
 

Analysis of the Effects Nonlinear Loads have on the Lifetime of Generator Sets 
 
 

by 
 

Fernando Salcedo, B.S.E.E. 
 

A Thesis 
 

In 
 

Electrical Engineering 
 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 
 

MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
 

Approved 
 

Dr. Stephen B. Bayne, Ph.D. 
Chair of Committee 

 
Dr. Jacob C. Stephens, Ph.D. 

 
 

Mark Sheridan 
Dean of the Graduate School 

 
 

August, 2020  



 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2020, Fernando Salcedo 



Texas Tech University, Fernando Salcedo, August 2020 
 

ii 
 

ACKNOWLEDGMENTS 

My deepest gratitude goes to my advisor Dr. Stephen B. Bayne, who gave me 

the opportunity to take this journey in discovery and for guiding me through my 

graduate education. Your experience, knowledge, and passion for power electronics 

and power systems gave me the confidence to stay dedicated to my research while 

making my time at Texas Tech University enjoyable.  

My appreciation also extends to my laboratory colleagues at the Center for 

Pulsed Power and Power Electronics, who I have had the pleasure to work with and 

learn from during my graduate education. Matthew Kim’s insight and support have 

been especially valuable for me continuing my education and introducing me to 

research opportunities. Thank you as well to Jonathan Forbes for your mentorship and 

encouragement, giving me the confidence to become a better researcher. Thank you 

Tsz Tsoi for your support and dedication on the many projects we have collaborated 

on while at Texas Tech University.  

Above all, I am forever grateful for my family and friends, for their love, 

prayers, and support during my time at Texas Tech University. I am thankful for my 

mother, Rosa Salcedo, whose strength and love kept me grounded and motivated to 

pursue success. 

          



Texas Tech University, Fernando Salcedo, August 2020 
 

iii 
 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................... ii 

ABSTRACT  .......................................................................................................... v 

LIST OF TABLES  .............................................................................................. vi 

LIST OF FIGURES  ........................................................................................... vii 

 I. INTRODUCTION  ........................................................................................... 1 

II. LITERATURE REVIEW  .............................................................................. 3 

2.1 Overview of Synchronous Machines .......................................................... 3 

2.2 Synchronous Generators ............................................................................. 4 

2.3 Overview of Nonlinear Loads ..................................................................... 5 

2.4 Harmonic Analysis of Loads ....................................................................... 7 

III. TACTICAL GENERATOR TESTBEDS .................................................. 10 

3.1 3-kW Generator Testbed  .......................................................................... 10 

3.1.1  MEP-831A 3-kW Tactical Generator Set  ...................................... 11 
3.1.2  2.2-kW Dynamometer Set  .............................................................. 12 
3.1.3  1-kW Magnetic Ballast Stack.......................................................... 14 
3.1.4  1.1 kW Full-Wave Rectifier with Resistive Load ........................... 15 
3.1.5  500 W Buck Converter with Resistive Load................................... 17 
3.1.6  1.75 kW Battery Charger ................................................................ 18 
3.1.7  Stator Winding Temperature Sensing ............................................. 20 

3.2 30-kW Generator Testbed  ........................................................................ 21 

3.2.1  MEP-1060 30-kW Tactical Generator Set  ..................................... 22 
3.2.2  Power Distribution Box for Testbed  .............................................. 23 
3.2.3  3-kW 3-Phase Rectifier with Resistive Load  ................................. 25 
3.2.4  6-kW Compact Fluorescent Light Stack  ........................................ 26 
3.2.5  22-kW Dynamometer Set  ............................................................... 28 
3.2.6  Stator Winding Temperature Sensing  ............................................ 30 
3.2.7  Test Procedures for 30-kW Testbed  ............................................... 31 

IV. NONLINEAR LOAD TESTBED ANALYSIS ........................................... 33 

4.1 3-kW Generator Testbed Operation Results ............................................. 33 

4.1.1  Harmonic Analysis for Loads  ........................................................ 34 
4.1.2  Temperature Increases in Stator Windings During Operation  ....... 52 

4.2 30-kW Generator Testbed Operation Results ........................................... 55 



Texas Tech University, Fernando Salcedo, August 2020 
 

iv 
 

4.2.1  Harmonic Analysis for Loads  ........................................................ 55 
4.2.2  Temperatute Increases in Stator Windings During Operation  ....... 67 

V. CONCLUSION ............................................................................................... 68 

5.1 Future Work  ............................................................................................. 68 

APPENDICES 

A. REFERENCES ............................................................................................... 70 

 



Texas Tech University, Fernando Salcedo, August 2020 
 

v 
 

ABSTRACT 

Tactical generator sets are utilized for military applications to power essential 

equipment as well as personal electronics. Nonlinear loads are becoming increasingly 

present due to the advancements in power electronics for high efficiency power 

conversion. However, nonlinear loads also introduce voltage and current harmonics 

into the power system which in turn has negative effects to the generator, potentially 

reducing the lifetime of the generator set. The harmonics introduced into the system 

causes an increase in power losses on the stator windings thus increasing the operating 

temperature of the components in proximity. When the operating temperature 

surpasses the temperature rating of the insulation of the stator windings, the aging of 

the insulation material is accelerated leading to premature deterioration. 

