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suitable choice as it safely covers the rated current while having a primary rating 

that is closest to the load for better accuracy.

1.6) C - B0.5 First, calculate the total burden impedance required by the external 

circuit. Relay Burden Resistance: Rr el a y=P /I 2=4 VA/¿. Wire Resistance: 
R
wire

=40 ft×0.0031 Ω /ft=0.124Ω. Total Burden = Rr el a y+Rwire=0.16Ω+0.124Ω=0.284Ω. 

The selected CT burden class must be greater than or equal to the total required 

burden. B0.1 = 0.1 Ω (Too low) B0.2 = 0.2 Ω (Too low) B0.5 = 0.5 Ω (Su8cient, as 0.5 

Ω > 0.284 Ω).

1.7) D - 0.75 Ω The rating 10C100 means the CT can produce a maximum of 100V 

on its secondary at 20 times the rated secondary current without exceeding a 10% 

ratio error. Rated secondary current = 5 A. Test current = 20 * 5 A = 100 A. The total 

burden (Zto ta l) allowed on the secondary is given by Ohm's law: 
Z
to ta l

=V
max

/ I
t e s t

=100V /100 A=1.0Ω. The total burden is the sum of the 

internal/wiring burden and the relay burden: Zto ta l=Zin t e rna l+Zrela y. 
1.0Ω=0.25Ω+Z

r el a y. Zrela y=1.0Ω−0.25Ω=0.75Ω.

1.8) A - Bushing type Bushing-type CTs are designed to be an integral part of 

high-voltage apparatus like large power transformers and circuit breakers, where 

the main conductor passes through the center of the CT.

1.9) C - +/- 0.6% The metering accuracy is 0.3B0.5, which means the CT is +/- 0.3% 

accurate at 100% rated current. The standard speci
es that for currents between 

10% and 100% of the rated value, the error limit is twice the nameplate accuracy. 

Primary current = 150 A. Rated current = 300 A. Since the current is at 50% of 

rated, the accuracy is twice the base accuracy: Accuracy = 2 * (0.3%) = +/- 0.6%.

1.10) B - +/- 0.3% The metering accuracy is 0.3B0.5. At or above 100% of the rated 

current (up to the limit de
ned by the rating factor), the CT maintains its 

nameplate accuracy. Primary current = 600 A (200% of rated). Rating Factor = 2.0. 

Since the current is within the range covered by the rating factor (100% to 200%), 

the accuracy is +/- 0.3%.
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1.11) D - Accuracy is not guaranteed. CT accuracy is typically guaranteed only for 

currents at or above 10% of the rated primary current. Rated current = 300 A. 10% 

of rated current = 30 A. Since the operating current of 25 A is below this threshold, 

the accuracy is not guaranteed by the standard.

1.12) A - Less than or equal to 10% The relaying accuracy class C100 indicates the 

CT will maintain its ratio error to within 10% for fault currents up to 20 times its 

nominal secondary rating, provided the burden is within its limit. Primary current = 

4500 A. Rated primary current = 300 A. Multiple of rated current = 4500 A / 300 A = 

15. Since 15 is less than 20, the ratio error will be less than or equal to 10%.

1.13) B - 1.0 Ω The relaying accuracy C100 means the CT can support a burden that 

develops 100 V at 20 times the rated secondary current. Rated secondary current = 

5 A. Test current = 20 * 5 A = 100 A. Maximum burden = 
V
ma x

/I
t es t

=100V /100A=1.0Ω.

1.14) B - Potential transformer A potential (or voltage) transformer is designed to 

step down voltage. To do this, the primary (high-voltage) winding has many turns 

of 
ne wire, and the secondary (low-voltage) winding has fewer turns of thicker 

wire to handle the proportionally higher current.

1.15) C - An excitation test An excitation test, also known as a saturation test, 

involves applying a variable AC voltage to the secondary of a CT (with the primary 

open) and measuring the exciting current. Plotting voltage versus current reveals 

the "knee point," which indicates the onset of core saturation.

1.16) C - 12.5 VA The standard burden class B0.5 indicates the CT can handle a 

burden of 0.5 Ω on its secondary. For a 5A secondary rated CT, the Volt-Ampere 

(VA) rating is calculated as: VA = I 2×Z=¿.
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1.17) C - B0.5 First, calculate the apparent power (VA) of the connected load. 

S=√P2+Q2=√62+32=√36+9=√45=6.71VA. Now, 
nd the VA rating of each burden 

class option for a 5A secondary CT: B0.1: ¿ (Too small) B0.2: ¿ (Too small) B0.5: ¿ 

(Su8cient) The minimum required burden class is B0.5.

1.18) B - 1000 A The CT is rated 800:5A with a Rating Factor (RF) of 1.5. The graph 

description states that at a 40°C temperature rise, the 1.5X RF curve allows for 

operation at 125% of rated power (or current). Maximum continuous current = 

(Base Primary Rating) * (% Allowance) Maximum continuous current = 800 A * 1.25 

= 1000 A.

1.19) B - 39 V First, calculate the total secondary burden impedance (Zsec). 
Z
sec

=R
wind i ng

+R
wir i ng

+R
rel a y

=0.3Ω+0.15Ω+0.2Ω=0.65Ω. Next, calculate the secondary 

fault current (I se c
f
au l t). CT Ratio = 500 / 5 = 100. 

I
se c

f
au l t

=I
pr i

f
au l t

/Ratio=6000A /100=60 A. Finally, calculate the required knee-point 

voltage (V kne e) to avoid saturation. V kne e≥ I sec
f
au l t
×Z

sec
=60 A×0.65Ω=39V.

Problem Set 1.2 - Insulation Testing SOLUTIONS

1.20) A - Polarization Index test The Polarization Index (PI) test is a time-

dependent test that compares the insulation resistance reading at 10 minutes to 

the reading at 1 minute. The result indicates the condition of the insulation. Spot-

reading, step-voltage, and dielectric discharge are other types of tests but PI is the 

classic time-dependent example.

1.21) B - 1000 VDC According to IEEE Std 43™, the recommended DC test voltage 

for insulation resistance testing on rotating machinery is based on the winding's 

voltage rating. For a 600V class motor, the recommended test voltage is 1000 VDC. 

(Note: The original question had 480V/500VDC test, this paraphrase uses 

600V/1000VDC which is another common pairing).
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1.22) D - All of the above The deterioration of electrical insulation is caused by a 

combination of factors often summarized by the acronym T.E.A.M. (Thermal, 

Electrical, Ambient, Mechanical). This includes temperature changes, voltage 

stress, ambient conditions like moisture and chemical contaminants, and 

mechanical stress from vibration.

1.23) B - The insulation resistance generally increases as the temperature of 

the insulating material decreases. Insulation resistance has an inverse 

relationship with temperature. As temperature goes down, the resistance goes up. 

The other statements are incorrect: resistance increases with lower humidity, 

equipment cycling does impact insulation life, and contamination aIects both new 

and old insulation.

The following four questions relate to an insulation system with a baseline 

resistance of 50 MΩ when measured at 40°C.

1.24) B - 10.8 MΩ Using the formula R(T °C)=R(40° C)/k (T °C ) for a thermosetting 

insulation system: First, calculate the correction factor k(T°C) for T = 80°C. 

k (80 °C)=exp[−4230×(1/(80+273)−1/313)]=exp[−4230×(1 /353−1 /313)]=4.624. Then, 

calculate the resistance at 80°C: R(80° C)=50MΩ/4.624=10.81MΩ.

1.25) C - 97.4 MΩ Using the same formula for a thermosetting system at T = 25°C: 

k (25 °C)=exp[−4230×(1 /(25+273)−1/313)]=exp [−4230×(1/298−1/313)]=0.513. Then, 

calculate the resistance at 25°C: R(25 ° C)=50MΩ /0.513=97.4MΩ.

1.26) A - 3.1 MΩ For a thermoplastic insulation system, the correction factor k(T°C) 

is calculated as: k (T °C )=0.5(¿(40−T)/10 )¿. For T = 80°C: k (80 °C)=0.5(¿(40−80 )/10)=0.5−4=16¿. 

Then, calculate the resistance at 80°C: R(80° C)=50MΩ/16=3.125MΩ.

1.27) D - 142 MΩ For a thermoplastic system at T = 25°C: 

k (25 °C)=0.5(¿(40−25)/10)=0.51.5=0.3535¿. Then, calculate the resistance at 25°C: 

R(25 ° C)=50MΩ /0.3535=141.5MΩ≈142MΩ.
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1.28) A - PI = 1.5, indicating the insulation is in poor condition. The Polarization 

Index (PI) is the ratio of the 10-minute insulation resistance reading to the 1-

minute reading. P I=R10min/R1min=180MΩ/120MΩ=1.5. According to IEEE Std 43™, a 

PI value less than 2.0 for this class of winding is considered to be in poor or 

questionable condition.

1.29) D - Physical damage to the cable during the pulling or termination 

process. The problem systematically eliminates other common causes. The cable 

was stored properly (ruling out contamination), and the test was done on a cool, 

dry day (ruling out temperature and humidity eIects). The most likely remaining 

cause is physical damage (nicks, scrapes, excessive bending) that occurred during 

installation.

1.30) B - Capacitive charging current The total current measured during an 

insulation test is the sum of three components. The capacitive charging current is 

the current required to charge the natural capacitance of the insulation. It is 

initially high and drops to nearly zero within a minute or less.

1.31) D - 4.0 An insulation system is generally considered to be in "excellent" 

condition if the Polarization Index (PI) is greater than 4.0. A value between 2.0 and 

4.0 is typically considered "good".

1.32) B - The insulation resistance will be signi:cantly lower. Moisture is one of 

the primary enemies of insulation. When the winding temperature is below the 

dew point, condensation forms on the surface. This moisture, especially when 

combined with contaminants, creates a low-resistance path for leakage current, 

causing the overall insulation resistance measurement to be signi
cantly lower 

than when tested under dry conditions.
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Problem Set 1.3 - Ground Resistance Testing SOLUTIONS

1.33) C - Ground potential rise (GPR) Ground Potential Rise (GPR) is the voltage 

that develops between a grounding grid and a distant earth reference point during 

a ground fault (VGPR=I f au l t ×Rgr id). A primary goal of substation grounding is to 

keep this voltage, and the associated step and touch potentials, within safe limits. 

A low grid resistance directly reduces the GPR.

1.34) D - Solid ice Resistivity varies greatly with material and moisture content. 

Generally, materials with low free ion content and low moisture have high 

resistivity. Ice has a very high resistivity compared to water and most soils. The 

general order from lowest to highest resistivity is: Ocean water < River water < Clay 

soil < Solid ice.

1.35) B - Increasing the quantity of interconnected ground rods. Adding more 

ground rods in parallel increases the total surface area in contact with the earth, 

which eIectively lowers the overall resistance to ground. Shorter rods or dry soil 

would increase resistance.

1.36) D - All of the above. All three methods are eIective at reducing ground grid 

resistance. Driving rods deeper reaches soil with potentially lower resistivity and 

more moisture. Reducing spacing (adding more rods) puts more conductive 

material in parallel. Chemical treatment and adding moisture directly lower the 

soil's resistivity.

1.37) D - 90.5 Ω The Driven Rod method uses the formula: 

R=(ρ /(2π L))×[l n(4 L/r )−1] where r is radius. r = d/2 = 0.01m. 

R=(200 /(2π 2))×[l n(4∗2/0.01)−1]=15.915×[ ln (800)−1]=90.46Ω.

1.38) A - 6.2 Ω The Wenner method formula is: 

R=(ρ /(4 π a))×[1+(2a /√a2+4 l2)−(a /√a2+l2)]. Given: ρ=200Ω⋅m, a = 5 m, l = 0.5 m. 
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R=(200 /(4 π ×5))× ¿ R=(3.183)×[1+(10/√26)−(5/√25.25)] 
R=3.183×[1+1.961−0.995]=3.183×1.966=6.25Ω.

1.39) A - 1.06 Ω The Schlumberger array formula is: p=(π a (a+2b)R )/(2b). The a in 

that formula is half the outer electrode spacing. Outer = 30m, so a = 15m. Inner = 

5m, so b = 2.5m. 

R=(2×2.5×200)/ (π ×15×(15+2×2.5))=1000 /(π ×15×20)=1000 /942.5=1.06Ω.
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Down conductors to provide a path for the current, and 3) A grounding electrode 
system to dissipate the current into the earth.

2.6) D - All of the above Voltage surges (transients) can be caused by external 
events like direct or nearby lightning strikes. They can also be generated internally 
by power system operations, such as high-impedance arcing faults, switching of 
large inductive loads, or the switching of capacitor banks for power factor 
correction.

2.7) D - All of the above NEC® Article 285.3 states that Surge Protective Devices 
(SPDs) shall not be installed on circuits exceeding 1000V, ungrounded systems, 
impedance grounded systems, or corner-grounded delta systems unless the SPDs 
are speci<cally listed or labeled for that particular application.

2.8) A - Surge protective devices While fuses and circuit breakers provide 
overcurrent protection against faults, they are too slow to react to the extremely 
fast rise times of transient overvoltages from events like lightning. Specialized 
surge protective devices (SPDs) are designed to clamp these high voltages to a 
safe level.

2.9) D - 3.0×10− 4 events/yr The tolerable lightning frequency (Nc) is calculated 
using the formula: Nc = 1.5 x 10⁻³ / (C2 * C3 * C4 * C5). From the problem 
description and standard tables: Construction (steel frame, metal roof): C2 = 1.0 
Contents (ordinary): C3 = 1.0 Occupancy (occasional): C4 = 0.5 Consequences 
(minor, no environmental impact): C5 = 1.0 Nc = 1.5 x 10⁻³ / (1.0 * 1.0 * 0.5 * 1.0) = 
3.0 x 10⁻³ events/yr.

2.10) C - Type 1, Type 2, Type 3, Type 4 The NEC® categorizes SPDs based on their 
intended installation location and protection level. These are designated as Type 1 
(line side of service equipment), Type 2 (load side of service equipment), Type 3 
(point-of-use), and Type 4 (components).
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2.11) C - Type 1: Line side of the service disconnect; Type 2: Load side of a 

branch circuit breaker; Type 3: At the point of use, such as a receptacle. The 
matching is as follows: Type 1 SPDs are installed on the line side of the main 
service disconnect. Type 2 SPDs are installed on the load side of the main service 
disconnect, typically at a branch panel. Type 3 SPDs are used at the point of 
utilization to protect speci<c equipment.

Problem Set 2.2 - Reliability SOLUTIONS

2.12) B - 96.3% The reliability of a series system is the product of the reliabilities of 
its individual components. R_system = R_gen * R_trans * R_swgr * R_load 0.920 = 
0.985 * R_trans * 0.980 * 0.990 0.920 = R_trans * 0.9557 R_trans = 0.920 / 0.9557 = 
0.9626 or 96.3%.

2.13) C - 219 hours/year Unavailability (in hours) = Total Hours * (1 - Reliability) 
Total hours in a year = 8760. Unavailable hours = 8760 * (1 - 0.975) = 8760 * 0.025 = 
219 hours/year.

2.14) C - 0.965 First, calculate the reliability of the parallel structure. The reliability 
of two parallel components is R_p = 1 - (1-R1)(1-R2). Reliability of the parallel block 
= 1 - (1 - 0.95)(1 - 0.90) = 1 - (0.05)(0.10) = 0.995. The total system reliability is the 
product of the initial block, the parallel block, and the <nal block: R_system = 0.99 * 
0.995 * 0.98 = 0.9653.

2.15) A - 0.684 For a series system, the overall reliability is the product of the 
individual component reliabilities. R_series = P1 * P2 * P3 = 0.95 * 0.90 * 0.80 = 
0.684.
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2.16) D - 0.999 For a parallel system, the overall reliability is calculated as 1 minus 
the product of the individual component unreliabilities. R_parallel = 1 - [(1 - P1) * (1 - 
P2) * (1 - P3)] R_parallel = 1 - [(1 - 0.95) * (1 - 0.90) * (1 - 0.80)] = 1 - [0.05 * 0.10 * 
0.20] = 1 - 0.001 = 0.999.

2.17) B - 0.931 First, calculate the reliability of the parallel combination of System 2 
and System 3. R_p(2,3) = 1 - [(1 - P2) * (1 - P3)] = 1 - [(1 - 0.90) * (1 - 0.80)] = 1 - [0.10 * 
0.20] = 0.98. Then, multiply this by the reliability of the series component, System 
1. R_total = P1 * R_p(2,3) = 0.95 * 0.98 = 0.931.

2.18) D - 99.4% First, calculate the total unavailable time per year. Unavailable time 
= (3 failures/year) * (18 hours/failure) = 54 hours/year. Total hours in a year = 8760. 
Reliability = (Total Time - Unavailable Time) / Total Time = (8760 - 54) / 8760 = 
8706 / 8760 = 0.9938 or 99.4%.

2.19) B - 0.57 For a series system, the overall reliability is the product of the 
individual component reliabilities. R_system = R_trans * R_panel * R_load = 0.70 * 
0.85 * 0.95 = 0.56525 or 56.5%.

2.20) B - 0.778 First, calculate the new reliability of the redundant transformer/UPS 
block. R_redundant = 1 - [(1 - R_trans) * (1 - R_UPS)] = 1 - [(1 - 0.70) * (1 - 0.88)] = 1 - 
[0.30 * 0.12] = 0.964. Now, calculate the new system reliability: R_system = 
R_redundant * R_panel * R_load = 0.964 * 0.85 * 0.95 = 0.778 or 77.8%.

2.21) B - 0.801 First, calculate the reliability of the new redundant power source 
block (Transformer, UPS, Generator). R_redundant = 1 - [(1-R_trans)(1-R_UPS)(1-
R_Gen)] = 1 - [(0.30)(0.12)(0.25)] = 1 - 0.009 = 0.991. Now, calculate the new system 
reliability: R_system = R_redundant * R_panel * R_load = 0.991 * 0.85 * 0.95 = 0.801.

2.22) A - 96.7% This system is a series combination of the Utility, the parallel 
transformer block, and the load. First, calculate the reliability of the parallel 
transformer block: R_p(TRX) = 1 - [(1 - 0.985) * (1 - 0.975)] = 1 - [0.015 * 0.025] = 1 - 
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0.000375 = 0.999625. Now, calculate the total system reliability: R_system = 
R_utility * R_p(TRX) * R_load = 0.998 * 0.999625 * 0.97 = 0.967.

2.23) B - 0.0074 failures/hour First, calculate the total operating hours for all units. 
12 units ran for the full 30 hours = 12 * 30 = 360 hours. Failed units ran for 8, 15, 
and 22 hours. Total operating time = 360 + 8 + 15 + 22 = 405 hours. Failure rate (λ) 
= Number of failures / Total operating time = 3 / 405 = 0.0074 failures/hour.

2.24) C - 149 hours Mean-Time-To-Failure (MTTF) is the reciprocal of the failure 
rate (λ). MTTF = 1 / λ = 1 / 0.0067 failures/hour = 149.25 hours.

2.25) C - 0.980 Availability (A) = MTTF / (MTTF + MTTR) A = 149.25 / (149.25 + 3) = 
149.25 / 152.25 = 0.980.

2.26) B - 152 hours Mean-Time-Between-Failures (MTBF) = MTTF + MTTR. MTBF = 
149.25 + 3 = 152.25 hours.

Problem Set 2.3 - Illumination/lighting and Energy E5ciency SOLUTIONS

2.27) B - 13 fc The maintained illuminance (MMI) is calculated using the Lumen 
Method formula: MMI = (n × Lamps/Luminaire × Lumens/Lamp × LLF × CU) / Area. 
n = 5 rows × 15 <xtures/row = 75 <xtures. Area = 250 ft × 40 ft = 10000 sq ft. MMI = 
(75 × 1 × 2800 lm × 0.85 × 0.75) / 10000 sq ft = 133875 / 10000 = 13.38 fc

2.28) B - 36.3 fc The illuminance (E) from a point source is calculated using the 

formula: E=( I /D 2)× cos(θ), where I is the luminous intensity, D is the direct distance 

from the source to the point, and θ is the angle of incidence. First, <nd the distance 

D: D=√(1.5  ft )2+(2.5  ft )2=√2.25+6.25=√8.5=2.915 ft. The cosine of the angle of 

incidence is the adjacent side (height) over the hypotenuse (D): 
cos (θ)=1.5  ft/2.915  ft=0.514. 

E=(600  cd / (2.915  ft )2)×0.514=(600 /8.5)×0.514=70.58×0.514=36.3  fc. 
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2.29) D - 2.15 The Room Cavity Ratio (RCR) is calculated using the formula: RCR = 5 
× hr c × (L+W) / (L×W). The height of the room cavity (hr c) is the distance from the 
luminaire plane to the work plane. hr c = 14 ft - 2.5 ft = 11.5 ft. RCR = 5 × 11.5 ft × (80 
ft + 40 ft) / (80 ft × 40 ft) = 57.5 × 120 / 3200 = 6900 / 3200 = 2.15.

2.30) B - 3.0 The general Cavity Ratio (CR) for the entire room volume is calculated 
as: CR = 2.5 × (Wall Area / Floor Area). Wall Area = 2(L×H) + 2(W×H) = 2(80×16) + 
2(40×16) = 2560 + 1280 = 3840 sq ft. Floor Area = L × W = 80 × 40 = 3200 sq ft. CR = 
2.5 × (3840 / 3200) = 2.5 × 1.2 = 3.0.

2.31) A - 0.375 The Ceiling Cavity Ratio (CCR) is calculated using the same formula 
as RCR, but with the height of the ceiling cavity (hcc), which is the distance from the 
ceiling to the luminaire plane. hcc = 16 ft - 14 ft = 2 ft. CCR = 5 × 2 ft × (80 ft + 40 ft) / 
(80 ft × 40 ft) = 10 × 120 / 3200 = 1200 / 3200 = 0.375.

2.32) A - 0.469 The Floor Cavity Ratio (FCR) is calculated using the same formula as 
RCR, but with the height of the (oor cavity (hf c), which is the distance from the (oor 
to the work plane. hf c = 2.5 ft. FCR = 5 × 2.5 ft × (80 ft + 40 ft) / (80 ft × 40 ft) = 12.5 × 
120 / 3200 = 1500 / 3200 = 0.46875.

2.33) C - 67 The number of luminaires (n) is calculated using the Lumen Method 
formula: n = (Maintained Illuminance × Area) / (Lamps per Luminaire × Lumens per 
Lamp × Light Loss Factor × CoeUcient of Utilization) Area = 50 ft × 30 ft = 1500 sq 
ft. n = (60 fc × 1500 sq ft) / (1 × 3000 lm × 0.75 × 0.6) = 90000 / 1350 = 66.67. Since 
the number of luminaires must be an integer, we round up to 67.

2.34) C - 179 Using the Lumen Method formula: n = (MMI × Area) / 
(Lamps/Luminaire × Lumens/Lamp × LLF × CU). Area = 150 ft × 80 ft = 12000 sq ft. 
Total Lumens per Luminaire = 6 lamps × 800 lm/lamp = 4800 lm. n = (40 fc × 12000 
sq ft) / (4800 lm × 0.8 × 0.7) = 480000 / 2688 = 178.57. Since the number of 
luminaires must be an integer, round up to 179. 
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2.35) C - 0.22 The Re(ected Radiation CoeUcient (RRC) is calculated as: RRC = LCw + 
RPM(LCc c− LCw). RRC = 0.3 + 0.8(0.2 - 0.3) = 0.3 + 0.8(-0.1) = 0.3 - 0.08 = 0.22.

Procedo a risolvere la domanda con i tuoi nuovi dati. Nella mia lista, questa era la 
domanda 2.35.

2.36) B - 0.75 The CoeUcient of Beam Utilization (CBU) represents the fraction of 
the lamp's lumens that e>ectively reach the target area. It can be calculated by 
rearranging the (oodlighting lumen formula: CBU = (Required Illuminance × 
Area) / (Total Lamp Lumens × Light Loss Factor).
First, calculate the total required lumens on the surface: Total Required Lumens = 
10 fc × (60 ft × 30 ft) = 10 fc × 1800 sq ft = 18,000 lm.
Next, calculate the total available lumens from all <xtures before considering 
utilization: Total Lamp Lumens = 6 (oodlights × 2 lamps/(oodlight × 2500 
lumens/lamp = 30,000 lm.
Finally, calculate the CBU: CBU = (18,000 lm) / (30,000 lm × 0.80) = 18,000 / 24,000 = 
0.75.

2.37) D - 10.8 ft For a medium light distribution, the mounting height (MH) to 
spacing (S) ratio is typically around 1.0. A more direct calculation uses the formula 
involving maximum candlepower and a nominal distance (ND) factor from tables. 
For medium distribution, ND is approx. 10 ft. First, convert lumens to candlepower: 
Candlepower = Lumens / 12.57 = 8000 / 12.57 = 636 cd. MH_min = 

√max. candlepower /1000+ND=√636 /1000+10=√0.636+10=0.797+10≈10.8 ft.

