage No-Load Tap Position No.2 
Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 
"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 

Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 870.2 2.25 0.2 870.2 3.3 

0.3 1305.3 3.37 0.3 1305.3 4.9 

0.4 1740.4 4.49 0.4 1740.4 6.6 

0.5 2175.5 5.62 0.5 2175.5 8.2 

0.6 2610.6 6.74 0.6 2610.6 9.9 

0.7 3045.7 7.86 0.7 3045.7 11.5 

0.8 3480.8 8.98 0.8 3480.8 13.2 

0.9 3915.9 10.11 0.9 3915.9 14.8 

1.0 4351.0 11.23 1.0 4351.0 16.5 

Hi Voltage No-Load Tap Position No. 3 

Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 

"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 

Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 892.0 2.28 0.2 892.0 3.4 

0.3 1338.0 3.41 0.3 1338.0 5.1 

0.4 1784.0 4.55 0.4 1784.0 6.8 

0.5 2230.0 5.69 0.5 2230.0 8.5 

0.6 2676.0 6.83 0.6 2676.0 10.2 

0.7 3122.0 7.97 0.7 3122.0 11.8 

0.8 3568.0 9.10 0.8 3568.0 13.5 

0.9 4014.0 10.24 0.9 4014.0 15.2 

1.0 4460.0 11.38 1.0 4460.0 16.9 
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Table A.6. TxA (Additive) FEA model input inrush current density calculations 
(continued) 

Hi Voltage No-Load Tap Position No. 4 
Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 
"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 
Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 913.6 2.34 0.2 913.6 3.4 
0.3 1370.4 3.51 0.3 1370.4 5.2 
0.4 1827.2 4.68 0.4 1827.2 6.9 
0.5 2284.0 5.85 0.5 2284.0 8.6 
0.6 2740.8 7.01 0.6 2740.8 10.3 

0.7 3197.6 8.18 0.7 3197.6 12.1 

0.8 3654.4 9.35 0.8 3654.4 13.8 

0.9 4111.2 10.52 0.9 4111.2 15.5 

1.0 4568.0 11.69 1.0 4568.0 17.2 

Hi Voltage No-Load Tap Position No.5 
Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 
"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 

Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 939.8 2.40 0.2 0.0 0.0 

0.3 1409.7 3.60 0.3 0.0 0.0 

0.4 1879.6 4.80 0.4 0.0 0.0 

0.5 2349.5 6.00 0.5 0.0 0.0 

0.6 2819.4 7.20 0.6 0.0 0.0 

0.7 3289.3 8.40 0.7 0.0 0.0 

0.8 3759.2 9.60 0.8 0.0 0.0 

0.9 4229.1 10.80 0.9 0.0 0.0 

1.0 4699.0 12.00 1.0 0.0 0.0 
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N1B TURNS 

Top 5 
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HO 

LOW VOLTAGE WINDINGS HIGH VOLTAGE WINDINGS 

GSU TRANSFORMER TxA {245MVA) 

SUBTRACTIVE TYPE HIGH VOLTAGE WINDING AND TAP WINDING 

CONNECTION REPRESENTATION (Center Entry) 

(Indicated current flow directions ore normal load flow operations) 

T~P POSITION 
~ 

VI (kV) TURNS RATIO VI (kV} 
N1/H2 UNE TO NEUTRAL VOLTAGE UNE TO UNE VOLTAGE 

2 

3 

" 
5 

11.62 209.2 

11.3-4 204.2 

11.07 199.2 

10.79 194.2 

10.51 189.2 

N1A : Number of Turns, Upper High Voltage Winding, each phose 
N1B : Number of Turns, Lower High Voltage Winding, each phose 
NT : Number of Turns, High Voltage Tap Windings, each phose 
N2A : Number of Turns, 1st Low Voltage Winding, each phose 
N2B : Number of Turns, 2nd Low Voltage Winding, each phose 

362.25 

353.63 

345.0 

336.38 

327.75 

Figure A.3. 245MVA (TxA) (Center Entry Subtractive) transformer winding 
connections. 
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Table A.7. 245MVA (TxA) (Subtractive) manufacturer's transformer characteristics 

Generator Step Up Transformer 
MVA Ratings OAJFAIFAFA 148/196/245MVA 
Center Tap Hi Voltage Windings 
Winding Connections: Wye-High Voltage: Delta-Low Voltage 
Subtractive type No Load Tap Configuration 

Ratings at HV No-Load Tap Settings 
1 2 3 4 5 

0.0% -2.5% -5.0% -7.5% -10% 
MVA Rating-FAFA 245 
Hi Volts (L-L), V(1 ), kV 362.25 353.63 345.00 336.38 327.75 
Hi Volts (L-N), V(1), kV 209.2 204.2 199.2 194.2 189.2 
Lo Volts (L-L),V(2), kV 18 

Turns Ratio (V(1)-L-N I V(2)-LL): (N1/N2) 11.62 11.34 11.07 10.79 10.51 

Volts per Turn 310.3 
Total LV Turns (N2) 58 
Total Hi Voltage Turns (N1) 674 658 642 626 610 

Primary Full Load Line Amps, I( 1) 390 400 410 421 432 

Primary Full Load Winding Amps 195 200 205 210 216 

Magnetizing Current (5% of FL) 9.8 10.0 10.2 10.5 10.8 

Secondary Full Load Line Amps, 1(2) 7858.6 

Secondary Full Load Phase Amps 4537.3 

Secondary Full Load Winding Amps 2268.7 

Transformer design lmpedence 6.50% 

Core: 
Core Material Grade MS, Grain Orientated Steel, High Quality 

Area net (cm"2) 6761 

Diameter (mm) 984 

Weight (lbs) 207294 

Flux Density (Tesla) 1.722 

Core Loss (KW) 124.4 

% Exciting Current 0.075 

Window Height 2450 

Window Width 1840 

Design Core Form-S leg 

Windings: LV HV Tap 

Quantity 2 2 2 
Layer, Edge 

Type 2 Layer-Helical Disc. Center line Entry, Parallel Wound. Parallel 

Material CTC 37 Strand Copper Copper 
4 strands per 

Not bonded turn 



Table A.l 0. TxA (Subtractive) Amp Tum balance checks & FEA model full load current densities calculations 

Check for Amp Turns Balancing 
Hi Voltage No-Load Tap Positions 

1 2 3 4 

I 
5 

LV HV Tap HV Tap HV Tap HV Tap HV 

Cu Area, mmA2 45774 24972 0 24972 613 24972 1227 24972 1840 24972 
Winding Quantity 2 2 2 2 2 2 2 2 2 2 
Total Cu Area, mmA2 91548 49943 0 49943 1227 49943 2453 49943 3680 49943 
peak Current Density, 
Amps/ mmA2 2.03 3.72 0 I 3.82 3.69 I 3.91 3.78 I 4.01 3.87 I 4.12 

Amp Turns 18608 185842 0 1190607 4525 1195372 9276 I 200138 14253 205856 
Subtotals 185842 186082 186097 185884 186309 

Calculate Full Load Current Den~ities for FEA Model i~put values 
Actual peak Current 
Density, Amps/ mmA2 2.03 

I 
3.72 0 

I 
3.82 3.69 

I 
3.91 3.78 

I 
4.01 3.87 

I 
4.12 

Utilization Factor 0.60 0.21 0 0.21 0.29 0.21 0.29 0.21 0.29 0.21 
Model peak Current 
Density, Amps/ mmA2 1.22 0.78 0 I 0.80 1.07 I 0.82 1.10 I 0.84 1.12 I 0.87 

Tap 

2453 
2 

4906 

3.98 

19547 
18630 

3.98 
0.29 

1.16 

+:>. 
+:>. 



Table A.9. TxA (Subtractive) winding utilization factor calculations 

Calculate winding areas based on manufacturer's dimensions and data 
LV I HV I Hi Voltage No-Load Tap Winding settings 

1 2 3 4 5 
Radial Build, mm 34.50 112.50 15 15 15 15 15 
Height, mm 2228 1055 0 142.5 285 427.5 570 
Total Winding Area, mm/\2 76866 118688 0 2138 4275 6413 8550 

Calculate winding utilization factors 

LV HV 1 2 3 4 5 
Cu Area I winding, mm/\2 45774 24972 0 613 1227 1840 2453 
Total Winding Area, mm/\2 76866 118688 0 2138 4275 6413 8550 
Utilization Factor 0.60 0.21 0 0.29 0.29 0.29 0.29 

+>
VI 



Table A.8. TxA (Subtractive) transformer parameter calculations 

Hi Voltage No-Load Tap Positions 
1 2 

Tap HV 
3 

Tap I HV 
4 

I 
5 

Windings coils: LV 

I 
HV Tap HV Tap HV Tap 

Calculate Total Copper (CU) Area 
No. of Turns 29 337 0 337 8 337 16 337 24 337 32 
Area I Turn, mmA2 1578.42 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 

Total Cu Area, mmA2 45774 24972 0 24972 613 24972 1227 24972 1840 24972 2453 

Calculate Full Load Current Densities 

Full Load Amps (rms) per 
ph. winding 2269 

I 
195 0 

I 
200 200 

I 
205 205 

I 
210 210 

I 
216 0 

Area I Turn, mmA2 1578.4 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 74.1 76.7 

rms Current Density, Amps/ 
mm/\2 1.44 I 2.63 2.54 I 2.70 2.61 I 2.77 2.67 I 2.83 2.74 I 2.91 0 

peak Current Density, 
Amps/ mmA2 2.03 I 3.72 3.60 I 3.82 3.69 I 3.91 3.78 I 4.01 3.87 I 4.12 0 

Calculate Total Current Carrying Amp Turns & Confirm Amp-Turn Balance 
Turns 29 I 337 0 I 337 8 I 337 16 I 337 24 I 337 32 

Full Load Amps (rms) per 
ph. winding 2269 195 0 200 200 205 205 210 210 216 216 
Amp-Turns (rms) 65801 65715 0 67400 1600 69085 3280 70770 5040 72792 6912 
peak Amp-Turns 93043 92921 0 95304 2262 97686 4638 100069 7127 102928 9774 

Calculate and confirm current carrying area based on calculated Amp-Turns & peak Current Density 
peak Amp-Turns 93043 92921 0 95304 2262 97686 4638 100069 7127 102928 9774 

peak Current Density, 3.98 

Amps/ mm/\2 2.03 3.72 0 3.82 3.69 3.91 3.78 4.01 3.87 4.12 
Total Cu Area, mm"2 45774 24972 0 24972 613 24972 1227 24972 1840 24972 2453 +::-. 

0'\ 
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Table A.11. TxA (Subtractive) short circuit current density calculations 

Model Model Actual Actual 
1-FL I Al-sc I 

Coil Volts phase AI-FL Al-sc AI-FL AJ-FL AJ-sc AJ-FL 11J-sc 
rms peak peak 

kV Amps Amps Amps ratio peak Current Density, Amps/ mm112 
/winding I winding I phase 

Hi Voltage No-Load Tap Position No. 1 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 
HV 209.2 195 276 4242 15.4 0.8 12.0 3.7 57.2 
TC 0 0 0 0 0 0.0 0.0 0.0 0.0 

Hi Voltage No-Load Tap Position No.2 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 
HV 204.3 200 283 4351 15.4 0.8 12.3 3.8 58.8 
TC 204.3 200 283 4351 15.4 1.1 16.5 3.7 56.8 

Hi Voltage No-Load Tap Position No. 3 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 

HV 199.2 205 290 4460 15.4 0.8 12.6 3.9 60.2 
TC 199.2 205 290 4460 15.4 1.1 16.9 3.8 58.2 

Hi Voltage No-Load Tap Position No.4 
LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 

HV 194.2 210 297 4568 15.4 0.8 12.9 4.0 61.7 

TC 194.2 210 297 4568 15.4 1.1 17.2 3.9 59.5 

Hi Voltage No-Load Tap Position No. 5 

LV 18.0 2269 3208 49359 15.4 1.2 18.8 2.0 31.2 

HV 189.2 216 305 4699 15.4 0.9 13.4 4.1 63.4 

TC 189.2 216 305 4699 15.4 1.2 17.8 4.0 61.2 
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Table A.l2. TxA (Subtractive) FEA model input inrush current density calculations 

Hi Voltage No-Load Tap Position No. 1 
Hi-Voltage Winding Tap Winding 

Al-ir/ Actual Al-ir/ Actual 
Al-sc Al-ir AJ-ir Al-sc Al-ir AJ-ir 
Ratio Amps Amps/mmA2 Ratio Amps Amps/mmA2 