This thesis investigates the effects nonlinear loads have on the lifetime of two 

different tactical generator sets. A testbed comprised of various nonlinear load profiles 

was designed and developed and the generator sets were operated for extended periods 

under heavy nonlinear loads. Analysis was conducted on the voltage and current 

harmonics introduced into the system as well as the temperature rises in the stator 

windings during operation. Stator winding temperature data is then utilized to 

determine if nonlinear loads cause an accelerated deterioration of the stator winding 

insulation, reducing the lifetime of the generator sets.      
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CHAPTER 1 

INTRODUCTION  

Tactical generator sets are an essential component to electrical power systems 

as well as military operations. Generators are relied upon to power essential equipment 

off-grid for extended periods. For this reason, the reliability and lifetime of a generator 

set is crucial for long term power generation. Just as all electrical systems, generators 

can be negatively affected by the loads applied to the system. Loads with current 

harmonics that are injected to the system cause an increase in power losses thus 

increasing the operating temperature of the system. Harmonics in the voltage and 

current also result in a lower true power factor of the system due to an increase in 

reactive power attributed to the load.     

Loads that produce harmonic currents and voltages are known as nonlinear 

loads due to the nonlinear relationship between the voltage applied across the load and 

the current through the load. The harmonics in nonlinear currents can create distortion 

and displacement, lowering the power quality of the system as well. A few examples 

of nonlinear loads include: full-wave rectifiers, variable frequency drives (VFDs), 

electrical ballast lighting, and switch-mode power supplies (SMPS). 

This thesis investigates the effects current and voltage harmonics due to 

nonlinear loads have on the overall lifetime of tactical generator sets. A 3-kW single-

split-phase tactical generator and a 30-kW three-phase generator are utilized for the 

research to determine the differences in effects on lifetime depending on the type of 

generator operated. Testbeds consisting of nonlinear loads with different load profiles 

are designed and developed for both generator sets. The generators are then operated 

for extended periods at or near the rated power level while monitoring the temperature 

rise on the surface of the stator windings. The data obtained during operation is then 

used to analyze the overall effect nonlinear loads have on the percentage of reduction 

in the lifetime of the generator.  

The work is organized into three subsequent chapters described as follows: 
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Chapter 2 titled literature review, provides insight into the operation of a  

synchronous generator. This chapter also details the differences in linear and nonlinear 

loads, including the importance of current and voltage harmonics. This chapter also 

notes the mathematical expressions utilized to determine total harmonic distortion 

(THD), distortion power factor (HPF), displacement power factor (DPF), and true 

power factor (PF). 

Chapter 3 details the electrical properties of the two generator sets utilized, 

including the maximum operating conditions as well as the class of stator winding 

insulation. This chapter also introduces the nonlinear loads designed and developed 

for the generator specific testbeds, including the rated real power as well as the true 

power factor for each individual load. The test procedures for each testbed utilized in 

the research are as well included in this chapter.  

Chapter 4 covers the post operation analysis of the generator sets including real 

power, reactive power, and apparent power data of the generator sets during operation. 

This chapter also includes the harmonic analysis of the generator sets at the rated 

power level under purely nonlinear loads, including the THD, HPF, DPF, and PF. The 

steady-state temperature rise of the stator windings during operation of the generators 

on the testbeds are also included in this chapter. 

Chapter 5 describes the final analysis of the data collected during operation of 

the generators and the testbeds. A determination of the lasting effects due to nonlinear 

loads on a generators lifetime is then established in this chapter.                     
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CHAPTER II 

LITERATURE REVIEW 

2.1 Overview of Synchronous Machines 

A synchronous machine is an electromechanical device that utilizes magnetic 

induction to produce a voltage across a conductor in a changing magnetic field. Three 

phase synchronous machines consist of 3 major components: a stator, a rotor, and an 

exciter. The stator is stationary, consisting of a slotted laminated core into which the 

stator windings are fitted [1]. The stator windings consist of three separate windings 

displaced from each other by 120 °E. Each phase winding has a series connection of 

coils to form a definite number of magnetic poles. The ends of the three-phase 

windings are then connected in either a delta or wye configuration. The alternator 

rotor is the moving mechanical part which rotates to produce the main field flux. The 

rotor which can be salient or non-salient (cylindrical) often contains a permanent 

magnet which produces the magnetic field, and the current is fed through a slip-ring to 

create the poles. Figure 2.1 below shows the composition of a three phase synchronous 

machine [2].   