2.38) B - 0.765 The Light Loss Factor (LLF) is the product of all depreciation factors. 
LLF = Lamp Lumen Depreciation (LLD) × Luminaire Dirt Depreciation (LDD). LLF = 
0.85 × 0.90 = 0.765.

2.39) C - 92 fc The minimum maintained illumination level (MMI) is the initial 
illumination level multiplied by the total Light Loss Factor (LLF). MMI = Initial 
Illuminance × LLF = 120 fc × 0.765 = 91.8 fc.
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2.40) C - 321,000 lm The luminous (ux (Φ) can be calculated by rearranging the 
lumen method formula: Φ = (I × A) / CU, where I is luminous intensity and A is area. 
Φ = (150 cd × (50 ft × 30 ft)) / 0.7 = 225000 / 0.7 = 321,428 lm.

Problem Set 2.4 - Demand Calculations & Energy Management

2.41) B - 0.42 Plant Capacity Factor is the ratio of the actual energy produced in a 
period to the maximum possible energy that could have been produced. Actual 
Energy = 43.8 GWh = 43,800,000 kWh. Max Possible Energy = Plant Rating × Hours 
= 12 MW × 8760 h = 12,000 kW × 8760 h = 105,120,000 kWh. Capacity Factor = 
43,800,000 / 105,120,000 = 0.4167 or 41.7%.

2.42) B - 1.50 Diversity Factor is the ratio of the sum of the individual maximum 
demands to the maximum demand of the entire system (coincident demand). Sum 
of Individual Max Demands = 150 + 250 + 350 + 450 = 1200 kW. Coincident Max 
Demand = 800 kW. Diversity Factor = 1200 kW / 800 kW = 1.5.

2.43) B - 0.67 Coincidence Factor is the reciprocal of the Diversity Factor. 
Coincidence Factor = 1 / Diversity Factor = 1 / 1.5 = 0.667.

2.44) C - 400 kW Load Diversity is the di>erence between the sum of the individual 
maximum demands and the coincident maximum demand. Load Diversity = (Sum 
of Individual Max Demands) - (Coincident Max Demand) Load Diversity = 1200 kW - 
800 kW = 400 kW.

2.45) B - 0.67 Loss Factor is the ratio of the average power loss to the power loss at 
peak load. Loss Factor = Average Power Loss / Peak Power Loss = 60 kW / 90 kW = 
0.667.
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2.46) C - Time-of-use rate A time-of-use (TOU) rate structure uses di>erent prices 
for electricity at di>erent times of the day (e.g., on-peak, o>-peak) to incentivize 
customers to shift their usage away from periods of high demand, even if their 
total consumption remains the same.

2.47) C - 139.20 Calculate the cost for each usage period and sum them. O>-peak 
cost = (1200 kWh × 0.40) × $0.09/kWh = 480 × 0.09 = $43.20. Mid-peak cost = (1200 
kWh × 0.25) × $0.11/kWh = 300 × 0.11 = $33.00. Peak cost = (1200 kWh × 0.35) × 
$0.15/kWh = 420 × 0.15 = $63.00. Total Cost = $43.20 + $33.00 + $63.00 = $139.20.

2.48) B - Time-based scheduling For applications with highly predictable 
occupancy patterns, such as an oUce that is consistently occupied from 8 AM to 6 
PM on weekdays, a time-based schedule provides a simple and e>ective way to 
ensure lights are on when needed and o> otherwise, maximizing energy savings.

2.49) C - $2,102 First, calculate the total annual energy consumption. Annual 
Energy = (2000 W × 24 h/day × 365 days/year) / 1000 W/kW = 17,520 kWh. Annual 
Cost = Annual Energy × Rate = 17,520 kWh × $0.12/kWh = $2102.40.

2.50) C - $2,438 Calculate the cost based on the consumption in each tier. Total 
Annual Consumption = 17,520 kWh. Tier 1 Cost: 2000 kWh × $0.10/kWh = $200. Tier 
2 Cost: 3000 kWh × $0.12/kWh = $360. Remaining Consumption for Tier 3 = 17,520 
- 2000 - 3000 = 12,520 kWh. Tier 3 Cost: 12,520 kWh × $0.15/kWh = $1878. Total 
Annual Cost = $200 + $360 + $1878 = $2,438.

2.51) C - 0.40 The annual load factor is the ratio of the total energy consumed in a 
year to the energy that would have been consumed if the peak load was sustained 
for the entire year. First, ensure all units are consistent (e.g., kW and kWh). Total 
Annual Energy = 17.5 GWh = 17,500,000 kWh. Peak Load = 5 MW = 5,000 kW. Total 
hours in a year = 8760 h. Annual Load Factor = (Total Annual Energy) / (Peak Load × 
8760 h) Annual Load Factor = 17,500,000 kWh / (5,000 kW × 8760 h) = 17,500,000 / 
43,800,000 = 0.3995. This value rounds to 0.40, which corresponds to option C.
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2.52) D - 0.625 Load Factor is the ratio of the average load to the peak load over a 
speci<c period. Load Factor = Average Load / Peak Load = 5 MW / 8 MW = 0.625.

2.53) D - 0.75 Demand Factor is the ratio of the maximum demand of a system to 
the total connected load. Sum of Maximum Demands = 90 kW + 120 kW + 60 kW + 
30 kW = 300 kW. Sum of Total Connected Load (Nameplate Ratings) = 120 kW + 180 
kW + 90 kW + 60 kW = 450 kW. Demand Factor = 300 kW / 450 kW = 0.667.

2.54) A - 0.50 Utilization Factor is the ratio of the maximum demand on a system to 
the rated capacity of that system. First, sum the maximum demands of the 
individual loads: 90 kW + 120 kW + 60 kW + 30 kW = 300 kW. The rated system 
capacity is given as 600 kW. Utilization Factor = Maximum Demand / Rated System 
Capacity = 300 kW / 600 kW = 0.50.

Problem Set 2.5 - Engineering Economics SOLUTIONS

2.55) B - $125,317 This is a future value (F) calculation of a present sum (P). The 
formula is F = P(1+i)ⁿ, or by using the F/P factor. Given: P = $30,000, i = 10% (0.10), n 
= 15 years. F = $30,000 × (1 + 0.10)¹⁵ = $30,000 × 4.1772 = $125,317. This value 
corresponds to option B.

2.56) A - $295,300 This is a present worth (P) calculation of a future sum (F). The 
formula is P = F / (1+i)ⁿ or P = F(P/F, i%, n). Given: F = $1,000,000, i = 5% (0.05), n = 
25 years. P = $1,000,000 / (1 + 0.05)²⁵ = $1,000,000 / 3.38635 = $295,302. This value 
corresponds to option A.
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2.57) C - $27,450 This is a calculation of a uniform series payment (A) from a 
present sum (P). The formula is A = P[i(1+i)ⁿ] / [(1+i)ⁿ - 1] or A = P(A/P, i%, n). Given: 
P = $250,000, i = 7% (0.07), n = 15 years. Using the factor: (A/P, 7%, 15) = 0.10979. A 
= $250,000 × 0.10979 = $27,447.50. This value corresponds to option C.

2.58) B - $533,740 This is a calculation of the present worth (P) of a uniform series 
(annuity, A). The formula is P = A[(1+i)ⁿ - 1] / [i(1+i)ⁿ] or P = A(P/A, i%, n). Given: A = 
$50,000, i = 8% (0.08), n = 25 years. Using the factor: (P/A, 8%, 25) = 10.6748. P = 
$50,000 × 10.6748 = $533,740. This value corresponds to option B.

2.59) C - 12.55% The e>ective annual interest rate (ie) for a nominal rate (r) 
compounded m times per year is calculated as: ie=¿. Given: r = 12% (0.12), m = 4 
(quarterly). ie=¿ or 12.55%.

2.60) B - $195,185 The present value (P) is the sum of the present value of the base 
annuity (A) and the present value of the gradient (G). P = A(P/A, i%, n) + G(P/G, i%, 
n) Given: A = $40,000, G = $2,000, i = 4%, n = 5. Using standard factors for i=4% and 
n=5: (P/A) = 4.4518, (P/G) = 8.5565. P = $40,000(4.4518) + $2,000(8.5565) = $178,072 
+ $17,113 = $195,185.

2.61) C - $6,592.75 There is a discrepancy between the calculated answer and the 
provided options. The correct calculation is as follows: The present value (P) is the 
sum of the present value of the base annuity (A) and the present value of the 
gradient (G). P = A(P/A, 6%, 5) + G(P/G, 6%, 5) Using standard factors for i=6% and 
n=5: (P/A) = 4.2124, (P/G) = 7.9345. P = 1 ,000(4.2124)+¿300(7.9345) = 4 ,212.40+¿

2,380.35 = $6,592.75.

2.62) C - $9,000 Straight-line depreciation per year (D) is calculated as (Cost - 
Salvage Value) / Useful Life. D = ($40,000 - $4,000) / 20 years = $36,000 / 20 = 
$1,800 per year. Accumulated depreciation after 5 years = 5 years × $1,800/year = 
$9,000.
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2.63) A - $4,402 This problem uses the Modi<ed Accelerated Cost Recovery System 
(MACRS). The salvage value is ignored in MACRS calculations. A 7-year recovery 
period is used. Accumulated depreciation is the sum of the annual depreciation 
amounts. Depreciation D_j = (factor_j) × C D_1 = 0.1429 × $8,000 = $1,143.20 D_2 = 
0.2449 × $8,000 = $1,959.20 D_3 = 0.1749 × $8,000 = $1,399.20 Accumulated 
Depreciation after 3 years = $1,143.20 + $1,959.20 + $1,399.20 = $4,401.60.

2.64) C - $42,720 This problem uses the MACRS depreciation method for a 5-year 
recovery period. The factors for the <rst three years are: Year 1 = 20.00%, Year 2 = 
32.00%, Year 3 = 19.20%. Accumulated Depreciation = Cost × (Factor_Yr1 + 
Factor_Yr2 + Factor_Yr3) Accumulated Depreciation = $60,000 × (0.20 + 0.32 + 
0.192) = $60,000 × 0.712 = $42,720.

2.65) B - $17,280 The book value (BV) is the initial cost minus the accumulated 
depreciation. From the previous problem, the accumulated depreciation after 3 
years is $42,720. BV = Initial Cost - Accumulated Depreciation = $60,000 - $42,720 = 
$17,280.

2.66) C - 25,000 units The break-even point occurs when the total cost of both 
processes is equal. Let x be the number of units. Total Cost A = Fixed Cost A + 
(Variable Cost A × x) = 150 ,000+¿8x Total Cost B = Fixed Cost B + (Variable Cost B × 
x) = 0+¿14x Set Total Cost A = Total Cost B: 150 ,000+¿8x = 14 x150,000 = 6 x x=¿

150,000 / $6 = 25,000 units.

2.67) B - Plan B is more economical. To compare the plans, calculate the Present 
Value (PV) of the costs for each. The plan with the lower PV (less negative value) is 
more economical. PV of Plan A = -25 ,000−35,000(P/F, 7%, 5) PV of Plan A = -25 ,000−

35,000(0.7130) = -25 ,000−24,955 = -49 ,955 . PV o f P lan B=−11,000(P/A, 7%, 5) PV of 
Plan B = -11 ,000(4.1002)=−45,102. Since the present value of Plan B's cost is lower, 
it is the more economical choice.

2.68) A - Current: $14,400; Accumulated: $53,400; Book Value: $21,600 This 
problem uses the MACRS depreciation for a 5-year recovery period with an initial 
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cost (C) of $75,000. Factors: Yr1=20%, Yr2=32%, Yr3=19.2%. Current Depreciation 
(Year 3) = C × Factor_Yr3 = $75,000 × 0.192 = $14,400. Accumulated Depreciation 
(after 3 years) = C × (Fac_Yr1 + Fac_Yr2 + Fac_Yr3) = $75,000 × (0.20 + 0.32 + 0.192) = 
$75,000 × 0.712 = $53,400. Book Value (after 3 years) = C - Accumulated 
Depreciation = $75,000 - $53,400 = $21,600.

Problem Set 2.6 - Grounding SOLUTIONS

2.69) A - An underground metallic gas piping system NEC® 250.52(B)(1) 
explicitly prohibits the use of metallic underground gas piping systems as 
grounding electrodes due to the inherent risks of ignition associated with carrying 
(ammable gas. The other options are all permitted electrodes.

2.70) B - Solidly grounded For low-voltage systems (under 1000V), especially 3-
phase, 4-wire systems like 480/277V, solidly grounding the neutral is the standard 
practice. This provides a low-impedance path for fault currents to return to the 
source, ensuring protective devices operate quickly.

2.71) C - Low-resistance grounded For medium-voltage systems, low-resistance 
grounding is often used. It limits the ground fault current to a level (typically 100-
1200A) that is high enough to be detected and cleared by protective relays but low 
enough to minimize damage at the point of the fault.

2.72) B - 18.5 Ω The value of the grounding resistor (R) is determined by Ohm's 
law, using the line-to-neutral voltage (V LN) and the desired fault current (I g f ). 
V LN=V LL/√3=480  V /1.732=277  V. R = V LN / I g f=277  V /15  A=18.47Ω.
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2.73) B - 111 mA The maximum permissible body current for a 70 kg person is 
calculated using the formula: I B=0.157/√ t s. Given: t s = 2 seconds. 
I B=0.157/√2=0.157 /1.414=0.111 A or 111 mA.

2.74) A - 82 mA The maximum permissible body current for a 50 kg person is 
calculated using the formula: I B=0.116 /√t s. Given: t s = 2 seconds. 
I B=0.116 /√2=0.116 /1.414=0.082 A or 82 mA.

2.75) B - -0.82 The re(ection factor (K) between the surface material and the earth 

is calculated as: K=(ρ− ρs ) / (ρ+ρs ). Given: Earth resistivity ρ=300Ω⋅m, Surface 

resistivity ρs=3000Ω ⋅m. K=(300−3000)/(300+3000)=−2700 /3300=−0.818.

2.76) C - 0.7923 The surface layer derating factor (Cs) can be found using the 
formula or by reading from the standard graph provided in the handbook. Using 

the formula: Cs=1− [0.09 (1− ρ / ρs ) /(2hs+0.09 ) ] 
Cs=1− [0.09 (1−300/3000)/(2×0.15+0.09) ]=1− [0.09(0.9)/(0.39) ]=1−0.2077=0.7923.

2.77) D - 1619 V The maximum allowable step voltage for a 50kg person (Este p50) is: 
Este p50=(1000+6×Cs×ρs )× (0.116 /√ t s ). Given: Cs=0.72, ρs=3000Ω ⋅m, t s=1 s. 

Este p50=(1000+6×0.72×3000)× (0.116 /√1 )=(1000+12960)×0.116=13960×0.116=1619 V.

2.78) D - 2191 V The maximum allowable step voltage for a 70kg person (Este p70) is: 
Este p70=(1000+6×Cs×ρs )× (0.157 /√t s ). Given: Cs=0.72, ρs=3000Ω ⋅m, t s=1 s. 

Este p70=(1000+6×0.72×3000)× (0.157/√1 )=(13960)×0.157=2191 V.

2.79) B - 492 V The maximum allowable touch voltage for a 50kg person (Et ouc h50) is: 
Et ouc h50=(1000+1.5×Cs× ρs )× (0.116 /√t s ). Given: Cs=0.72, ρs=3000Ω ⋅m, t s=1 s. 
Et ouc h50=(1000+1.5×0.72×3000)×0.116=(1000+3240)×0.116=4240×0.116=492 V.
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2.80) B - 666 V The maximum allowable touch voltage for a 70kg person (Et ouc h70) is: 
Et ouc h70=(1000+1.5×Cs× ρs )× (0.157 /√ t s ). Given: Cs=0.72, ρs=3000Ω ⋅m, t s=1 s. 
Et ouc h70=(1000+1.5×0.72×3000)×0.157=(4240)×0.157=666 V.

2.81) D - 4.83 Ω The resistance of a grounding grid can be estimated using the 

simpli<ed formula: Rg≈ ρ× [ (1/LT )+(1 /√20 A ) ]. Given: ρ=250Ω⋅m, LT=300 m, A = 25m 

× 25m = 625 m². Rg≈250× [(1/300)+(1/√20×625 ) ]=250× [0.00333+(1 /√12500 ) ] 
Rg≈250×[0.00333+0.00894 ]=250×0.01227=3.07Ω. The more complex formula from 

the handbook, Rg=ρ[ 1LT+ 1

√20 A (1+ 1

1+h√20 /A )], provides a more accurate result. 

Rg=250 [ 1300+ 1

√12500 (1+ 1

1+1.5 √20 /625 )]=250 [0.00333+0.00894(1+0.788) ]=4.83Ω.

2.82) A - Ungrounded Ungrounded systems do not have an intentional connection 
to ground. While this prevents large fault currents for the <rst line-to-ground fault, 
it can lead to intermittent arcing ground faults that produce severe transient 
overvoltages, which can damage insulation on other phases and lead to 
equipment failure.

2.83) B - Solidly grounded Solidly grounding the neutral of a low-voltage 4-wire 
system provides a low-impedance path for both phase-to-ground fault currents 
and lightning, ensuring fast operation of protective devices. It also stabilizes the 
phase-to-ground voltages.

2.84) B - 3.8 Ω This is a complex calculation using a formula like Schwarz's or a 

simpli<ed one. Using the simpli<ed formula Rg≈ ρ× [ (1/LT )+(1 /√20 A ) ]: ρ=400Ω ⋅m, 
LT=420 m, A = 10m × 100m = 1000 m². 

Rg≈ 400× [(1/420)+(1/√20×1000 ) ]=400× [0.00238+(1/141.4)] 
Rg≈ 400×[0.00238+0.00707]=400×0.00945=3.78Ω.

2.85) C - 100 A - 1200 A Low-resistance grounding systems are designed to limit 
the ground fault current to a value that is high enough for reliable relaying but low 
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enough to limit damage. This range is typically between 100 and 1200 amperes. 
High-resistance grounding limits current to the 1-10A range.

2.86) B - 1.15 The coeUcient K1 is a function of the grid's length-to-width ratio. 
Ratio = 20m / 5m = 4. From the standard curves provided in the PE Power 
Reference Handbook for a length-to-width ratio of 4, the value of K1 is 
approximately 1.15.

2.87) D - 5.42 The coeUcient K2 is determined by <rst calculating a parameter h 
and then using the appropriate linear equation based on the value of h.

1. Calculate the parameter h = dc / sqrt(Area): Given: Grid conductor 
diameter dc = 0.05 m, Area = 20 m × 5 m = 100 m². h = 0.05 / sqrt(100) 
= 0.005.

2. Identify the corresponding curve: A value of h = 0.005 corresponds to 
'Curve D' in the standard reference chart for these coeUcients.

3. Apply the linear formula for K2 from Curve D: The standard formula for 
K2 on Curve D is K2 = 0.08 × (Ratio) + 5.1. The length-to-width ratio is 
20 m / 5 m = 4. K2 = 0.08 × (4) + 5.1 = 0.32 + 5.1 = 5.42.
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3.5) A - 178 A Step 1: Find the base ampacity from NEC Table 310.16 for a 350 kcmil 
copper conductor at 75°C. Base ampacity = 310 A. Step 2: Find the temperature 
correction factor for an ambient temperature of 45°C from Table 310.16. For 75°C 
wire, the factor is 0.82. Step 3: Find the ampacity adjustment factor for 8 current-
carrying conductors in a raceway from Table 310.15(C)(1). The factor is 70% (0.70). 
Step 4: Calculate the 2nal adjusted ampacity: Adjusted Ampacity = 310 A × 0.82 × 
0.70 = 178.22 A.

3.6) B - 150A Step 1: From NEC® Table 310.16, the ampacity of a #1 AWG THW 
copper conductor at 75°C is 130 A. Step 2: According to NEC® 240.4(B), for 
conductors with OCPDs rated 800A or less, if the ampacity does not correspond to 
a standard OCPD size, you are permitted to use the next higher standard size. Step 
3: From NEC® Table 240.6(A), the next standard size up from 130 A is 150 A.

3.7) D - #4/0 AWG Step 1: Calculate the primary full-load current (FLC). 
I pr i=150 ,000  VA /( √3×480  V )=180.4  A. Step 2: Apply the 125% factor for a 

continuous load. Required Ampacity = 1.25 × 180.4 A = 225.5 A. Step 3: Select a 
conductor from the 75°C copper column of NEC® Table 310.16. A #4/0 AWG 
conductor is rated for 230 A, which meets the requirement.

3.8) D - 1000 kcmil Step 1: Calculate the secondary FLC. 
I se c=150 ,000  VA / (√3×208  V )=416.5  A. Step 2: Apply the 125% continuous load 

factor. Required Ampacity = 1.25 × 416.5 A = 520.6 A. Step 3: Select a conductor 
from the 60°C copper column of NEC® Table 310.16 due to the termination rating. 
A 750 kcmil conductor is rated for 475 A, which is insuEcient. The next size is 1000 
kcmil, rated for 545 A.

3.9) B - 250 A As per NEC® Table 450.3(B), for transformers under 1000V in a 
supervised location, if the primary current is 9A or more, the primary OCPD can be 
sized up to 250% of the primary FLC. Primary FLC = 180.4 A (from question 3.7). 
Max OCPD rating = 2.50 × 180.4 A = 451 A. Since this is not a standard size, NEC® 
450.3(B) Note 1 allows rounding up to the next standard size. The next standard 
size is 500 A. Note: The question's options seem to follow a diMerent rule, possibly 
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the 125% rule with round-up for primary-only protection. 1.25 * 180.4 A = 225.5 A. 
Round up to 250A. This suggests the "primary protection only" clause is intended.

3.10) C - 600 A As per NEC® Table 450.3(B), if the primary OCPD is sized at no more 
than 250% of the primary FLC, the secondary OCPD can be sized at up to 125% of 
the secondary FLC. Secondary FLC = 416.5 A (from question 3.8). Max Secondary 
OCPD = 1.25 × 416.5 A = 520.6 A. Using the "next size up" rule, the next standard 
size from Table 240.6(A) is 600 A.

3.11) A - 184.9 A Step 1: Find the base ampacity from NEC Table 310.16 for a 250 
kcmil copper conductor at 90°C. Base ampacity = 290 A. Step 2: Find the 
temperature correction factor for 40°C ambient from Table 310.16. For 90°C wire, 
the factor is 0.91. Step 3: Find the ampacity adjustment factor for 8 current-
carrying conductors from Table 310.15(C)(1). The factor is 70% (0.70). Step 4: 
Calculate the derated ampacity: 290 A × 0.91 × 0.70 = 184.9 A. Step 5: The 2nal 
ampacity cannot exceed the conductor's rating at the termination temperature 
(75°C), which is 255 A. Since 184.9 A is less than 255 A, the result is valid.

3.12) B - 68.2 A From NEC® Table 430.250, the FLC for a 60 hp, 460V, 3-phase 
synchronous motor at unity power factor is 62 A. The table footnote requires 
multiplying this value by 1.1 for a 0.8 PF motor. Allowable FLC = 62 A × 1.1 = 68.2 A.

3.13) B - 2.2 m NEC® 110.26(A)(3) requires the height of the working space to be 
the height of the equipment or 2.0 m (6.5 ft), whichever is greater. Since the 
switchboard is 2.2 m tall, this becomes the minimum required height for the 
working space.

3.14) B - #3 AWG Step 1: From NEC® Table 430.250, the FLC for a 75 hp, 575V 
motor is 77 A. Step 2: Per NEC® 430.22, motor conductors must be sized for at 
least 125% of the motor FLC. Required Ampacity = 1.25 × 77 A = 96.25 A. Step 3: 
From NEC® Table 310.16, using the 75°C copper column, a #3 AWG conductor is 
rated for 100 A.
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3.15) C - 125 A Per NEC® Table 430.52, the maximum rating for a dual-element 
(time-delay) fuse for a squirrel-cage motor is 175% of the FLC. Max Fuse Rating = 
1.75 × 77 A = 134.75 A. Since this is not a standard size, the "next size down" rule 
from 430.52(C)(1) Exception 1 applies, which would be 125 A.

3.16) D - #4 AWG Step 1: Calculate the FLC for the continuous load. 
I F LC=50 ,000  VA / (√3×480  V )=60.1  A. Step 2: Apply the 125% factor for continuous 

loads. Required Ampacity = 1.25 × 60.1 A = 75.2 A. Step 3: From NEC® Table 310.16 
(75°C copper column), a #4 AWG RHW conductor is rated for 85 A, which is 
suEcient.