0.2 848.4 2.4 0.2 0.0 0.0 
0.3 1272.6 3.6 0.3 0.0 0.0 
0.4 1696.8 4.8 0.4 0.0 0.0 
0.5 2121.0 6.0 0.5 0.0 0.0 
0.6 2545.2 7.2 0.6 0.0 0.0 
0.7 2969.4 8.4 0.7 0.0 0.0 
0.8 3393.6 9.6 0.8 0.0 0.0 
0.9 3817.8 10.8 0.9 0.0 0.0 
1.0 4242.0 12.0 1.0 0.0 0.0 

Hi Voltage No-Load Tap Position No. 2 
Hi-Voltage Winding Tap Winding 

Al-ir/ Actual Al-ir/ Actual 
Al-sc Al-ir AJ-ir Al-sc Al-ir AJ-ir 

Ratio Amps Amps/mmA2 Ratio Amps Amps/mmA2 

0.2 870.2 2.46 0.2 870.2 3.3 

0.3 1305.3 3.69 0.3 1305.3 4.9 

0.4 1740.4 4.92 0.4 1740.4 6.6 

0.5 2175.5 6.16 0.5 2175.5 8.2 

0.6 2610.6 7.39 0.6 2610.6 9.9 

0.7 3045.7 8.62 0.7 3045.7 11.5 

0.8 3480.8 9.85 0.8 3480.8 13.2 

0.9 3915.9 11.08 0.9 3915.9 14.8 

1.0 4351.0 12.31 1.0 4351.0 16.5 

Hi Voltage No-Load Tap Position No. 3 
Hi-Voltage Winding Tap Winding 

Al-ir/ Actual Al-ir/ Actual 
Al-sc Al-ir AJ-ir Al-sc Al-ir AJ-ir 

Ratio Amps Amps/mmA2 Ratio Amps Amps/mmA2 

0.2 892.0 2.52 0.2 892.0 3.38 

0.3 1338.0 3.79 0.3 1338.0 5.08 

0.4 1784.0 5.05 0.4 1784.0 6.77 

0.5 2230.0 6.31 0.5 2230.0 8.46 

0.6 2676.0 7.57 0.6 2676.0 10.15 

0.7 3122.0 8.83 0.7 3122.0 11.84 

0.8 3568.0 10.10 0.8 3568.0 13.54 

0.9 4014.0 11.36 0.9 4014.0 15.23 

1.0 4460.0 12.62 1.0 4460.0 16.92 
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Table A.12. TxA (Subtractive) FEA model input inrush current density calculations 
(continued) 

Hi Voltage No-Load Tap Position No.4 
Hi-Voltage Winding Tap Winding 

1\1-ir/ Actual 1\1-ir/ Actual 
1\1-sc 1\1-ir 1\J-ir 1\1-sc 1\1-ir 1\J-ir 
Ratio Amps Amps/mm/\2 Ratio Amps Amps/mm/\2 

0.2 913.6 2.58 0.2 913.6 3.45 
0.3 1370.4 3.88 0.3 1370.4 5.17 
0.4 1827.2 5.17 0.4 1827.2 6.89 
0.5 2284.0 6.46 0.5 2284.0 8.62 
0.6 2740.8 7.75 0.6 2740.8 10.34 
0.7 3197.6 9.04 0.7 3197.6 12.06 
0.8 3654.4 10.34 0.8 3654.4 13.78 
0.9 4111.2 11.63 0.9 4111.2 15.51 

1.0 4568.0 12.92 1.0 4568.0 17.23 

Hi Voltage No-Load Tap Position No.5 
Hi-Voltage Winding Tap Winding 

1\1-ir/ Actual 1\1-ir/ Actual 
1\1-sc 1\1-ir 1\J-ir 1\1-sc 1\1-ir 1\J-ir 

Ratio Amps Amps/mm/\2 Ratio Amps Amps/mm/\2 

0.2 939.8 2.68 0.2 939.8 3.57 

0.3 1409.7 4.01 0.3 1409.7 5.36 

0.4 1879.6 5.35 0.4 1879.6 7.14 

0.5 2349.5 6.69 0.5 2349.5 8.93 

0.6 2819.4 8.03 0.6 2819.4 10.71 

0.7 3289.3 9.37 0.7 3289.3 12.50 

0.8 3759.2 10.70 0.8 3759.2 14.28 

0.9 4229.1 12.04 0.9 4229.1 16.07 

1.0 4699.0 13.38 1.0 4699.0 17.85 



APPENDIX B. 

230 MV A GSU TRANSFORMER Tx8 INFORMATION 



This appendix provides information for the 230MVA (Tx8l transformer with an 

additive type no-load tap changer and evaluated with center entry and yoke entry type 

high voltage winding coil connections: 

General physical layout drawing 

Winding connections diagram 

Manufacturer's characteristics 

Transformer parameter calculations 

Winding Utilization Factor calculations 

Amp tum balance checks & FEA model full load current densities calculations 

Short circuit current density calculations 

FEA model input imush current density calculations 
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Tap 5 

Tap 4 

Tap 3 

Tap 2 11A (LINE) 

Tap 1 \ 
Tap 1 ,.) H1 0 

~ NT TURNS 

~ Tap 2 -, V1 (LI NE TO NEUTRAL) 
;:.: NT TURNS 

NT TURNS 
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Tap 4 - -

~ 
Tap 5 

~ 
~ 
>< 
2:: N1B TURNS X2 

LOW VOLTAGE WINDING HIGH VOLTAGE WINDINGS 

TAP POSITION 

2 

3 

4 

5 

GSU TRANSFORMER TxB (230MVA) 

ADDITIVE TYPE HIGH VOLTAGE WINDING AND TAP WINDING 

CONNECTION REPRESENTATION (Center Entry) 

(Indicated current flow directions are normal load flow operations) 

TURNS RATIO V1 (kV) V1 (kV) 
N1/N2 UNE TO NEUTRAL VOLTAGE UNE TO UNE VOLTAGE 

11.62 209.2 362.25 

11.34 204.2 353.63 

11.07 199.2 345.0 

10.79 194.2 336.38 

10.51 189.2 327.75 

N 1 A : Number of Turns, Upper High Voltage Winding, each phase 
N 1 B : Number of Turns, Lower High Voltage Winding, each phase 
NT : Number of Turns, Hlgh Voltage Tap Windings, each phose 
N2 : Number of Turns, Low Voltage Winding, each phase 

Figure B.2. 230MVA (Tx8 ) (Center Entry) transformer winding connections. 
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Table B. I. 230MV A (Txs) (Center Entry) manufacturer's transformer characteristics 

Generator Step Up Transformer 
MVA Ratings OAIF AIFAFA 230MVA 
Center Tap Hi Voltage Windings 
Winding Connections: Wye-High Voltage: Delta-Low Voltage 
Additive type No Load Tap Configuration 

Ratings at HV No-Load Tap Settings 
1 2 3 4 

5.0% 2.5% 0.0% -2.5% 
MVA Rating-FAFA 230 
Hi Volts (L-L), V(1), kV 362.25 353.63 345.00 336.38 
Hi Volts (L-N), V(1), kV 209.2 204.2 199.2 194.2 
Lo Volts (L-L),V(2), kV 18 

5 
-5.0% 

327.75 
189.2 

Turns Ratio (V(1)-L-N I V(2)-LL): (N1/N2) 11.62 11.34 11.07 10.79 10.51 
Volts per Turn 221.1 
Total LV Turns (N2) 81 
Total Hi Voltage Turns (N1) 

Primary Full Load Line Amps, 1(1) 
Primary Full Load Winding Amps 
Magnetizing Current (5% of FL) 

Secondary Full Load Line Amps, 1(2) 
Secondary Full Load Phase Amps 

Transformer design lmpedence 

Core: 

943 

367 
183.3 
9.2 

7394 
4269 

6.50% 

921 898 

376 385 
187.8 192.4 
9.4 9.6 

Core Material Grade M5, Grain Orientated Steel, High Quality 

Diameter (mm) 
Flux Density (Tesla) 
Core Loss (KW) 
%Exciting Current 
Window Height 
Window Width 
Design 

Windings: 
Quantity 

Type 
Material 

843 
1.693 
94.66 
0.078 
2593 
1585 

Core Form-S leg 

LV 
1 

Disc 
Copper 

HV 
2 

Disc Center line Entry, Parallel 
Copper 

876 853 

395 405 
197.4 202.6 
9.9 10.1 



Table B.4. Txs (Center Entry) Amp Tum balance checks & FEA model full load current densities calculations 

Check for Amp Turns 
Balancing 

Hi Voltage No-Load Tap Positions 
1 2 3 4 

I 
5 

LV HV Tap HV Tap HV Tap HV Tap HV 

Cu Area, mm"2 107592 I 45891 4842 45891 3632 45891 2421 45891 1211 I 45891 

Winding Quantity 1 I 2 2 2 2 I 2 2 2 2 I 2 

Total Cu Area, 
mm"2 107592 

I 
91783 9684 

I 
91783 7263 

I 
91783 4842 I 91783 2421 I 91783 

peak Current 
Density, Amps/ 
mm"2 4.54 4.82 4.82 4.94 4.94 5.06 5.06 5.19 5.19 I 5.32 

Amp Turns 488946 442172 46654 453027 35849 464123 24485 476185 12561 1488729 

Subtotal 488825 Subtotal 488876 Subtotal 488608 Subtotal 4887 45 Subtotal 

Calculate Full Load Current Dens,ities for FEA Model i~put values 
Actual peak Current 
Density, Amps/ mm"2 4.54 

I 
4.82 4.82 

I 
4.94 4.94 

I 
5.06 5.06 

I 
5.19 5.19 

I 
5.32 

Utilization Factor 0.62 0.35 0.33 0.35 0.33 0.35 0.33 0.35 0.33 0.35 

Model peak Current 
Density, Amps/ mm"2 2.82 I 1.69 1.61 I 1.73 1.65 I 1.77 1.69 I 1.82 1.73 I 1.87 

Tap 

0 

2 

0 

0 

0 

488729 

0 
0 

0 

VI 
VI 



Table B.3. Tx8 (Center Entry) winding utilization factor calculations 

Calculate winding areas based on manufacturer's dimensions and data 

LV I HV I Hi Voltage No-Load Tap Winding settings 
1 2 3 4 

Radial Build, mm 74 124 124 124 124 124 
Height, mm 2343 1054.35 117.15 87.86 58.57 29.28 
Total Winding Area, mm"2 173382 130739 14527 10865 7263 3631 

Calculate winding utilization factors 

LV HV 1 2 3 4 
Cu Area I winding, mm"2 107592 45891 4842 3632 2421 1211 
Total Winding Area, mm"2 173382 130739 14527 10895 7263 3631 
Utilization Factor 0.62 0.35 0.33 0.33 0.33 0.33 

5 
0 
0 
0 

5 
0 
0 
0 

u. 
Q\ 



Table B.2. Tx8 (Center Entry) transformer parameter calculations 
Hi Voltage No-Load Tap Positions 

1 2 3 4 

I 
5 

Windings coils: LV 

I 
HV Tap HV Tap HV Tap HV Tap HV Tap 

Calculate Total Copper (CU) Area 
No. of Turns 81 853 90 853 68 853 45 853 23 853 0 
Area I Turn, mm"2 1328.30 53.8 53.8 53.8 53.8 53.8 53.8 53.8 53.8 53.8 53.8 

Total Cu Area, mm"2 107592 45891 4842 45891 3632 45891 2421 45891 1211 45891 0 

Calculate Full Load Current Densities 

Full Load Amps (rms) per 
ph. winding 4269 

I 
183.3 183.3 I 187.8 187.8 I 192.4 192.4 I 197.4 197.4 I 202.6 0 

Area I Turn, mm"2 1328.3 53.8 53.8 53.8 53.8 53.8 53.8 53.8 53.8 53.8 53.8 

rms Current Density, 
Amps/ mm"2 3.21 I 3.41 3.41 I 3.49 3.49 I 3.58 3.58 I 3.67 3.67 I 3.77 0 

peak Current Density, 
Amps/ mm"2 4.54 I 4.82 4.82 I 4.94 4.94 I 5.06 5.06 I 5.19 5.19 I 5.32 0 

Calculate Total Current Carrying Amp Turns & Confirm Amp-Turn Balance 
Turns 81 I 853 90 I 853 68 I 853 45 I 853 23 I 853 0 

