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Power System Analysis:  
 
Rules of Thumb (RoT) and Sanity Testing 

Dave Loucks, PhD, PE, CEM 
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• PFC, Filters and 

Harmonic Analysis 

• Selective Coordination 

• Arc Flash 

• Load Flow Calculations 

• Voltage Drop 

• Motor Starting 

 

Tomorrow 

• Per Unit Conversions 

• Symmetrical Components 

• Fault Current Estimation 

• Transformer Connection 

Issues 

• GF and transient overvoltages 

Today 

CAG 1.3-1 

Power Systems Analysis Review 
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Isc Calcs with Per Unit Impedance 

• Consider a transformer with a 5% impedance.  

A voltage is applied to the primary with the 

secondary winding shorted (faulted). 

• At 5% input voltage  100% FLA produced 

• At 10% input voltage  200% FLA is produced 

• At 50% input voltage  1000% FLA is produced 

• At 100% input voltage  2000% FLA is produced 

 
𝐼𝑆𝐶 = 𝐼𝐹𝐿 ∙

1

𝑍𝑝𝑢
= 𝐼𝐹𝐿 ∙

100

%𝑍
 

1

5%
=

1

0.05
= 20 

CAG 1.3-13 
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Per Unit 

• Collect the Z (or X and R) data of the circuit 

elements.  

• Convert to a common kVA and voltage base.  

• If the reactances and resistances are given either in 

ohms or per unit on a different voltage or power 

(MVA) base, all should be changed to the same 

power and voltage base.  

CAG 1.3-6 

𝑝𝑢𝑛𝑒𝑤 𝑏𝑎𝑠𝑒 = 𝑝𝑢𝑜𝑙𝑑 𝑏𝑎𝑠𝑒

𝑛𝑒𝑤 𝑘𝑉𝐴

𝑜𝑙𝑑 𝑘𝑉𝐴

𝑜𝑙𝑑 𝑘𝑉2

𝑛𝑒𝑤 𝑘𝑉2
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Short Cut ISC Calc 

• Only impedance in circuit is 225 kVA Tx 

480 V 208Y/120V Z = 4% 

225 kVA 

Isc = ? 

IFL: = 625 A 

𝐼𝑠𝑐 =
𝐼𝐹𝐿

𝑍𝑝𝑢
=

625𝐴

0.04
= 15625𝐴 

G 

 source 

Isc = 15625A 
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Convert to Common kVA Base 

Z = 4% Z = 0.86% 

𝐼𝑠𝑐 =
𝐼𝐹𝐿

𝑍𝑝𝑢
=

625𝐴

0.0486
= 12860𝐴  

𝑝𝑢𝑛𝑒𝑤 𝑏𝑎𝑠𝑒 = 𝑝𝑢𝑜𝑙𝑑 𝑏𝑎𝑠𝑒

𝑛𝑒𝑤 𝑘𝑉𝐴

𝑜𝑙𝑑 𝑘𝑉𝐴

𝑜𝑙𝑑 𝑘𝑉2

𝑛𝑒𝑤 𝑘𝑉2
 

13.2 kV 480 V Z = 5.75% 

1500 kVA 

480 V 208Y/120V Z = 4% 

225 kVA 

Isc = ? 

IFL: = 625 A 

= 0.0575      
225

1500
       

4802

4802
       = 0.86% 

Isc = 12860 A 

∆% =
15625 − 12860

15625
 

∆% = −18% 

Z = 4.86% 
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Per Unit Calculations 

1. Transformer impedance generally relates to 

self-ventilated rating at rated temp (e.g., with 

ONAN/ONOF transformer use ONAN base).  

2. kV refers to line-to-line voltage in kilovolts.  

3. Z refers to line-to-neutral impedance of 

system to fault where Z = R + jX .  

4. Generator nameplate: use Xd’’ (subtransient 

reactance) 

1. But look at X0 (zero sequence) impedance 

2. 2/3rd pitch generators can have low X0 

 CAG 1.3-13 



8 
8 © 2016 Eaton Corporation. All rights reserved. 