3.17) B - 107.5 A Per NEC® 215.2(A)(1), the feeder ampacity must be the sum of the 
non-continuous loads plus 125% of the continuous load. Non-continuous load = 30 
A + 15 A = 45 A. Continuous load = 50 A. Required Ampacity = (1.25 × 50 A) + 45 A = 
62.5 A + 45 A = 107.5 A.

3.18) C - 250 A This is a feeder supplying a group of motors. Per NEC® 430.62(A), 
the feeder OCPD is sized based on the largest branch OCPD plus the sum of the 
FLCs of the other motors. FLCs from Table 430.250 (575V): 20hp=21A, 30hp=32A, 
40hp=40A, 60hp=62A. Largest branch OCPD (for 60hp motor): Table 430.52 allows 
300% for non-time-delay fuse for synchronous motor -> 3.0 * 62A = 186A. Next size 
up is 200A. Feeder OCPD = 200A + 40A + 32A + 21A = 293A. Since 293A is not 
standard, the next size down must be chosen: 250A.

3.19) C - 150 A NEC® 645.5(A) requires branch-circuit conductors supplying IT 
equipment to have an ampacity of at least 125% of the total connected load. 
Required Ampacity = 1.25 × 120 A = 150 A.

3.20) B - 90 A Per NEC® 210.20(A), the OCPD rating must be at least the sum of the 
non-continuous load plus 125% of the continuous load. Continuous Load = 15 A + 
25 A = 40 A. Non-continuous Load = 40 A. Required OCPD Rating = (1.25 × 40 A) + 
40 A = 50 A + 40 A = 90 A. Since 90 A is a standard OCPD size, it is the minimum 
required rating.
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3.21) B - 1383 A Per NEC® 445.13(A), the ampacity of conductors from the 
generator terminals to the 2rst OCPD shall not be less than 115% of the nameplate 
current rating. Generator FLC = P / (√3 × V × PF) = 1,000,000 W / (1.732 × 600 V × 
0.8) = 1202.8 A. Required Ampacity = 1.15 × 1202.8 A = 1383.2 A.

3.22) C - 1 1/2" This requires looking up conductor 2ll in NEC Annex C, Table C.2 for 
Electrical Nonmetallic Tubing (ENT). For RHW conductors with an outer covering, 
the table indicates that a 1 1/2" ENT can contain a maximum of three 1/0 AWG 
conductors.

3.23) C - 1" Since the conductors are of diMerent sizes and types, we must use the 
area calculations from NEC Chapter 9. From Table 5: Area of #1 RHW  0.2367 in², ≈

Area of #12 TW  0.0181 in², Area of #8 THHN  0.0133 in². Total Area = 0.2367 + ≈ ≈

0.0181 + 2(0.0133) = 0.2814 in². From Table 4, for over 2 wires, we can use 40% 2ll. 
We need a conduit with at least 0.2814 in² of available area at 40% 2ll. A 1" RMC 
has a 40% 2ll area of 0.346 in², which is suEcient. A 3/4" RMC (0.213 in²) is too 
small.

3.24) C - 90 A Step 1: From NEC® Table 430.250, the FLC for a 40 hp, 460V 
induction motor is 52 A. Step 2: From NEC® Table 430.52, the maximum rating for 
a time-delay fuse is 175% of the FLC. Max Fuse Rating = 1.75 × 52 A = 91 A. Step 3: 
Since 91 A is not a standard size, the next size down rule applies per 430.52(C)(1) 
Exception 1. The next standard size down from 91 A is 90 A.

3.25) A - 3.0 m (10 ft) The user's options are for a diMerent voltage range. NEC® 
Table 110.34(A) applies to installations over 1000V. For 120kV to ground, the 
voltage is 120,000V. Condition 1 (exposed live parts on one side, nothing on the 
other) for the 75.1kV to 167kV range requires a minimum depth of 3.0 m (10 ft).

3.26) B - 45.5 A Step 1: Base ampacity of #2 THHN aluminum from NEC Table 
310.16 (90°C column) is 100 A. Step 2: Temperature correction factor for 40°C 
ambient (from 90°C base) is 0.91. Step 3: Ampacity adjustment for 12 conductors 
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(from Table 310.15(C)(1)) is 50% (0.50). Step 4: Derated ampacity = 100 A × 0.91 × 
0.50 = 45.5 A.

Problem Set 3.2 - National Electrical Safety Code (ANSI C2, NESC®) SOLUTIONS

3.27) C - 3.6 m This is a direct lookup from NESC® Table 110-1. For a voltage of 115 
kV (which falls in the 72.6 kV to 121 kV range), the required clearance from 
exposed live parts to a non-metallic fence is 3.6 meters.

3.28) C - A covered conductor The NESC® Section 2 (De2nitions) de2nes a 
"covered conductor" as one encased in a dielectric material of a thickness that is 
not recognized as electrical insulation for the voltage of the circuit.

3.29) B - 55 lux This is a direct lookup from NESC® Table 111-1, "Illumination 
Levels." The minimum required illumination for a control building is 55 lux (which 
is equivalent to 5 footcandles).

3.30) C - NESC® (ANSI C2) The National Electrical Safety Code® (NESC®) sets the 
ground rules for practical safeguarding of persons during the installation, 
operation, or maintenance of electric supply and communication lines and 
equipment. It is primarily used by utilities. The NEC® covers premises wiring.

3.31) C - On the neutral conductor NESC® Rule 092B1 states that for wye-
connected AC systems of 750V and below that are required to be grounded, the 
grounding connection point shall be on the neutral conductor.

3.32) D - 25 ft NESC® Rule 180A3 speci2es that metal-enclosed power switchgear 
shall not be located within 25 ft horizontally of a Qammable liquid container.
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3.33) C - 4.0 ft This is a lookup from NESC® Table 125-1 for working space. For 
voltages from 151V to 600V, Condition 2 (exposed energized parts on one side, 
grounded parts on the other) requires a minimum clearance of 4.0 ft.

3.34) B - The communication space NESC® Section 2 de2nes the "communication 
space" as the location on a joint-use structure where communication facilities are 
placed.

3.35) A - Electrical utility companies NESC® Rule 011 speci2es that the code 
applies to the conductors and equipment of electric supply and communications 
utilities, whether owned by them or by others, in utility service. It does not apply to 
installations in mines, ships, or aircraft.

3.36) C - 90 minutes NESC® Rule 111A2 (in older versions) or 111-6.2 states that 
where emergency lighting is required, the system shall provide the required level 
of illumination for a period of 1.5 hours (90 minutes).

3.37) D - Grounding connections must be made at both the supply and load 
stations. NESC® Rule 092A2 requires that direct-current systems over 750 volts 
that are to be grounded shall have the grounding connection made at both the 
supply and load station.

3.38) C - 7 ft NESC® Rule 125A4 speci2es that the headroom of working spaces 
about electric equipment shall be not less than 7 ft.

3.39) B - 1.15 m This is a lookup from NESC® Table 124-1. For a system with a 
phase-to-phase voltage of 25kV, the voltage to ground is 25kV / 1.732 = 14.4 kV. 
This falls into the 1.1 to 15 kV range. For BIL of 150kV, the required horizontal 
clearance from live parts is 1.15 m.
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impedance is higher than in a direct metal-to-metal (bolted) fault. According to 
Ohm's law, a higher impedance results in a lower current.

3.50) C - 15.4 ft The Ralph Lee calculation method estimates the second-degree 
burn distance (Dc) using the formula: Dc=√2.65×M V Abf ×t , where Dc is in feet, 
MV Abf  is the bolted fault MVA, and t is the arcing time in seconds. First, calculate 
the bolted fault MVA: MV Abf=√3×13.8  kV×25  kA=597.5 MVA. Next, apply the 
formula: Dc=√2.65×597.5×0.15=√237.4=15.4 ft.

3.51) D - A qualiDed person NFPA 70E® Article 100 de2nes a "Quali2ed Person" as 
one who has demonstrated skills and knowledge related to the construction and 
operation of electrical equipment and installations and has received safety training 
to identify the hazards and reduce the associated risks.

3.52) C - Distance from the arc The incident energy decreases signi2cantly as the 
distance from the arc source increases. This relationship is governed by an inverse 
exponent (approximately 1/D1.6 for open air and 1/D2 for inside an enclosure), 
meaning a small increase in distance results in a large decrease in energy.

3.53) A - Arc ?ash boundary Workers must wear appropriate PPE for the speci2c 
hazard upon crossing the Arc Flash Boundary, which is the outermost boundary 
calculated for a potential arc Qash event.

3.54) B - An arc ?ash hazard NFPA 70E® Article 100 de2nes an "Arc Flash Hazard" 
as a source of possible injury or damage to health associated with the release of 
energy caused by an electric arc.

3.55) B - Short-circuit study and protective device coordination study A short-
circuit study is required to determine the available fault currents throughout the 
system. A protective device coordination study is needed to determine the clearing 
times of fuses and breakers for those fault currents. Both are essential inputs for 
calculating the incident energy of an arc Qash.
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3.56) C - Restricted approach boundary The Restricted Approach Boundary is the 
distance from an exposed live part where there is an increased risk of shock due to 
electric arc-over combined with inadvertent movement. Only quali2ed persons 
wearing appropriate PPE are permitted to cross this boundary.

3.57) D - Any of the above. NFPA 70E® 120.4(A)(5) de2nes a complex 
lockout/tagout procedure as one that involves any of the listed conditions: multiple 
energy sources, multiple crews, multiple locations, multiple employers, speci2c 
sequences, or tasks lasting more than one work period.

3.58) A - The nominal system voltage. NFPA 70E® 130.5(H) requires that an arc 
Qash label include the nominal system voltage, the arc Qash boundary, and at least 
one of the following: available incident energy and working distance, or the arc 
Qash PPE category.

3.59) B - Elimination, Substitution, Engineering Controls, Awareness The 
hierarchy of risk control methods speci2ed in NFPA 70E® is: 1) Elimination, 2) 
Substitution, 3) Engineering Controls, 4) Awareness, 5) Administrative Controls, 
and 6) PPE. Option B correctly lists the 2rst four in order.

3.60) C - At intervals not to exceed 3 years NFPA 70E® 110.2(A)(3) requires that 
retraining in safety-related work practices and any applicable changes in the 
standard be performed at intervals not to exceed 3 years.

3.61) B - 50 V NFPA 70E® 130.2(A)(3) states that energized conductors operating at 
less than 50 volts are not required to be de-energized if it is determined that there 
will be no increased exposure to electrical burns or to an explosion from an electric 
arc.

3.62) C - 12 cal/cm² NFPA 70E® 130.7(C)(10)(b)(2) mandates the use of an arc-rated 
hood when the expected incident energy exposure exceeds 12 cal/cm². This is 
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because exposures above this level pose a risk to the neck and head that cannot 
be adequately protected by a standard face shield and balaclava combination.

3.63) C - Prohibited Approach Boundary Prior to the 2015 edition of NFPA 70E®, 
the Prohibited Approach Boundary was the innermost boundary, considered the 
same as making direct contact with the live part. It was eliminated to simplify the 
approach boundaries.

3.64) A - UnqualiDed persons from shock hazards. The Limited Approach 
Boundary is set up as a "keep out" distance for unquali2ed personnel. Only 
quali2ed persons are permitted to cross this boundary, and only after ensuring 
they are alerted to the potential risks.

Problem Set 3.4 - Hazardous Area Classi1cation (NEC®, NFPA 497®, etc.) 

SOLUTIONS

3.65) D - All of the above An explosion requires three components, known as the 
2re triangle (or explosion pentagon in more detailed models): a fuel (Qammable 
substance), an oxidizer (like oxygen in the air), and an ignition source (spark, heat).

3.66) A - The general nature of the hazardous material (e.g., gas, dust, Dber) 
The "Class" de2nes the physical form of the hazardous material. Class I: Flammable 
gases or vapors. Class II: Combustible dust. Class III: Ignitable 2bers or Qyings.

3.67) B - Hydrogen The "Group" classi2cation subdivides materials by their speci2c 
properties. According to NEC Article 500, Group B includes gases such as 
hydrogen. Propane is Group D, and acetone is also Group D.
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3.68) C - Division The "Division" de2nes the likelihood of the hazardous material 
being present in ignitable concentrations. Division 1 indicates the hazard is 
present under normal operating conditions, while Division 2 indicates it is present 
only under abnormal conditions (like a leak or spill).

3.69) B - Class II, Division 1 Hazardous area classi2cation is based on the NEC 
Article 500 de2nitions. Class II locations are those that are hazardous because of 
the presence of combustible dust. Division 1 locations are those in which ignitable 
concentrations of the hazardous material exist under normal operating conditions. 
Since the area contains combustible dust present during normal operations, it is 
classi2ed as Class II, Division 1.

3.70) C - Class III Class III locations are de2ned as those that are hazardous 
because of the presence of easily ignitable 2bers or Qyings, but in which such 
2bers/Qyings are not likely to be in suspension in the air in quantities suEcient to 
produce ignitable mixtures.

3.71) D - A location where a hazardous substance is not present. An 
unclassi2ed location is one that is not classi2ed as Class I, II, or III, meaning it does 
not contain the necessary quantities of Qammable gases, vapors, dusts, or 2bers to 
be considered hazardous.

3.72) C - Zone 1 In the Zone classi2cation system (an alternative to the Division 
system), Zone 1 is an area where ignitable concentrations of Qammable gas or 
vapor are likely to exist under normal operating conditions.

3.73) B - Division 1 represents a higher probability than Division 2. Division 1 
signi2es that the hazard is expected to be present during normal operation, 
making it a high-probability location. Division 2 signi2es the hazard is only present 
during abnormal conditions (e.g., equipment failure), making it a lower-probability 
location.
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3.74) D - Class I, Division 2, Group C Class I: The substance is a gas (ethylene). 
Group C: Ethylene belongs to Group C. Division 2: The hazard exists only under 
abnormal conditions.

3.75) A - Explosionproof Enclosure An "explosionproof" enclosure is designed to 
withstand an internal explosion of a speci2ed gas or vapor and prevent the 
ignition of the surrounding atmosphere by containing the sparks, Qashes, or 
explosion within it.

3.76) B - Group The "Group" classi2cation speci2es the type of hazardous 
substance based on its ignition temperature and explosive properties. Groups A, B, 
C, and D are for gases/vapors, while Groups E, F, and G are for dusts.

3.77) C - Propane Class I, Group D substances include common Qammable gases 
like natural gas, propane, and gasoline. Acetylene is Group A, and metal dusts 
would be Class II, Group E.

3.78) C - Class III, Division 1 Class III locations involve ignitable 2bers. Division 1 is 
where these 2bers are handled, manufactured, or used. Since the cotton 2bers are 
part of a manufacturing process and suspended in the air, it is a Class III, Division 
1 location.

3.79) B - Intrinsic Safety "Intrinsic Safety" is a protection technique where the 
electrical apparatus and its wiring are incapable of releasing suEcient electrical or 
thermal energy under normal or abnormal conditions to cause ignition of a 
speci2c hazardous atmospheric mixture.

3.80) A - Zone 0 Zone 0 is the most hazardous Zone classi2cation for gases/vapors. 
It designates an area in which ignitable concentrations are present continuously or 
for long periods of time.
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3.81) C - Zone 20 The Zone system uses numbers 20, 21, and 22 for combustible 
dusts. Zone 20 is the most hazardous, de2ned as an area where combustible dust, 
as a cloud in air, is present continuously or for long periods.

3.82) D - Group H The NEC recognizes combustible dust Groups E (metal dusts), F 
(carbonaceous dusts like coal), and G (other dusts like grain, Qour, plastic). There is 
no Group H.

3.83) C - Group E Class II, Group E locations are those containing combustible 
metal dusts, including aluminum, magnesium, and their commercial alloys.

3.84) D - 20 ft According to the diagrams in NFPA 499, for an indoor, unrestricted 
source of Group F or G dust, the area within a 20 ft radius from the source is 
classi2ed as Division 1.
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4.17) B - 33.3 −173.1° A∠  First, convert the Delta load to its Y-equivalent: 

ZY=ZΔ /3=(15+ j 20Ω) /3=5+ j 6.67Ω=8.33∠53.1∘Ω. Calculate the line current I a: 

I a=V an/ZY=277∠0
∘/8.33∠53.1∘=33.25∠−53.1∘ A. Since the system has a negative 

(acb) sequence, the phase currents are shifted by +120° (not -120°). 

I b=I a∠+120∘=33.25∠(−53.1∘+120∘)=33.25∠66.9∘ A. 

I c=I a∠−120
∘=33.25∠(−53.1∘−120∘)=33.25∠−173.1∘ A. The phase current in the Y-

connected source is equal to the line current. Thus, I ph
c =I c. The magnitude is 

33.25A. 

Problem Set 4.2 - Symmetrical Components SOLUTIONS

4.18) C - In any unbalanced system where a path to ground exists for the 

neutral. Zero-sequence currents (I 0) are in phase with each other. In a 3-wire 

system (Delta or ungrounded Wye), the sum of the line currents must be zero by 

Kirchho?'s Current Law, so I 0 cannot Aow. In a 4-wire, grounded Y system, the 

neutral wire provides a return path, allowing I 0 to Aow during unbalanced 

conditions like a line-to-ground fault.

4.19) D - A combination of positive, negative, and zero-sequence components 

A perfectly balanced three-phase system only contains positive-sequence 

components (for abc sequence) or negative-sequence components (for acb 

sequence). Any unbalance in the system will introduce both negative- and zero-

sequence components (if a path for zero-sequence exists). Therefore, an 

unbalanced load will result in all three components being present.

4.20) C - I a0=0 A, I a1=0 A, I a2=15 A The system is balanced, so the zero-sequence 

component (I a0) is zero. The phase sequence is negative (acb), which means only 

the negative-sequence component (I a2) exists. The positive-sequence component (
I a1) is zero. By inspection, the currents represent a balanced set with acb sequence 

(0∘ ,+120∘ ,−120∘), so I a2 will have the magnitude of the phase current, 15 A.
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4.29) B - 69.4 A The three-phase base current is calculated as: 

I base=Sba se, 3ϕ/(√3×V base ,L L)=500 ,000 VA /(1.732×4160V)=69.4 A.

4.30) B - 34.6 Ω The base impedance (Zbase) is calculated as: Zbase=¿.

4.31) A - 5.7+ j22.9Ω First, !nd the base impedance. Zbase=¿. Then, !nd the actual 

impedance: Zact ua l=Z pu×Zbase=(0.3+ j 1.2)×19.044Ω=5.71+ j22.85Ω.

4.32) B - 0.50 pu First, !nd the base current (I base). Sba se=V base
2 /Zbase=¿. 

I base=Sba se/V ba se=14 ,400 VA /240 V=60 A. Then, !nd the per-unit current: 
I pu=I act ua l/I ba s e=30A /60 A=0.50 pu.

4.33) D - 0.50 pu To convert a per-unit impedance to a new MVA base while the 

voltage base remains the same, use the formula: Znew=Zold×(Sbase , new / Sba se, o l d) 
Given: Zold=0.25 pu, Sba se, o l d=50 MVA, Sba se, new=100 MVA. 

Znew=0.25pu×(100MVA /50MVA )=0.25×2=0.50 pu.

4.34) C - 0.20 pu The formula is the same as the previous problem. 

Znew=Zold×(Sbase , new / Sba se, o l d) Given: Zold=0.12 pu, Sba se, o l d=60 MVA, Sba se, new=100 MVA. 

Znew=0.12pu×(100MVA /60MVA )=0.12×1.667=0.20 pu.

4.35) A - 0.17+j0.53 pu First, calculate the base impedance for the transmission line 

section (69 kV). Zbase=¿. Then, convert the actual impedance to per-unit: 

Zpu=Zac tua l /Zbase=(8+ j 25Ω)/47.61Ω=0.168+ j 0.525 pu.

4.36) B - 0.24+j0.18 pu First, express the load as a complex power in MVA. P = 30 

MVA × 0.80 = 24 MW. Q = √S2− P2=√302−242=18 MVAR. So, S=24+ j18 MVA. To 

convert to per-unit, divide by the base MVA: 

Spu=(24+ j 18MVA)/100MVA=0.24+ j 0.18 pu.
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4.37) B - 0.60 pu The per-unit MVA value is the ratio of the component's MVA rating 

to the system's base MVA rating. Generator MVA_pu = 60 MVA / 100 MVA = 0.60 pu.

4.38) A - 0.80 pu Transformer MVA_pu = 80 MVA / 100 MVA = 0.80 pu.

4.39) A - 1925 A The base current on the secondary side is: 

I base=Sba se/ (√3×Vbase ,s ec)=100 ,000 ,000 VA /(1.732×30 ,000V)=1924.5 A.

4.40) C - 9.0 Ω The base impedance on the secondary side is: Zbase=¿.

4.41) D - 30% To convert a per-unit impedance to a new base, use the formula: 

Znew=Zold×(Snew /Sold)× ¿. First, !nd the new voltage base on the generator side. The 

transformer sets the relationship: 
V ba se, ge n=V base , s ec ×(V pr i

r
at i ng/V se c

r
a t in g)=30kV×(1.2/30)=1.2kV. The generator voltage 

base (1.2 kV) matches its rating, so the voltage term is 1. 

Znew=0.18pu×(100MVA /60MVA )× ¿ pu or 30%.

4.42) B - 10.0% The voltage bases (1.2 kV primary, 30 kV secondary) match the 

transformer's voltage ratings, so the voltage term is 1. 

Znew=Zold×(Sne w /Sold)=8.0%×(100MVA /80MVA)=8.0%×1.25=10.0%.

4.43) B - 1.125 Ω First, !nd the base impedance on the high-voltage (primary) side, 

using the transformer's own ratings as the base. Zbase ,H V=¿. The actual impedance 

is the per-unit impedance times the base impedance. 
Zact ua l ,H V=Z pu×Zbase , HV=0.06×18.75Ω=1.125Ω.

4.44) A - 0.125 Ω The actual impedance on the LV side can be found by referring 

the HV impedance through the square of the turns ratio, or by calculating from the 

LV base. Using the LV base: Zbase ,L V=¿. 
Zact ua l ,L V=Z pu×Zba se, LV=0.06×2.0833Ω=0.125Ω.
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Problem Set 4.4 - Phasor Diagrams SOLUTIONS

4.45) B - The voltage and current waveforms are perfectly in phase with each 

other. In a purely resistive AC circuit, there is no phase-shifting element (like an 

inductor or capacitor). Therefore, the current waveform rises and falls at the exact 

same time as the voltage waveform, meaning they have a phase angle di?erence 

of 0 degrees.

4.46) C - The voltage leads the current by 90 degrees. In a purely inductive 

circuit, the inductor opposes a change in current. This results in the current 

waveform lagging behind the voltage waveform by exactly 90 degrees. Conversely, 

the voltage leads the current by 90 degrees.

4.47) B - 6.0 -45° A∠  First, convert the sine-based voltage function to the standard 

cosine-based form for phasor analysis: sin(θ)=cos (θ−90∘ ). 
v (t)=150√2cos (100 t+45∘−90∘ )=150 √2cos (100 t −45∘ ) V. The corresponding RMS 

phasor voltage is V = 150∠−45∘ V. The impedance of the resistive load is Z = 

25∠0∘Ω. The phasor current is I = V / Z = (150∠−45∘ V) / (25∠0∘Ω) = 6.0∠-45° A.

4.48) C - 40 90° Ω∠  The impedance of an inductor (ZL) is given by j ω L. Given: ω=20 

rad/s and L = 2 H. ZL= j (20  rad/s×2  H )= j 40Ω. In polar form, this is 40∠ 90∘Ω.

4.49) D - 40 -90° Ω∠  The impedance of a capacitor (ZC) is given by 1/( j ωC) or 

− j /(ωC ). Given: ω=20 rad/s and C = 1.25 mF = 0.00125 F. 

ZC=− j / (20  rad/s×0.00125  F )=− j /0.025=− j 40Ω. In polar form, this is 40∠−90∘Ω.

4.50) A - 20 0° Ω∠  The total impedance of a series RLC circuit is ZT=R+ZL+ZC. 
ZT=20Ω+ j 40Ω− j 40Ω=20Ω. In polar form, this is 20∠0∘Ω.
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4.51) D - 0.05∠0∘ S Admittance (Y) is the reciprocal of impedance (Z). 

YT=1/ZT=1/ (20∠0∘Ω )=0.05∠ 0∘ S, or 50 mS.

4.52) D - 5∠30∘ A The phasor voltage is V=100∠30∘ V. The total impedance is 

ZT=20∠0
∘
Ω. The phasor current is I=V /ZT=(100∠30∘  V )/ (20∠0∘Ω )=5∠30∘ A.

4.53) A - 20 90° Ω∠  The impedance of an inductor (ZL) is given by j ω L. Given: ω=50 

rad/s and L = 0.4 H. ZL= j (50  rad/s×0.4  H )= j20Ω. In polar form, this is 20∠90∘Ω.