Full Load Amps (rms) per 
ph. winding 4269 183.3 183.3 187.8 187.8 192.4 192.4 197.4 197.4 202.6 0 
Amp-Turns (rms) 345789 156355 16497 160193 12677 164117 8658 168382 4442 172818 0 
peak Amp-Turns 488946 221086 23327 226513 17925 232062 12242 238092 6280 244364 0 

Calculate and confirm current carrying area based on calculated Amp-Turns & peak Current Density 
peak Amp-Turns 488946 I 221086 23327 I 226513 17925 I 232062 12242 I 238092 6280 I 244364 0 

peak Current Density, 
Amps/ mm"2 4.54 I 4.82 4.82 I 4.94 4.94 I 5.06 5.06 I 5.19 5.19 I 5.32 0 
Total Cu Area, mm"2 107592 45891 4842 45891 3632 45891 2421 45891 1211 45891 0 

Vl 
-.....1 
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Table B.5. Txs (Center Entry) short circuit current density calculations 

Model Model Actual Actual 
1-FL I "1-sc I 

Coil Volts phase "1-FL "1-sc "1-FL AJ-FL AJ-sc AJ-FL AJ-sc 
rms peak peak 

kV Amps Amps Amps ratio peak Current Density, Amps/ mm/\2 
/winding I winding I phase 

Hi Voltage No-Load Tap Position No.1 
LV 18 4269 6036 92867 15.38 2.8 43.4 4.5 69.8 
HV 209.2 183 259 3987 15.38 1.7 26.0 4.8 74.2 
TC 209.2 183 259 3987 15.38 1.6 24.7 4.8 74.2 

Hi Voltage No-Load Tap Position No. 2 
LV 18 4269 6036 92867 15.38 2.8 43.4 4.5 69.8 
HV 204.3 188 266 4085 15.38 1.7 26.7 4.9 76.0 
TC 204.3 188 266 4085 15.38 1.6 25.3 4.9 76.0 

Hi Voltage No-Load Tap Position No. 3 
LV 18 4269 6036 92867 15.38 2.8 43.4 4.5 69.8 

HV 199.2 192 272 4185 15.38 1.8 27.3 5.1 77.8 

TC 199.2 192 272 4185 15.38 1.7 25.9 5.1 77.8 

Hi Voltage No-Load Tap Position No. 4 
LV 18 4269 6036 92867 15.38 2.8 43.4 4.5 69.8 

HV 194.2 197 279 4294 15.38 1.8 28.0 5.2 79.8 

TC 194.2 197 279 4294 15.38 1.7 26.6 5.2 79.8 

Hi Voltage No-Load Tap Position No. 5 

LV 18 4269 6036 92867 15.38 2.8 43.4 4.5 69.8 

HV 189.2 203 286 4407 15.38 1.9 28.8 5.3 81.8 

TC 189.2 203 286 4407 15.38 0.0 0.0 0.0 0.0 



59 

Table B.6. Txs (Center Entry) FEA model input inrush current density calculations 

Hi Voltage No-Load Tap Position No. 1 
Hi-Voltage Winding Tap Winding 

Al-ir/ Actual Al-ir/ Actual 
Al-sc Al-ir AJ-ir Al-sc Al-ir AJ-ir 
Ratio Amps Amps/mmA2 Ratio Amps Amps/mmA2 

0.2 797.4 5.20 0.2 797.4 4.94 
0.3 1196.1 7.81 0.3 1196.1 7.41 
0.4 1594.8 10.41 0.4 1594.8 9.88 
0.5 1993.5 13.01 0.5 1993.5 12.35 
0.6 2392.2 15.61 0.6 2392.2 14.82 
0.7 2790.9 18.21 0.7 2790.9 17.29 
0.8 3189.6 20.82 0.8 3189.6 19.76 
0.9 3588.3 23.42 0.9 3588.3 22.23 
1.0 3987.0 26.02 1.0 3987.0 24.70 

Hi Voltage No-Load Tap Position No.2 
Hi-Voltage Winding Tap Winding 

Al-ir/ Actual Al-ir/ Actual 
Al-sc Al-ir AJ-ir Al-sc Al-ir AJ-ir 

Ratio Amps Amps/mmA2 Ratio Amps Amps/mmA2 

0.2 817.0 5.33 0.2 817.0 5.06 

0.3 1225.5 8.00 0.3 1225.5 7.59 

0.4 1634.0 10.66 0.4 1634.0 10.12 

0.5 2042.5 13.33 0.5 2042.5 12.65 

0.6 2451.0 16.00 0.6 2451.0 15.18 

0.7 2859.5 18.66 0.7 2859.5 17.71 

0.8 3268.0 21.33 0.8 3268.0 20.24 

0.9 3676.5 24.00 0.9 3676.5 22.77 

1.0 4085.0 26.66 1.0 4085.0 25.30 

Hi Voltage No-Load Tap Position No. 3 
Hi-Voltage Winding Tap Winding 

Al-ir/ Actual Al-ir/ Actual 
Al-sc Al-ir AJ-ir Al-sc Al-ir AJ-ir 

Ratio Amps Amps/mmA2 Ratio Amps Amps/mmA2 

0.2 837.0 5.46 0.2 837.0 5.19 

0.3 1255.5 8.19 0.3 1255.5 7.78 

0.4 1674.0 10.92 0.4 1674.0 10.38 

0.5 2092.5 13.65 0.5 2092.5 12.97 

0.6 2511.0 16.38 0.6 2511.0 15.56 

0.7 2929.5 19.12 0.7 2929.5 18.16 

0.8 3348.0 21.85 0.8 3348.0 20.75 

0.9 3766.5 24.58 0.9 3766.5 23.34 

1.0 4185.0 27.31 1.0 4185.0 25.94 
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Table B.6. Txs (Center Entry) FEA model input inrush current density calculations 
(continued) 

Hi Voltage No-Load Tap Position No. 4 
Hi-Voltage Winding Tap Winding 

111-ir/ Actual 111-ir/ Actual 
111-sc 111-ir 11J-ir 111-sc 111-ir 11J-ir 
Ratio Amps Amps/mm112 Ratio Amps Amps/mm112 

0.2 859.2 5.60 0.2 859.2 5.72 
0.3 1288.8 8.41 0.3 1288.8 8.58 
0.4 1718.4 11.21 0.4 1718.4 11.44 
0.5 2148.0 14.01 0.5 2148.0 14.30 
0.6 2577.6 16.81 0.6 2577.6 17.16 
0.7 3007.2 19.61 0.7 3007.2 20.02 
0.8 3436.8 22.42 0.8 3436.8 22.88 
0.9 3866.4 25.22 0.9 3866.4 25.74 
1.0 4296.0 28.02 1.0 4296.0 28.60 

Hi Voltage No-Load Tap Position No. 5 
Hi-Voltage Winding Tap Winding 

111-ir/ Actual 111-ir/ Actual 
111-sc 111-ir 11J-ir 111-sc 111-ir 11J-ir 

Ratio Amps Amps/mm112 Ratio Amps Amps/mm112 

0.2 881.4 5.75 0.2 0.0 0.0 

0.3 1322.1 8.63 0.3 0.0 0.0 

0.4 1762.8 11.50 0.4 0.0 0.0 

0.5 2203.5 14.38 0.5 0.0 0.0 

0.6 2644.2 17.25 0.6 0.0 0.0 

0.7 3084.9 20.13 0.7 0.0 0.0 

0.8 3525.6 23.00 0.8 0.0 0.0 

0.9 3966.3 25.88 0.9 0.0 0.0 

1.0 4407.0 28.75 1.0 0.0 0.0 
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Tap 3 

NT TURNS 
Tap 4 

Tap 5 

X2 HO 

11 A {LINE) 
LOW VOLTAGE WINDING HIGH VOLTAGE WINDINGS 

GSU TRANSFORMER TxB (230MVA) 

ADDITIVE TYPE HIGH VOLTAGE WINDING AND TAP WINDING 

CONNECTION REPRESENTATION (Yoke Entry) 

(Indicated current flow directions ore normal load flow operations) 

TAP POSITION TURNS RATIO V1 (kV) V1 (kV) 

2 

3 

5 

N1/N2 LINE TO NEUTRAL VOLTAGE LINE TO LINE VOLTAGE 

11.62 209.2 362.25 

11.3<4 20<4.2 353.63 

11.07 199.2 3<45.0 

10.79 194.2 336.38 

10.51 189.2 327.75 

N1A : Number of Turns, Upper High Voltage Winding, each phase 
N 1 B : Number of Turns, Lower High Voltage Winding, each phase 
NT : Number of Turns, High Voltage Tap Windings, each phase 
N2 : Number of Turns, Low Voltage Winding, each phase 

Figure B.3. 230MV A (Tx8 ) (Yoke Entry) transformer winding connections. 
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Table B.7. 230MVA (Txs) (Yoke Entry) manufacturer's transformer characteristics 

Generator Step Up Transformer 
MVA Ratings OAJF AJFAFA 230MVA 
Yoke Entry Connection Hi Voltage 
Windings 
Winding Connections: Wye-High Voltage: Delta-Low Voltage 
Additive type No Load Tap Configuration 

Ratings at HV No-Load Tap Settings 

MVA Rating-FAFA 230 
Hi Volts (L-L), V(1), kV 
Hi Volts (L-N), V(1 ), kV 
Lo Volts (L-L),V(2), kV 18 

Turns Ratio (V(1)-L-N /V(2)-LL): (N1/N2) 
Volts per Turn 221.1 
Total LV Turns (N2) 81 
Total Hi Voltage Turns (N1) 

Primary Full Load Line Amps, 1(1) 
Primary Full Load Winding Amps 

Secondary Full Load Line Amps, 1(2) 
Secondary Full Load Phase Amps 

Transformer design lmpedence 

Core: 

1 
5.0% 

362.25 
209.2 

11.62 

943 

367 
367 

7394 
4269 

6.50% 

2 
2.5% 

353.63 
204.2 

11.34 

921 

376 
376 

3 4 5 
0.0% -2.5% -5.0% 

345.00 336.38 327.75 
199.2 194.2 189.2 

11.07 10.79 10.51 

898 876 853 

385 395 405 
385 395 405 

Core Material Grade M5, Grain Orientated Steel, High Quality 

Diameter (mm) 
Flux Density (Tesla} 
Core Loss (KW) 
%Exciting Current 
Window Height 
Window Width 
Design 

Windings: 
Quantity 

Type 
Material 

843 
1.693 
94.66 
0.078 
2593 
1585 

Core Form-5 leg 

LV 
1 

Disc 
Copper 

HV 
1 

Disc Center line Entry, Parallel 
Copper 



Table B.l 0. Txs (Yoke Entry) Amp Tum balance checks & FEA model full load current densities calculations 

Check for Amp Turns 
Balancing 

Hi Voltage No-Load Tap Positions 
1 2 3 4 5 

LV I HV Tap HV Tap HV Tap HV Tap HV 

Cu Area, mm"2 107592 91783 9684 91783 7263 91783 4842 91783 2421 91783 

Winding Quantity 1 1 1 1 1 1 1 1 1 2 

Total Cu Area, 
mm"2 107592 

I 
91783 9684 

I 
91783 7263 

I 
91783 4842 I 91783 2421 I 91783 

peak Current 
Density, Amps/ 
mm"2 4.54 4.82 4.82 4.93 4.93 5.06 5.06 5.19 5.19 5.32 

Amp Turns 488946 442124 46649 452908 35840 464231 24490 476134 12559 488664 

Subtotal 488773 Subtotal 488748 Subtotal 488721 Subtotal 488693 Subtotal 

Calculate Full Load Current Den~ities for FEA Model input values 
Actual peak Current 
Density, Amps/ mm"2 4.54 

I 
4.82 4.82 

I 
4.93 4.93 

I 
5.06 5.06 

I 
5.19 5.19 

I 
5.32 

Utilization Factor 0.65 0.37 0.35 0.37 0.35 0.37 0.35 0.37 0.35 0.37 
Model peak Current 
Density, Amps/ mm"2 2.95 I 1.78 1.69 I 1.83 1.73 I 1.87 1.78 I 1.92 1.82 I 1.97 

Tap 

0 

1 

0 

0 

0 

488664 

0 
0 

0 

0\ 
I.;.) 