 

Figure 2.1 Construction of a three phase synchronous machine [2] 
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2.2 Synchronous Three Phase Generators 

In a synchronous three phase generator, the rotor is driven by a either a diesel 

engine, or by a turbine. In a synchronous generator, the direct current flowing through 

the rotor windings produces a magnetic field that rotates with the rotor. The change in 

magnetic field induces a voltage across the stator windings. The frequency of the 

generators output voltage is determined by the rotor speed, ωm, and the number of pole 

pairs in the synchronous machine, P shown in the mathematical expression below. 

𝑓 = 𝑃
𝜔

2𝜋
                                                      (2.1) 

The output voltages from a three phase generator are 120 ° out of phase from 

each other represented by figure 2.2 below. 

 

Figure 2.2: Synchronous generator equivalent connected in Wye [3]  

The output voltage from line-to-line of the 3-phase generator VT is determined by the 

equation below. 

𝑉 = √3 𝑉∅                                                       (2.2) 

The power parameters of a generator, apparent power (S), reactive power (Q), 

and real power (P) are determine by the line-to-line voltages VLL, line currents IL, 
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phase angle of the current at the fundamental frequency, θI, and phase angle of the 

voltage at the fundamental frequency, θV. Equations 2.3, 2.4, and 2.5 show the 

mathematical derivations for the power parameters respectively. 

𝑆 =  √3(𝑉 𝐼 )                                                                   (2.3) 

𝑃 =  √3(𝑉 𝐼 ) ∗ cos(𝜃 − 𝜃 )                                     (2.4) 

𝑄 =  √3(𝑉 𝐼 ) ∗ sin(𝜃 − 𝜃 )                                     (2.5) 

2.3 Overview of Nonlinear Loads 

There are two types of loads, linear and nonlinear loads. A linear loads current 

is linearly proportional to the applied voltage across the load with all of the current 

delivered at the fundamental frequency. Any changes to the applied voltage on a linear 

load would cause a proportional change to the load current. A linear loads current is 

also in phase with applied voltage. A nonlinear load has a current profile that can be 

out of phase with the applied voltage with only a portion of the current delivered to the 

load at the fundamental frequency. Many power electronics systems such as DC-DC 

converters and rectifier circuits have current profiles with strong distortion due to the 

switching elements in the system. Figure 2.3 below shows the difference between a 

linear loads current and a rectifiers current, a type of nonlinear load. 
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Figure 2.3: Example of Linear and Nonlinear Load Currents 

As shown in figure 2.3, the linear load current is in phase with the line voltage and 

changes proportionally to the change in voltage over time. The nonlinear load current 

however has intervals where no current is drawn even with a potential across the load. 

The example load shown is of a full-wave rectifier which is used in power converters 

to convert an input AC voltage to a DC voltage. Other power converters such as DC-

DC converters and AC inverters also draw nonlinear currents that change nonlinearly 

with the input voltage source. 

 Loads with currents that are out of phase with the input voltage source, known 

as inductive or capacitive loads, are also referred to as nonlinear loads. The current 

may change almost linearly with the input voltage, however due to the phase shift in 

the load current, the peak magnitude of load current does not coincide with the peak 

voltage applied across the load. Inductive loads for example, such a inductive motors, 

and magnetic ballasts have current profiles that lag the voltage source. Figure 2.4 

below shows an example current profile of an inductive load.   



Texas Tech University, Fernando Salcedo, August 2020 
 

7 
 

 

Figure 2.4: Example of an Inductive Load Current 

2.4 Harmonic Analysis of Loads 

Most loads powered by tactical generators in the field introduce harmonics and 

distortion in the current which can cause adverse effects to the generator set. 

Harmonics are current waveforms whose frequencies are integer multiples of the 

fundamental power frequency, most commonly 50/60 Hz. Currents with harmonics 

cause distortions in the supply voltage as well as the supplied current. These 

harmonics increase the reactive power of the generator set, potentially overheating the 

system, increasing total power losses, or lead to malfunction of protective and control 

devices. Figure 2.5 below shows an example of a nonlinear current with the individual 

harmonics current for the odd number harmonics of the load. 
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Figure 2.5: Example of a Nonlinear Load Current with Individual Harmonics [4]  

As shown in figure 2.5, the total current displays heavy distortion in the waveform and 

the RMS value of the total current is much lower than the peak total current. The 

majority of current is delivered as sinusoidal at the fundamental frequency of 50 Hz. 

The figure also shows that there are harmonic currents that effect the total current up 

to the 9th harmonic at 450 Hz. The amount of power that is supplied to the load can 

then be represented by what is known as True Power Factor (PF). True Power Factor 

is the ratio of real power delivered to the apparent power delivered. The more  

harmonics present in a load, the more apparent power is required to meet the real 

power demand. True power factor can also be found by the product of the  

Displacement Power Factor, DPF, and the Distortion Power Factor, HPF, as shown in 

Eq. 2.6 below. 