Problem 

34.5 kV 

4.16 kV 

Z= 5.75% 

480Y/277 
Z= 5.5% 

• Assume bus and conductor 

impedances = 0 

• Find 

• ISC (3-phase) fault current? 

ISC fault current 

5000 kVA 

1000 kVA 

𝑝𝑢𝑛𝑒𝑤 𝑏𝑎𝑠𝑒 = 𝑝𝑢𝑜𝑙𝑑 𝑏𝑎𝑠𝑒

𝑛𝑒𝑤 𝑘𝑉𝐴

𝑜𝑙𝑑 𝑘𝑉𝐴

𝑜𝑙𝑑 𝑘𝑉2

𝑛𝑒𝑤 𝑘𝑉2
 

𝑝𝑢𝑛𝑒𝑤 𝑏𝑎𝑠𝑒 = 5.75%
1000

5000

4.162

4.162
= 1.2% 

• 1000 kVA TX  IFL = 1202 A 

• ISC = IFL / (0.0695) 

      = 17306 A 

Z = 5.75% 

Z = 1.2% 

Z = 6.95% 
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Fault Current RoT – Curve Method 

Approximations 

• 208Y/120 

systems 

assume 50% 

motor load 

• 240V & 480V 

systems 

assume 100% 

motor load 

 

CAG 1.3-16 to 1.3-18 
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Fault Current RoT – Curve Method 

Approximations 

• Peak current 

208/480 = 

43% of 208V 

Isc, (8.66 kA) 

but this model 

assumes 

100% motor 

load vs. 50% 

motor load 

• Raises Isc to 

9.6 kA 

CAG 1.3-16 to 1.3-18 
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Short Circuit Studies – DC Offset 

~ ZSRC 

Infinite Source 

ISC 

+ 

- 

VL = 0 VSC 

RSRC XL_SRC 

CAG 1.3-2 to 1.3-3 

𝑃𝑒𝑎𝑘𝑀𝑢𝑙𝑡𝐹𝑎𝑐𝑡𝑜𝑟 = 2 1 + 𝑒
−𝜋

𝑋/𝑅  @ 60 Hz 
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X/R ratio: Rules of Thumb 

CAG 1.3-5 
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X/R ratio: Rules of Thumb 

CAG 1.3-5 
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X/R ratio: Rules of Thumb 

CAG 1.3-5 
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Symmetrical Components 

• Unbalanced faults can be solved easily 

• Defines positive (1), negative (2) and zero (0) 

sequence components 

𝐼1 =
1

3
𝐼𝑎 + 𝑎𝐼𝑏 + 𝑎2𝐼𝑐  Positive Sequence 

A 

B 

C 

ABC 

rotation 

A 

B 

C 

a 

a2 

aB + a2 C + 

𝐼1 =
1

3
𝐼𝑎 + 𝑎𝐼𝑏 + 𝑎2𝐼𝑐  

I1 



16 
16 © 2016 Eaton Corporation. All rights reserved. 

Negative Sequence 

A 

B 

C 

ABC 

rotation 

𝐼2 =
1

3
𝐼𝑎 + 𝑎2𝐼𝑏 + 𝑎𝐼𝑐  

a 

a2 
A 

a2B 
aC 

0 
A 

aC 

a2B 
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Zero Sequence 

A 

B 

C 

ABC 

rotation 

𝐼0 =
1

3
𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐  

B 
C 

A 
0 
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Unsymmetrical Faults 

• 3-phase fault 

• Fault current = VF / Z1 

• Single line to ground fault 

(SLGF) 

• Fault current = 3* VF / (Z0 + Z1 + 

Z2) 

• I0 = I1 = I2 
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Symmetrical Components Conversions 
  

𝐼0 =
1

3
𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐  

  

𝐼1 =
1

3
𝐼𝑎 + 𝑎𝐼𝑏 + 𝑎2𝐼𝑐  

  