Table B.9. Tx8 (Yoke Entry) winding utilization factor calculations 

Calculate winding areas based on manufacturer's dimensions and data 
LV I HV I Hi Voltage No-Load Tap Winding settings 

1 2 3 4 5 
Radial Build, mm 74 124 124 124 124 124 124 
Height, mm 2223 2000.7 222.32 166.74 111.16 55.58 0 
Total Winding Area, mm"2 164502 248087 27568 20676 13784 6892 0 

Calculate winding utilization factors 

LV HV 1 2 3 4 5 
Cu Area I winding, mm"2 107592 91783 9684 7263 4842 2421 0 
Total Winding Area, mm"2 164502 248087 27568 20676 13784 6892 0 
Utilization Factor 0.65 0.37 0.35 0.35 0.35 0.35 0 

0\ 
~ 



Table 8.8. Txs (Yoke Entry) transformer parameter calculations 
Hi Voltage No-Load Tap Positions 

1 2 3 

I 
4 

I 
5 

Windings coils: LV 

I 
HV Tap HV Tap HV Tap HV Tap HV Tap 

Calculate Total Copper (CU) Area 
No. of Turns 81 853 90 853 68 853 45 853 23 853 0 
Area I Turn, mm"2 1328.30 107.6 107.6 107.6 107.6 107.6 107.6 107.6 107.6 107.6 107.6 

Total Cu Area, mm"2 107592 91783 9684 91783 7263 91783 4842 91783 2421 91783 0 

Calculate Full Load Current Densities 

Full Load Amps (rms) per 
ph. winding 4269 

I 
366.6 366.61 375.5 375.5 I 384.9 384.9 I 394.8 394.81 405.1 0 

Area I Turn, mm"2 1328.3 107.6 107.6 107.6 107.6 107.6 107.6 107.6 107.6 107.6 107.6 

rms Current Density, 
Amps/ mm"2 3.21 I 3.41 3.41 I 3.49 3.49 I 3.58 3.58 I 3.67 3.67 I 3.77 0 

peak Current Density, 
Amps/ mm"2 4.54 I 4.82 4.82 I 4.93 4.93 I 5.06 5.06 I 5.19 5.19 I 5.32 0 

Calculate Total Current Carrying Amp Turns & Confirm Amp-Turn Balance 
Turns 81 I 853 90 I 853 68 I 853 45 I 853 23 I 853 0 

Full Load Amps (rms) per 
ph. winding 4269 366.6 366.6 375.5 375.5 384.9 384.9 394.8 394.8 405.1 0 
Amp-Turns (rms) 345789 312676 32990 320303 25346 328310 17320 336728 8882 345590 0 
peak Amp-Turns 488946 442124 46649 452908 35840 464231 24490 476134 12559 488664 0 

Calculate and confirm current carrying area based on calculated Amp-Turns & peak Current Density 
peak Amp-Turns 488946 I 442124 46649 I 452908 35840 I 464231 24490 I 476134 12559 I 488664 0 

peak Current Density, 
Amps/ mm"2 4.54 I 4.82 4.82 I 4.93 4.93 I 5.06 5.06 I 5.19 5.19 I 5.32 0 
Total Cu Area, mm"2 107592 91783 9684 91783 7263 91783 4842 91783 2421 91783 0 

0'1 
V1 
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Table B.ll. Txs (Yoke Entry) short circuit current density calculations 

Model Model Actual Actual 
1-FL I "1-sc I 

Coil Volts phase "1-FL "1-sc "1-FL "J-FL "J-sc 11J-FL 11J-sc 
rms peak peak 

kV Amps Amps Amps ratio peak Current Density, Amps/ mm112 
/winding I winding I phase 

Hi Voltage No-Load Tap Position No. 1 
LV 18 4269 6036 92867 15.38 3.0 45.4 4.5 69.8 
HV 209.2 183 259 3987 15.38 1.8 27.4 4.8 74.2 
TC 209.2 183 259 3987 15.38 1.7 26.0 4.8 74.2 

Hi Voltage No-Load Tap Position No.2 
LV 18 4269 6036 92867 15.38 3.0 45.4 4.5 69.8 
HV 204.3 188 266 4085 15.38 1.8 28.2 4.9 76.0 
TC 204.3 188 266 4085 15.38 1.7 26.6 4.9 76.0 

Hi Voltage No-Load Tap Position No. 3 
LV 18 4269 6036 92867 15.38 3.0 45.4 4.5 69.8 

HV 199.2 192 272 4185 15.38 1.9 28.8 5.1 77.8 

TC 199.2 192 272 4185 15.38 1.8 27.4 5.1 77.8 

Hi Voltage No-Load Tap Position No.4 

LV 18 4269 6036 92867 15.38 3.0 45.4 4.5 69.8 

HV 194.2 197 279 4294 15.38 1.9 29.5 5.2 79.8 

TC 194.2 197 279 4294 15.38 1.8 28.0 5.2 79.8 

Hi Voltage No-Load Tap Position No. 5 

LV 18 4269 6036 92867 15.38 3.0 45.4 4.5 69.8 

HV 189.2 203 286 4407 15.38 2.0 30.3 5.3 81.8 

TC 189.2 203 286 4407 15.38 0.0 0.0 0.0 0.0 
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Table B.12. Txs (Yoke Entry) FEA model input inrush current density calculations 

Hi Voltage No-Load Tap Position No. 1 
Hi-Voltage Winding Tap Winding 

/\f-ir/ Actual /\f-ir/ Actual 
1\f-sc /\f-ir AJ-ir 1\f-sc /\f-ir AJ-ir 
Ratio Amps Amps/mm/\2 Ratio Amps Amps/mm/\2 

0.2 797.4 5.48 0.2 797.4 5.20 
0.3 1196.1 8.21 0.3 1196.1 7.80 
0.4 1594.8 10.95 0.4 1594.8 10.40 
0.5 1993.5 13.69 0.5 1993.5 13.00 
0.6 2392.2 16.43 0.6 2392.2 15.60 
0.7 2790.9 19.17 0.7 2790.9 18.20 
0.8 3189.6 21.90 0.8 3189.6 20.80 
0.9 3588.3 24.64 0.9 3588.3 23.40 
1.0 3987.0 27.38 1.0 3987.0 26.00 

Hi Voltage No-Load Tap Position No.2 
Hi-Voltage Winding Tap Winding 

/\f-ir/ Actual 1\f-ir/ Actual 
1\f-sc /\f-ir AJ-ir 1\f-sc AJ-ir AJ-ir 

Ratio Amps Amps/mm/\2 Ratio Amps Amps/mm/\2 

0.2 817.0 5.63 0.2 817.0 5.32 

0.3 1225.5 8.45 0.3 1225.5 7.98 

0.4 1634.0 11.26 0.4 1634.0 10.64 

0.5 2042.5 14.08 0.5 2042.5 13.30 

0.6 2451.0 16.89 0.6 2451.0 15.96 

0.7 2859.5 19.71 0.7 2859.5 18.62 

0.8 3268.0 22.52 0.8 3268.0 21.28 

0.9 3676.5 25.34 0.9 3676.5 23.94 

1.0 4085.0 28.15 1.0 4085.0 26.60 

Hi Voltage No-Load Tap Position No.3 
Hi-Voltage Winding Tap Winding 

/\f-ir/ Actual AJ-ir/ Actual 
AJ-sc AJ-ir AJ-ir AJ-sc AJ-ir AJ-ir 

Ratio Amps Amps/mm/\2 Ratio Amps Amps/mm/\2 

0.2 837.0 5.75 0.2 837.0 5.48 

0.3 1255.5 8.63 0.3 1255.5 8.21 

0.4 1674.0 11.51 0.4 1674.0 10.95 

0.5 2092.5 14.39 0.5 2092.5 13.69 

0.6 2511.0 17.26 0.6 2511.0 16.43 

0.7 2929.5 20.14 0.7 2929.5 19.17 

0.8 3348.0 23.02 0.8 3348.0 21.90 

0.9 3766.5 25.89 0.9 3766.5 24.64 

1.0 4185.0 28.77 1.0 4185.0 27.38 
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Table B.l2. Txs (Yoke Entry) FEA model input inrush current density calculations 
(continued) 

Hi Voltage No-Load Tap Position No.4 
Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 
"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 
Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 859.2 5.91 0.2 859.2 5.60 
0.3 1288.8 8.86 0.3 1288.8 8.40 
0.4 1718.4 11.82 0.4 1718.4 11.20 
0.5 2148.0 14.77 0.5 2148.0 14.00 
0.6 2577.6 17.72 0.6 2577.6 16.80 
0.7 3007.2 20.68 0.7 3007.2 19.60 
0.8 3436.8 23.63 0.8 3436.8 22.40 
0.9 3866.4 26.59 0.9 3866.4 25.20 
1.0 4296.0 29.54 1.0 4296.0 28.00 

Hi Voltage No-Load Tap Position No. 5 
Hi-Voltage Winding Tap Winding 

"1-ir/ Actual "1-ir/ Actual 
"1-sc "1-ir "J-ir "1-sc "1-ir "J-ir 
Ratio Amps Amps/mm"2 Ratio Amps Amps/mm"2 

0.2 881.4 6.06 0.2 0.0 0.0 

0.3 1322.1 9.09 0.3 0.0 0.0 

0.4 1762.8 12.12 0.4 0.0 0.0 

0.5 2203.5 15.16 0.5 0.0 0.0 

0.6 2644.2 18.19 0.6 0.0 0.0 

0.7 3084.9 21.22 0.7 0.0 0.0 

0.8 3525.6 24.25 0.8 0.0 0.0 

0.9 3966.3 27.28 0.9 0.0 0.0 

1.0 4407.0 30.31 1.0 0.0 0.0 



APPENDIX C. 

FORCE COMPONENT CALCULATIONS AND FLUX PLOTS 



This appendix describes and provides: 

The methods taken to represent transformer objects for FEA modeling and 

determining component leakage flux linkage magnitude and direction 

tables 

Axial and radial peak force component formulas and an example calculation 

Respective transformer short circuit and inrush current loading force calculation 

Example winding compartment flux linkage plots 
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The High Voltage and Tap winding coil objects are represented with actual 

transformer component overall dimensions but are compartmentalized to simplify 

determining the magnitude and direction of flux flowing through and calculating the 

resulting axial and radial force components acting on each compartment's cross sectional 

area. The quantity of compartments was selected to allow good averaging and 

representation of flux leakage through each coil compartments (sections). 

The Low Voltage winding coils were represented as solid objects, since only the 

resulting fields in the High voltage and Tap winding coils were determined. 

Taking into account the above noted core object modifications and dividing the 

high voltage and tap winding coils into compartments, the 2-D models of the two 

transformers modeled in this study are illustrated in Figures C.l & C.2. 

The flux within individual winding compartments was plotted separately so that 

the respective flux magnitudes and directions could be evaluated for that specific 

compartment, as illustrated in Figure C.3. The axial and radial force components were 

derived (as indicated on page 72) and tabulated for each winding coil. 
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The resulting short circuit and inrush force calculations for each transformer type 

and configuration are presented in the following tables. Example flux line plots for short 

circuit current and inrush current (equaling 70% of short circuit current loading 

conditions) are also presented. 
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Figure C.l. Finite Element Analysis TxA model. 
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Figure C.3. FEA model object flux line plots and average flux direction determination 
(TxA high voltage winding illustrated) 



Let: Jpk =peak current density vector <Pave =average flux line vector 

Fr = the resultant Force vector 

Fx = radial force in the X-direction Fy = axial force in the Y -direction 

Define 8 as the angle between the current density (J) vector and the average 
flux line(<!>) vector. 

Define Jpk as current density flowing through an object in the Z-direction 

positive value shall be "out" of the paper 
negative value shall be "into" the paper 

Define a as the <Pave angle with respect to the model's X and Y axis. 

By right-hand rule definition: Fr direction angle equals a+ n/2. 

By FEA model definition: 
1t 

8 :=-
2 

m = 1 m meter depth (into paper) 
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Example: Force calculations of transformer TxA's High Voltage winding coil compartment HV1 0 

where the transformer is being modeled under inrush conditions: IIR = 100%*1sc 

Jpk := 710001 

<Pave:= 4·1 Wb/m u := .833-7! radians (150 Deg.) 

Force magnitude and direction calculation: 

~ ~ ~ 

F := J X¢ By definition: Cross product of two vectors 

sin(8) =I 

Force radial (X) and axial (Y) component calculations: 

Force Direction: 

Fx:= Fr·cos( u + ~) 

Fy := Fr·sin( u + ~) 

1t 
u +- =4.188 

2 

or Fx = -Fr sin( a) 

or Fy = Fr cos( a) 

Using Trigonometry identities: 

6 
Fr = 3.337x 10 

radians (240 Deg.) 