4.54) B - 20 -90° Ω∠  The impedance of a capacitor (ZC) is given by − j /(ωC ). Given: 

ω=50 rad/s and C = 1 mF = 0.001 F. ZC=− j / (50  rad/s×0.001  F )=− j /0.05=− j20Ω. In 

polar form, this is 20∠−90∘Ω.

4.55) A - 30.0 0° Ω∠  The total impedance of a parallel RLC circuit is found using the 

formula 1/ZT=1/R+1/ZL+1/ZC. 
1/ZT=1/30+1/ ( j 20)+1/(− j20)=1/30− j 0.05+ j 0.05=1/30 S. ZT=30Ω. In polar form, 

this is 30.0∠0∘Ω.

Problem Set 4.5 - Single-Phase Circuits SOLUTIONS

4.56) B - 40 Hz Frequency (f) is the reciprocal of the time period (T). Given: T = 25 

milliseconds = 0.025 seconds. f = 1 / T = 1 / 0.025 s = 40 Hz.

4.57) B - 28.3 A The standard form of a sinusoidal current is i(t)=I pe ak cos(ωt+ϕ). In 

the given equation, i(t)=20√2cos (100 π t−45∘ ) A. The peak value (I peak) is the 

amplitude of the cosine function, which is 20√2≈28.3 A.
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4.58) A - 50 Hz The standard form of a sinusoidal function is cos (ωt+ϕ ), where 

ω=2π f . From the given equation, ω=100 π rad/s. 2π f=100 π. f = 100 / 2 = 50 Hz.

4.59) B - 20.0 A For a sinusoidal waveform, the RMS value is the peak value divided 

by √2. I R M S=I pe ak /√2=(20√2  A ) /√2=20.0 A. A full-wave recti!er preserves the RMS 

value of a sinusoid.

4.60) B - 14.1 A For a half-wave recti!ed sinusoid, the RMS value is the peak value 

divided by 2. I R M S=I pe ak /2=(20 √2  A ) /2=10√2≈14.1 A.

4.61) C - 14.7 A This problem requires calculating the total admittance of the 

parallel circuit and then !nding the total current. RMS Voltage V = 120∠0∘ V. 

Branch 1 Impedance: Z1=10+ j(50×0.1)=10+ j 5=11.18∠26.6
∘
Ω. Admittance 

Y 1=1 /Z1=0.089∠−26.6
∘
 S. Branch 2 Impedance: 

Z2=20− j / (50×0.002)=20− j10=22.36∠−26.6
∘
Ω. Admittance Y 2=1 /Z2=0.045∠26.6

∘
 S. 

Total Admittance YT=Y 1+Y 2=(0.08− j0.04)+(0.04+ j 0.02)=0.12− j 0.02=0.122∠−9.5∘ S. 

Total Current ∣ I ∣=∣V ∣×∣YT ∣=120×0.122=14.64 A.

4.62) D - 1727 W Real power is only dissipated in the resistors. Power in Branch 1: 

∣ I 1∣
2
× R1. ∣ I 1∣=∣V /Z1∣=120 /11.18=10.73 A. P1=¿ W. Power in Branch 2: ∣ I 2∣

2
× R2. 

∣ I 2∣=∣V /Z2 ∣=120 /22.36=5.37 A. P2=¿ W. Total Real Power = P1+P2=1151+576=1727 

W.

4.63) D - 290 VAR (absorbing) Reactive power is the imaginary part of the complex 

power S = V × I*. From Q4.61, I T=V ×Y T=120∠0
∘
×0.122∠−9.5∘=14.64∠−9.5∘ A. 

S=V ×I ¿=120∠0∘×14.64∠+9.5∘=1757∠9.5∘ VA = 1733+ j290 VA. The reactive power 

Q is +290 VAR (absorbing).

4.64) B - 208 -90° V∠  The line-to-line voltage V BC is calculated by vector subtraction: 
V BC=VB N−VC N. 

V BC=(120∠−120∘ )− (120∠120∘ )=(−60− j 103.9)−(−60+ j 103.9)=0− j207.8 V. In polar 

form, this is 208∠−90∘ V.
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4.65) A - 120 0° V∠  The question asks for the line-to-neutral voltage V A N, which is 

explicitly given in the problem statement as 120∠0∘ V.

4.66) B - -1.5 A The average value of a periodic waveform is the net area under the 

curve over one period, divided by the period. The shape is a triangle from t=0 to 

t=2, and zero from t=2 to t=4. The period T=4s. Area of triangle = (1/2) × base × 

height = (1/2) × 2s × (-6A) = -6 A·s. Average value = Area / Period = -6 A·s / 4 s = -1.5 

A.

4.67) B - 2.45 A The RMS value is the square root of the average of the squared 

function. The function is i(t) = -3t for 0  t  2. We need to calculate ≤ ≤ √(1 /T )∫
0

T

i¿¿. 

∫
0

2

¿¿. Average of the squared function = 24 / 4 = 6. RMS value = √6=2.45 A.

4.68) B - 2.50 A The waveform is a sawtooth that ramps from 0 to 5A over a period 

T=2s. The average value of a simple triangular or sawtooth waveform over its 

period is half its peak value. Average value = I peak /2=5  A /2=2.50 A.

Problem Set 4.6 - DC Circuits SOLUTIONS

4.69) B - 1.5 A First, !nd the equivalent resistance of the parallel combination: 

Rp=(12Ω×6Ω)/(12Ω+6Ω)=72 /18=4Ω. Next, !nd the total circuit resistance by 

adding the series resistor: RT=4Ω+Rp=4Ω+4Ω=8Ω. Finally, calculate the total 

current using Ohm's Law: I = V / RT  = 12 V / 8 Ω = 1.5 A.

4.70) D - V t h=30  V ,Rt h=3.33Ω
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 Thevenin Resistance (Rt h): Deactivating the sources (3A source -> open, 15V 

source -> short), the resistance is the parallel combination of the two 

resistors. Rt h=10Ω ∣∣5Ω=(10×5)/(10+5)=3.33Ω.

 Thevenin Voltage (V t h): With the output open, the 3A current Aows through 

the 5Ω resistor and the 15V source. Using nodal analysis at the output node (
V t h): (V t h−15V ) /5Ω=3A $\left. V_{th} - 15 = 15\text{\:\,}\Longrightarrow\

text{\:\,}V_{th} = 30 \right.$ V.

4.71) A - IN=1.6 A, RN=6.33Ω

 Norton Resistance (RN): With the voltage source shorted, the resistance 

seen from the output terminals is: RN=3Ω+(5Ω ∣∣10Ω)=3Ω+3.33Ω=6.33Ω.

 Norton Current (IN): Calculated via Thevenin equivalent: 

V t h=15V×
10Ω

5Ω+10Ω
=10V. IN=V th /RN=10V /6.33Ω=1.58 A.

4.72) C - 3.16 V For a charging RC circuit, the capacitor voltage is given by 

vc( t)=V f ina l× (1−e−t / τ ), where τ  is the time constant. First, calculate the time 

constant τ=R×C. τ=(20  kΩ )× (100 μF )=(20 ,000Ω)× (0.0001  F )=2 seconds. The 

problem asks for the voltage at t = 2 seconds, which is exactly one time constant. 

vc(2 s)=5  V× (1−e−1 )=5  V×(1−0.3679)=5  V×0.6321=3.16 V.

4.73) B - 1.1 A The current through an inductor cannot change instantaneously. 

Therefore, the current immediately after the switch opens (t=0+) is the same as the 

current just before it opens (t=0-). Before the switch opens, the circuit is in steady 

state, and the inductor acts as a short circuit. The total resistance seen by the 12V 

source is 6Ω+(4Ω ∣ ∣2Ω)=6+(8/6)=6+1.33=7.33Ω. Total current from source: 
I T=12  V /7.33Ω=1.636 A. This current then splits between the 4Ω resistor and the 

2Ω resistor (inductor branch). Using the current divider rule: 

I L (0−)=I T × [4Ω / (4Ω+2Ω)]=1.636  A×(4 /6)=1.09 A.

4.74) A - 7.36 V This is a discharging RC circuit. The voltage across the capacitor is 

given by vc( t)=V 0 e
−t / τ

. The initial voltage V 0=20 V. The time constant 

τ=R×C=(5  kΩ )× (10  mF )=5000×0.01=50 seconds. The problem asks for the voltage 
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at t = 50 seconds, which is exactly one time constant. 

vc(50 s)=20  V×e
−1=20×0.3679=7.358 V.

4.75) B - 12 V This problem is solved using the principle of superposition. The total 

voltage across the resistor is the algebraic sum of the voltages caused by each 

source acting alone. Voltage due to 24V source = +16 V. Voltage due to 1A source = 

-4 V. Total Voltage = 16 V + (-4 V) = 12 V.

4.76) B - 18 Ω First, calculate the equivalent resistance of the parallel combination: 

Rp=(24Ω×8Ω)/(24Ω+8Ω)=192/32=6Ω. Next, add the series resistor to !nd the 

total equivalent resistance between the terminals: Req=12Ω+Rp=12Ω+6Ω=18Ω.

Problem Set 4.7 - Single-Line Diagrams SOLUTIONS

4.77) C - A Hxed-mounted medium-voltage circuit breaker A square symbol 

represents a circuit breaker. In medium-voltage diagrams, a simple square often 

denotes a !xed or stationary breaker, as opposed to one with arrows indicating it 

is a draw-out type.

4.78) D - Symbol 1 is a circuit breaker; Symbol 2 is a contactor. A simple 

rectangle is the standard symbol for a low-voltage circuit breaker. A rectangle with 

an arc inside represents a contactor, which is a type of relay designed to switch a 

power circuit.

4.79) Multiple Matches Circuit Breaker -> Provides short-circuit and ground-fault 

protection. Contactor -> Provides remote or local start/stop control. Overload Relay 

-> Provides thermal overload protection. Motor -> Is the electrical load being 

controlled.
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4.80) B - Full-voltage non-reversing motor starter The combination of a circuit 

breaker (for short-circuit protection), a contactor (for switching), and an overload 

relay (for thermal protection) constitutes a standard full-voltage, non-reversing 

motor starter.

4.81) B - Primary Selective This con!guration has two primary sources that can be 

selected to feed a common downstream system. If one primary source fails, the 

system can be switched (manually or automatically) to the alternate source. This 

provides more reliability than a simple radial system.

4.82) C - Secondary Selective This con!guration features two independent 

sources, each with its own transformer and secondary bus. A normally open tie 

breaker connects the two secondary buses. If one source or transformer fails, its 

main breaker opens and the tie breaker closes, allowing the second source to feed 

both loads.

4.83) D - Ring Bus A ring bus arrangement connects all sources and loads in a 

closed loop. Any circuit element can be taken out of service for maintenance 

without interrupting the other circuits, and a fault can be isolated by opening the 

breakers on either side of it, providing very high reliability and operational 

Aexibility.

4.84) C - T1 is a simple radial system; T2 and T3 form a secondary selective 

system. Substation T1 has a single source and a single transformer, which is a 

simple radial con!guration. Substations T2 and T3 are con!gured with their 

secondaries connected via a normally open tie breaker, which is the de!nition of a 

secondary selective (or double-ended) system.

4.85) C - Sudden pressure, diKerential, and overcurrent/instantaneous 

protection The ANSI device numbers listed for T1 are: 50 (Instantaneous 

Overcurrent), 51 (AC Time Overcurrent), 63 (Sudden Pressure Relay), and 87 
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(Di?erential Relay). This represents a comprehensive protection scheme for a 

transformer.

4.86) B - Both main breakers are closed, and the tie breaker is open. In a 

normal secondary selective scheme, each transformer feeds its own respective 

bus. The main secondary breakers are closed to supply their loads, and the tie 

breaker between the two buses remains open. The tie breaker is only closed if one 

of the primary sources or transformers fails.

4.87) A - Radial network A radial network is the simplest distribution scheme, 

characterized by one power source from which feeders and branch circuits radiate 

outwards like spokes on a wheel. There are no loops or alternate paths.

4.88) D - All of the above Single-line diagrams are a summary of a power system 

and typically include information about equipment ratings (transformers, motors), 

protective devices (breakers, fuses, relays) and their settings, and instrument 

transformers (CTs and PTs) with their ratios.

4.89) Multiple Matches 21 -> Distance Relay 27 -> Undervoltage Relay 59 -> 

Overvoltage Relay 87 -> Di?erential Relay
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5.7) A - Lead-Acid < Nickel-Cadmium < Lithium-ion The volumetric energy 

density generally increases in this order. Lead-acid batteries are the least dense, 

followed by nickel-cadmium, with lithium-ion o ering the most energy in the 

smallest volume.

5.8) C - 609 Wh From the NCEES® PE Power Reference Handbook, the theoretical 

speci.c energy of a silver-cadmium battery is 304.5 Wh/kg. Theoretical Energy = 

Speci.c Energy × Mass = 304.5 Wh/kg × 2.0 kg = 609 Wh.

5.9) D - 8.31 g/Ah The theoretical speci.c capacity of a cell (Ccel l) is given by the 

formula: 1/Cce l l=1/Ca+1/Cc, where Ca and Cc are the speci.c capacities of the 
anode and cathode materials. For lead-acid: Anode (Pb) Ca=0.26 Ah/g; Cathode (
PbO

2) Cc=0.224 Ah/g. 1/Cce l l=1/0.26+1/0.224=3.846+4.464=8.31 g/Ah. The question 
asks for this summed reciprocal value.

5.10) B - 100 A, 2 hours Discharge Current = C-rate × Capacity = 0.5 × 200 Ah = 100 

A. Discharge Duration = Capacity / Discharge Current = 200 Ah / 100 A = 2 hours.

5.11) D - 800 A, 0.25 hours Discharge Current = C-rate × Capacity = 4 × 200 Ah = 

800 A. Discharge Duration = Capacity / Discharge Current = 200 Ah / 800 A = 0.25 

hours.

5.12) B - 60 W, 5 hours Discharge Power = E-rate × Energy Rating = 0.2 × 300 Wh = 

60 W. Discharge Duration = Energy Rating / Discharge Power = 300 Wh / 60 W = 5 

hours.

5.13) D - 1500 W, 0.2 hours Discharge Power = E-rate × Energy Rating = 5 × 300 Wh 

= 1500 W. Discharge Duration = Energy Rating / Discharge Power = 300 Wh / 1500 

W = 0.2 hours.

263



5.14) B - The available capacity (Ah) decreases as the discharge current 

increases. Peukert's law models the phenomenon where the e ective capacity of a 

lead-acid battery is reduced when it is discharged at higher currents.

5.15) B - 180 Ah Nominal capacity at a speci.c rate is the product of the discharge 

current and the discharge time. Nominal Capacity = 15 A × 12 hours = 180 Ah.

5.16) C - 422 Ah Peukert's capacity (C p) is calculated using the formula: C p
=I k× t. 

C
p
=¿ Ah. This value corresponds to option C.

5.17) C - 12.0 hours The actual discharge time (t) is calculated using Peukert's law: 

t=H ×¿. The term (C /(I × H )) becomes (180 /(15×12))=1. t=12×¿ hours.

5.18) B - 5.9 hours Using the same formula: t=H ×¿. t=12×¿ hours.

Problem Set 5.2 - Power Supplies and Converters SOLUTIONS

5.19) B - A box with a sine wave (~) on the input and an equals sign (=) on the 

output. A recti.er converts Alternating Current (AC), represented by a sine wave 

(~), to Direct Current (DC), represented by an equals sign (=).

5.20) A - 76 V For an uncontrolled single-phase half-wave recti.er, the average DC 

output voltage (V a v g) is given by V a v g=Vm/ π. Given the peak voltage Vm=240 V. 
V
a v g

=240 /π=76.4 V.
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5.21) B - 2 V The approximate peak-to-peak ripple voltage (V r) for a half-wave 

recti.er with a .lter capacitor is given by V r≈Vm/ (f RC). Given: Vm=240 V, f = 60 Hz, 

R = 400 kΩ, C = 5 µF. V
r
≈240 /(60×400 ,000×5×10−6)=240 /120=2 V.

5.22) A - 65 V For a controlled single-phase half-wave recti.er, the average output 

voltage is V a v g=(V
m
/(2 π ))×(1+cosα). 

V
a v g

=(240/(2 π ))×(1+cos(45∘))=38.2×(1+0.707)=65.2 V.

5.23) A -27.7∘The condition is V a v g=0.30×V m. 0.30×V m
=(V

m
/(2 π))×(1+cosα). 

0.30×2 π=1+cos α⟹1.885=1+cosα. cos α=0.885⟹α=27.7∘

5.24) C - 153 V For an uncontrolled single-phase full-wave recti.er, the average 

(DC) output voltage is V a v g=2Vm/ π. V a v g=(2×240)/π=152.8 V.

5.25) A - V 4=20.4 V, V 6=8.7 V The magnitude of the nth AC harmonic voltage (V n) is 
V
n
=(4V

m
/ π)×(1/(n2−1)). For n=4: V 4=(4×240/π )×(1/(16−1))=305.6×(1/15)=20.4 V. 

For n=6: V 6=(4×240 /π )×(1 /(36−1))=305.6×(1 /35)=8.7 V.

5.26) D - 153+20.4 cos(480π t+π)+8.7 cos(720 π t+π ) The Fourier series is 
v
o
(t)=V

av g
+∑V

n
cos (nω

o
t), with a phase shift. The output frequency is twice the 

input frequency. The correct form using the standard reference formula is 

V 0+∑Vn cos (nωt+π ), where ω is the input frequency (120 π). The expression in D 
correctly shows the DC component and the .rst two harmonics with the correct 

frequencies (4×120 π, 6×120 π).

5.27) B - 130 V For a controlled single-phase full-wave recti.er with a center-

tapped transformer, V a v g=(V
m
/π )×(1+cosα ). 

V
a v g

=(240/ π)×(1+cos (45∘))=76.4×(1+0.707)=130.4 V.

5.28) B - 55.2∘The condition is V a v g=0.50×V m. 0.50×V m
=(V

m
/π )×(1+cosα). 

0.50 π=1+cos α⟹1.571=1+cos α. cos α=0.571⟹α=55.2∘.
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5.29) B - 2.6 A The average current is the average voltage divided by the 

resistance. I av g=V av g/R=130.4V /50Ω=2.61 A.

5.30) C - 621 V For an uncontrolled three-phase full-wave recti.er, the average DC 

output voltage is V a v g=3Vm, L L /π. V a v g=(3×650V)/ π=620.7 V.

5.31) C - 35.5 V The magnitude of the nth harmonic for a three-phase full-wave 

recti.er is V
n
=(6V

m, L L
/π )×(1 /(n2−1)). For the 6th harmonic (n=6): 

V 6=(6×650/π )×(1/(62−1))=(1241.4 )×(1/35)=35.47 V.

5.32) C - 62.5% The period of the switching frequency is T = 1/f = 1 / 125 Hz = 0.008 

s = 8 ms. The duty cycle (D) is the ratio of the ON time to the total period. D = 
t
ON

/T=5ms /8ms=0.625 or 62.5%.

5.33) C - 250 V For a Buck converter, the output voltage is given by V o=V s×D. 
V
o
=400 V×0.625=250 V.

5.34) B - Stepping down DC voltage A Buck converter is a step-down DC-DC 

converter. Its output voltage is always less than its input voltage.

5.35) A - Stepping up DC voltage A Boost converter is a step-up DC-DC converter. 

Its output voltage is always greater than or equal to its input voltage.

5.36) C - 60% For a Boost converter, the output voltage is given by V o=V s/(1−D). 
1000=400/ (1−D)⟹1−D=400/1000=0.4. D = 1 - 0.4 = 0.6 or 60%.
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5.37) B - 3.2 ms The total period T = 1/f = 1/125 Hz = 8 ms. The duty cycle D is 60% 

or 0.6. The ON time is tON=D×T=0.6×8ms=4.8ms. The OFF time is 
t
OF F

=T − t
O N

=8ms−4.8 ms=3.2ms.

5.38) C - Both stepping up and stepping down DC voltage A Buck-Boost 

converter can produce an output voltage that is either higher or lower than the 

input voltage (though with inverted polarity).

5.39) B - -100 V For a Buck-Boost converter, the output voltage is given by 

V
o
=−V

s
×(D /(1−D)). 

V
o
=−400×(0.20 /(1−0.20))=−400×(0.20/0.80)=−400×0.25=−100 V.

5.40) D - -1600 V Using the same formula with D = 0.80: 

V
o
=−400×(0.80 /(1−0.80))=−400×(0.80/0.20)=−400×4=−1600 V.

5.41) D - To convert DC to AC An inverter is a power electronic circuit that converts 

Direct Current (DC) to Alternating Current (AC).

5.42) A - Imin=−5.83 A , I
ma x

=5.83 A The maximum steady-state current for a full-
bridge inverter with an RL load is calculated as: Imax=(V

d c
/R)× tanh(T /(2 τ )). Time 

constant τ=L/R=15H /40Ω=0.375 s. Period T = 1/f = 1/1.0 Hz = 1.0 s. 
I
max

=(400 /40)× tanh (1.0/(2×0.375))=10× tanh(0.667)=10×0.583=5.83 A. 
I
min

=−I
ma x

=−5.83 A.

5.43) A - 3.22 A The current during the .rst half-cycle (0 < t < T/2) is given by: 

i
o
(t)=(V

dc
/R)×(1−2e− t /τ /(1+e−T /2 τ)). Using the calculated values: T /2 τ=0.667. 

i
o
(0.25)=10×(1−2e−0.25 /0.375 /(1+e− 0.667))=10×(1−2(0.513)/(1.513))=10×(1−0.678)=3.22 

A.
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5.44) A - −3.22 A The current during the second half-cycle can be found by 

symmetry or the full formula. At t=0.75s, which is 0.25s into the negative half-cycle, 

the current will be the negative of the value at t=0.25s. io(0.75)=−io(0.25)=−3.22 A.

Problem Set 5.3 – Relays, Switches, and Ladder Logic SOLUTIONS

5.45) A - AND In ladder logic, contacts placed in series represent a logical AND 

operation. For the output coil (M) to be energized, both contact C1 AND contact C2 

must be closed, completing the circuit.

5.46) C - NOR Two normally closed (NC) contacts in series mean the output is ON 

only if (NOT C1) AND (NOT C2) is true. By De Morgan's laws, this is equivalent to 

NOT (C1 OR C2), which is the de.nition of a NOR gate. The output is de-energized if 

either C1 OR C2 becomes true.

5.47) B - OR Contacts placed in parallel represent a logical OR operation. For the 

output coil (M) to be energized, either contact C1 OR contact C2 (or both) must be 

closed to complete the circuit path.

5.48) C - A permissive A permissive is a condition in a control system that must be 

true for a downstream action to be allowed to start. It is an enabling condition, for 

example, "a guard door must be closed" before a motor can be started. An 

interlock, by contrast, typically prevents two actions from occurring 

simultaneously.

5.49) B - Button B1 is pressed while motor 2 is stopped. For coil M1 to be 

energized, both conditions in its rung must be true. B1 (Normally Open) must be 

pressed to close it. The M2 contact is Normally Closed, meaning it is closed only 

when coil M2 is de-energized (i.e., motor 2 is stopped).
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5.50) C - Button B2 must be pressed while motor 1 is stopped. For coil M2 to be 

energized, both conditions in its rung must be true. B2 (Normally Open) must be 

pressed. The M1 contact is Normally Closed, meaning it is closed only when coil M1 

is de-energized (i.e., motor 1 is stopped).

5.51) B - An interlock This control logic is a classic example of an electrical 

interlock. The normally closed contact from the opposing motor's contactor in 

each rung prevents both M1 and M2 from being energized at the same time.

5.52) B - SPDT On-On A Single-Pole, Double-Throw (SPDT) switch directs current 

from one input to one of two outputs. An "On-On" con.guration means the switch 

does not have an "o " position; it is always connected to one output or the other.

5.53) D - DPDT On-O;-On To control two separate circuits, a Double-Pole (DP) 

switch is needed. To have three states (energize .rst pair, energize second pair, or 

all o ), a three-position "On-O -On" switch is required. Combining these gives a 

DPDT On-O -On switch.

Problem Set 5.4 - Variable-Speed Drives SOLUTIONS

5.54) B - Variable-torque loads, such as centrifugal fans and pumps VFDs 

provide the most signi.cant energy savings on variable-torque loads. According to 

the aPnity laws, the power required by these loads is proportional to the cube of 

the speed. A small reduction in speed leads to a large reduction in power 

consumption, whereas for constant torque or constant horsepower loads, the 

power reduction is only linear with speed or does not occur at all.
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5.55) B - 63 kW The aPnity laws for centrifugal pumps state that power is 

proportional to the cube of the speed ratio. Formula: P2=P1×¿ Given: P1=150 kW, 
N
1
=1200 rpm, N2=900 rpm. Speed Ratio = 900 rpm / 1200 rpm = 0.75. P2=150 kW× ¿ 

kW.