𝐼2 =
1

3
𝐼𝑎 + 𝑎2𝐼𝑏 + 𝑎𝐼𝑐  

  
𝐼𝑎 = 𝐼0 + 𝐼1 + 𝐼2 

  
𝐼𝑏 = 𝐼0 + 𝑎2𝐼1 + 𝑎𝐼2 

  
𝐼𝑐 = 𝐼0 + 𝑎𝐼1 + 𝑎2𝐼2 

  
Where: 

a              1∠120𝑜 =
−1

2
+ 𝑗

3

2
= −0.5 + 𝑗0.866 = cos

2𝜋

3
+ 𝑗 ∙ sin 

2𝜋

3
 

a2                  1∠ −120𝑜 or 1∠240𝑜 = −0.5 − 𝑗0.866 = cos −
2𝜋

3
+ 𝑗 ∙ sin −

2𝜋

3
= cos

4𝜋

3
+ 𝑗 ∙ sin 

4𝜋

3
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Faults Through Transformer 

• Kirchhoff’s Current Law (KCL) must be true for 

both primary and secondary windings 

IA 

IB 

IC 

Ia 

Ib 

Ic 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 0 
𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 = 0 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 + 𝐼𝑔 = 0 
𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 = 0 

IA 

IB 

IC 

Ia 

Ib 

Ic 

Ig 
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Ground Fault on -Y Transformer 

• KCL must sum on both sides 

• Where is the ground current on the primary? 

IA 

IB 

IC 

Ia 

Ib 

Ic 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 𝐼𝑔 Ig 

Igf 

IG 

> 0 

𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 = 0 

Zero Seq CT 

𝐼𝑔𝑓 = −𝐼𝑔 

• Zero sequence currents circulate in delta 

• Triplen harmonics are zero sequence -- heating 
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Ground Fault on Y-GndY Transformer 

• KCL must sum on both sides 

• Where is the ground current on the primary? 

IA 

IB 

IC 

Ia 

Ib 

Ic 

𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 = 0 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 𝐼𝑔 Ig 

Ig 

> 0 



23 
23 © 2016 Eaton Corporation. All rights reserved. 

Ground Fault on GndY-GndY Transformer 

• KCL must sum on both sides 

IA 

IB 

IC 

Ia 

Ib 

Ic 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 𝐼𝑔 Ig 

𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 − 𝐼𝐺 = 0 

Ig 

> 0 IG 

∴ 𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 ≠ 0 

• Ground current flows so zero sequence CT 

detects GF on secondary 



24 
24 © 2016 Eaton Corporation. All rights reserved. 

A Word About Ungrounded Systems 

• Tendency to consider for mission critical 

IA 

IB 

IC 

𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 0 

Ia 

Ib 

Ic 

Ig 

𝑉𝐿 = 𝐿
𝑑𝐼𝐿

𝑑𝑡
 VL 

IL 

+ - 

L 

VC 

+ + 𝑉𝐶 − 𝑉𝐿 = 0 𝑉𝐶 − 𝐿
𝑑𝐼𝐿

𝑑𝑡
= 0 

𝑉𝐶 = 𝐿
𝑑𝐼𝐿

𝑑𝑡
 



25 
25 © 2016 Eaton Corporation. All rights reserved. 

Insulation Failure 

• Intermittent grounds can cause very high line-

to-ground voltage across phase capacitance 

• Avoid ungrounded systems 
http://www.eaton.com/ecm/groups/public/@pub/@electrical/documents/content/ia08700001e.pdf 

http://www.eaton.com/ecm/groups/public/@pub/@electrical/documents/content/ia08700001e.pdf
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Z versus R+jX 

• CAG 1.3-8 to 1.3-10 

• Uses R and X (jX) values instead of Z 

 