6 
Fx= -1.672x 10 

6 
Fy = -2.888x 10 

cos (a+b) = cos(a)*cos(b)- sin(a)*sin(b) 
sin (a+b) = sin(a)*cos(b) + cos(a)*sin(b) 

N 

N 

N 
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Table C.l. TxA (Additive) short circuit current winding force calculations 

Load Condition: Short Circuit 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding 1\j Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Afml\2 Wb/m Degrees Radians kN (kNfml\2) kN kN 

10 11380000 0.05767 254.0 4.4331 -20 631 133 -20 
9 11380000 0.05056 267.0 4.6600 -3 575 121 -24 
8 11380000 0.05168 272.0 4.7473 2 588 124 -21 
7 11380000 0.05042 273.0 4.7648 3 573 121 -18 

6 11380000 0.04947 273.0 4.7648 3 562 119 -15 

5 11380000 0.04906 272.0 4.7473 2 558 118 -13 

4 11380000 0.04925 272.0 4.7473 2 560 118 -10 

3 11380000 0.05222 272.0 4.7473 2 594 125 -8 

2 11380000 0.06196 276.0 4.8171 8 701 148 0 

1 11380000 0.07256 289.0 5.0440 30 781 165 31 
Fy 

Sum 31 
HV2 Fr -15 
HV1 Fr 45 

Load Condition: Short Circuit 
Individual Individual 

Axial Individual Horizontal Distributed 

Tap Flux Flux Force Radial Force Axial 

Windings 1\j Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Afml\2 Wb/m Degrees Radians kN (kN/ml\2) kN kN 

TC2 
4 16920000 0.00797 175.0 3.0543 -2 -11.75 -1.67 -2.0 

3 16920000 0.00353 16.0 0.2793 1 -16.46 -2.35 -1.2 

2 0 0 0.0 0.0000 0 0.00 0.00 -1.2 

1 0 0 0.0 0.0000 0 0.00 0.00 -1.2 

FR -1 

TC1 
1 0 0 0.0 0.0000 0 0.00 0.00 3.6 

2 0 0 0.0 0.0000 0 0.00 0.00 3.6 

3 16920000 0.00217 344.0 6.0039 1 10.12 1.44 3.6 

4 16920000 0.01222 350.0 6.1087 3 35.90 5.12 3.1 

FR 4 
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Figure C.4. Transformer TXA(Additive): Air gap, high voltage (compartment HV 1 0) 
winding, and upper tap (compartment TC24) winding flux line plots during short 

circuit conditions. 
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Figure C.5. Transformer TXA (Additive): High voltage (compartment HVlO) winding flux 
line plots during short circuit conditions. 
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Figure C.6. Transformer TXA(Additive): Upper tap (compartment TC24) winding flux line 
plots during short circuit conditions. 
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Table C.2. TxA (Additive) inrush current winding force calculations: Inrush current 
equals 40% of short circuit current 

Load Condition: I1R = .4* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment AfmA2 Wb/m Degrees Radians kN (kNJmA2) kN kN 

10 4550000 0.0315 140 2.4435 -12 -92 -19 -12 
9 4550000 0.0227 131 2.2864 -8 -78 -16 -20 
8 4550000 0.0168 102 1.7802 -2 -75 -16 -22 
7 4550000 0.0144 98 1.7104 -1 -65 -14 -23 

6 4550000 0.0117 92 1.6057 0 -53 -11 -23 

5 4550000 0.0115 88 1.5359 0 -52 -11 -23 

4 4550000 0.014 84 1.4661 1 -63 -13 -22 

3 4550000 0.0165 76 1.3265 2 -73 -15 -20 

2 4550000 0.0225 51 0.8901 7 -80 -17 -13 

1 4550000 0.0304 42 0.7330 12 -93 -20 -1 

FySum -1 
HV2 Fr -23 
HV1 Fr 22 

Load Condition: ltR = .4* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 

Tap Flux Flux Force Radial Force Axial 

Windings AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment AfmA2 Wb/m Degrees Radians kN (kNJmA2) kN kN 

TC2 
4 6770000 0.0144 109 1.9024 0 -92.18 -13.14 -0.5 

3 6770000 0.009 100.0 1.7453 0 -60.00 -8.55 -0.6 

2 0 0 0.0 0.0000 0 0.00 0.00 -0.6 

1 0 0 0.0 0.0000 0 0.00 0.00 -0.6 

FR -1 

TC1 
1 0 0 0.0 0.0000 0 0.00 0.00 0.5 

2 0 0 0.0 0.0000 0 0.00 0.00 0.5 

3 6770000 0.0085 81.0 1.4137 0 -56.84 -8.10 0.5 

4 6770000 0.0137 73.0 1.2741 0 -88.70 -12.64 0.4 

FR 1 
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Table C.3. TxA (Additive) inrush current winding force calculations: Inrush current 
equals 70% of short circuit current 

Load Condition: hR = .7* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding "J Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment Alm"2 Wb/m Degrees Radians kN (kN/m"2) kN kN 

10 7970000 0.0512 156 2.7227 -42 -166 -35 -42 
9 7970000 0.0358 150.0 2.6180 -28 -143 -30 -70 
8 7970000 0.0249 127.0 2.2166 -13 -158 -33 -83 
7 7970000 0.0206 97.0 1.6930 -2 -163 -34 -85 
6 7970000 0.0158 93.0 1.6232 -1 -126 -27 -86 

5 7970000 0.0154 87.0 1.5184 1 -123 -26 -85 
4 7970000 0.0200 81.0 1.4137 3 -157 -33 -83 

3 7970000 0.0247 53.0 0.9250 13 -157 -33 -69 

2 7970000 0.0352 30.0 0.5236 27 -140 -30 -42 

1 7970000 0.0491 25.0 0.4363 40 -165 -35 -2 

Fy Sum -2 
HV2 Fr -86 
HV1 Fr 84 

Load Condition: hR = .7* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

Tap Windings "J Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Alm"2 Wb/m Degrees Radians kN (kN/m"2) kN kN 

TC2 
4 11840000 0.0247 113.0 1.9722 -2 -269.20 -38.36 -1.7 

3 11840000 0.0152 102.0 1.7802 -1 -176.04 -25.09 -2.3 

2 0 0 0.0 0.0000 0 0.00 0.00 -2.3 

1 0 0 0.0 0.0000 0 0.00 0.00 -2.3 

FR -2 

TC1 
1 0 0 0.0 0.0000 0 0.00 0.00 2.0 

2 0 0 0.0 0.0000 0 0.00 0.00 2.0 

3 11840000 0.0144 79.0 1.3788 0 -167.36 -23.85 2.0 

4 11840000 0.0236 69.0 1.2043 2 -260.87 -37.17 1.5 

FR 2 
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Figure C. 7. Transformer TxA(Additive): Air gap, high voltage (compartment HV 1 0) 
winding, and upper tap (compartment TC24) winding flux Line plots during inrush 

current conditions (Inrush current equals 70% of short circuit). 
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Figure C.8. Transformer TXA(Additive): High voltage (compartment HVlO) winding flux 
line plots during inrush current conditions (Inrush current equals 70% of short 

circuit). 
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Figure C.9. Transformer TXA(Additive): Upper tap (compartment TC24) winding flux line 
plots during inrush current conditions (Inrush current equals 70% of short circuit). 
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Table C.4. TxA (Additive) inrush current winding force calculations: Inrush current 
equals short circuit current 

Load Condition: I1R = 1.0* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding IIJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment A/m112 Wb/m Degrees Radians kN (kN/m112) kN kN 

10 11380000 0.0755 164.0 2.8623 -93 -237 -50 -93 
9 11380000 0.0514 160.0 2.7925 -62 -200 -42 -155 
8 11380000 0.034 139.0 2.4260 -33 -254 -54 -188 
7 11380000 0.0272 100.0 1.7453 -6 -305 -64 -194 
6 11380000 0.0206 93.0 1.6232 -1 -234 -49 -195 
5 11380000 0.0202 87.0 1.5184 1 -230 -48 -194 
4 11380000 0.0266 78.0 1.3614 7 -296 -62 -187 

3 11380000 0.0336 45.0 0.7854 30 -270 -57 -156 

2 11380000 0.0511 22.0 0.3840 61 -218 -46 -96 
1 11380000 0.0738 17.0 0.2967 90 -246 -52 -5 

Fy Sum -5 
HV2 Fr -195 
HV1 Fr 190 

Load Condition: I1R = 1.0* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

Tap Windings IIJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment A/m112 Wb/m Degrees Radians kN (kN/m112) kN kN 

TC2 
4 16920000 0.036 115.0 2.0071 -4 -552.05 -78.67 -3.9 

3 16920000 0.0219 104.0 1.8151 -1 -359.54 -51.23 -5.2 

2 0 0 0.0 0.0000 0 0.00 0.00 -5.2 

1 0 0 0.0 0.0000 0 0.00 0.00 -5.2 

FR -5 

TC1 
1 0 0 0.0 0.0000 0 0.00 0.00 7.3 

2 0 0 0.0 0.0000 0 0.00 0.00 7.3 

3 16920000 0.0209 61.0 1.0647 3 -309.29 -44.07 7.3 

4 16920000 0.0349 58.0 1.0123 5 -500.78 -71.36 4.7 

FR 7 
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Table C.5. TxA (Subtractive) short circuit current winding force calculations 

Load Condition: Short Circuit 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment Afml\2 Wb/m Degrees Radians kN (kN/ml\2) kN kN 

10 12620000 0.0517 254.0 4.4331 -20 627 132 -20 

9 12620000 0.04507 267.0 4.6600 -3 568 120 -24 

8 12620000 0.04887 266.0 4.6426 -5 615 130 -28 

7 12620000 0.04699 267.0 4.6600 -3 592 125 -32 

6 12620000 0.04523 271.0 4.7299 571 120 -31 

5 12620000 0.0516 273.0 4.7648 4 650 137 -27 

4 12620000 0.05402 274.0 4.7822 5 680 143 -22 

3 12620000 0.05684 277.0 4.8346 10 712 150 -12 

2 12620000 0.05537 277.0 4.8346 10 694 146 -2 

1 12620000 0.06669 289.0 5.0440 31 796 168 29 

FySum 29 

HV2 Fr -31 

HV1 Fr 59 

Load Condition: Short Circuit 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Afml\2 Wb/m Degrees Radians kN (kN/ml\2) kN kN 

TC2 

2 -16920000 0.00227 119.0 2.0769 0 33.59 4.79 0.3 

3 -16920000 0.00872 150.0 2.6180 2 73.77 10.51 2.2 

4 0 0 0.0 0.0000 0 0.00 0.00 2.2 

5 0 0 0.0 0.0000 0 0.00 0.00 2.2 

FR 2 

TC1 

5 0 0 0.0 0.0000 0 0.00 0.00 -4.5 

4 0 0 0.0 0.0000 0 0.00 0.00 -4.5 

3 -16920000 0.01257 12.0 0.2094 -3 44.22 6.30 -4.5 

2 -16920000 0.00573 17.0 0.2967 -1 28.35 4.04 -1.4 

FR -5 



Ai:rFlux [Ulb / m] 

-l. 8709e-001 
- 2 .1453e-001 
- 2. 4196e-001 
-2.6940e-001 
- 2 .9684e-001 
- 3 . 2428e -001 
- 3 .517le-001 
-3 .7915e-001 
-4.0659e-001 
-4.3403e-001 
-4. 6146e-00l 
- 4.8890e- 001 
- 5 .1634e-001 
-5.4377e-001 
-5.712le-001 

-

r- '~'-

HVlOFlux [ tJ ... 

- - 2 . 2605e-001 
-2.5190e-001 
- 2 . 7775e-00l 
-3 . 0360e-001 
- 3 . 29 44e-001 

TC 24Flux [tJ •.. 

- -2 . 3503e-001 
-2 . 3617e-001 
-2.3730e-001 
- 2 . 3844e-001 
-2 . 3957e-001 

Figure C. I 0. T ransformer TxA(Subtractive): Air gap, high voltage (compartment HV 1 0) 
winding, and upper tap (compartment TC24) wi nding flux line plots during short 

circuit conditions. 
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HVlOFlux [tJ ..• 

/ - - 2 . 2605e-001 
-2.5190e-001 
-2 . 7775e-001 
- 3 .0360e-001 
- 3 . 2944e-001 

n 

Figure C.ll. Transformer TxA (Subtractive): High voltage (compartment HV 1 0) winding flux 
line plots during short circuit conditions. 
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TC24Flux[T.J ... 