𝑃𝐹 = 𝐷𝑃𝐹 ∗ 𝐻𝑃𝐹 =
𝑃

𝑆
                                                      (2.6) 

The Displacement Power Factor (DPF) refers to the cosine of the phase difference 

from the source voltage and the load current. This relationship is better shown by Eq. 

2.7 below. 
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𝐷𝑃𝐹 = cos(𝜃 − 𝜃 )                                                             (2.7) 

In the expression for the displacement power, θV, represents the phase of the voltage 

across the load at the fundamental frequency, and θI, represents the phase of the load 

current at the fundamental frequency. 

The Distortion Power Factor (HPF), details the effects of the harmonics to the 

total power delivered to the load. The HPF of a load can be solved by using the Total 

Harmonic Distortion (THD) of the load current. Using the squared amplitude of the 

odd harmonics in the current as well as the squared amplitude at the fundamental 

frequency, the THD can be found. The expression for THD of a load is shown in Eq. 

2.8 below. 

% 𝑇𝐻𝐷 =

∑ (𝐼 ) 

𝐼
∗ 100%                      (2.8) 

In the expression for THD, Iharmonics are the amplitude rms values of the load current at 

the harmonic frequencies, starting from the 2nd harmonic on. In the expression for 

THD, Ifundamental represents the rms amplitude value of the load current at the 

fundamental frequency. Using the THD, the distortion power factor can then be solved 

by Eq. 2.9 below. 

𝐻𝑃𝐹 =
1

√1 + 𝑇𝐻𝐷
                                                            (2.9) 

There are a few distinctive nonlinear currents that are found in many systems 

which could potentially be run on the tactical generator set with a large THD. One of 

the major circuits that introduce harmonics and nonlinear currents to introduce a large 

THD are power rectifiers. Loads that convert the input AC voltage to a DC voltage 

require an input rectifier circuit which introduce a distinctive current profile with 

shorts instances of no current draw. Rectifiers conduct current when the voltage across 

the diodes are greater than the forward voltage drop of the diode. This leads to periods 

where the input current drops to 0 A, causing distortion in the current. 



Texas Tech University, Fernando Salcedo, August 2020 
 

10 
 

CHAPTER III 

TACTICAL GENERATOR TESTBEDS 

As an investigation into the effects of nonlinear loads on generator sets, 

testbeds are developed to operate a 3-kW generator set and 30-kW generator set for an 

extended duration. The generator set output voltages and output current per phase are 

monitored during operation and then utilized to verify the generator power 

performance. Two different methods are utilized to monitor the surface temperature of 

the generator stator during operation to determine the temperature rise in the stator 

windings. A data acquisition system is utilized to obtain the electrical performance 

data during operation of the generator set. The following section covers the generator 

sets utilized for the experiments, including its performance and electrical 

characteristics, as well as the nonlinear loads designed and utilized for the testbeds.  

3.1 3-kW Generator Testbed 

The testbed is comprised of a generator set, 5 different nonlinear loads with 

unique current profiles and different power factors, data collection equipment, 

platinum RTD temperature sensors, and a data acquisition system to continuously  

monitor the generator output parameters for signs of degradation. Equipment utilized 

in the test bed include AC current probes, differential voltage probes, and a 500 MHz 

DPO oscilloscope to capture the output voltage and currents of the generator during 

operation. A Fluke 435-II Power Analyzer is utilized to monitor the power quality data 

of the generator during operation. Power quality data obtained during operation 

include: real power per line and total, reactive power per line and total, apparent 

power per line and total, as well as displacement power factor and true power factor. 

Five nonlinear loads were designed or purchased to test different nonlinear 

load profiles on the MEP-831A generator set. The nonlinear loads were selected 

because of the relatability of the results to actual Army generator usage in the field. A 

dynamometer set, magnetic ballast light stack, a full-bridge rectifier, DC-DC buck 

converter, and a lead acid battery charger were designed, developed, or purchased for 
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the testbed. Figure 3.1 below shows a diagram of the testbed developed for testing the 

MEP-831A 3-kW tactical generator set. 

 

Figure 3.1: Diagram of MEP-831A 3-kW Generator Testbed 

3.1.1    MEP-831A 3-kW Tactical Generator 

The first generator investigated is the MEP-831A 3-kW tactical generator set, 

provided by C5ISR and General Technical Services (GTS). The 3-kW generator set 

outputs a single split phase 240 V/120 V AC voltage at 60 Hz with a power factor of 

0.80. The generator set utilizes a Yanmar diesel engine that outputs 6.7 HP at 3600 

RPM. The generator houses a permanent magnet alternator consisting of four 3-phase 

isolated AC output windings with a voltage output proportional to the engine speed. 