5.56) C - $113,980 First, calculate the power savings. Power Saved = Original Power 

- New Power = 150 kW - 63.28 kW = 86.72 kW. Next, calculate the annual energy 

savings for continuous operation. Energy Saved = 86.72 kW × 8760 hours/year = 

759,867 kWh/year. Finally, calculate the annual cost savings. Cost Savings = 

759,867 kWh/year × $0.15/kWh = $113,980.

5.57) C - VFDs produce harmonics on both the line and load sides. The recti.er 

section (AC to DC) of a VFD draws non-sinusoidal current from the supply, injecting 

current harmonics onto the line side. The inverter section (DC to AC) creates a non-

sinusoidal, pulsed voltage waveform for the motor, creating voltage and current 

harmonics on the load side.

5.58) B - Upgrading the VFD to an 18-pulse or 24-pulse drive. Multi-pulse VFDs 

(18-pulse, 24-pulse) use phase-shifting transformers to create multiple sets of 

three-phase power that are phase-shifted from each other. When these are 

recti.ed, the lowest-order harmonics (like the 5th and 7th) are cancelled out on the 

line side, signi.cantly reducing the total harmonic current distortion. Load reactors 

mitigate load-side issues.

5.59) B - Voltage and Frequency Scalar control, also known as V/Hz control, 

operates by varying the output voltage and frequency proportionally to maintain a 

constant magnetic �ux in the motor. This provides simple and stable speed control 

for many applications.

5.60) D - All of the above are valid reasons. Maintaining a constant V/Hz ratio is 

critical. If frequency is decreased at constant voltage (A), the motor's magnetic 

core will saturate, causing excessive current and overheating. If frequency is 
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increased at constant voltage (B), the �ux weakens, resulting in a signi.cant loss of 

available torque.

5.61) C - It is generally economical and simple to implement. Scalar (V/Hz) 

control is the simplest form of VFD control. It does not require complex feedback 

or processing, making it robust, reliable, and less expensive than more advanced 

methods like vector control. Its dynamic performance is limited.

5.62) A - The Aux-producing current and the torque-producing current Vector 

control (or .eld-oriented control) uses complex mathematical models to separate 

the stator current vector into two orthogonal components: the magnetizing or 

�ux-producing component (Id) and the torque-producing component (Iq). By 

controlling these independently, it can achieve DC-motor-like performance.

5.63) B - High transient-handling performance and precise torque control The 

main advantage of vector control is its superior dynamic performance. By 

independently controlling the �ux and torque components of the current, it allows 

for very fast and precise control over the motor's torque and speed, even at or 

near zero speed.

5.64) A - Decreased by 10% of the rated voltage To maintain a constant V/Hz 

ratio and thus constant �ux, if the frequency is decreased by 10% (to 90% of its 

rated value), the voltage must also be decreased by 10% (to 90% of its rated value).

5.65) D - Keep voltage unchanged at its rated value to protect winding 

insulation. When operating above the base (rated) frequency, the VFD enters the 

"constant power" or ".eld weakening" region. The voltage is typically clamped at 

its maximum rated value to avoid over-stressing the motor's winding insulation. 

The frequency continues to increase, which causes the V/Hz ratio to decrease, 

weakening the magnetic .eld.
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5.66) D - Both the Aux and the maximum torque remain constant. In the 

constant torque region of a VFD (below base speed), the drive maintains a 

constant Volts-per-Hertz (V/Hz) ratio. The magnetic �ux in the motor is directly 

proportional to this V/Hz ratio, so the �ux is kept constant. The maximum 

(breakdown) torque is proportional to the square of the �ux, so it also remains 

relatively constant.
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6.7) B - 1728 rpm The rotor frequency (f r) is related to the stator frequency (f) and 

slip (s) by the formula f r=s× f . First, &nd the slip: s=f r / f=2.4Hz/60Hz=0.04. Next, 

&nd the synchronous speed: ns=(120×60)/4=1800 rpm. Finally, &nd the operational 

speed: n=ns×(1−s )=1800×(1−0.04)=1800×0.96=1728 rpm.

6.8) B - 4 The number of poles (p) can be found from the synchronous speed (ns) 

and frequency (f). p=(120×f )/ns=(120×60)/900=7200/900=8 poles. The question 

asks for the number of pairs of poles, which is half the total number of poles. 

Number of pairs = 8 / 2 = 4.

6.9) B - 225 kNm Torque (T) is related to power (P) and rotational speed (ω) by 

P=T ×ω. First, calculate the real power (P) in Watts: 

P=S×pf=25 ,000 ,000 VA×0.85=21 ,250 ,000 W. Next, convert the speed from rpm to 

radians per second: ω=n×(2π /60)=900×(2π /60)=94.25 rad/s. Finally, calculate 

torque: T=P/ω=21 ,250 ,000W /94.25 rad/s=225 ,464 Nm≈225 kNm.

6.10) C - 60.5 Hz The relationship between power and frequency for a governor is 

given by P=S p(f nl − f s y s), where Sp is the droop characteristic. Given: 

P=400kW=0.4MW, Sp=0.8MW/Hz, f n l=61.0 Hz. 

0.4=0.8×(61.0−f s y s)⟹0.5=61.0−f s y s⟹ f s y s=60.5 Hz.

6.11) D - 59.75 Hz The total load is now the sum of the two loads: 

Pt ota l=400kW+600kW=1000kW=1.0MW. Using the same formula: 

1.0=0.8×(61.0−f s y s)⟹1.25=61.0−f s y s⟹ f s y s=59.75 Hz.

6.12) B - 2.09% Speed droop is calculated as the percentage change in frequency 

from no-load to full-load, relative to the full-load frequency. Speed Droop % = 

[( f n l− f f l)/ f f l]×100. f f l=59.75 Hz. Speed Droop % = 

[(61.0−59.75)/59.75]×100=[1.25 /59.75 ]×100=2.09%.
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6.13) C - 61.25 Hz To have a system frequency of 60 Hz with a total load of 1.0 MW, 

we need to adjust the no-load frequency setpoint. P=S p(f nl , ne w− f s y s). 
1.0=0.8×( f n l , new −60.0)⟹1.25=f nl ,ne w−60.0⟹ f n l ,n e w=61.25 Hz.

6.14) B - 920 rpm First, &nd the synchronous speed: ns=(120×50Hz)/6poles=1000 

rpm. The slip is 8% or 0.08. The actual rotational speed (n) is calculated as: 

n=ns×(1−s )=1000rpm×(1−0.08)=920 rpm.

6.15) D - R4 From the torque-speed curve of a wound-rotor induction motor, 

maximum starting torque is produced when rotor resistance is high. The highest 

possible starting torque is produced when rotor resistance is equal to rotor 

reactance at standstill. Since rotor reactance is not provided, it is reasonable to 

assume that the highest available external resistance will result in highest starting 

torque. Hence, R4 with highest resistance value is the correct answer.

6.16) A - R1 For maximum operating speed (i.e., minimum slip), the rotor circuit 

resistance should be as low as possible. Adding external resistance increases slip 

and reduces speed. Therefore, the smallest available external resistor (R1) should 

be chosen to achieve the highest possible full-load speed.

6.17) A - It is not possible to maintain the same speed. The synchronous speed 

of the original motor is ns=(120×60Hz)/4 poles=1800 rpm. To maintain this same 

speed on a 50 Hz system, the required number of poles would be: 

p=(120×50Hz)/1800rpm=3.33. Since the number of poles must be an even integer, 

it is not possible to maintain the exact same synchronous speed.

Problem Set 6.2 - Equivalent Circuits and Characteristics SOLUTIONS
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6.25) A - 38.6 kW The converted mechanical power is Pc onv=(1−s )×PAG. 
Pconv=(1−0.05)×40.6 kW=0.95×40.6 kW=38.57 kW.

6.26) B - 215 Nm The induced torque is T ind=PAG/ωs y nc. Synchronous speed in 
rad/s: ωs y nc=(120×f / p)×(2π /60)=1800 rpm×(2 π /60)=188.5 rad/s. 
T ind=40 ,600 W /188.5 rad/s=215.4 Nm.

6.27) A - 37.1 kW The shaft output power is Pout=Pconv− Plos s e s. 
Pout=38.57 kW−1.5 kW=37.07 kW.

6.28) A - 207 Nm The output torque is T out=Pout /ωm, where ωm is the actual rotor 
speed. Rotor speed in rad/s: ωm=ωs y nc (1−s )=188.5×(1−0.05)=179.1 rad/s. 
T out=37 ,070 W /179.1 rad/s=207 Nm.

6.29) Multiple Matches DC Resistance Test -> Stator winding resistance (R1). No-
Load Test -> Rotational losses and magnetizing branch parameters (Rc , Xm). 
Locked-Rotor Test -> Rotor and stator leakage reactances (X1 , X2) and rotor 
resistance (R2).

6.30) D - 111.8 A Input power Pin=Pout+Ploss e s=(100 hp×0.746 kW/hp)+4.5 kW=79.1 
kW. Armature current I A=Pin/ (√3×VL×pf )=79 ,100 W /(1.732×480 V×0.85)=111.8 A.

6.31) C - 293 V Internal voltage EA=V ϕ− j Xs IA. V ϕ=277∠0
∘ V. I A=111.8∠31.8

∘ A 

(from previous calculation, leading PF). 
EA=277∠0

∘
−(0.25∠90

∘)(111.8∠31.8
∘)=277−28∠121.8

∘. 

EA=277−(−14.8+ j 23.8)=291.8− j 23.8=292.8∠−4.7
∘ V.

6.32) C - 231∠−36.9
∘ A The generator is Delta-connected, so the phase current 

(armature current) is the line current divided by √3. ¿ I A∨¿ 400A /√3=231 A. The 

power factor is 0.8 lagging, so the angle is − arccos(0.8)=−36.9
∘. I A=231∠−36.9

∘ A.
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6.33) C - 649 V Internal voltage EA=V ϕ+ I A Zs. V ϕ=600∠0
∘ V. I A=231∠−36.9

∘ A. 

Zs=0.03+ j 0.3Ω=0.3015∠84.3
∘
Ω. 

EA=600∠0
∘+(231∠−36.9

∘)(0.3015∠84.3
∘)=600+69.6∠47.4

∘. 

EA=600+(47+ j 51.4)=647+ j 51.4=649∠ 4.5
∘ V.

6.34) D - A synchronous generator operating at a lagging power factor. For a 
generator, the internal voltage EA leads the terminal voltage E. For a lagging 
power factor, the current I must lag the terminal voltage E. Both conditions are 
met.

6.35) A - A synchronous motor operating at a leading power factor. For a 
motor, the terminal voltage E leads the internal voltage EA. For a leading power 
factor, the current I must lead the terminal voltage E. Both conditions are met.

6.36) B - Synchronous motor, lagging power factor Terminal voltage E leads 
internal voltage EA, which indicates motor operation. Armature current I lags 
terminal voltage E, which indicates a lagging power factor.

6.37) A - 500 25.8° A∠  The power factor is 0.90 leading. The angle is 

θ=arccos(0.90)=25.8
∘. For a generator with a leading power factor, the current leads 

the voltage. Assuming voltage is the reference (V ∠0
∘), the current phasor is 

I A=500∠25.8
∘ A.

6.38) C - 260 V Internal voltage EA=V ϕ+ I A Zs. V ϕ=480 /√3=277∠0
∘ V. I A=500∠25.8

∘ 

A. Zs=0.02+ j0.2=0.201∠84.3
∘
Ω. 

EA=277∠0
∘+(500∠25.8

∘)(0.201∠84.3
∘)=277+100.5∠110.1

∘. 

EA=277+(−34.6+ j 94.4)=242.4+ j94.4=260∠21.3
∘ V.

6.39) C - 53.5 -25.8° A∠
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1. Input Power (Pin): 

Pin=(50 hp×746 W/hp)+2 ,715 W=37 ,300 W+2 ,715 W=40 ,015 W.

2. Line Current (I L): I L=Pin/(√3×V L×pf ) 
I L=40 ,015 W /(1.732×480 V×0.90)=53.5 A.

3. Phasor Angle: Angle = − arccos(0.90)=-25.8
∘ (for lagging power factor).

6.40) B - 477 V Internal voltage EA=V ϕ− I A Zs. V ϕ=480∠0
∘ V. I A=30.9∠−25.8

∘ A 

(using the correct phase current). Zs=0.02+ j0.2=0.201∠84.3
∘
Ω. 

EA=480∠ 0
∘
−(30.9∠−25.8

∘)(0.201∠84.3
∘)=480−6.21∠58.5

∘. 

EA=480−(3.25+ j5.3)=476.75− j5.3=476.8∠−0.6
∘ V. The magnitude is 476.8 V.

Problem Set 6.3 - Motor Starting SOLUTIONS

6.41) C - Star-delta starting A star-delta (or wye-delta) starter is a reduced-voltage 
starting method. The motor windings are initially connected in a star (wye) 
con&guration, which applies a reduced voltage to each winding (V phase=V l ine /√3). 
After the motor accelerates, a timer switches the windings to a delta con&guration, 
applying the full line voltage for normal operation.

6.42) B - 1361.5 A Step 1: Calculate the motor's input power (Pin). 
Pout=150 hp×746 W/hp=111 ,900 W. Pin=Pout /η=111 ,900W /0.88=127 ,159 W. Step 2: 
Calculate the full-load current (I F L). 
I F L=Pin/(√3×V L×pf)=127 ,159/(1.732×460×0.82)=194.5 A. Step 3: Calculate the 
direct-on-line (DOL) starting current. I s t a r t=7×I F L=7×194.5 A=1361.5 A.

6.43) B - 454 A A star-delta starter reduces the starting current to approximately 
1/3 of the direct-on-line (DOL) starting current. I s t a r t ,Y −Δ=I s t a r t , DO L /3. Using the 
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calculated DOL starting current from the previous question: 
I s t a r t ,Y −Δ=1361.5 A /3=453.8 A.

6.44) C - 575 A An autotransformer starter reduces the line starting current by the 
square of the voltage tap percentage. I s t a r t ,l i n e=I s t a r t , DO L×¿. I s t a r t ,l i n e=1361.5 A× ¿ A.

6.45) C - A three-phase induction motor is inherently self-starting. When a 
three-phase supply is connected to the stator of a three-phase induction motor, it 
creates a rotating magnetic &eld. This &eld induces currents in the rotor, which 
create their own magnetic &eld. The interaction between these two &elds produces 
a starting torque, making the motor self-starting. Single-phase induction and 
synchronous motors require special mechanisms to start.

6.46) C - Part-winding starting Part-winding starting involves a motor with two or 
more parallel stator windings. Full voltage is applied to only one set of windings 
initially to limit the starting current. After a time delay, the remaining windings are 
energized for normal operation.

6.47) C - Split-phase starting A split-phase motor is a type of single-phase 
induction motor. It uses a main winding and an auxiliary (start) winding that have 
di1erent resistance-to-reactance ratios. This di1erence creates a phase shift 
between the currents in the two windings, producing a weak rotating magnetic 
&eld suGcient to start the motor.

6.48) C - 96 A This is a direct lookup from NEC® Table 430.250, "Full-Load Current, 
Three-Phase Alternating-Current Motors." For a 75 hp induction motor operating 
at 460V, the table lists a full-load current of 96 A.

6.49) A - DOL > Autotransformer > Star-Delta Calculate the starting current for 
each method as a percentage of the DOL current (I LRC).

 DOL Starting Current = I LRC.

 Star-Delta Starting Current ≈0.33×I LRC.
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 Autotransformer (70% tap) Starting Current = ¿. Ranking from highest to 
lowest: I LRC (1.0) > 0.49×I LRC > 0.33×I LR C. Therefore, DOL > Autotransformer 
> Star-Delta.

6.50) B - DOL > Star-Delta > Autotransformer Recalculate the autotransformer 
starting current with the new tap setting. Autotransformer (40% tap) Starting 
Current = ¿. The star-delta starting current is still ≈0.33×I LRC. The new ranking 
from highest to lowest is: DOL (1.0) > Star-Delta (0.33) > Autotransformer (0.16).

6.51) D - External rotor resistance This method, which involves inserting resistors 
into the rotor circuit of a wound-rotor motor via slip rings, was used to control 
starting torque and speed. It is ineGcient due to the large I²R losses in the external 
resistors and has been largely replaced by modern electronic drives (VFDs).

6.52) C - Applying full line voltage and frequency directly to the stator at 

standstill. A standard synchronous motor has no inherent starting torque when 
full frequency is applied because the rotor's magnetic &eld cannot "catch up" to 
the rapidly rotating stator &eld. It must be brought to or near synchronous speed 
by another means before it can lock in.

6.53) C - Damper winding starting Damper windings (or amortisseur windings) 
are squirrel-cage-like bars embedded in the pole faces of the rotor. When AC 
power is applied to the stator, these windings allow the synchronous motor to 
start like an induction motor.

6.54) C - Damper Winding When starting a synchronous motor via its damper 
windings (as an induction motor), the main DC &eld winding is typically kept short-
circuited through a discharge resistor. This prevents dangerously high voltages 
from being induced in the &eld winding as the rotor accelerates through the 
rotating stator &eld.

6.55) B - External Prime Mover A "pony motor" is a small auxiliary motor (the 
external prime mover) used to accelerate the large synchronous motor's rotor to 
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synchronous speed. Once at speed, the synchronous motor is paralleled with the 
line and the pony motor is disengaged.

6.56) C - It supplies the stator with a low, gradually increasing frequency. 
When a VFD is used to start a synchronous motor, it starts by applying a very low 
frequency (near zero) to the stator. This allows the rotor's magnetic &eld to "lock 
on" to the slowly rotating stator &eld. The VFD then gradually increases the 
frequency, and the rotor accelerates in lock-step with it up to the desired operating 
speed.

6.57) B - Reduced voltage is applied to the motor terminals via selectable taps. 

An autotransformer starter is a type of reduced-voltage starter. It uses an 
autotransformer with multiple taps (e.g., 50%, 65%, 80%) to apply a selected 
reduced voltage to the motor during starting, thereby limiting the inrush current.

Problem Set 6.4 - Electrical Machine Theory SOLUTIONS

6.58) B - The synchronous speed determined by frequency and poles. The 
stator windings of a three-phase AC machine, when energized, produce a 
magnetic &eld that rotates at a constant speed known as the synchronous speed (
ns). This speed is determined solely by the supply frequency and the number of 
poles in the stator.

6.59) C - Direct Current (DC) A conventional synchronous machine requires a 
magnetic &eld on its rotor. This &eld is created by passing a DC current through 
windings on the rotor, which are supplied via slip rings. This DC current is known 
as the &eld or excitation current.
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6.to 60) A - Field current The DC current supplied to the rotor winding of a 
synchronous machine is called the &eld current or excitation current, as it is 
responsible for creating the main magnetic &eld of the rotor.

6.61) C - Braking (plugging) Slip (s) greater than 1.0 means the rotor is spinning in 
the direction opposite to the rotating magnetic &eld. This condition, known as 
plugging, produces a strong braking torque.

6.62) B - Generating A negative slip (s < 0) means the rotor is spinning faster than 
the rotating magnetic &eld, typically driven by an external prime mover. In this 
mode, the machine acts as a generator, delivering power to the electrical system.

6.63) A - Motoring A slip between 0 and 1 (0 < s < 1) is the normal operating range 
for an induction motor. The rotor spins slightly slower than the synchronous &eld, 
allowing torque to be produced to drive a mechanical load.

6.64) D - Stationary (locked-rotor) When the motor is stationary (at standstill), its 
speed n=0. Slip is calculated as s=(ns−n)/ns. If n=0, then s=(ns−0)/ns=1.0. This is the 
locked-rotor or starting condition.

6.65) A - Supplying AC current to the Eeld winding. The main rotor &eld of a 
synchronous machine must be constant relative to the rotor itself. This is achieved 
by using DC current or permanent magnets. Applying AC current to the &eld 
winding would create a Luctuating magnetic &eld, preventing the machine from 
operating synchronously.

6.66) Multiple Matches Open-Circuit Test -> Terminal voltage vs. Field current 
Short-Circuit Test -> Armature current vs. Field current

6.67) B - The open-circuit voltage (V oc) must vary linearly with the Eeld current 

(I f ). The unsaturated synchronous reactance is determined from the air-gap line of 
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the open-circuit characteristic (OCC) and the short-circuit characteristic (SCC). The 
air-gap line represents the linear, unsaturated portion of the OCC, where the 
core's magnetic permeability is constant.

6.68) A - 0.56 Ω The per-phase unsaturated synchronous reactance (X ds) is the ratio 
of the open-circuit phase voltage (V oc , ϕ) to the short-circuit phase current (I sc ,ϕ) at 
the same &eld current. V oc , ϕ=V oc, L L /√3=680 V /1.732=392.6 V. I sc ,ϕ=700 A (since it is 
Y-connected). X ds=V oc ,ϕ /I sc , ϕ=392.6 V /700 A=0.56Ω.

6.69) A - 0.58 Ω The per-phase unsaturated synchronous impedance (Zds) includes 

the armature resistance (Ra). Zds=√Ra2+Xd s2 =√¿¿.

6.70) A - 0,86 The unsaturated short-circuit ratio (SCR) is the ratio of the &eld 
current required to produce rated voltage on the open-circuit air-gap line, to the 
&eld current required to produce rated current on the short-circuit characteristic. It 
can be approximated as SC R≈1/Xd s , pu. First, &nd the per-unit reactance. 
Zbase=V L

2 /S3ϕ=¿. X ds , pu=Xd s/Zba se=0.56Ω /0.48Ω=1.167 pu. SCR = 1 / 1.167 = 0.857.

6.71) B - 151.3 kW The power delivered by a salient-pole synchronous generator is 

given by: Pe=(3V ϕ EA /Xd)sin δ+(3V ϕ
2/2)(1/Xq−1/X d)sin (2δ). V ϕ=600/√3=346.4 V. 

EA=650 /√3=375.3 V. 
Pe=(3×346.4×375.3 /2.0)sin(25

∘)+(3×346.4
2/2)(1/1.0−1/2.0)sin(50

∘). 
Pe=(194 ,985)(0.4226)+(180 ,000)(0.5)(0.766)=82 ,393+68 ,940=151 ,333 W = 151.3 kW.

6.72) C - 292.4 kW/rad The synchronizing power is the derivative of the power-
angle equation with respect to the torque angle δ . 
Ps ync h=d P/d δ=(3V ϕE A/X d)cos δ+(3V ϕ

2)(1/Xq−1 /Xd)cos(2δ). 

Ps ync h=(3×346.4×375.3/2.0)cos (25
∘)+(3×346.4

2)(1 /1.0−1/2.0)cos (50
∘). 

Ps ync h=(194 ,985)(0.9063)+(360 ,000)(0.5)(0.6428)=176 ,710+115 ,704=292 ,414 W/rad = 
292.4 kW/rad.

284



6.73) A - 1445 Nm Electromagnetic torque is T em=Pe /ωm. The speed must be 
synchronous speed. 
ωs=(120 f / p)×(2π /60)=(120×50/6)×(2π /60)=1000 rpm×0.1047=104.7 rad/s. Using 
the calculated power from question 6.71 (Pe=151.3 kW): 
T em=151 ,300 W /104.7 rad/s=1445 Nm.

6.74) D - At synchronous speed An induction motor produces torque only when 
there is a di1erence between the synchronous speed of the stator &eld and the 
actual speed of the rotor (i.e., when there is slip). If the rotor were to spin at the 
exact synchronous speed, the slip would be zero, no current would be induced in 
the rotor, and no torque would be produced.

6.75) C - 95.7 kW The total input power to the motor is given by the three-phase 
power formula: Pin=√3×V L× IL×pf . Pin=1.732×575 V×120 A×0.8=95 ,673 W or 95.7 
kW.

6.76) A - 17.3 kW Stator copper loss is PSC L=3×Is
2
×R1. The motor is Y-connected, so 

the stator phase current (I s) is equal to the line current (I L). PSC L=3×¿ W or 17.3 
kW.

6.77) C - 77.9 kW Air gap power is the input power minus the stator losses (copper 
loss + core loss). PAG=Pin− PSC L−Pcore=95 ,700 W−17 ,280 W−500 W=77 ,920 W or 
77.9 kW.

6.78) A - 51 A The rotor current (I 2) can be found from the air gap power: 
PAG=3×I 2

2
×(R2/ s). 

I 2=√PAG/ (3×R2/s )=√77 ,920/(3×(0.2 /0.02))=√77 ,920/30=√2597=50.9 A.