- -2. 3503e-001 
-2.3617e-001 
-2.3730e-001 
-2.3844e-001 
-2.3957e-001 

\ 
\.'-.. / 

Figure C.l2. Transformer TxA(Subtractive): Upper tap (compartment TC24) winding flux line 
plots during short circuit conditions. 
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Table C.6. TxA (Subtractive) inrush current winding force calculations: Inrush current 
equals 40% of short circuit current 

Load Condition: hR = 0.4* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding 1\j Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment A/m/\2 Wb/m Degrees Radians kN (kNfm/\2) kN kN 

10 5050000 0.0323 137 2.3911 -13 -111 -23 -13 

9 5050000 0.0258 121 2.1119 -8 -112 -24 -21 

8 5050000 0.0232 108 1.8850 -4 -111 -24 -25 

7 5050000 0.0179 101 1.7628 -2 -89 -19 -27 

6 5050000 0.0133 93 1.6232 0 -67 -14 -27 

5 5050000 0.0201 87 1.5184 -101 -21 -27 

4 5050000 0.0271 77 1.3439 3 -133 -28 -23 

3 5050000 0.0349 75 1.3090 5 -170 -36 -18 

2 5050000 0.0381 61 1.0647 10 -168 -36 -8 

1 5050000 0.0477 48 0.8378 18 -179 -38 10 

FySum 10 

HV2 Fr -27 

HV1 Fr 38 

Load Condition: I1R = 0.4* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding 1\j Flux Angle Angle F(y) Pressure F·(x) Force F(y) 

Compartment A/m/\2 Wb/m Degrees Radians kN (kN/m/\2) kN kN 

TC2 

2 6770000 0.0118 104 1.8151 0 77.51 11.05 0.3 

3 6770000 0.0146 104.0 1.8151 0 95.91 13.67 0.6 

4 0 0 0.0 0.0000 0 0.00 0.00 0.6 

5 0 0 0.0 0.0000 0 0.00 0.00 0.6 

FR 

TC1 

5 0 0 0.0 0.0000 0 0.00 0.00 -0.5 

4 0 0 0.0 0.0000 0 0.00 0.00 -0.5 

3 6770000 0.0131 76.0 1.3265 0 86.05 12.26 -0.5 

2 6770000 0.0112 79.0 1.3788 0 74.43 10.61 -0.2 

FR -1 
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Table C.7. TxA (Subtractive) inrush current winding force calculations: Inrush current 
equals 70% of short circuit current 

Load Condition: ltR = 0.7* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding "J Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment Alm"2 Wb/m Degrees Radians kN (kN/m"2) kN kN 

10 8830000 0.053 151 2.6355 -46 -227 -48 -46 
9 8830000 0.0419 134.0 2.3387 -29 -266 -56 -75 
8 8830000 0.0368 132.0 2.3038 -24 -241 -51 -99 

7 8830000 0.0273 120.0 2.0944 -14 -209 -44 -113 

6 8830000 0.0188 96.0 1.6755 -2 -165 -35 -115 

5 8830000 0.0279 87.0 1.5184 -246 -52 -113 

4 8830000 0.0402 60.0 1.0472 20 -307 -65 -94 

3 8830000 0.0538 54.0 0.9425 31 -384 -81 -62 

2 8830000 0.0596 50.0 0.8727 38 -403 -85 -24 

1 8830000 0.0761 32.0 0.5585 64 -356 -75 40 

Fy Sum 40 

HV2 Fr -115 

HV1 Fr 155 

Load Condition: ltR = 0.7* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding "J Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Alm"2 Wb/m Degrees Radians kN (kN/m"2) kN kN 

TC2 

2 11840000 0.0206 106.0 1.8501 234.46 33.41 1.0 

3 11840000 0.0235 110.0 1.9199 261.46 37.26 2.4 

4 0 0 0.0 0.0000 0 0.00 0.00 2.4 

5 0 0 0.0 0.0000 0 0.00 0.00 2.4 

FR 2 

TC1 

5 0 0 0.0 0.0000 0 0.00 0.00 -2.2 

4 0 0 0.0 0.0000 0 0.00 0.00 -2.2 

3 11840000 0.0228 72.0 1.2566 -1 256.74 36.59 -2.2 

2 11840000 0.0198 75.0 1.3090 -1 226.44 32.27 -0.9 

FR -2 



Air: Flux [lJb/m.] 

3.6842e+000 
3.6354e+OOO 
3.5866e+OOO 
3.5378e+000 
3.4890e+000 
3.4402e+000 
3.3914e+OOO 
3.3426e+000 
3.2938e+000 
3.2450e+000 
3.1963e+000 
3.1475e+000 
3.0987e+000 
3.0499e+000 
3.00lle+000 

HVlOFlux [TJ ••• 

- 3. 5670e+OOO 
3.5406e+OOO 
3.514le+OOO 
3.4876e+OOO 
3.46lle+000 

TC24Flux [TJ ••• 

3.5014e+OOO 
3.49lle+OOO 
3.4808e+OOO 
3.4705e+OOO 
3.4602e+000 
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Figure C.l3. Transformer TXA(Subtractive): Air gap, high voltage (compartment HV 1 0) 
winding, and upper tap (compartment TC24) winding flux line plots during inrush 

current conditions (Inrush current equals 70% of short circuit). 
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HVlOFlx [TJb/m] 

3.5670e+OOO 
3.5406e+OOO 
3.514le+OOO 
3.4876e+OOO 
3. 46lle+OOO 

n 

92 

Figure C.l4. Transformer TXA(Subtractive): High voltage (compartment HV 1 0) winding flux 
line plots during inrush current conditions (Inrush current equals 70% of short 

circuit). 



TC24Flux[lJ ... 

3.5014e+OOO 
3. 49lle+OOO 
3.4808e+OOO 
3.4705e+OOO 
3.4602e+OOO 
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Figure C.l5. Transformer TXA(Subtractive): Upper tap (compartment TC24) winding flux line 
plots during inrush current conditions (Inrush current equals 70% of short circuit). 
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Table C.8. TxA (Subtractive) inrush current winding force calculations: Inrush current 
equals short circuit current 

Load Condition: ltR = 1.0* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment Alm112 Wb/m Degrees Radians kN (kN/m"2) kN kN 

10 12620000 0.0766 158.0 2.7576 -101 -362 -76 -101 
9 12620000 0.0579 142.0 2.4784 -65 -450 -95 -166 

8 12620000 0.0498 140.0 2.4435 -54 -404 -85 -220 

7 12620000 0.036 125.0 2.1817 -29 -372 -79 -249 

6 12620000 0.0238 94.0 1.6406 -2 -300 -63 -251 

5 12620000 0.0235 86.0 1.5010 2 -296 -62 -249 

4 12620000 0.0358 57.0 0.9948 28 -379 -80 -221 

3 12620000 0.0492 41.0 0.7156 53 -407 -86 -169 

2 12620000 0.0563 41.0 0.7156 60 -466 -98 -108 

1 12620000 0.0748 23.0 0.4014 98 -369 -78 -11 

FySum -11 

HV2 Fr -251 

HV1 Fr 241 

Load Condition: ltR = 1.0* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Alm"2 Wb/m Degrees Radians kN (kN/m"2) kN kN 

TC2 

2 16920000 0.0394 110.0 1.9199 3 626.44 89.27 3.4 

3 16920000 0.0332 109.0 1.9024 3 531.14 75.69 6.2 

4 0 0 0.0 0.0000 0 0.00 0.00 6.2 

5 0 0 0.0 0.0000 0 0.00 0.00 6.2 

FR 6 

TC1 

5 0 0 0.0 0.0000 0 0.00 0.00 -4.7 

4 0 0 0.0 0.0000 0 0.00 0.00 -4.7 

3 16920000 0.0323 72.0 1.2566 -3 519.77 74.07 -4.7 

2 16920000 0.0282 72.0 1.2566 -2 453.79 64.67 -2.2 

FR -5 
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U~Jper HV 'w'ndng Coil TAPS 
(fiV2) 
4 CCJ4P,RTMENTS 
<EA. h x 'I) 

u 
---T3 -re---

: ---n 
. --n 
-T2 __ _ 

--r3 
T -4 LoHer HV 'w'lndlnc Col TAPS 

<HVD 
4 I:ONPMTMENTS 
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Figure C.16. Finite Element Analysis TxB model. 
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Table C.9. Txs (Center Entry) short circuit current winding force calculations 

Load Condition: Short Circuit 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding 1\j Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment Afml\2 Wb/m Degrees Radians kN (kN/ml\2) kN kN 

28 27310000 0.0983 254.0 4.4331 -91.7 2580 302.2 607 
27 27310000 0.1102 272.0 4.7473 13.0 3008 352.4 699 
26 27310000 0.1199 274.0 4.7822 28.3 3265 382.5 686 
25 27310000 0.1275 274.0 4.7822 30.1 3474 407.0 658 
24 27310000 0.1324 274.0 4.7822 31.3 3606 422.4 628 
23 27310000 0.149 276.0 4.8171 52.7 4047 474.1 596 
22 27310000 0.1782 277.0 4.8346 73.5 4830 565.8 544 
21 27310000 0.1464 278.0 4.8520 69.0 3960 463.9 470 

2T5 27310000 0.156 283.0 4.9393 118.6 4143 485.4 401 

2T4 25940000 0.1374 286.0 4.9917 121.9 3427 100.4 283 

2T3 25940000 0.1394 291.0 5.0789 160.7 3375 98.9 161 

2T2 0 0 0.0 0.0000 0.0 0 0.0 0 
2T1 0 0 0.0 0.0000 0.0 0 0.0 0 

1T1 0 0 0.0 0.0000 0.0 0 0.0 0 

1T2 0 0 0.0 0.0000 0.0 0 0.0 0 

1T3 25940000 0.1393 245.0 4.2761 -189.3 3274 95.9 -189 

1T4 25940000 0.1376 253.0 4.4157 -129.4 3413 100.0 -319 

1T5 27310000 0.1557 260.0 4.5379 -91.5 4186 490.4 -410 

11 27310000 0.1464 262.0 4.5728 -69.0 3958 463.7 -479 

12 27310000 0.1415 262.0 4.5728 -66.7 3826 448.2 -546 

13 27310000 0.1367 265.0 4.6251 -40.4 3720 435.8 -586 

14 27310000 0.1327 265.0 4.6251 -39.2 3610 422.9 -625 

15 27310000 0.1273 266.0 4.6426 -30.1 3468 406.3 -655 

16 27310000 0.1209 269.0 4.6949 -7.1 3300 386.6 -663 
17 27310000 0.1121 269.0 4.6949 -6.6 3060 358.4 -669 
18 27310000 0.1063 285.0 4.9742 93.1 2803 328.4 -576 

Fy Sum 31 

HV2 Fr 607 
HV1 Fr -576 



Ai:rFlux[TJb/m] 

l.0318e-00l 
3.7932e-002 

-2.7314e-002 
-9.2559e-002 
-1. 5780e-00l 
-2.2305e-00l 
-2.8830e-00l 
-3.5354e-00l 
-4.1879e-00l 
-4.8403e-00l 
-5.4928e-00l 
-6.1452e-00l 
-6.7977e-00l 
-7.450le-00l 
-8.1026e-00l 

HV28Flx[TJb ••. 

8.9436e-002 
3.9204e-002 

-l.l028e-002 
-6.1260e-002 
-l.ll49e-00l 

HV2T3Flx [TJ ••• 

- -1. 0530e - 00l 
-1. 7485e - 00l 
- 2.4440e- 00l 
-3 .1395e- 00l 
- 3.8350e- 00l 

Figure C.l7. Transformer Tx8 (Center Entry): Air gap, high voltage (compartment 
HV28) winding, and tap (compartment 2T3) winding flux line plots during short 

circuit conditions. 
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HV28Flx[TJb •.. 

I I - 8.9436e-002 

I / 3. 9204e-002 
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I 
I -1.1028e-002 

J -6.1260e-002 

I -l.ll49e-001 

I 

Figure C.18. Transformer Tx8 (Center Entry): High voltage (compartment HV28) 
winding flux line plots during short circuit conditions. 