The PMA stator is directly mounted to the engine and uses class H insulation sleeves 

on the stator windings. The generator uses a frequency converter system to first 

convert the AC voltage from the alternator to a DC voltage to charge the DC link 

capacitor at the input of the inverter. The inverter then converts the DC voltage to a 3-

wire 240 VAC/120 VAC voltage or a 2-wire 120 VAC output. The MEP-831A is 

designed to operate at ambient temperatures ranging from -25° to 120° F. 
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The MEP-831A utilizes a unique design in that the applied load is not seen by 

the stator three phase output due to the power electronics which charges the DC link 

capacitors. The AC-DC converter then acts as a buffer ensuring that the stator only 

sees a three phase rectifier current profile with a change of magnitude dependent on 

the load demand. Unlike a single phase full-wave rectifier which has a heavily 

distorted current profile with a low power factor, a three-phase rectifier exhibits less 

distortion in the current with a superior power factor. This design ensures that the 

stator windings see a consistent load profile with a relatively high power factor. 

3.1.2    2.2-kW Dynamometer Set 

The first load designed for the testbed consisted of a 2.2 kW dynamometer set 

utilizing two coupled 3 HP AC general purpose motors, as well as a variable 

frequency drive (VFD) to control the output frequency of the coupled motor. The first 

motor in the load acts as an inductive motor driven by the VFD, and the second motor 

is operated as a generator. The inductive motor in generator mode, is then tied back 

into the grid via NEMA power connectors. The VFD controls the amount of power 

drawn from the generator by controlling the frequency of the coupled motor. As the 

frequency of the inductive motor in generator mode surpasses the frequency of the 

grid, the current delivered increases. A resistive soft starter is also implemented to 

limit the potential in-rush or surge current when introducing the generator motor to the 

grid. For safety purposes, a fused safety switch with a lock-out tag-out protocol is also 

implemented to prevent unauthorized users from operating the load as well as to act as 

a kill switch in the event of a failure or fault. 

Two Dayton 36VE86 3HP general purpose AC motors are utilized for the 

dynamometer design. The Dayton 36VE86  is a 4-pole motor with a nameplate RPM 

of 1770 and a three phase output voltage rating of 208-230 VAC/460 VAC. The 

motors are wired in a 208 VAC configuration, allowing for the integration with the 

three phase 208 VAC outlet located at the site of operation. The motors are coupled 

using a sleeve coupling flange and a type JE neoprene flange rubber coupling rated for 

3 HP and fitted for the motors keys.    
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The Schneider Electric ATV12H018M2 variable speed drive is utilized for 

controlling the output voltage frequency of the coupled motor. The ATV12H018M2  

takes a single phase 240 VAC input and outputs a 3-phase 208 VAC to match the 

motor. The variable frequency drive is set up and operated by a remote controller 

which is tied by a Cat5 ethernet cable. The VFD is utilized with an output frequency 

range of 60.0 Hz to 60.5 Hz. The maximum real power drawn from the dynamometer 

is approximately 2.2 kW when the VFD is set to output a voltage at a frequency of 

60.5 Hz. 

For operation, the VFD initially ramps up speed until the set frequency is 

reached and then the grid is introduced to the coupled motor to act as an excitation 

load. Once the voltage output of the generator motor is in phase with the grid, the 

frequency is increased. As the output frequency of the VFD increases above the grid 

voltage frequency, the power drawn from the generator increases. A resistive soft 

starter and a 3-pole safety switch is used to feed the produced power back to the grid 

via a 3-phase 208 VAC output.  Figure 3.2 below shows the physical build of the 

finalized dynamometer set including the soft starter and the safety switch. 

 

Figure 3.2: 2.2-kW Dynamometer Set Load  
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3.1.3    1-kW Magnetic Ballast Stack 

The second load used for the testbed is a 1.0 kW magnetic ballast stack, 

specifically because lighting is an essential load utilized by the military in the field. 

Magnetic ballasts were selected due to their poor efficiency and absence of power 

factor correction circuits, which adds further stress to the generator. The ballast stack 

load is made up of 5 rows of ballasts with 4 ballast on each row and 2 fans. Originally 

the fans were added to the load as intake and exhaust fans for an enclosed lighting 

fixture, however the idea for an enclosure was scrapped for easier access and 

maintenance. The fans were kept in the load to add to the total power consumption.  

The magnetic ballasts used in this design are the LumaPro 1XUH2 magnetic 

ballast. Each magnetic ballast operates with an input voltage of 120 VAC and is rated 

for 36 W with a power factor of 0.60. Due to the inductance component of the 

magnetic ballasts, the displacement power factor is expected to be low, resulting in the 

low true power factor. The total power drawn from the light stack is approximately 

720 W and approximately 280 W is drawn from the fans. With a required input 

voltage of 120 VAC, the magnetic ballast stack is wired to connect to the MEP-831A 

generator using one of the line to neutral connections.   