6.79) B - 1.6 kW Rotor copper loss is PRCL=s ×PAG. Using the calculated air gap 
power: PRCL=0.02×77.9 kW=1.558 kW or 1.56 kW.
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6.80) C - 76.3 kW Converted mechanical power is Pc onv=(1−s )×PAG. 
Pconv=(1−0.02)×77.9 kW=0.98×77.9 kW=76.34 kW.

6.81) C - 413 Nm Induced torque is T ind=PAG/ωs y nc. 
ωs y nc=(120×60/4 )×(2π /60)=188.5 rad/s. T ind=77 ,920 W /188.5 rad/s=413 Nm.

6.82) C - 413 Nm Steady-state electromagnetic torque is another term for induced 
torque. As calculated above, the value is 413 Nm.

6.83) D - The electrical resistance of the rotor bars (R2) is constant. While the 
e�ective impedance of the rotor changes with slip due to the skin e1ect at di1erent 
frequencies, the actual physical DC resistance (R2) of the copper or aluminum bars 
themselves is considered constant for the purposes of the standard equivalent 
circuit model.
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7.7) C - 6.2% Maximum e2ciency occurs when copper losses (Pcu,k) equal core 
losses (Pcore). Let k be the fraction of full load. 
k

2
×Pcu, f u l l−l oad=Pcore⟹ k

2
×13 ,500 W=52.1 W . k=√52.1/13500=√0.00386=0.062. 

Maximum e2ciency occurs at 6.2% of full load.

7.8) D - 31.1% Voltage Regulation (%VR) is calculated using the formula: 

%V R=
¿ I p∨×(Req cosθ+Xeq sinθ)

V p

×100 %. The power factor angle is 

θ=arccos(0.85)=31.79
∘. So, cosθ=0.85 and sin θ=0.5268. 

%V R=
30 A×(15Ω×0.85+25Ω×0.5268)

2500 V
×100 %. 

%V R=
30×(12.75+13.17)

2500
×100 %=

777.6

2500
×100 %=31.1%.

7.9) B - 7.5% Using the approximate formula for %VR: 

%V R≈k ×[(%R×pf )+(%X ×√1−pf
2)]. Given: k=0.75 (75% load), %R=8.0, %X=6.0, 

pf=0.8 lagging. %V R≈0.75×[(8.0×0.8)+(6.0×√1−0.8
2)] 

%V R≈0.75×[(6.4)+(6.0×0.6)]=0.75×[6.4+3.6]=0.75×10.0=7.5 %.

7.10) B - 15+j25 Ω The equivalent winding impedance is given directly in the 
problem statement as a parameter referred to the primary side: Req=15Ω and 
X eq=25Ω. Therefore, Zeq=15+ j 25Ω.

7.11) B - Eddy current loss Eddy currents are loops of electrical current induced 
within conductors by a changing magnetic @eld. In transformers, these unwanted 
currents $ow in the iron core and produce heat (I²R loss), representing a loss of 
energy.

7.12) B - SL1=225 kVA, SL2=375 kVA The load is shared between parallel 
transformers based on their kVA ratings and impedances. Convert impedances to 
a common base (e.g., 500 kVA): T1: Zpu , T 1

′=0.05×(500/250)=0.10 pu. T2: Zpu, T 2′
=0.06. 
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7.20) D - 6.39 Ω The secondary leakage reactance (X s) is the secondary leakage 
voltage divided by the secondary current. First, @nd the secondary current: 
I s=I p×(N p/N s)=20 A×(80 /240)=6.67 A. X s=Ele ak , s/ I s=42.62 V /6.67 A=6.39Ω

7.21) B - Mutual >ux = 1.5 Wb, Leakage >ux = 1.5 mWb An ideal transformer 
would have in@nitely large mutual $ux and zero leakage $ux. The most desirable 
real transformer combination is the one with the highest mutual $ux and the 
lowest leakage $ux. Option B clearly represents this.

7.22) C - 225 kVA The rating of the autotransformer (Saut o) is found using the 

formula: Saut o=S2w ×
VH

VH −V L

=75  kVA×
720  V

720  V−480  V
=75×3=225  kVA.

7.23) D - 600 kVA Using the same principle: 

Saut o=S2w ×
VH

VH −V L

=100  kVA×
1440  V

1440  V−1200  V
=100×6=600  kVA.

7.24) B - 112.5 kVA This is an additive step-up con@guration with diDerent 
input/output terminals. 

Saut o=S2w ×
VH

VH −V L

=75  kVA×
720  V

720  V−240  V
=75×1.5=112.5  kVA.

7.25) B - 156.25 A The current in the common winding (IC) is limited by the original 
rating of that winding (the 480V winding). IC=S2w /Vwind i ng=75 ,000  VA /480  V=156.25 
A.

7.26) C - 312.5 A The input current (IH) is the total autotransformer kVA divided by 
the high-side voltage. IH=Sauto/V H=225 ,000  VA /720  V=312.5 A.
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Problem Set 7.2 - Reactors SOLUTIONS

7.27) C - To compensate for capacitive charging currents on long transmission 

lines. Long, high-voltage transmission lines have a natural capacitance that 
generates reactive power (Ferranti eDect), causing overvoltages under light load. 
Shunt reactors are large inductors connected in parallel to absorb this excess 
reactive power and stabilize the voltage.

7.28) B - 1.5 x 10⁶ H⁻¹ Magnetic reluctance (R) is related to inductance (L) and the 
number of turns (N) by L=N2/R. R=N 2/L=¿ H⁻¹.

7.29) A - 0.38 m Reluctance is also given by R=l /(μ A ). For an air-core reactor, 
μ=μo=4 π×10

−7 H/m. Rearranging for path length: l=R×μo× A . 

l=(1.5×10
6
H ¹⁻ )×(4π ×10

−7
H/m)×(0.20 m

2)=0.377 m.

7.30) B - 12.9 A The energy (W) stored in an inductor's magnetic @eld is given by 

W=(1 /2)L I 2. Rearranging for current: I=√2W /L. 
I=√(2×5.0 J)/(0.06H)=√166.67=12.9 A.

7.31) Multiple Matches Line Reactor -> Protects a VFD from line-side disturbances. 
Load Reactor -> Protects a motor from VFD output voltage spikes. Current-Limiting 
Reactor -> Reduces available fault current on a feeder. Neutral-Earthing Reactor -> 
Reduces line-to-ground fault current.

7.32) C - Inductive Reactance Reactors are inductors. Their fundamental electrical 
property is inductance (L), which creates inductive reactance (XL=ωL) in an AC 
circuit.
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7.33) A - 3 H First, calculate the equivalent inductance of the two 3H inductors in 
series: Lse r i e s=3 H+3 H=6 H. Next, calculate the parallel equivalent of this branch 
with the other 6H inductor: Le q=(6×6)/(6+6)=36 /12=3 H.

7.34) B - 42.1 H First, @nd the required inductive reactance (XL) per phase: 
Q=V ϕ

2/XL. The phase voltage is V ϕ=138 ,000 V /√3=79 ,674 V. XL=V ϕ
2/Q=¿. Now, @nd 

the inductance from the reactance: L=XL /(2 π f ). L=15 ,870 /(2π ×60)=42.1 H.

7.35) B - 1.68 mH The inductance of a long air-core solenoid is given by the 

formula L=(μo N
2
A)/ l. L=¿ H or 1.68 mH.

7.36) B - 0.50 V The voltage induced across an inductor is given by v=L(d i /d t ). The 
rate of change of current is d i /d t=(250 mA−50 mA)/ 4 ms=200 mA /0.004 s=50 A/s. 
v=(10 mH)×(50A/s )=0.01H×50A/s=0.5 V.

7.37) C - 0.386 µV  First, calculate the inductance: L=(μo N
2
A)/ l. A=4 cm

2=4×10
− 4

m
2

. l=25 cm=0.25 m. L=((4 π ×10
− 7)×80

2
×4×10

− 4)/0.25=3.217×10
−6 H. Next, calculate 

the induced voltage: v=L(d i /d t ). d i /d t=(80 mA−20 mA )/0.5 s=60 mA /0.5 s=0.12 A/s. 

v=(3.217×10
−6

H)×(0.12 A/s)=0.386×10
−6 V = 0.386 µV.

7.38) C - In either series or parallel arrangements Harmonic @lters are 
commonly constructed by combining inductors (reactors) and capacitors. A series 
LC circuit can be tuned to short out a speci@c harmonic frequency, while a parallel 
LC circuit can be tuned to block a speci@c harmonic. Both con@gurations are used.

Problem Set 7.3 - Capacitors SOLUTIONS
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7.39) C - 3.5 MV The voltage (V) across a capacitor is related to its charge (Q) and 
capacitance (C) by the formula V = Q/C. First, we must calculate the capacitance. 

Capacitance: C=ϵo A/d=(8.854×10
−12

 F/m×0.04  m
2) /0.005  m=7.08×10

−11 F. Voltage: 

V=Q /C=(250×10
− 6

 C )/ (7.08×10
− 11

 F )=3.53×10
6 V or 3.5 MV.

7.40) D - 31.3 µA The fundamental capacitor relationship is I=C (d V /d t ). For a 
constant current and linear voltage change, this simpli@es to I=C (ΔV /Δt). Given: 
C = 250 µF, ΔV=25 V−10 V=15 V, Δt=2 minutes = 120 s. 

I=(250×10
−6

 F )× (15  V /120  s )=(250×10
−6 )×0.125=31.25×10

− 6 A or 31.3 µA.

7.41) A - 1.6 µF First, calculate the equivalent capacitance of the two 4µF capacitors 
in parallel. Capacitors in parallel add together. C p=4 μ F+4 μ F=8 μF. Next, calculate 
the total equivalent capacitance of this 8µF combination in series with the 2µF 
capacitor. Capacitors in series add reciprocally. 
Ceq=(C1×C p )/ (C1+Cp )=(2μ F×8 μF ) / (2μ F+8 μF )=16 /10=1.6 μF.

7.42) B - They supply reactive power to the system. Shunt capacitors are 
installed to counteract the lagging reactive power (VARs) consumed by inductive 
loads like motors. By providing a local source of reactive power, they improve the 
system's power factor and reduce the reactive power burden on the source 
generators and transformers.

7.43) B - By supplying reactive power locally, reducing the reactive current 

from the source. The total current drawn from a source is the vector sum of real 
and reactive current. By supplying reactive power at the load, capacitors reduce 
the amount of reactive current that needs to $ow from the source through 
transformers and conductors. This frees up thermal capacity on that equipment, 
allowing it to carry more real power (watts).

7.44) C - 8.30 pF The capacitance is calculated using the formula C=(ϵ r ϵo A ) /d. 

Given: Dielectric constant ϵ r=2.5. Area A = 30cm × 50cm = 0.3m × 0.5m = 0.15 m². 

Distance d = 40cm = 0.4 m. C=(2.5×8.854×10
− 12

 F/m×0.15  m
2 )/0.4  m=8.30×10

−12 F 

or 8.30 pF.
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Problem Set 7.4 - Testing SOLUTIONS

7.51) B - Energize the low-voltage winding at rated voltage while the high-

voltage winding is open-circuited. The open-circuit test is performed to 
determine core losses and the excitation branch parameters (Rc , Xm). For safety 
and convenience, it is standard practice to apply the rated voltage to the low-
voltage (LV) winding and leave the high-voltage (HV) winding open, as this requires 
a more common voltage source and results in lower, safer test currents.

7.52) B - Energize the high-voltage winding until rated current >ows, with the 

low-voltage winding short-circuited. The short-circuit test is performed to 
determine copper losses and the equivalent series impedance (Req , Xe q). The low-
voltage winding is short-circuited, and a variable AC voltage is applied to the high-
voltage winding, increasing it until the rated current $ows. This is done on the HV 
side because the required test voltage is a small fraction of the rating, while the 
current is manageable.

7.53) A - 1152 Ω The core loss resistance (Rc) is found from the open-circuit test 

data. Rc=V oc

2 /Poc=(480  V )2/200  W=230 ,400/200=1152Ω.

7.54) C - 162 Ω First, @nd the excitation admittance (Y e) and susceptance (Bm). 
Apparent Power Soc=V oc× Ioc=480  V×3.0  A=1440 VA. Reactive Power 

Qoc=√So c2
−Po c

2 =√1440
2
−200

2=1426 VAR. Magnetizing Reactance 

Xm=V oc
2 /Qoc=( 480  V )2/1426  VAR=161.6Ω.

7.55) B - 18.8 Ω The equivalent series resistance (Req) is found from the short-circuit 

test data. Req=Psc /I sc
2 =300  W / (4.0  A )2=300 /16=18.75Ω.
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7.56) C - 32.5 Ω The equivalent series impedance (Zeq) and reactance (X eq) are 
found from the short-circuit test data. Zeq=V sc / I sc=150  V /4.0  A=37.5Ω. 

X eq=√Ze q2
− Req

2 =√¿¿.

7.57) B - 0.63 lagging No-load power factor (pf) is the ratio of real power measured 
to apparent power. Apparent Power Sin=V in× I in=480  V×0.5  A=240 VA. Real Power 
Pin=150 W. pf = Pin/Sin=150  W /240  VA=0.625. The no-load current is primarily 
magnetizing current, so it is lagging.

7.58) B - 0.313 A The core-loss component of the no-load current (I c) is the 
component in phase with the voltage. I c=Ii n×pf=0.5  A×0.625=0.3125 A.

7.59) B - 0.390 A The magnetizing component (Im) is the component in quadrature 

with the voltage. Im=√ I in2 −Ic2=√¿¿ A.

7.60) D - Rc=1536Ω, Xm=1230Ω The core parameters are calculated from the no-
load test data. Rc=V in /I c=480  V /0.3125  A=1536Ω. Xm=V in/ Im=480  V /0.39  A=1230Ω

.

7.61) B - Rc=38.4Ω, Xm=30.8Ω To refer parameters to the secondary (HV) side, 
multiply them by the square of the turns ratio (a). a=Ns /N p=2400  V /480  V=5. 
Rc , s=Rc , p×a

2=1536Ω×5
2=38 ,400Ω=38.4  kΩ. 

Xm,s=Xm, p×a
2=1230Ω×5

2=30 ,750Ω=30.75  kΩ.

7.62) C - 6000 W The short-circuit test is designed to measure the full-load copper 
losses (Pcu) of the transformer. The power measured during the test, Psc, is equal 
to these losses. Therefore, the full-load copper losses are 6000 W.

7.63) A - Req=0.139Ω, X eq=0.693Ω The parameters are calculated from the short-
circuit test data, referred to the HV side. 
Req=Psc /I sc

2 =6000  W / (208  A )2=6000 /43264=0.139Ω. 
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8.7) A - 90 V For a leading power factor, the formula is V DLN=I ×(R cosθ− X sin θ). 
cosθ=0.85, sin θ=0.5268. 
V DLN=60A×(3.0Ω×0.85−2.0Ω×0.5268)=60×(2.55−1.05)=90 V .

Problem Set 8.2 - Voltage Regulation SOLUTIONS

8.8) A - 3.4% Voltage Regulation (%VR) = [(V no− load−V f u l l−l oad)/V f ull− l oad]×100 %. 
%V R=[(4.30−4.16)/4.16]×100 %=3.365 %.

8.9) C - 0 An ideal transformer has zero internal impedance, so there is no voltage 
drop under load. Therefore, V no− load=V f ul l−l oad and the voltage regulation is zero.

8.10) C - 12.97 kV V no− load=V f ul l−l oad×(1+%V R /100)=12.47 kV×(1.04)=12.9688 kV.

8.11) A - 0.48+ j 0.80Ω To refer impedance from the primary (HV) side to the 
secondary (LV) side, divide by the square of the turns ratio (a). Turns ratio 
a=2400/ 480=5. Req, s=12Ω /52=0.48Ω. X eq, s=20Ω /52=0.80Ω.

8.12) B - I p=41.7 A, I s=208.3 A Primary Current (I p): I p=100 ,000 VA /2400 V=41.67 A. 
Secondary Current (I s): I s=100 ,000 VA /480 V=208.33 A.

8.13) B - 1.2%

1. Calculate Equivalent Resistance (Req): 
Req=Psc /I sc

2 =1200  W / (41.67  A )2=0.691Ω.

2. Calculate Voltage Regulation at Unity PF (cosθ=1): 
%V R≈ ( I p× Re q )/V p×100 %=( 41.67  A×0.691Ω ) /2400  V×100 %=1.2 %.
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8.14) C - 2.6% Using parameters derived from the test data: Req=0.691Ω, 
X eq=1.584Ω. For a 0.80 lagging power factor, cosθ=0.8 and sin θ=0.6. 

%V R=
I p (Req cosθ+X eq sin θ )

V p

×100 % 

%V R=
41.67(0.691×0.8+1.584×0.6)

2400
×100 %=2.61 %.

8.15) B - -0.7% Using parameters derived from the test data: Req=0.691Ω, 
X eq=1.584Ω. For a 0.80 leading power factor, cosθ=0.8 and sin θ=−0.6. 

%V R=
I p (Req cosθ+X eq sin θ )

V p

×100 % 

%V R=
41.67(0.691×0.8+1.584×−0.6)

2400
×100 %=−0.69 %.

Problem Set 8.3 - Power Factor Correction and Voltage Support SOLUTIONS

8.16) A - 0.924 lagging Sum the real (P) and reactive (Q) powers. Load 1: P=500kW, 
Q = +375 kVAR. Load 2: P=150kW, Q = -72.6 kVAR. Load 3: P=80kW, Q = 0 kVAR. 
Total P = 730 kW. Total Q = +302.4 kVAR. Total S = √730

2+302.4
2=790 kVA. Overall 

Power Factor = P/S = 730 / 790 = 0.924 lagging.

8.17) C - 83.3 A

1. Calculate Apparent Power (S): S=P /pf=30 ,000  W /0.75=40 ,000 VA.

2. Calculate Line Current (I): I=S/V=40 ,000  VA/ 480  V=83.3 A.

8.18) B - 65.8 A The real power (P) remains 30 kW after power factor correction.

1. Calculate New Apparent Power (Snew): Snew=P/ pfne w=30 ,000  W /0.95=31 ,579 
VA.

2. Calculate New Line Current (I new): I new=Snew /V=31 ,579  VA /480  V=65.8 A.
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8.19) C - 37.7% The percentage reduction in power loss (I 2
R) is calculated from the 

square of the currents. % Reduction = 
I o l d

2
− Inew

2

I ol d
2

×100 % % Reduction = 

(83.33  A )2− (65.79  A )2

(83.33  A )2
×100%=

6944−4328

6944
×100%=37.7%.

8.20) B - 0.934 lagging Load 1: P1=187.5 kW, Q1=+165.4 kVAR. Load 2: P2=108 kW, 
Q2=-52.4 kVAR. Total P = 295.5 kW. Total Q = 113 kVAR. Total S = 316.3 kVA. Overall 
PF = P/S = 295.5 / 316.3 = 0.934 lagging.

8.21) B - 0.987 lagging QC from the capacitor bank is 65 kVAR. Qnew=113−65=48 

kVAR. Sne w=√295.5
2+48

2=299.4 kVA. New PF = P/S = 295.5 / 299.4 = 0.987 lagging.

8.22) C - 10.4% Reduction % = 1−¿ or 10.4%.

8.23) B - 12.6 + j8.80 kVA Per-phase power Sp=V p
2 /Z p

¿=¿ VA = 4190+ j 2934 VA. Total 

3-phase power S3ϕ=3×Sp=12.57 + j8.80 kVA.

8.24) A - 14.7− j12.3 kVA Per-phase power Sp=V p
2 /Z p

¿=¿ VA = 4899− j 4110 VA. Total 

3-phase power S3ϕ=3×Sp=14697− j 12330 VA = 14.7− j12.3 kVA.

8.25) A - 29.9+ j17.3 kVA Per-phase power Sp=V p
2 /Z p

¿=¿ VA = 9976+ j 5760 VA. Total 3-

phase power S3ϕ=3×Sp=29928+ j 17280 VA = 29.9+ j17.3 kVA.

8.26) B - 0.97 lagging Summing the complex powers from the corrected 
calculations: ST=(12.57+ j 8.8)+(14.7− j 12.3)+(29.9+ j 17.3)=57.17+ j13.8 kVA. 

¿ ST∨¿√57.17
2+13.8

2=58.8 kVA. Power Factor = P/S = 57.17 / 58.8 = 0.972 lagging.
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8.34) C - Reduced full-load speed Voltage unbalance causes a large negative 
sequence current, which creates negative torque and dramatic overheating. 
However, the change in the motor's actual full-load speed is typically very minor.

8.35) C - 2.5% Average Voltage V a v g=(485+470+465)/3=473.3 V. Max deviation from 
average = ¿485−473.3∨¿11.7 V. % Unbalance = (Max deviation / Average voltage) × 
100% = (11.7 / 473.3) × 100% = 2.47%.

8.36) A - Derating the motor by permanently reducing its mechanical load. 
Derating the motor accepts the poor power quality and reduces the motor's 
output to prevent overheating. It is the least eKective solution because it does not 
Lx the root cause of the problem.

8.37) D - 15.3V Maximum total harmonic voltage = 0.05×480=24 V. Maximum total 
harmonic voltage squared = 24

2=576. Existing harmonic voltage squared = 

15
2+10

2+4
2=225+100+16=341. Allowed voltage for 11th harmonic squared: 

V 11
2 =576−341=235. V 11=√235=15.3 V.

8.38) C - 40th or 50th For practical power system analysis and compliance with 
standards like IEEE 519, harmonics are typically measured and evaluated up to the 
40th or 50th order.

8.39) B - 0.16 The quality factor (Q) for a series RLC circuit is calculated using the 

formula: Q=
1

R √ LC  Given: R = 150Ω, L = 30mH = 0.03 H, C = 50µF = 50 x 10⁻⁶ F. 

Q=
1

150Ω √ 0.03  H

50×10
−6

 F
=

1

150
√600=

24.49

150
=0.163.

8.40) D - 5000 rad/s The bandwidth (BW) for a series RLC circuit is calculated using 
the formula: BW=R /L Given: R = 150Ω, L = 30mH = 0.03 H. BW=150Ω /0.03  H=5000 
rad/s.
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Problem Set 8.5 - Fault Current Analysis (Symmetrical) SOLUTIONS

8.41) C - 40.1 kA

1. Rated Secondary Current (I ra t e d): 
I ra t e d=S /(√3×V sec , L L)=2 ,500 ,000 VA /(1.732×600 V)=2405.6 A.

2. Symmetrical Fault Current (I sc): I sc=I ra t ed /Z pu=2405.6 A /0.06=40 ,094 A or 
40.1 kA.

8.42) D - 80.2 kA The maximum possible asymmetrical RMS fault current can be 
approximated using a multiplier based on the system's X/R ratio. For faults fed 
from transformers, a conservative multiplier of 2.0 can be used for a rough 
estimate, though factors of 1.4-1.6 are also common for low voltage. Using the 
higher factor: Max Asymmetrical RMS Current ≈2×Is ymme t r i c a l=2×40.1kA=80.2 kA.

8.43) B - Synchronous (X d) > Transient (X′d) > Subtransient (X″d) The reactances 

of a synchronous machine increase over time following a fault. The subtransient 

reactance (X″d) is the smallest (Lrst few cycles), followed by the transient reactance 

(X′d), and Lnally the largest, steady-state synchronous reactance (X d).

8.44) B - 10.9 kA

1. Rated Current (I ra t e d): I ra t e d=30 MVA /(1.732×13.8 kV)=1255 A.

2. Subtransient Current (I ″): I
″=I r a t e d/X

″
d=1255 A /0.12=10 ,458 A.

3. Adjust for Pre-fault Voltage: I ″ac t ua l=I
″
×1.04=10 ,458 A×1.04=10 ,876 A or 

10.9 kA.

8.45) A - 5.2 kA The transient fault current is determined by the transient 

reactance (X′d) and the pre-fault voltage. I ′=(I ra t ed /X
′
d)×(Pre-fault Voltage factor) 

I
′=(1255 A /0.25)×1.04=5020 A×1.04=5221 A or 5.2 kA.
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8.54) D - 8724 A The actual fault current in Amperes is the per-unit fault current 
multiplied by the base current at the fault location (4.16 kV side).

1. Calculate Base Current:

o I base=Sba se/ (√3×V base )=15 ,000 ,000/ (√3×4160 )=2082 A.

2. Calculate Actual Current:

o I ac t ua l=∣ I g , pu
″ ∣×Ibase=4.19×2082  A=8724 A.

8.55) A - 0.87 - j0.19 pu The motor's internal voltage (Em
″ ) is its pre-fault terminal 

voltage minus the voltage drop across its own subtransient reactance.

1. Recall Pre-Fault Conditions and Motor Reactance:

o Pre-fault Voltage V f=0.96∠0
∘ pu.

o Pre-fault Current I L=0.695∠−25.84
∘ pu.

o Motor Reactance Xm
″ =0.30 pu (from Q8.50).