\ \ 
\ HV2T3Flx(1J ... 

\ \ - -1. 0530e-001 

\ ' ' - 1. 7485e- 00l \ 
I \ - 2 .4440e- 00l 

\ \ \ - 3 .1 39Se- 00l 
-3 .8350e-001 

Figure C.l9. Transformer Tx8 (Center Entry): High voltage tap (compartment 2T3) 
winding flux line plots during short circuit conditions. 
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Table C.lO. Txs (Center Entry) inrush current winding force calculations: inrush current 
equals 40% of short circuit current 

Load Condition: I1R = 0.4* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding IIJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment Alm112 Wb/m Degrees Radians kN (kN/m112) kN kN 

28 10920000 0.0542 165.0 2.8798 -70.9 -153 -17.9 -71 
27 10920000 0.0458 158.0 2.7576 -57.5 -187 -21.9 -128 
26 10920000 0.0404 155.0 2.7053 -49.6 -186 -21.8 -178 
25 10920000 0.0358 148.0 2.5831 -41.1 -207 -24.3 -219 
24 10920000 0.0317 145.0 2.5307 -35.2 -199 -23.3 -254 
23 10920000 0.0275 140.0 2.4435 -28.5 -193 -22.6 -283 

22 10920000 0.0231 141.0 2.4609 -24.3 -159 -18.6 -307 

21 10920000 0.0186 97.0 1.6930 -3.1 -202 -23.6 -310 

2T5 10920000 0.0234 89.0 1.5533 0.6 -255 -29.9 -310 

2T4 10380000 0.0186 68.0 1.1868 9.0 -179 -5.2 -301 

2T3 10380000 0.0183 62.0 1.0821 11.1 -168 -4.9 -290 

2T2 0 0 0.0 0.0000 0.0 0 0.0 -290 

2T1 0 0 0.0 0.0000 0.0 0 0.0 -290 

1T1 0 0 0.0 0.0000 0.0 0 0.0 -290 

1T2 0 0 0.0 0.0000 0.0 0 0.0 -290 

1T3 10380000 0.0186 118.0 2.0595 -11.2 -170 -5.0 -301 

1T4 10380000 0.0188 103.0 1.7977 -5.4 -190 -5.6 -306 

1T5 10920000 0.0238 136.0 2.3737 -23.2 -181 -21.2 -329 

11 10920000 0.0184 90.0 1.5708 0.0 -201 -23.5 -329 

12 10920000 0.0226 84.0 1.4661 3.2 -245 -28.8 -326 

13 10920000 0.0269 41.0 0.7156 27.5 -193 -22.6 -299 

14 10920000 0.0209 38.0 0.6632 22.3 -141 -16.5 -276 

15 10920000 0.0349 36.0 0.6283 38.2 -224 -26.2 -238 

16 10920000 0.0389 33.0 0.5760 44.2 -231 -27.1 -194 

17 10920000 0.0437 26.0 0.4538 53.2 -209 -24.5 -141 

18 10920000 0.0509 20.0 0.3491 64.8 -190 -22.3 -76 
FySum -76 
HV2 Fr -290 
HV1 Fr 213 
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Table C.ll. Txs (Center Entry) inrush current winding force calculations: Inrush current 
equals 70% of short circuit current 

Load Condition: hR = 0.7* lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding "J Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Alm"2 Wb/m Degrees Radians kN (kN/m"2) kN kN 

28 19120000 0.0999 172.0 3.0020 -234.5 -266 -31.1 -235 

27 19120000 0.0826 167.0 2.9147 -190.8 -355 -41.6 -425 

26 19120000 0.0711 164.0 2.8623 -162.0 -375 -43.9 -587 

25 19120000 0.0621 155.0 2.7053 -133.4 -502 -58.8 -721 

24 19120000 0.054 154.0 2.6878 -115.1 -453 -53.0 -836 

23 19120000 0.0461 153.0 2.6704 -97.4 -400 -46.9 -933 

22 19120000 0.0381 152.0 2.6529 -79.8 -342 -40.1 -1013 

21 19120000 0.0295 92.0 1.6057 -2.4 -564 -66.0 -1015 

2T5 19120000 0.0367 24.0 0.4189 79.5 -285 -33.4 -936 

2T4 18160000 0.0292 6.0 0.1047 65.4 -55 -1.6 -871 

2T3 18160000 0.0189 8.0 0.1396 42.1 -48 -1.4 -828 

2T2 0 0 0.0 0.0000 0.0 0 0.0 -828 

2T1 0 0 0.0 0.0000 0.0 0 0.0 -828 

1T1 0 0 0.0 0.0000 0.0 0 0.0 -828 

1T2 0 0 0.0 0.0000 0.0 0 0.0 -828 

1T3 18160000 0.029 172.0 3.0020 -64.7 -73 -2.1 -893 

1T4 18160000 0.0292 175.0 3.0543 -65.5 -46 -1.4 -959 

1T5 19120000 0.0372 152.0 2.6529 -77.9 -334 -39.1 -1037 

11 19120000 0.0293 89.0 1.5533 1.2 -560 -65.6 -1035 

12 19120000 0.0377 24.0 0.4189 81.7 -293 -34.3 -954 

13 19120000 0.0456 26.0 0.4538 97.2 -382 -44.8 -856 

14 19120000 0.0532 25.0 0.4363 114.3 -430 -50.4 -742 

15 19120000 0.0611 22.0 0.3840 134.3 -438 -51.3 -608 

16 19120000 0.0696 17.0 0.2967 157.8 -389 -45.6 -450 

17 19120000 0.0803 14.0 0.2443 184.7 -371 -43.5 -265 

18 19120000 0.0965 9.0 0.1571 226.0 -289 -33.8 -39 

Fy Sum -39 

HV2 Fr -828 

HV1 Fr 789 



Air Flux [TJb/m.] 

8.1436e+OOO 
8.0574e+OOO 
7.9713e+OOO 
7.8852e+OOO 
7.7990e+OOO 
7.7129e+OOO 
7.6267e+OOO 
7.5406e+OOO 
7.4545e+OOO 
7.3683e+OOO 
7.2822e+OOO 
7 .196le+OOO 
7.1099e+OOO 
7.0238e+OOO 
6.9377e+OOO 

HV28Flx[TJb/m.] - 7.7940e+OOO 
7.744le+OOO 
7.6942e+OOO 
7.6442e+OOO 
7.5943e+OOO 

HV2T3 Flx [ lJ ••• 

8.1335e+OOO 
8.1190e+OOO 
8.1045e+OOO 
8.090le+OOO 
8.0756e+OOO 
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Figure C.20. Transformer Tx8 (Center Entry): Air gap, high voltage (compartment 
HV28) winding, and tap (compartment 2T3) winding flux line plots during inrush 

current conditions (Inrush current equals 70% of short circuit). 



~' - ~-__ _. .--., ........ 

HV28Flx [liJb/m] 

7.7940e+OOO 
7.744le+OOO 
7.6942e+OOO 
7.6442e+OOO 
7.5943e+OOO 
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Figure C.21. Transformer Tx8 (Center Entry): High voltage (compartment HV28) 
winding flux line plots during inrush current conditions (Inrush current equals 70% of 

short circuit). 

HV2T3Flx [TJ ••• 

8.1335e+OOO 
8.1190e+000 
8.1045e+OOO 
8.090le+000 
8.0756e+OOO 

Figure C.22. Transformer Txs (Center Entry): High voltage tap (compartment 2T3) 
winding flux line plots during short circuit conditions. 
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Table C.l2. TxB (Center Entry) inrush current winding force calculations: Inrush current 
equals short circuit current 

Load Condition: hR = 1.0 * lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding IIJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment A/m112 Wb/m Degrees Radians kN (kN/m112) kN kN 

28 27310000 0.147 174.0 3.0369 -495.1 -420 -49.2 -495 

27 27310000 0.12 171.0 2.9845 -401.4 -513 -60.1 -896 

26 27310000 0.103 168.0 2.9322 -341.2 -585 -68.5 -1238 

25 27310000 0.09 162.0 2.8274 -289.9 -760 -89.0 -1527 

24 27310000 0.077 158.0 2.7576 -241.8 -788 -92.3 -1769 

23 27310000 0.065 162.0 2.8274 -209.3 -549 -64.3 -1979 

22 27310000 0.054 168.0 2.9322 -178.9 -307 -35.9 -2157 

21 27310000 0.041 91.0 1.5883 -2.4 -1120 -131.2 -2160 

2T5 27310000 0.05 11.0 0.1920 166.2 -261 -30.5 -1994 

2T4 25940000 0.04 63.0 1.0996 58.4 -925 -27.1 -1935 

2T3 25940000 0.039 55.0 0.9599 72.0 -829 -24.3 -1863 

2T2 0 0 0.0 0.0000 0.0 0 0.0 -1863 

2T1 0 0 0.0 0.0000 0.0 0 0.0 -1863 

1T1 0 0 0.0 0.0000 0.0 0 0.0 -1863 

1T2 0 0 0.0 0.0000 0.0 0 0.0 -1863 

1T3 25940000 0.036 120.0 2.0944 -57.9 -809 -23.7 -1921 

1T4 25940000 0.04 112.0 1.9548 -48.2 -962 -28.2 -1969 

1T5 27310000 0.05 169.0 2.9496 -166.2 -261 -30.5 -2136 

11 27310000 0.04 89.0 1.5533 2.4 -1092 -128.0 -2133 

12 27310000 0.053 12.0 0.2094 175.6 -301 -35.3 -1958 

13 27310000 0.065 18.0 0.3142 209.3 -549 -64.3 -1748 

14 27310000 0.076 21.0 0.3665 240.3 -744 -87.1 -1508 

15 27310000 0.088 13.0 0.2269 290.4 -541 -63.3 -1218 

16 27310000 0.102 11.0 0.1920 339.1 -532 -62.3 -879 

17 27310000 0.118 9.0 0.1571 394.7 -504 -59.1 -484 

18 27310000 0.215 6.0 0.1047 724.1 -614 -71.9 240 

FySum 240 

HV2 Fr -1863 

HV1 Fr 2103 
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Table C.13. Txs (Yoke Entry) short circuit current winding force calculations 

Load Condition: Short Circuit 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 
Compartment AfmA2 Wb/m Degrees Radians kN (kNfmA2) kN kN 

28 28770000 0.0934 248.0 4.3284 -124.8 2491 291.8 599 
27 28770000 0.1108 273.0 4.7648 20.7 3182 372.8 724 
26 28770000 0.1213 273.0 4.7648 22.7 3485 408.3 704 

25 28770000 0.1305 274.0 4.7822 32.5 3744 438.6 681 

24 28770000 0.1359 274.0 4.7822 33.8 3900 456.9 648 

23 28770000 0.1393 274.0 4.7822 34.7 3998 468.3 615 

22 28770000 0.145 277.0 4.8346 63.0 4140 485.0 580 

21 28770000 0.1510 279.0 4.8695 84.3 4292 502.8 517 

2T5 28770000 0.1601 281.0 4.9044 108.9 4520 529.5 433 

2T4 27380000 0.1421 286.0 4.9917 133.0 3739 109.5 324 

2T3 27380000 0.1438 293.0 5.1138 190.8 3624 106.2 191 

2T2 0 0 0.0 0.0000 0.0 0 0.0 0 

2T1 0 0 0.0 0.0000 0.0 0 0.0 0 

1T1 0 0 0.0 0.0000 0.0 0 0.0 0 

1T2 0 0 0.0 0.0000 0.0 0 0.0 0 

1T3 27380000 0.1443 247.0 4.3110 -191.3 3635 106.5 -191 

1T4 27380000 0.1424 247.0 4.3110 -188.9 3588 105.1 -380 

1T5 28770000 0.1589 258.0 4.5030 -117.9 4472 523.9 -498 

11 28770000 0.1501 263.0 4.5902 -65.2 4285 502.0 -563 

12 28770000 0.1449 265.0 4.6251 -45.0 4152 486.4 -608 

13 28770000 0.14039 263.0 4.5902 -61.0 4005 469.2 -669 

14 28770000 0.1359 264.0 4.6077 -50.7 3888 455.5 -720 

15 28770000 0.1307 267.0 4.6600 -24.4 3756 440.0 -744 

16 28770000 0.1231 268.0 4.6775 -15.3 3539 414.6 -760 

17 28770000 0.1151 272.0 4.7473 14.3 3310 387.8 -745 

18 28770000 0.1098 286.0 4.9917 107.9 3034 355.5 -637 

FySum -38 

HV2 Fr 599 

HV1 Fr -637 
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Figure C.23. Transformer Tx8 (Yoke Entry): Air gap, high voltage (compartment HV28) 
winding, and tap (compartment 2T3) winding flux line plots during short circuit 

conditions. 
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Figure C.24. Transformer Tx8 (Yoke Entry): High voltage (compartment HV28) winding 
flux line plots during short circuit conditions. 
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Figure C.25 . Transformer Tx8 (Yoke Entry): High voltage tap (compartment 2T3) 
winding flux line plots during short circuit conditions. 
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Table C.l4. Txs (Yoke Entry) inrush current winding force calculations: Inrush current 
equals 40% of short circuit current 