The magnetic ballast stack is designed to operate at different power level in the 

case that multiple loads are tied to the MEP-831A generator set. A breakout box and 

seven single-pole 15 A commercial light switches are utilized to control power 

demand of the ballast stack. Five of the single-pole switches are used to control the 

rows of ballast. One switch is used to control operation of the fans, and the last switch 

is used to toggle the main power source of the ballast stack load. For safety purposes, 

single-pole 2 A DIN rail breakers are used to protect each row of ballast in the case of 

a fault or surge and a 15 A DIN rail breaker is used for the main power input. Figure 

3.3 below shows the ballast stack load for the testbed. 
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Figure 3.3: 1-kW Magnetic Ballast Stack 

3.1.4    1.1 kW Full-Wave Rectifier with Resistive Load 

The next load designed for the testbed is a 1 kW full bridge rectifier circuit to 

convert the single-phase AC output voltage of the generator set to a 170 VDC output 

across a resistive load. A full-wave rectifier circuit is found in many common loads 

which require a DC voltage, so there is in an interest in the power performance of 

loads utilizing a full-bridge rectifier at the input. A full-wave rectifier consists of two 

pairs of rectifier diodes tied in series, wired in parallel creating a full-bridge. The AC 

input voltage is applied at the cathode of each of the lower rectifiers, and smoothing 
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capacitor is tied from the cathodes of upper rectifiers to the anodes of the lower 

rectifiers as shown in figure 3.4 below. 

 

Figure 3.4: Example Circuit of a Full-Wave Rectifier 

The rectifier circuit designed takes a 120 VAC voltage from the line-to-neutral 

output of the generator set and converts the AC voltage to a 170 VDC voltage. A soft 

starter is implemented to slowly bring up the output power, preventing high transient 

spikes which could potentially trip the circuit breaker, an overcurrent fault, or cause 

damage to the generator set. The load resistors are enclosed in a polycarbonate box to 

prevent the operator from touching the load resistors. Intake and exhaust fans are used 

to assist with thermal management of the resistors during operation of the nonlinear 

load, allowing for extended operating times. The full-wave rectifier circuit pulls 

approximately 14.5 ARMS and an average real power of 1.14 kW. Figure 3.5 below 

shows the physical build of the full-bridge rectifier circuit designed and built for the 

testbed. 
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Figure 3.5: 1.1 kW Full-Wave Rectifier with Resistive Load  

3.1.5    500 W Buck Converter Load 

Another load designed for the testbed was a DC-DC buck converter with a 

resistive load. The circuit was selected because many loads including laptop and 

phone chargers, as well as power supplies use DC-DC converters to supply 

appropriate voltages for sub-circuits. The designed load consists of a full-wave 

rectifier on the input with a smoothing capacitor followed by an isolated DC-DC 

converter.  

The designed buck converter load converts a 120 VAC source voltage from a 

line to neutral output of the MEP-831A to a 170 VDC using a full-bridge rectifier and 

a large smoothing capacitor (2.2 mF) to establish a sustained 170 VDC input with low 

voltage ripple for the DC-DC converter. The Vicor DCM4623TD2K31E0Y7Z 

isolated, and regulated DC-DC converter is used for the buck converter IC. The buck 
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converter IC has a peak efficiency of 93.9 % and a maximum power output of 500 W 

at 28 V and 17.86 A of continuous load current. To operate the buck converter near 

maximum load, 300 W 4 Ω resistors are used in parallel to pull a total of 392 W from 

the output of the converter.  

Multiple AC fans as well as DC fans were used for thermal management of the 

system and a heat sink was clamped onto the buck converter IC to assist with thermal 

management of the chip during operation. For protection of the circuit as well as for 

safety purposes, a 3 A fuse is used at the input of the buck converter IC to prevent 

failures due to transient current spikes or potential shorts. Figure 3.6 below shows the 

final build of the buck converter load. 

 

Figure 3.6: 500 W Buck Converter Load with Resistive Load 

3.1.6    1.75 kW Lead Acid Battery Charger  

The final nonlinear load selected for the generator testbed is a 12V/24V lead 

acid battery charger because seal lead acid (SLA) standard batteries are often used by 

military operatives in the field. Due to the high usage, and high-power demand, the 

battery charger is a great nonlinear load to use in the testbed. The Snap-on EEBC500A 

commercial battery charger is used to charge a 150 CA 12 V SLA battery. The battery 
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charger has an input voltage rating of 120 VAC and pulls a maximum of 14.6 ARMS, 

allowing for a maximum power consumption of approximately 1.75 kW.  

The battery charger has 4 modes of operation: Maintain, Fast, Boost, and 

Flash. The “Maintain” mode charges the connected battery at a max DC current of 4 A 

drawn from the generator. The “Fast” mode charges the battery at a maximum DC 

current of 15 A. The “Boost” mode charges the connected battery with a maximum 

DC charging current of 60 A for a maximum of 60 seconds. The “Flash” mode 

charges the connected battery at the maximum DC current output of the charger, 100 

A. Though the “Flash” mode draws the maximum power from the AC source, the 

battery charger can only deliver 100 A for a short period, for this reason, the “Flash” 

mode is not utilized for long durations. Figure 3.7 below shows an image of the Snap-

on battery charger used in the testbed for the generator. 