2. Calculate Motor Internal Voltage (Em
″ ):

o Em
″ =V f − I L ⋅ ( j X m

″ )=0.96∠ 0
∘
− (0.695∠−25.84

∘) (0.30∠ 90
∘ )

o Em
″ =0.96−0.2085∠64.16

∘=0.96−(0.091+ j 0.187)=0.869 - j0.187 pu (in polar 

form: 0.889∠ -12.2
∘ pu)

8.56) C - 2.96∠ -102.2
∘ pu. The fault current contributed by the motor (Im

″ ) is its 

internal voltage divided by its own subtransient reactance.

1. Values from Previous Calculations:

o Motor Internal Voltage: Em
″ =0.889∠−12.2

∘ pu.

o Motor Reactance: j X m
″ =0.30∠90

∘ pu.

2. Calculation:

o Im
″=Em

″ /( j Xm
″ )=(0.889∠−12.2

∘) /( 0.30∠90
∘ )=2.96∠-102.2

∘ pu.

8.57) A - 6163 A The actual fault current from the motor is the per-unit fault 
current multiplied by the base current.

1. Values from Previous Calculations:

o ∣ Im, pu
″ ∣=2.96 pu.
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o I base at 4.16 kV = 2082 A.

2. Calculation:

o I ac t ua l=2.96×2082  A=6163 A.

Problem Set 8.6 - Fault Current Analysis (Unsymmetrical) SOLUTIONS

8.58) A - I base=4184 A, Zbase=1.90Ω 
I base=S/ (√3×VL)=100 ,000 ,000 VA /(1.732×13 ,800 V)=4184 A. Zbase=V L

2 /S=¿.

8.59) B - 17.2 kA I f=I b ase×(V pre − f au l t/X1)=4184 A×(1.03 /0.25)=17 ,238 A or 17.2 kA.

8.60) C - 22.3 kA For a single line-to-ground fault, I a=3×V pr e− f au l t /(X1+X 2+X0). 
I a( pu)=3×1.03/ (0.25+0.25+0.08)=3.09/0.58=5.328 pu. I a(A)=5.328×4184 A=22 ,295 A 
or 22.3 kA.

8.61) A - 9.4 kA The reactor impedance is ZR, pu=Zac tu al /Zbase=0.5Ω /1.90Ω=0.263 pu. 
The total zero-sequence impedance becomes Z0 ,t o t a l=X 0+3ZR=0.08+3 (0.263)=0.869 
pu. I a( pu)=3×1.03/ (0.25+0.25+0.869)=2.256 pu. I a(A)=2.256×4184 A=9440 A or 9.4 
kA.

8.62) A - I f a
0 =0 , I f a

1 =− j 2.06 , I f a
2 = j2.06 pu For a line-to-line fault, I f a

0 =0. 

I f a
1 =V pre −f au lt /(X1+X2)=1.03∠ 0

∘/( j0.25+ j0.25)=1.03/ j 0.5=− j 2.06 pu. 

I f a
2 =−I f a

1 =−(− j 2.06)= j2.06 pu.

8.63) C - 14.9 kA The fault current in phase 'b' is I b=I f a
0 +a2

I f a
1 +a I f a

2 . 

I b=0+(1∠240
∘)(− j 2.06)+(1∠120

∘)( j2.06)=(2.06∠150
∘)+(2.06∠210

∘). 
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I b=(−1.78+ j1.03)+(−1.78− j 1.03)=−3.56 pu. Magnitude: 
¿ I b∨¿3.56 pu×4184 A=14 ,897 A or 14.9 kA.

8.64) C - 14.9 kA For a line-to-line fault, the magnitude of the current in the two 
faulted phases is equal. ¿ I b∨¿∨I c∨¿14.9 kA.

8.65) B - I f a
0 = j 2.51 , I f a

1 =− j3.32 , I f a
2 = j0.80 pu For a double line-to-ground fault, the 

sequence components are calculated as follows:

 I f a
1 =V f /( j X1+( j X2 ∣∣ j X0 ))=1.03/( j0.3106)=− j3.32 pu.

 I f a
0 =−I f a

1
×

X 2

X0+X2

=−(− j 3.32)×
j 0.25

j 0.33
=+ j2.51 pu.

 I f a
2 =−I f a

1
×

X 0

X0+X2

=−(− j 3.32)×
j 0.08

j 0.33
=+ j0.80 pu.

8.66) D - −3.57+ j 3.77 pu The phase 'b' fault current is synthesized from the 

sequence components: I b=I f a
0 +a2

I f a
1 +a I f a

2  

I b=( j 2.51)+(1∠240
∘ )(− j 3.32)+(1∠120

∘ )( j0.80) 
I b=( j 2.51)+(2.875+ j1.66)+(−0.693+ j0.40)=−3.57+ j3.77  pu.

8.67) B - 3.57+ j3.77 pu The phase 'c' fault current is synthesized from the sequence 

components: I c=I f a
0 +a I f a

1 +a2
I f a

2  I c=( j2.51)+(1∠120
∘ )(− j3.32)+(1∠240

∘ )( j 0.80) 

I c=( j2.51)+(3.32∠30
∘ )+(0.80∠330

∘ ) 
I c=( j2.51)+(2.875+ j 1.66)+(0.696− j 0.40)=3.57 + j3.77 pu.

8.68) C - j7.53 pu The ground fault current is the sum of the three phase currents, 
which is equal to 3 times the zero-sequence current. 
I g=3× I f a

0 =3× ( j 2.51  pu )=j7.53 pu.
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Problem Set 8.7 - Transformer Connections SOLUTIONS

8.69) B - Delta-Delta A connection where primary windings form a closed loop 
(Delta) and secondary windings also form a closed loop is a Delta-Delta connection.

8.70) A - Wye-Wye A connection where both primary and secondary windings have 
a common neutral point is a Wye-Wye (or Star-Star) connection.

8.71) C - Delta-Wye A connection with a Delta primary and a Wye secondary.

8.72) C - 12.0 kV In a Wye-Wye bank, V pr i , L −L=√3V pr i , ϕ. The turns ratio a = Np/Ns = 
100/20 = 5. Secondary phase voltage = V se c , L−L /√3=2.4 kV /1.732=1.386 kV. Primary 
phase voltage = V se c ,ϕ×a=1.386 kV×5=6.93 kV. Primary line voltage = 
V pr i , ϕ×√3=6.93 kV×1.732=12.0 kV.

8.73) B - 5.0 For a Wye-Wye bank, the eKective line-to-line turns ratio is the same 
as the individual transformer turns ratio: ae f f=at rans f o rme r=5.0.

8.74) B - 50+ j50Ω To refer impedance from secondary to primary, multiply by the 

square of the turns ratio. Zpr i=Z sec ×a
2=(2+ j2Ω)×5

2=(2+ j 2)×25=50+ j50Ω.

8.75) C - SigniCcant third-harmonic voltages can appear. Ungrounded Wye-Wye 
transformers can have issues with third-harmonic voltages because there is no 
path for the third-harmonic currents to Gow.

8.76) D - 20.8 kV In a Wye-Delta bank, the secondary line voltage equals the 
secondary phase voltage (V se c , L−L=V se c ,ϕ=2.4 kV). Primary phase voltage = 
V se c ,ϕ×a=2.4 kV×5=12.0 kV. Primary line voltage = V pr i , ϕ×√3=12.0 kV×1.732=20.8 
kV.
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8.77) C - 8.66 The eKective line-to-line turns ratio is 
ae f f=V pr i , L−L /V se c, L −L=20.8 kV /2.4 kV=8.66.

8.78) A - 16.7+j16.7Ω To refer a Y-connected load on the secondary to a Y-

connected primary of a Y-Δ bank, the formula is Zpr i ,Y=a
2
×Zse c ,Y /3. 

Zpr i ,Y=5
2
×(2+ j 2Ω)/3=25×(2+ j2)/3=16.7+j16.7Ω. 

8.79) C - It introduces a 30-degree phase shift between line voltages. Delta-Wye 
and Wye-Delta connections introduce a 30-degree phase shift between the primary 
and secondary line-to-line voltages.

8.80) C - 6.9 kV In a Delta-Wye bank, the secondary line voltage is √3V se c, ϕ. So 
V se c ,ϕ=2.4 kV /1.732=1.386 kV. Primary phase voltage = V se c ,ϕ×a=1.386 kV×5=6.93 
kV. Since the primary is Delta, V pr i , L −L=V pr i ,ϕ=6.93 kV.

8.81) A - 2.89 The eKective line-to-line turns ratio is 
ae f f=V pr i , L−L /V se c, L −L=6.93 kV /2.4 kV=2.89.

8.82) D - 150+j150Ω To refer a secondary Y-load to the primary Delta side, the 

formula is Zpr i , Δ=3×a
2
×Zse c ,Y . Zpr i , Δ=3×5

2
×(2+ j 2Ω)=75×(2+ j2)=150+j150Ω.

8.83) B - It provides a stable neutral point for grounding and serving single-
phase loads on the secondary. The Wye secondary provides a physically 
accessible neutral point, which is essential for grounding the system and for 
supplying 4-wire services.

8.84) D - 12.0 kV In a Delta-Delta bank, V L−L=V ϕ. The secondary line voltage is 2.4 
kV, so V se c ,ϕ=2.4 kV. Primary phase voltage = V se c ,ϕ×a=2.4 kV×5=12.0 kV. Primary 
line voltage = V pr i , ϕ=12.0 kV.
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8.85) B - 5.0 For a Delta-Delta bank, the line voltage ratio is the same as the 
transformer phase voltage ratio: ae f f=at rans f o rme r=5.0.

8.86) C - 170 A

1. Secondary Phase Voltage: In a Y-connected load, 
V se c ,ϕ=V se c , L−L /√3=2400  V /1.732=1386 V.

2. Secondary Phase Current: 
I se c, ϕ=V se c, ϕ/ ∣Zload ∣=1386  V / ∣2+ j2Ω ∣=1386/2.828=490 A.

3. Primary Phase Current: I pr i ,ϕ=I se c, ϕ/a=490  A /5=98 A.

4. Primary Line Current: For a Delta connection, 
I pr i , L=I pr i , ϕ×√3=98  A×1.732=169.7 A.

8.87) B - It can continue to operate in an open-delta conCguration if one 
transformer fails. A key advantage of a Delta-Delta bank is that if one of the three 
single-phase transformers fails, the remaining two can continue to supply a three-
phase load at a reduced capacity.

8.88) C - 57.7% An Open-Delta bank can supply √3 times the kVA rating of one of 
the single-phase transformers. The original bank rating was 3 times the single-
phase rating. Capacity Ratio = (√3×S1ϕ)/(3×S1ϕ)=1/√3=0.577 or 57.7%.

8.89) B - 115 kVA The required kVA rating of each of the two transformers in an 
Open-Delta bank must be at least the load kVA divided by √3. Required 
transformer rating = Sload /√3=200 kVA /1.732=115.47 kVA.

8.90) D - Wye-Delta Primary windings with a common neutral form a Wye 
connection. Secondary windings connected head-to-tail in a closed loop form a 
Delta connection. Therefore, the conLguration is Wye-Delta.
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Problem Set 8.8 - Transmission Line Parameters SOLUTIONS

8.91) B - 15.9 mΩ The DC resistance (R) is calculated using the formula R=ρ(l /A ). 
R=(2.65×10

−8
Ω⋅m)×(300 m /(5×10

−4
m

2))=0.0159Ω or 15.9 mΩ.

8.92) A - 0 Hz Current distribution is most uniform under DC conditions (frequency 
= 0 Hz). As AC frequency increases, the "skin eKect" becomes more pronounced, 
causing current to concentrate near the conductor's surface.

8.93) B - 18.3 mΩ The AC resistance (RAC) is the DC resistance (RDC) multiplied by 
the skin eKect constant (k sk i n). RAC=15.9 mΩ×1.15=18.285 mΩ.

8.94) A - 19.8 mΩ The resistance at a new temperature (R2) is found using the 
formula R2=R1[1+α(T 2−T1)]. The temperature coe&cient (α ) for aluminum at 20°C 
is approx. 0.00429 /°C. R2=15.9 mΩ×[1+0.00429(75−20)]=15.9×1.236=19.66 mΩ.

8.95) B - 25.2 ft The geometric mean distance (GMD) for a triangular conLguration 
is the cube root of the product of the three distances. GM D=3√20×20×40=25.2 ft.

8.96) C - 0.19 ft The geometric mean radius (GMR) of a four-conductor bundle in a 
square arrangement with side 'd' is Ds L=¿. Ds L=¿ ft.

8.97) A - 1.57 x 10⁻⁻³ H/miThe average inductance per unit length (L) is given by 
L=(2×10

−7) ln(GM D /GM RL). L=(2×10
−7) ln(25.2 /0.19)=9.77×10

− 7 H/m. To convert 

to H/mi: L=(9.77×10
−7

H/m )×1609 m/mi=1.57 x 10 ³ H/mi⁻ .
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8.98) D - 0.85 Ω/mi The inductive reactance per unit length (XL) is given by 
XL=2π f L. Assuming the intended value for L was 2.25×10

− 3 H/mi (Option D from 

the Gawed previous question): XL=2π ×60×(2.25×10
−3)=0.848 Ω/mi.

8.99) A - 1.16 x 10⁻¹¹ F/m The geometric mean radius for capacitance (DsC) is DsC=¿ 
ft. Capacitance (C) is given by 
C=(2π ϵo)/ ln(GM D /DsC)=(5.56×10

−11)/ ln(25.2 /0.208)=1.16 x 10 ¹¹ F/m⁻ .

8.100) C - 0.14 MΩ·mi The capacitive reactance to neutral (XC) is XC=1/(ωC ). Using 

the calculated C=1.16×10
− 11 F/m: XC=1/(377×1.16×10

−11)=2.28×10
8
Ω ⋅m. In MΩ·mi: 

XC=(2.28×10
8) /(1609×10

6)=0.142 MΩ·mi.

8.101) B - 10.1 m For a horizontal arrangement with spacing D between adjacent 
conductors, the GMD is calculated as: GM D=3√D×D×2D=D 3√2 

GM D=8  m×
3√2=8×1.26=10.08 m.

8.102) B - 0.117 m For a three-conductor equilateral bundle with side 'd', the 

bundle GMR (Ds L) is: Ds L=
3√GM Rconduc t o r ×d2 Ds L=

3√0.01  m× (0.4  m )2= 3√0.0016=0.117 m

.

8.103) B - 8.91 x 10⁻⁷ H/m The average inductance per unit length (L) is given by: 

L=( 2×10
−7 ) ln (GM D /DsL ) 

L=( 2×10
−7 ) ln (10.08  m /0.117  m )=(2×10

−7 ) ln(86.15)=(2×10
− 7 )×4.456=8.91 x 10 ⁷⁻ H/m.

8.104) C - 3.36 x 10⁻⁴ Ω/m The inductive reactance per unit length (xL) is given by 
xL=ωL=2π f L. xL=2π ×60  Hz× ( 8.91×10

−7
 H/m )=377×8.91×10

−7=3.36x 10 ⁴⁻ Ω/m.

8.105) B - 1.29 x 10⁻¹¹ F/m First, Lnd the geometric mean radius for capacitance 
calculations (DsC), using the conductor's outer radius 'r'. 

DsC=
3√r×d2=

3√0.015  m× (0.4  m )2=3√0.0024=0.134 m. Capacitance (C) is given by 
C=(2 π ϵo )/ ln (GM D /DsC ). 
C=(2 π×8.854×10

−12 )/ ln (10.08 /0.134)=(5.56×10
−11 )/ ln(75.2)=1.29 x10 ¹¹⁻ F/m.
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8.106) B - 206 MΩ·km The capacitive reactance per unit length (xC) is xC=1/ (ωC). 

xC=1/ (377×1.29×10
−11

 F/m )=2.058×10
8
Ω ⋅m. To convert to MΩ·km: 

XC=(2.058×10
8
Ω ⋅m )× (1000  m/km ) /( 10

6
Ω /MΩ)=206 MΩ·k m.

Problem Set 8.9 - Transmission Line Models SOLUTIONS

8.107) B - 10+ j50Ω Z=z× l=(0.1+ j 0.5Ω / mi )×100  mi=10 + j50Ω.

8.108) C - j 4.0×10
− 4 S Y= y× l=( j 4.0×10

−6
 S/mi)×100  mi=j4.0 x10 ⁴⁻ S.

8.109) B - 357∠−5.7
∘
Ω Z=10+ j 50Ω=51.0∠78.7

∘
Ω. Y= j 4.0×10

− 4
 S=4.0×10

−4∠90
∘ S. 

Zc=√Z /Y=√(51.0∠78.7
∘ )/ ( 4.0×10

− 4∠90
∘ )=√127500∠−11.3

∘=357∠ -5.65
∘
Ω.

8.110) A - 0.014+ j 0.142 γ l=√Z ×Y=√(51.0∠78.7
∘)× ( 4.0×10

− 4∠90
∘ )=√0.0204∠168.7

∘ 

γ l=0.1428∠84.35
∘=0.014 + j0.142.

8.111) A - 0.99∠0.16
∘ 

A=D=1+(Z Y /2)=1+((10+ j 50)( j 4e −4 )/2 )=1+(−0.01+ j 0.002)=0.99+ j0.002=0.99∠0.12
∘

. Using the long-line model: A=cosh (γ l)=cosh (0.014+ j0.142)=0.990∠ 0.16
∘.

8.112) A - 51.0∠78.7
∘
Ω B=Z

sinh(γ l)
γ l

. For medium lines, this is approximately equal 

to Z. B=10+ j50Ω=51.0∠78.7
∘
Ω.

8.113) B - 4.0×10
− 4∠ 90

∘ S C=Y
sinh (γ l)
γ l

. For medium lines, this is approximately 

equal to Y. C= j 4.0×10
−4

 S=4.0 x 10 ⁴⁻ ∠90
∘ S.
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8.121) B - 29.1 MVAR QS=Im (V S I S
¿ )×3=Im ((74.28+ j11.3)k×(249.15+ j92.9))×3. 

QS=(74.28×92.9+11.3×249.15)×3 k=(6900+2815)k×3=29.1 MVAR.

Problem Set 8.10 - Power Flow SOLUTIONS

8.122) C - Steady-state operating conditions Power Gow studies analyze the state 
of a power system (voltages, currents, power Gows) under normal, balanced, 
steady-state operating conditions.

8.123) A - A short-circuit study A short-circuit study calculates the maximum fault 
currents to ensure protective devices like circuit breakers are rated to safely 
interrupt them.

8.124) C - Swing Bus (Slack Bus) The Swing Bus is the reference bus where voltage 
magnitude and angle are Lxed. It accounts for system losses by allowing its real 
power (P) and reactive power (Q) to be unknown variables.

8.125) A - 0 MW Real power Gow P=( ∣V A ∣∣V B ∣/X ) sin (δA−δB ). Since the angles are 

identical (δ A=δB=15
∘), the term sin(15−15)=sin(0)=0. Therefore, no real power 

Gows.

8.126) C - 6.9 MVAR First, Lnd the per-unit reactance: 

X=(2.5Ω /mi×40 mi ) / (115 kV
2/100 MVA )=100Ω /132.25Ω=0.756 pu. Reactive power 

Gow Q=
∣V A ∣

X
( ∣V A ∣−∣VB ∣cos (δA−δB ) )= 1.05

0.756
(1.05−1.0 cos (0∘) )=0.06945 pu. In MVAR: 

Q=0.06945×100  MVA=6.95 MVAR.
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8.127) B - No P Now; Q Nows A to B Real power Gow (P) is zero because there is no 
angle diKerence. Reactive power (Q) Gows from the bus with the higher voltage 
magnitude to the bus with the lower voltage magnitude. Since ∣V A ∣=1.05 pu > 
∣V B∣=1.0 pu, Q Gows from A to B.

8.128) C - 36.0 MW 

P=
∣V A ∣ ∣VB ∣

X pu
sin (δ A−δB )=

1.05×1.0

0.756
sin (15

∘
−0

∘ )=1.389×0.2588=0.3595 pu. In MW: 

P=0.3595×100  MVA=36.0 MW.

8.129) D - 11.7 MVAR 

Q=
∣V A ∣

X pu
( ∣V A ∣−∣VB ∣cos (δA−δB ))= 1.05

0.756
(1.05−1.0 cos (15

∘ ))=1.389×(1.05−0.966)=0.1168 

pu. In MVAR: Q=0.1168×100  MVA=11.7 MVAR.

8.130) A - P Nows A to B; Q Nows A to B Since δ A>δB, real power (P) Gows from A to 
B. Since the calculated reactive power (Q) is positive, it also Gows from A to B.

8.131) A - 36.0 MW The magnitude of real power Gow depends on the sine of the 

angle diKerence, which is still 15
∘. P=

∣V A ∣ ∣VB ∣

X pu
sin (δ A−δB )=

1.0×1.05

0.756
sin (15

∘ )=36.0 

MW.

8.132) B - -1.9 MVAR 

Q=
∣V A ∣

X pu
( ∣V A ∣−∣VB ∣cos (δA−δB ))= 1.0

0.756
(1.0−1.05cos (15

∘ ))=1.323×(1.0−1.014)=−0.0185 

pu. In MVAR: Q=−0.0185×100  MVA=−1.85 MVAR.

8.133) C - P Nows A to B; Q Nows B to A Since δ A>δB, real power (P) Gows from A to 
B. Since the calculated reactive power (Q) is negative, the Gow is in the reverse 
direction, from B to A.
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dissipated (decelerating area). Stability is maintained if the available decelerating 
area is greater than or equal to the accelerating area.

8.140) C - 25 MW The accelerating power (Pa) is the diKerence between the new 
mechanical input and the electrical output at the instant of the disturbance. 
Pe=150 MVA×0.85=127.5 MW. Pm, new=127.5+25=152.5 MW. 
Pa=Pm,ne w− Pe=152.5−127.5=25 MW.

8.141) D - 7.85 elec. rad/s² The swing equation relates accelerating power to 
angular acceleration (α ). Pa, pu=25 MW /150 MVA=0.167 pu. ωs=2 π f=2π (60)=377 
elec. rad/s. α=(Pa, puωs) /(2H )=(0.167×377)/(2×4.0)=7.86 elec. rad/s².

8.142) C - 1.57 mech. rad/s² Mechanical acceleration is related to electrical 
acceleration by the number of pole pairs (p/2). The generator has 10 poles, so p/2 
= 5. αm=αe /( p /2)=7.86 /5=1.572 mech. rad/s².

8.143) C - 600 MJ The stored kinetic energy (KE) at synchronous speed is the 
machine constant (H) multiplied by the MVA base (Sba se). KE = H × Sba se = 4.0 MJ/MVA 
× 150 MVA = 600 MJ.

8.144) D - 211,077 kg·m²

1. Calculate Stored Kinetic Energy (KE): KE = H × Sba se = 4.0 MJ/MVA × 150 
MVA = 600 MJ.

2. Calculate Synchronous Mechanical Speed (ωm): ns=120 f / p=120(60)/10=720 
rpm. ωm=720  rpm×(2π /60)=75.4 rad/s.

3. Calculate Moment of Inertia (J): 

J=2×K E /ωm
2 =(2×600×10

6
 J) / (75.4  rad/s )2=211,077 kg·m².

8.145) B - 1.16 pu Real power transfer is P=(¿V 1∨¿V 2∨¿X )sin δ . 

P=(1.1×1.0/0.4)sin(25
∘)=2.75×0.4226=1.16 pu.
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8.146) C - 25° The torque angle, δ , is the angle diKerence between the generator's 
internal voltage and the terminal voltage. It is given directly in the problem 
statement as 25°.

8.147) D - 1.56 rad The critical clearing angle (δc r) is found using the equal-area 

criterion. δ 0=arcsin (Pm/Pmax)=arcsin (1.0/2.5)=23.58
∘=0.4115 rad. δmax=π −δ0=2.73 rad. 

cos δc r=(Pm /Pm ax)(δma x−δ0)+cosδma x=(0.4 )(2.3185)−0.916=0.0114. 
δc r=arccos (0.0114)=1.56 rad.

8.148) A - 0.23 s The critical clearing time is t cr=√2H (δcr−δ0)/(π f Pm). Using the 

calculated angles: t cr=√2×4.5×(1.56−0.4115)/(π ×60×1.0)=0.234 s.
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9.6) D - 125 A The conductor is a #2 AWG THW copper conductor, which is rated for 

75°C. The terminals are also 75°C.

1. Ampacity: From NEC® Table 310.16, the ampacity is 115 A.

2. Select OCPD: Using the "next size up" rule from NEC® 240.4(B), the next 

standard OCPD size above 115 A is 125 A.

9.7) B - 100 A The ampacity is now limited by the 60°C terminals.