1 R1 

X1 Z1 

X2 Z2 

R2 2 

jX 

R 

  Z3 

1 R1 X1 

Z1 

X2 

Z2 

R2 
2 

jX 

R 

  Z3 

Very small (<1%) difference ~3% difference 

𝑍3 = 𝑅1 + 𝑅2
2 + 𝑋1 + 𝑋2

2 

X1 

R2 

𝑍1 = 𝑅1
2 + 𝑋1

2 

𝑍2 = 𝑅2
2 + 𝑋2

2 𝑍1 + 𝑍2 = 𝑅1
2 + 𝑋1

2 + 𝑅2
2 + 𝑋2

2 

𝑍3 ≠ 𝑍1 + 𝑍2  
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Nominal Case 

Z1 Z2 

Z3 

R1 R2 X1 X2 Z1 Z2 Z1+Z2 Z3 % err

1 1 1 2 1.414214 2.236068 3.650282 3.605551 1.2%

•  |Z1| + |Z2| is 1.2% 

longer than |Z3| 
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Extreme Case 

•  |Z1| + |Z2| is 29.3% longer than |Z3| 

R1 R2 X1 X2 Z1 Z2 Z1+Z2 Z3 % err

1 1 1 -1 1.414214 1.414214 2.828427 2 29.3%

Z1 Z2 

Z3 
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Download Copy of Excel Tool 

• http://pps2.com/smf/index.php/topic,46.0.html 

http://pps2.com/smf/index.php/topic,46.0.html
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Determining X and R Values  
from Transformer Loss Data (Method 1) 

• Given a 500 kVA, 5.5% Z transformer with 

9000W total loss; 1700W no-load loss; 7300W 

load loss and primary voltage of 480V. 

𝑊𝑎𝑡𝑡𝑠 𝐿𝑜𝑠𝑠 =
𝑘𝑉𝐴

3 ∗ 𝑘𝑉

2

∗ 𝑅 ∗ 3 

𝑊𝑎𝑡𝑡𝑠 𝐿𝑜𝑠𝑠 =
500 𝑘𝑉𝐴

3 ∗ 0.48

2

∗ 𝑅 ∗ 3 = 7300 
%𝑅 =

𝑅 ∗ 𝑘𝑉𝐴

𝑘𝑉2 ∗ 10
 

%𝑅 =
0.0067277 ∗ 500

0.482 ∗ 10
 

%𝑅 = 1.46% 

𝑍2 = 𝑅2 + 𝑋2 

Z 
X 

R 

X = 𝑍2 − 𝑅2 

%X = 5.52 − 1.462 = 5.3% 

CAG 1.3-19 
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Determining X and R Values  
from Transformer Loss Data (Method 2) 

• Given a 500 kVA, 5.5% Z transformer with 

9000W total loss; 1700W no-load loss; 7300W 

load loss and primary voltage of 480V. 

%𝑅 =
𝐼2𝑅 𝑙𝑜𝑠𝑠𝑒𝑠

10 ∗ 𝑘𝑉𝐴
 

CAG 1.3-19 

%𝑅 =
7300

10 ∗ 500
= 1.46% 

%X = 5.52 − 1.462 = 5.3% 
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Liquid Filled Transformer Ratings 

ONAN 

1st: Internal Cooling 

Media  

O  Flash point <300oC 

K Flash point >300oC 

L Unmeasurable flash point 

2nd: Internal Cooling 

Circulation 

F Forced 

N Natural 

D Forced through cooler 

4th: External Cooling 

Media 

N  Natural 

F Forced 

3rd: External Cooling 

Circulation 

A Air 

W Water 

OA/FA  ONAN/ONAF 
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Non-Liquid Filled Transformer Ratings 

Description 

AA Ventilated, Self-Cooled (no fans) 

AFA Self cooled (A) but also optional forced air (FA) cooling 

AA/FA Dual Rated  

ANV Self cooled, non-ventilated (but not hermetically sealed) 

GA Sealed in gas (G), self-cooled (A) 
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Capacity Increase Depends on Size 

PEAKTM Transformers 

65oC +9% (without fans) 

55oC +22% (without fans) 
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3 Transformer Winding Connections 

• Protection 

• Ground fault 

• Transient 

overvoltages 

CAG 1.1-5 