 

Figure 3.7: Snap-on EEBC500A Lead Acid Battery Charger 
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3.1.7    Stator Winding Temperature Sensing 

One of the major components of the 3-kW testbed is the stator winding 

temperature sensing system.  Monitoring the temperature increase, ΔT, of the stator 

winding insulation assists with determining whether the nonlinear loads cause the 

surface temperature of the stator windings to surpass the ratings of the winding 

insulation material. There are two different methods that were considered for sensing 

the temperature of the stator windings: resistor thermometer detectors (RTDs) and 

thermocouples. Thermocouples are excellent for higher temperature applications and 

are a cost effective way of monitoring temperatures. RTDs are slightly more costly, 

however they have the benefit of better accuracy compared to thermocouples as well 

as superior repeatability. The temperature is sensed by corelating the resistance of the 

RTD or thermocouple to the sensed temperature by using part specific temperature to 

resistance relationship.   

Three MINCO S3238 Platinum RTDs are mounted on the surface of the stator 

windings approximately 120 °E apart from one another. The RTDs are set in a 

static position on the stator using a thin layer of epoxy, ensuring consistent 

contact of the sensors on the stator surface. According to the datasheet of the 

platinum RTDs, the S3238 RTDs are specifically designed to monitor stator 

temperatures with a sensing range from -62 °C to 200 °C [5]. The S3238 sensors 

have a nominal resistance at 0°C, Ro, of 100 Ω and an average temperature 

coefficient resistance, TCR, of 0.00392 Ω/Ω/°C [5]. The sensed temperature, T, 

relates to the RTDs resistance, RT, using the nominal resistance of the RTDs at 

0°C, as well as the Callendar-Van Dusen coefficients (A and B) for the material 

using equations 3.1 through 3.4 below.   

𝐴 = 3.9787 ∗ 10                                                                           (3.1) 

𝐵 =  −586.86 ∗ 10                                                                       (3.2) 

𝑅 = 𝑅 [1 + 𝐴𝑇 + 𝐵𝑇 ]                                                                (3.3) 

𝑅 = (−58.686 ∗ 10 )𝑇 + (397.87 ∗ 10 )𝑇 + 100        (3.4) 
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With the resistance of the temperature sensor known, the sensed temperature can be 

extracted using equation 3.4 and quadratic formula which gives a real and imaginary 

root. The real root is the actual sensed temperature in °C. 

The resistance of the three platinum RTDs are monitored using Fluke True 

RMS multimeters throughout the operation of the generator and documented 

periodically during operation. The Fluke multimeters are used because of the 

reliability of the devices, practicality, as well as the 100 mΩ resolution of the Flukes 

which is sufficient for the resistance range expected. 

3.2 30-kW Generator Testbed 

The testbed is comprised of a generator set, 3 different nonlinear loads with 

unique current profiles and different power factors, data collection equipment, and 

temperature sensing circuitry. Equipment utilized in the test bed include AC current 

probes, differential voltage probes, and a 6-channel 1 GHz DPO oscilloscope to 

capture the output phase voltages and phase currents of the generator during operation. 

A Fluke 435-II Power Analyzer is utilized to monitor the power quality data of the 

generator during operation. Power quality data obtained during operation include: real 

power per line and total, reactive power per line and total, apparent power per line and 

total, as well as displacement power factor and true power factor. 

Three nonlinear loads were designed or purchased to test different nonlinear 

load profiles on the MEP-1060 tactical generator set. Nonlinear loads that are most 

likely to be utilized by army generators were selected for the testbed. Similar to the 3-

kW generator testbed, a dynamometer set and a ballast light stack were designed and 

developed for the testbed. Instead of a full-wave rectifier, a three phase rectifier is 

designed and developed in order to prevent a load imbalance.  Figure 3.8 below shows 

a diagram of the testbed developed for testing the MEP-1060 30-kW tactical generator 

set. 
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Figure 3.8: 30-kW Generator Nonlinear Load Testbed 

3.2.1    MEP-1060 30-kW Tactical Generator Set 

The MEP-1060 30-kW tactical generator also provided by C5ISR and GTS is 

investigated using the 30-kW nonlinear load testbed. The MEP-1060 generator is a 4-

wire three phase generator with a 120/208 VAC or 240/480 VAC output at 60 Hz  

capability. The generator is rated for 104 ARMS 120/208 VAC with a power factor of 

0.80. The MEP-1060 uses a Cummins QSB 3.3 Tier III diesel engine at 1800 RPM. 

Unlike the MEP-831A which has an AC-DC converter and a power inverter on 

the output of the stator, the MEP-1060 output of the stator is tied directly to the output 

terminals of the generator. The configuration of the 30-kW generator allows for the 

stator to see the nonlinear load current directly, potentially having a greater negative 

effect on the temperature rise due to the reactive power.  