1. Ampacity: From NEC® Table 310.16, the ampacity of a #2 AWG copper 

conductor at 60°C is 95 A.

2. Select OCPD: Using the "next size up" rule, the next standard OCPD size 

above 95 A is 100 A.

9.8) C - 400 A

1. Primary FLC: I pr i=3 ,000 ,000VA /(1.732×13 ,800 V)=125.5 A.

2. Max OCPD: Per NEC® Table 450.3(A), for transformers over 1000V in a 

supervised location, the primary fuse can be sized up to 300% of the FLC.

3. Max Fuse Rating = 3.0×125.5 A=376.5 A.

4. The "next size up" rule is permitted. The next standard size up from 376.5 A 

is 400 A.

9.9) B - 350 A In an unsupervised location, the maximum primary fuse rating is still 

300% of the FLC (376.5 A), but the "next size up" rule is NOT permitted. The next 

standard size down must be chosen. The next standard size down from 376.5 A is 

350 A.

9.10) D - Overcurrent protection is required on the primary, and may also be 

required on the secondary depending on the primary device's rating. NEC® 

Article 450 requires primary protection for all transformers. Secondary protection 

is also required unless speciFc exceptions are met.
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9.11) B - Article 430 NEC® Article 430, "Motors, Motor Circuits, and Controllers," is 

the comprehensive article covering all requirements for motor installations.

9.12) C - Article 445 NEC® Article 445 speciFcally covers the installation and other 

requirements for generators.

9.13) C - 1500 hp NEC® 430.32(A)(4) requires an embedded temperature detector 

for motors over 1500 hp to protect against overload.

9.14) A - 116 A The question is ,awed as the options are inconsistent with the 

calculation.

1. FLC Lookup: FLC for a 60 hp, 460V wound-rotor motor is 77 A.

2. Max Breaker Setting: Per NEC® Table 430.52, the maximum setting for an 

instantaneous-trip breaker for this motor type is 150% of the FLC.

3. Max Setting = 1.50×77 A=115.5 A .

9.15) C - 4.36 A

1. Primary Current: I pr i=25 ,000 ,000 VA /(1.732×13 ,800 V)=1045.9 A.

2. CT Ratio: 1200:5 = 240.

3. Ideal Secondary Current: I se c=I pr i /Ratio=1045.9 A /240=4.36 A.

9.16) B - 4.21 A The actual output current is the ideal secondary current minus the 

excitation current. I ac t ua l=I ide a l− I e x c=4.36 A−0.15 A=4.21 A.

9.17) A - 3.4% CT Error % = [(I i de a l− I ac t ua l)/ Ii d ea l ]×100%. CT Error % = 

[(4.36−4.21)/4.36 ]×100%=3.44%.

9.18) B - Vsec = 32 V, Iexc = 1.5 A

1. Total Secondary Burden (Zbur de n): Zbur de n=ZCT+Zr el a y=0.25Ω+3.75Ω=4.0Ω.

2. Secondary Voltage at Trip Point (V se c): V se c=I t r i p×Zburde n=8 A×4.0Ω=32 V.
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2. Required Secondary Current: I se c=Multiple×Tap Setting=4×5 A=20 A.

3. Required Primary Current: I pr i=I se c×Ratio=20 A×60=1200 A.

9.25) D - Primary Current = 1800A, Time Dial Setting = 3 The fastest relay 

operation occurs with the highest multiple of pickup current and the lowest time 

dial setting (TDS). Option D has the highest multiple (6) and the lowest TDS (3), 

resulting in the fastest trip.

Problem Set 9.2 - Protective Relaying SOLUTIONS

9.26) D - 87 ANSI/IEEE C37.2 Device Number 87 represents a DiJerential Protective 

Relay.

9.27) D - 86 ANSI Device Number 86 is a Lockout Relay, which requires a manual 

reset.

9.28) B - A directional relay A directional relay (ANSI 67) uses both voltage and 

current inputs to determine the direction of a fault.

9.29) C - The impedance from the relay location to the fault A distance relay 

(ANSI 21) calculates the apparent impedance to a fault and trips if it falls within 

pre-set zones.

9.30) B - A small current in the coil switches a contact rated for a much larger 

current. The principle of a relay is ampliFcation, where a small control signal 

switches a larger power circuit.
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9.31) B - Poles The number of "poles" of a relay determines the number of 

separate circuits it can switch.

9.32) B - A reclosing relay A reclosing relay (ANSI 79) automatically attempts to 

reclose a breaker after a fault to restore service for temporary faults.

9.33) C - 1.15

1. Transformer FLC: I F LC=2MVA /(1.732×600 V)=1925 A.

2. Max OCPD setting: Per NEC 450.3, this can be up to 125% for secondary 

protection only. 1.25×1925 A=2406 A.

3. Breaker Pickup Setting: The breaker has a 2000A sensor. Max setting = 

2406 A /2000 A=1.203.

4. Standard pickup settings are discrete. From the given options, 1.15 is the 

highest standard setting that does not exceed the calculated maximum of 

1.203.

9.34) D - Instantaneous To achieve selective coordination, the instantaneous trip 

function on an upstream main breaker is often turned oJ to allow downstream 

devices to clear faults Frst.

9.35) A - 0.55

1. Cable Ampacity: From NEC Table 310.16, the ampacity of a 400 kcmil, 75°C 

copper conductor is 335 A.

2. Max Pickup Amps: The long-time pickup setting cannot exceed the cable's 

ampacity. Max pickup = 335 A.

3. Pickup Setting: Setting = Max Pickup Amps / Sensor Rating = 335 A / 600 A = 

0.558.

4. The highest standard setting that does not exceed this value is 0.55.

9.36) C - It can operate at very high speeds because it does not need to be 

coordinated with other devices. DiJerential protection looks only at faults within 
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its zone of protection and is immune to external faults, allowing for instantaneous 

tripping without time coordination delays.

9.37) C - It increases the required operating current in proportion to the 

through-current to prevent false trips on external faults. The percentage bias 

slope makes the relay less sensitive as the through-current (restraining current) 

increases. This desensitizes the relay during heavy external faults where CTs might 

perform inaccurately (due to saturation or ratio mismatch), preventing the relay 

from incorrectly identifying the external fault as an internal one.

9.38) B - The relay will not trip because the operating current is less than the 

calculated trip threshold.

1. Operating Current (I o p): ∣ I 1− I2 ∣=∣12.0−11.5 ∣=0.5 A.

2. Restraining Current (I re s): ∣ ( I 1+ I 2) /2∣=(12.0+11.5)/2=11.75 A.

3. Trip Threshold: k × I r es+ I p i c ku p=(0.25×11.75)+0.5=2.94+0.5=3.44 A.

4. Conclusion: The relay does not trip because the operating current (0.5 A) is 

less than the required trip threshold (3.44 A).

9.39) B - I o p=14.0 A, I re s=1.0 A For an internal fault where currents ,ow in from 

both sides, they add for the operating coil and subtract for the restraining coil.

1. Operating Current (I o p): This is the sum of the currents feeding the fault. 
I o p=∣ I 1+ I 2∣=8.0+6.0=14.0 A.

2. Restraining Current (I re s): This is the through-current, which is the 

diJerence between the two. I re s=∣ ( I 1−I 2 )/2∣=∣(8.0−6.0) /2 ∣=1.0 A.

9.40) B - 3.0 A The relay trips when the operating current exceeds the biased 

pickup threshold. Formula: I o p ,t r i p=(k × I r e s)+ I p i c k u p Calculation: 

I o p ,t r i p=(0.25×10.0  A )+0.5  A=2.5  A+0.5  A=3.0 A.

9.41) D - Primary CT: 300:5, Secondary CT: 2500:5

1. Primary FLC: I p=1.5 MVA / 4160 V=360.6 A.

2. Secondary FLC: I s=1.5 MVA /480 V=3125 A.
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3. Select CTs: Choose the smallest standard CT ratio that is greater than the 

FLC.

o For Primary (360.6A): The next size up is 400:5.

o For Secondary (3125A): The next size up is 4000:5. This corresponds to 

Option A. However, to achieve balance, other ratios might be chosen. 

The question is slightly ambiguous. Corrected analysis: The goal is 

to balance the secondary currents. Let's check Option D.

 Pri CT secondary: 360.6×(5/300)=6.01 A.

 Sec CT secondary: 3125×(5/2500)=6.25 A. This is a closer balance than Option 

A (4.5A vs 3.9A). Option D is a better engineering choice.

9.42) C - Primary CTs in Wye, Secondary CTs in Delta To compensate for the 30-

degree phase shift of a Delta-Wye transformer, the CTs must be connected in the 

opposite conFguration: Wye on the Delta side, and Delta on the Wye side.

9.43) B - 1.00

1. Calculate Transformer FLCs:

o I p , F LC=1.2 MVA / (√3×4.16 kV )=166.6 A.

o I s , F LC=1.2 MVA /( √3×0.48 kV )=1443 A.

2. Calculate Current at Relay Terminals:

o Primary Side (CTs in Wye): 

I pr i ,r el a y=I p , F LC ×(5/200)=166.6×0.025=4.165 A.

o Secondary Side (CTs in Delta): The current in the relay coil is √3 times 

the CT's secondary line current. 

I se c, r e l a y=( I s , F LC ×(5/3000))×√3=(1443×0.001667)×1.732=2.405×1.732=4.165 

A.

3. Calculate Ratio:

o Ratio = I se c, r e l a y /I pr i , r e l a y=4.165 /4.165=1.00.

9.44) D - All of the above are valid methods. Balancing diJerential relay currents 

can be achieved using auxiliary CTs, internal relay tap settings, or software settings 

in modern microprocessor relays.
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9.45) D - 3.96 Ω

1. Calculate Primary Zone 1 Impedance (Zp ,Z 1):

o Zp ,l i ne=∣10+ j 40 ∣=41.23∠76
∘
Ω.

o Zp ,Z 1=0.80×41.23Ω=32.98Ω.

2. Calculate Impedance Ratio of Instrument Transformers (ZTR):

o VTR = 1000:1, CTR = 600:5 = 120:1.

o ZT R=V T R/CT R=1000/120=8.33.

3. Calculate Secondary Impedance Setting (Zsec):

o Zsec=Z p, Z 1/ZT R=32.98Ω /8.33=3.96Ω.

9.46) D - 5.94 Ω

1. Calculate Primary Impedance for Zone 2 (Zp ,Z 2):

o Zp ,l i ne=41.23Ω.

o Zp ,Z 2=1.20×Zp,l i ne=1.20×41.23Ω=49.48Ω.

2. Calculate Secondary Impedance Setting (Zsec):

o The ZTR is the same as the previous problem: 8.33.

o Zsec=Z p, Z 2/ZT R=49.48Ω /8.33=5.94Ω.

9.47) C - A leased metallic twisted-pair circuit, similar to a telephone line 

Traditional pilot-wire relaying (ANSI 85) used dedicated metallic circuits, often 

leased from telephone companies, to compare currents between the two ends of a 

transmission line.

9.48) B - They can provide high-speed, simultaneous tripping of breakers at 

both ends of a line. Because pilot schemes use a communication channel to 

compare conditions at both ends of a line, they can issue a trip command to both 

breakers simultaneously for any internal fault, clearing it much faster than time-

coordinated schemes.

9.49) D - All of the above. The starting of large motors, the energization of large 

transformers (inrush current), and the sudden connection of large blocks of load 

all cause signiFcant, temporary increases in current draw, which result in a 

corresponding temporary voltage sag or dip on the system.
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9.50) C - It provides instantaneous tripping for any voltage dip below its 

pickup setting. Undervoltage relays (ANSI 27) are almost always equipped with a 

time delay. This is crucial to prevent nuisance tripping during transient voltage 

sags caused by normal events like motor starting or fault clearing elsewhere on 

the system. They are not instantaneous devices.

9.51) B - directional comparison, short Pilot relaying is a form of directional 

comparison. It is particularly eJective and commonly used for the protection of 

short transmission lines, where distance relays can struggle with accuracy due to 

low impedance values and arc resistance.

Problem Set 9.3 - Protective Devices SOLUTIONS

9.52) C - Non-time-delay (fast-acting) fuse Motors and transformers exhibit high 

inrush currents upon energization. A non-time-delay (fast-acting) fuse is very 

sensitive to these transient overcurrents and is likely to open unnecessarily. Time-

delay or dual-element fuses are designed to withstand these temporary inrush 

currents without tripping.

9.53) A - Overload A dual-element or time-delay fuse has two parts: an 

instantaneous element for short-circuit protection and a thermal element that 

provides a time delay for overloads. This allows the fuse to ride through temporary 

motor starting inrush currents but still open on a sustained overload, oJering 

superior overload protection compared to a fast-acting fuse which must be sized 

much larger (losing overload sensitivity) to avoid nuisance trips.

9.54) B - The current-limiting fuse provides superior short-circuit protection 

by clearing the fault in less than half a cycle. A current-limiting fuse contains a 

special Fller material (like silica sand) and a fusible element designed to melt and 
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create an arc very quickly. The arc resistance rapidly increases, forcing the fault 

current to zero in less than half an AC cycle (typically < 8.3 ms on a 60Hz system). 

This limits the peak let-through current and protects downstream equipment from 

extreme magnetic forces and thermal energy.

9.55) B - 5000 A Using linear interpolation for the 100A fuse between points (5000, 

4000) and (10000, 6500):

1. Slope (m): m=(6500−4000) /(10000−5000)=0.5.

2. Solve for I p at 7000A: I p=4000+m×(7000−5000)=4000+0.5×2000=5000 A.

9.56) C - 12,000 A This is a direct lookup from the data provided in the premise: 

"For a 200A fuse at 20,000A available fault: Peak let-through is 12,000 A."

9.57) C - 18,400 A For a non-current-limiting fuse, the peak let-through current is 

the maximum possible asymmetrical peak. Peak Current = Available Symmetrical 

Current × 2.3 Peak Current = 8,000 A × 2.3 = 18,400 A.

9.58) D - Yes, because the let-through current is exactly 12,000A. From the 

premise, the let-through current for the 200A fuse at this fault level is 12,000 A. 

The device's maximum withstand rating is 12,500 A. Since 12 ,000  A<12,500  A, the 

fuse will successfully protect the device.

9.59) C - 8500 A Using the interpolation equation for the 100A fuse: 
I p=4000+0.5× ( I s y m−5000 ). Given I p=5750 A, solve for I s y m: $\left. 5750 = 4000 + 0.5 \

times \left( I_{sym} - 5000 \right)\text{\:\,}\Longrightarrow\text{\:\,}1750 = 0.5 \

times \left( I_{sym} - 5000 \right) \right.$ $\left. 3500 = I_{sym} - 5000\text{\:\,}\

Longrightarrow\text{\:\,}I_{sym} = {\text{8500}\ \text{A}} \right.$.

9.60) C - The Brst-cycle asymmetrical peak of the 1,000A waveform (approx. 

2,300 A) The current-limiting action only occurs for very high fault currents. For a 

low-level fault like 1,000A, the fuse will act as a standard fuse and allow the full Frst 
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asymmetrical peak to pass before it melts. This peak is approximated as 2.3 times 

the symmetrical RMS value.

9.61) A - Long-time (overload) protection The thermal element (often a bimetallic 

strip) in a thermal-magnetic MCCB heats up in response to current. It is designed 

with a time delay to withstand temporary inrush currents but will bend and trip the 

breaker mechanism during a sustained overload.

9.62) C - Instantaneous protection The magnetic element in a thermal-magnetic 

MCCB is an electromagnet that creates a magnetic Feld proportional to the 

current. During a high-magnitude short circuit, the magnetic force becomes 

strong enough to instantly pull a trip bar, providing instantaneous protection.

9.63) A - Frame rating The frame rating or frame size of a circuit breaker (e.g., 

250A frame, 1200A frame) deFnes the maximum continuous current the breaker's 

physical components can carry without overheating or damage. The trip unit 

installed within the frame can be rated for a lower current.

9.64) B - C37.13 ANSI/IEEE Standard C37.13 is titled "IEEE Standard for Low-Voltage 

AC Power Circuit Breakers Used in Enclosures". This is the primary standard for 

LVPCBs.

9.65) C - Low-Voltage Power Circuit Breaker (LVPCB) LVPCBs are designed for 

high-duty applications in switchgear. They have high interrupting ratings, high 

short-time withstand ratings (for coordination), and are generally of a draw-out 

construction for easier maintenance, making them ideal for these applications.

9.66) B - Molded-Case Circuit Breaker (MCCB) MCCBs are the most common type 

of breaker used for feeder and branch-circuit protection in commercial and 

industrial panelboards and smaller distribution equipment.
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9.67) C - Long-time, Short-time, Instantaneous, Ground-fault The acronym LSIG 

for electronic trip units stands for the four main protection functions: Long-time 

(overload), Short-time (delayed short-circuit), Instantaneous (high-level short-

circuit), and Ground-fault.

9.68) A - Overload protection The long-time function provides an inverse-time 

response designed to protect conductors and equipment from damage due to 

sustained overloads.

9.69) B - Protection against low-level short circuits with an intentional delay 

for coordination The short-time function provides protection against short circuits 

but includes an intentional time delay. This allows a downstream breaker (like an 

MCCB) to clear a fault instantaneously without tripping the upstream LVPCB, thus 

ensuring selective coordination.

9.70) C - Protection against high-magnitude (bolted) faults with no intentional 

delay The instantaneous function provides the fastest possible trip for very high 

fault currents (bolted faults), acting as a Fnal line of defense to protect the 

equipment and the breaker itself. It has no intentional time delay.

9.71) C - 1200 A NEC® 230.95(A) states that the ground-fault pickup setting for a 

main device rated 1000A or more shall be a maximum of 1200 A.

9.72) C - 1.0 second NEC® 230.95(A) requires that the maximum time delay for the 

ground-fault protection to operate shall be 1 second for ground-fault currents 

equal to or greater than 3000 A.

9.73) C - A circuit breaker Disconnect switches and load-break switches are not 

rated to interrupt fault currents. A protective relay can detect a fault but cannot 

interrupt it; it sends a signal to a circuit breaker to perform the interruption. Only a 

circuit breaker or fuse is designed to safely interrupt high-level fault currents.
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9.74) C - A power fuse is interchangeable with a standard distribution cutout. 

Power fuses are used in medium- and high-voltage applications and have speciFc 

mounting requirements (fuse holders). Distribution cutouts are a speciFc type of 

fused disconnect switch used on overhead utility lines. They are not 

interchangeable. The other statements are correct descriptions of power fuses.

9.75) D - All of the above The proper selection of a power fuse requires 

considering the continuous load current, the maximum available fault current (for 

interrupting rating), and the system X/R ratio (which determines the required 

asymmetrical interrupting capability).

9.76) B - A recloser A recloser is an overcurrent protective device, typically used on 

overhead utility distribution lines, that automatically trips on a fault and then 

attempts to reclose one or more times after a short delay to restore power in case 

the fault was temporary.

Problem Set 9.4 - Coordination SOLUTIONS

9.77) B - Architectural Door plans showing equipment locations. A coordination 

study requires the electrical one-line diagram, equipment ratings, a short-circuit 

study to determine fault levels, and the time-current curves (TCCs) of the 

protective devices. Architectural ,oor plans are not necessary for the electrical 

calculations involved in the study.

9.78) C - Log-Log Time-current curves (TCCs) are plotted on logarithmic scales for 

both the time (y-axis) and current (x-axis). This log-log format allows for a very 

wide range of times (from hundredths of a second to thousands of seconds) and 
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currents (from a few amps to tens of thousands of amps) to be displayed clearly on 

a single graph.

9.79) B - A highly selective and coordinated system minimizes the extent of an 

outage, thereby improving service continuity. Selective coordination ensures 

that the protective device closest to a fault opens Frst, isolating the smallest 

possible part of the system. This prevents upstream breakers from tripping 

unnecessarily and causing a widespread outage, thus maximizing service 

continuity for the rest of the facility.

9.80) B - A molded-case circuit breaker Curve C shows a distinct inverse-time 

curve for overloads and then a sharp vertical line for the instantaneous trip. This 

"L" shape is the classic characteristic of a thermal-magnetic molded-case circuit 

breaker (MCCB).

9.81) C - Fast-acting fuse Curve A is a very steep inverse-time curve with no "knee" 

or delay portion. This represents a fast-acting (non-time-delay) fuse that operates 

very quickly at all levels of overcurrent.

9.82) A - A low-voltage power circuit breaker with an electronic trip unit Curve 

D shows three distinct adjustable regions: a long-time delay (for overloads), a 

short-time delay (for coordination), and an instantaneous trip. This high degree of 

adjustability is characteristic of a low-voltage power circuit breaker (LVPCB) with an 

electronic trip unit.

9.83) C - Time-delay fuse Curve B has the same general inverse-time shape as 

Curve A, but it is shifted signiFcantly to the right, indicating a much slower 

response, especially at lower overcurrents. This is characteristic of a time-delay (or 

dual-element) fuse, designed to ride through temporary inrushes.

9.84) A - Overload protection The inverse-time portion of an MCCB's curve is 

provided by its thermal element. This element heats up over time, providing 
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delayed tripping for sustained overloads while ignoring temporary, harmless 

overcurrents like motor starting.

9.85) C - Instantaneous trip The vertical portion of the MCCB curve represents the 

instantaneous trip function, which is activated by the magnetic element. At a 

speciFc high level of current, the magnetic force is strong enough to trip the 

breaker with no intentional delay.

9.86) D - Instantaneous On the TCC for a fully adjustable LVPCB like the one 

shown in Curve D, the rightmost vertical line represents the instantaneous pickup 

setting. It is the Fnal level of protection against the highest magnitude faults.

9.87) A - Long-time The initial, leftmost inverse-time segment of the LVPCB curve 

represents the long-time pickup and delay functions. This is the region that 

provides overload protection for the protected equipment.

9.88) B - The slowest curve (furthest right) For selective coordination, the 

upstream device must always be slower and have a higher pickup setting than the 

downstream device. Therefore, the main breaker (Protective Device #1), being the 

most upstream device, will have its TCC curve located furthest to the right on the 

plot.

9.89) A - The fastest curve (furthest left) Conversely, the Fnal branch circuit 

device (Protective Device #3), being the most downstream device, should be the 

fastest to operate to clear a fault on its speciFc branch. Its TCC will be located 

furthest to the left on the plot.

9.90) C - A curve that is intermediate in speed between the main breaker and 

the branch fuse The MCCB (Protective Device #2) is a downstream device relative 

to the main LVPCB, but an upstream device relative to the Fnal fuse. Therefore, its 

TCC curve must lie between the other two: to the left of the main breaker's curve, 

but to the right of the Fnal fuse's curve.
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9.91) C - To the left of the cable damage curve. A protective device must operate 

before the conductor it is protecting is damaged by excessive current. Therefore, 

the device's time-current curve (which shows when it will trip) must always lie to 

the left of (i.e., be faster than) the cable's thermal damage curve for any given 

overcurrent value.

9.92) B - To the right of the motor starting curve to allow the motor to start 

without nuisance tripping. A motor draws a high inrush current for several 

seconds while it starts. The protective device must be set to allow this temporary 

current to ,ow without tripping. Therefore, the device's TCC must lie to the right of 

(i.e., be slower than) the motor's starting curve.

9.93) C - To the left of the damage curve, but to the right of the inrush point. 

This is the fundamental challenge of transformer protection. The protective device 

must be slow enough (to the right of the inrush current point) to avoid tripping on 

the temporary magnetizing inrush current when the transformer is energized. At 

the same time, it must be fast enough (to the left of the damage curve) to protect 

the transformer from damage during a sustained through-fault.

9.94) B - It ensures that the protective device closest to a fault operates Brst, 

minimizing the extent of the resulting outage. This is the deFnition and primary 

beneFt of selective coordination. It enhances reliability and service continuity by 

isolating faults to the smallest possible area of the electrical system.

9.95) B - Fuse B followed by Fuse A as a backup For a fault on the load side of 

Fuse B, Fuse B is the protective device closest to the fault. In a properly 

coordinated system, it should operate Frst to clear the fault. Fuse A, being 

upstream, serves as a backup and should only operate if Fuse B fails to do so.

9.96) C - The minimum melting time of Fuse A must be greater than the total 

clearing time of Fuse B for any given fault current. For Fuse A (upstream) to 

successfully coordinate with Fuse B (downstream), there must be no overlap in 
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their operating times. This means that for any given fault current that both fuses 

see, the fastest possible operation of Fuse A (its minimum melting time) must be 

slower than the slowest possible operation of Fuse B (its total clearing time). This 

ensures Fuse B always has a chance to clear the fault Frst.

9.97) C - Fuse A only A fault on the feeder between the two fuses is "downstream" 

of Fuse A but "upstream" of Fuse B. Therefore, only Fuse A will see the fault 

current, and it is the only device that should operate to clear it. Fuse B will not see 

the fault current at all.
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