Load Condition: ltR = 0.4 * lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding IIJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment Alm112 Wb/m Degrees Radians kN (kN/m112) kN kN 

28 11510000 0.0599 166.0 2.8973 -83.0 -167 -19.5 -83 

27 11510000 0.0501 160.0 2.7925 -67.2 -197 -23.1 -150 

26 11510000 0.0434 156.0 2.7227 -56.6 -203 -23.8 -207 

25 11510000 0.0382 150.0 2.6180 -47.2 -220 -25.8 -254 

24 11510000 0.0336 148.0 2.5831 -40.7 -205 -24.0 -295 

23 11510000 0.0292 145.0 2.5307 -34.1 -193 -22.6 -329 

22 11510000 0.0246 138.0 2.4086 -26.1 -189 -22.2 -355 

21 11510000 0.0196 92.0 1.6057 -1.0 -225 -26.4 -356 

2T5 11510000 0.0233 81.0 1.4137 5.2 -265 -31.0 -351 

2T4 10950000 0.019 69.0 1.2043 9.2 -194 -5.7 -341 

2T3 10950000 0.0167 63.0 1.0996 10.3 -163 -4.8 -331 

2T2 0 0 0.0 0.0000 0.0 0 0.0 -331 

2T1 0 0 0.0 0.0000 0.0 0 0.0 -331 

1T1 0 0 0.0 0.0000 0.0 0 0.0 -331 

1T2 0 0 0.0 0.0000 0.0 0 0.0 -331 

1T3 10950000 0.0189 120.0 2.0944 -12.8 -179 -5.2 -344 

1T4 10950000 0.0193 114.0 1.9897 -10.7 -193 -5.7 -355 

1T5 11510000 0.0245 140.0 2.4435 -26.8 -181 -21.2 -381 

11 11510000 0.029 91.0 1.5883 -0.7 -334 -39.1 -382 

12 11510000 0.0232 84.0 1.4661 3.5 -266 -31.1 -379 

13 11510000 0.0275 39.0 0.6807 30.5 -199 -23.3 -348 

14 11510000 0.0315 36.0 0.6283 36.4 -213 -25.0 -312 

15 11510000 0.0355 32.0 0.5585 43.0 -217 -25.4 -269 

16 11510000 0.0395 31.0 0.5411 48.3 -234 -27.4 -220 

17 11510000 0.0446 23.0 0.4014 58.6 -201 -23.5 -162 

18 11510000 0.052 18.0 0.3142 70.6 -185 -21 7 -91 

FySum -91 

HV2 Fr -331 

HV1 Fr 240 
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Table C.l5. Txs (Yoke Entry) inrush current winding force calculations: Inrush current 
equals 70% of short circuit current 

Load Condition: liR = 0.7 * lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding AJ Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment AfmA2 Wb/m Degrees Radians kN (kNfmA2) kN kN 

28 20140000 0.1076 172.0 3.0020 -266.1 -302 -35.3 -266 

27 20140000 0.0888 170.0 2.9671 -218.4 -311 -36.4 -484 

26 20140000 0.0761 166.0 2.8973 -184.4 -371 -43.4 -669 

25 20140000 0.0661 161.0 2.8100 -156.1 -433 -50.8 -825 

24 20140000 0.0573 156.0 2.7227 -130.7 -469 -55.0 -956 

23 20140000 0.0491 156.0 2.7227 -112.0 -402 -47.1 -1068 

22 20140000 0.0408 155.0 2.7053 -92.3 -347 -40.7 -1160 

21 20140000 0.0371 92.0 1.6057 -3.2 -747 -87.5 -1163 

2T5 20140000 0.0313 27.0 0.4712 69.6 -286 -33.5 -1094 

2T4 19170000 0.0301 5.0 0.0873 71.3 -50 -1.5 -1022 

2T3 19170000 0.0292 9.0 0.1571 68.6 -88 -2.6 -954 

2T2 0 0 0.0 0.0000 0.0 0 0.0 -954 

2T1 0 0 0.0 0.0000 0.0 0 0.0 -954 

1T1 0 0 0.0 0.0000 0.0 0 0.0 -954 

1T2 0 0 0.0 0.0000 0.0 0 0.0 -954 

1T3 19170000 0.0296 174.0 3.0369 -70.0 -59 -1.7 -1024 

1T4 19170000 0.0303 173.0 3.0194 -71.5 -71 -2.1 -1095 

1T5 20140000 0.0382 154.0 2.6878 -85.7 -337 -39.5 -1181 

11 20140000 0.0309 88.0 1.5359 2.7 -622 -72.9 -1178 

12 20140000 0.0395 24.0 0.4189 90.1 -324 -37.9 -1088 

13 20140000 0.0476 25.0 0.4363 107.7 -405 -47.5 -980 

14 20140000 0.0554 23.0 0.4014 127.4 -436 -51.1 -853 

15 20140000 0.0634 21.0 0.3665 147.8 -458 -53.6 -705 

16 20140000 0.0721 14.0 0.2443 174.7 -351 -41.2 -531 

17 20140000 0.0829 14.0 0.2443 200.9 -404 -47.3 -330 

18 20140000 0.0991 11.0 0.1920 242.9 -381 -44.6 -87 

Fy Sum -87 

HV2 Fr -954 

HV1 Fr 867 
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Figure C.26. Transformer Tx8 (Yoke Entry): Air gap, high voltage (compartment HV28) 
winding, and tap (compartment 2T3) winding flux line plots during inrush current 

conditions (Inrush current equals 70% of short circuit). 
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Figure C.27. Transformer l x8 (Yoke Entry): High voltage (compartment HV28) winding 
flux line plots during inrush current conditions (Inrush current equals 70% of short 

circuit). 

/ 

HV2T3flx [ lJ •. . 

8. 1713e+000 
8. 1567e+000 
8.142l e+OOO 
8 . 1275e+000 
8. 1129e+OOO 

Figure C.28. Transformer Tx8 (Yoke Entry): High voltage tap (compartment 2T3) 
winding flux line plots during inrush current conditions (Inrush current equals 70% of 

short circuit). 
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Table C.l6. Txs (Yoke Entry) inrush current winding force calculations: Inrush current 
equals short circuit current 

Load Condition: hR = 1.0 * lsc 
Individual Individual 

Axial Individual Horizontal Distributed 
Flux Flux Force Radial Force Axial 

HVWinding Aj Flux Angle Angle F(y) Pressure F(x) Force F(y) 

Compartment AfmA2 Wb/m Degrees Radians kN (kNfmA2) kN kN 

28 28770000 0.156 175.0 3.0543 -554.4 -391 -45.8 -554 

27 28770000 0.128 172.0 3.0020 -452.2 -512 -60.0 -1007 

26 28770000 0.109 169.0 2.9496 -381.7 -598 -70.1 -1388 

25 28770000 0.094 164.0 2.8623 -322.4 -745 -87.3 -1711 

24 28770000 0.084 159.0 2.7751 -279.8 -866 -101.5 -1990 

23 28770000 0.069 158.0 2.7576 -228.2 -744 -87.1 -2219 

22 28770000 0.05 163.0 2.8449 -170.6 -421 -49.3 -2389 

21 28770000 0.043 96.0 1.6755 -16.0 -1230 -144.1 -2405 

2T5 28770000 0.051 81.0 1.4137 28.5 -1449 -169.8 -2377 

2T4 27380000 0.041 69.0 1.2043 49.9 -1048 -30.7 -2327 

2T3 27380000 0.04 57.0 0.9948 74.0 -919 -26.9 -2253 

2T2 0 0 0.0 0.0000 0.0 0 0.0 -2253 

2T1 0 0 0.0 0.0000 0.0 0 0.0 -2253 

1T1 0 0 0.0 0.0000 0.0 0 0.0 -2253 

1T2 0 0 0.0 0.0000 0.0 0 0.0 -2253 

1T3 27380000 0.041 180.0 3.1416 -139.2 0 0.0 -2392 

1T4 27380000 0.041 122.0 2.1293 -73.8 -952 -27.9 -2466 

1T5 28770000 0.052 166.0 2.8973 -180.0 -362 -42.4 -2646 

11 28770000 0.043 84.0 1.4661 16.0 -1230 -144.1 -2630 

12 28770000 0.056 14.0 0.2443 193.8 -390 -45.7 -2436 

13 28770000 0.068 19.0 0.3316 229.4 -637 -74.6 -2207 

14 28770000 0.08 21.0 0.3665 266.4 -825 -96.6 -1940 

15 28770000 0.092 15.0 0.2618 317.0 -685 -80.3 -1623 

16 28770000 0.105 11.0 0.1920 367.7 -576 -67.5 -1256 

17 28770000 0.122 8.0 0.1396 431.0 -488 -57.2 -825 

18 28770000 0.146 5.0 0.0873 518.9 -366 -42.9 -306 

Fy Sum -306 

HV2 Fr -2253 

HV1 Fr 1947 
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WINDING FORCE CHARTS AND TRANSFORMER DESIGN FORCE RESULTS 
COMPARISON 
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This appendix provides high voltage and tap winding force relationship graphs for 

each transformer's modeling results: 

Axial force distribution 

Radial forces 

Even though the individual figures presented in the appendix are not labeled, the 

respective graphs have their own explanatory notes. 

The axial and radial force results for the two transformer designs are compared in 

Table D. I. 
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Table D.l: Transformer TxA & Tx8 results comparison 

Fr =Resultant Axial (vertical) Force 

Fp-Axial =Peak Axial (vertical) Force 

Fp-Radial =Peak Radial (horizontal) Force 

TxA (Additive NL T) Center Entry HV Connections 

Fp-Axial Fr Fp-Radial Fp-Axial Fr 

HV1 HV2 HV1 HV2 HV1 HV2 TC1 TC2 TC1 TC2 

0.7 1.0 0.5 1.6 0.1 0.1 0.2 0.3 0.2 0.5 

2.8 3.6 1.9 5.9 0.2 0.3 0.6 ).) 0.6 1.9 

6.2 8.1 4.2 13.3 0.4 0.5 2.0 2.6 2.0 4.3 

TxA (Subtractive NLT) Center Entry HV Connections 

Fp-Axial Fr Fp-Radial Fp-Axial Fr 

HV1 HV2 HV1 HV2 HV1 HV2 TCI TC2 TCI TC2 

0.9 0.9 0.6 0.9 0.2 0.2 0.1 0.3 0.0 0.3 

3.9 3.6 2.6 3.7 0.5 0.4 0.5 1.1 0.5 ).) 

8.6 7.9 4.1 8.1 0.6 0.7 1.1 2.8 1.1 2.8 

Tx8 (Additive NL T) Center Entry HV Connections 

Fp-Axial Fr Fp-Radial 

Irllsc 

Ratio HV1 HV2 HVI HV2 HVI HV2 

0.4 0.5 0.4 0.4 0.5 0.06 0.05 

0.7 1.5 1.5 1.4 1.4 0.13 0.12 

1.0 3.2 3.1 3.7 3.1 0.26 0.23 

.. Txu (Add1t1ve NL T) Yoke Entry HV ConnectiOns 

Fp-Axial Fr Fp-Radial 

Ir!Isc 

Ratio HV1 HV2 HVl HV2 HVt HV2 

0.4 0.50 0.49 0.52 0.65 0.07 0.06 

0.7 1.55 1.66 1.87 1.86 0.14 0.16 

1.0 3.48 3.20 4.20 4.40 0.27 0.32 
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Fp-Radial 

TCI TC2 

2.5 5.7 

7.3 16.7 

13.9 34.3 

Fp-Radial 

TCI TC2 

2.0 1.3 

5.8 3.6 

11.8 8.5 
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