Due to the size of the generator set, a trailer was purchased and utilized to store 

the generator set. Prior to usage, all fluids were checked and replaced, and the two 12 

VDC batteries for the starting system were charged to full capacity. Figure 3.9 below 

shows the MEP-1060 as stored on the trailer outside of the P3E laboratory at Texas 

Tech University. 
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Figure 3.9: MEP-1060 30-kW Tactical Generator Set  

3.2.2    Power Distribution Box for Testbed 

The output terminals of the MEP-1060 are located on the side panel of the 

generator set behind a protective plastic cover, making it difficult to place monitoring 

equipment such as voltage probes and current probes. A power distribution box was 

then developed to allow for the connection of multiple loads while maintaining the 

ability to apply voltage, and current monitoring equipment.  

The power distribution box consist of a 12x12x6 PVC junction box for the 

enclosure and M8 threaded rods per input phase terminal. The M8 threaded rods are 

capable of handling a maximum of 100 A. M8 threaded rods are also utilized for the 

output terminals, which are specifically for the 22-kW dynamometer set which expects 

a maximum of 77 A. For power distribution, 1 ¼ in x 6 in bus bars capable of 

handling 150 A are utilized per phase. Four 30 A 120V/208V twist-lock terminals 

were also installed so that loads may be connected with NEMA safety measurements 

in mind. The power distribution box is connected to the generator set using 4-wire 2 

AWG insulated wire rated for 600V and 94 A for power transmission. Figure 3.10 and 

figure 3.11 below shows the power distribution box including the input and output 

terminals. 
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Figure 3.10: Power Distribution Box, Input Terminals 

 

Figure 3.11: Power Distribution Box, Output Receptacles 
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3.2.3    3-kW Three Phase Rectifier with Resistive Load 

A 3-phase rectifier system was designed and developed due to the high total 

harmonic distortion associated with rectifiers. The rectifier system takes a 208 VAC 

line-to-line input voltage which is then rectified using a 3-phase bridge rectifier 

followed by smoothing capacitors in parallel to maintain a stable DC voltage supply of 

approximately 300 VDC. Four 1500W 22 Ω resistors are wired in a series parallel 

configuration for an equivalent 6000W 22 Ω load tied to the 300 VDC output for a 

continuous power demand. A MSP430G2553 microcontroller is utilized to control a 

soft start subsystem comprised of relays and resistors to prevent in-rush current issues 

which could damage the system. The rectifier load is designed to operate at either full 

load (3.5 kW) or half load (1.75 kW).  

Due to the amount of heat generated by the load resistors tied to the 300 VDC 

output, an enclosure was constructed to house the rectifier circuit and controls, and 

another enclosure was made to house the load resistor bank. To assist with thermal 

management, 150 CFM fans are utilized in a push-pull configuration to limit the 

maximum temperature of the resistive load bank. Figure 3.12 below show the finalized 

load including the input 30A 120V/208V twist-lock female receptacle used to connect 

to the MEP-1060 generator set. 
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Figure 3.12: 3-kW Three Phase Rectifier with Resistive Load 

3.2.4    6-kW Compact Fluorescent Light Stack 

A 6-kW compact fluorescent lighting system was developed for the testbed due 

to the low power factors seen in lighting systems. Due to the required power level and 

availability of required components, magnetic ballasts were not utilized for the 

lighting system. Instead, a total of 252 compact fluorescent light bulbs rated for 23 W 

each were used for a total of approximately 6 kW. The major differences in using 

compact fluorescent lights instead of the magnetic ballast are the displacement and 

distortion power factors. The magnetic ballast used for the 3-kW testbed has a low 

displacement power factor and high distortion power factor due to the inductive 

component, where the CFL bulbs have a high displacement power factor and low 

distortion power factor due to an input rectifier, signifying more harmonics present in 

the current profile.  

The CFL bulbs require a 120 VAC line-to-neutral input, therefore the bulbs are 

wired to distribute the power demand to 2 kW per phase to maintain a balanced load. 

As well, 7 manual 3-phase switches are implemented to vary the total power demand 
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of the lighting system with a resolution of approximately 900 W. For safety and 

component protection, 5 A 3-phase breakers are utilized per manual switch to prevent 

an overcurrent or short circuit failure. The load connects to the generator power 

distribution box using a 4-wire 8 AWG insulated power cable with a male NEMA 

twist-lock connector. The voltages from line-to-line as well as line-to-neutral may be 

monitored using differential probes by connecting the probes to 2 of the 4 female 

banana plugs installed in the system. Pearson coils are utilized to monitor input 

currents per phase with a male BNC output which may be connected to an 

oscilloscope via coax cable. Figure 3.13 and figure 3.14 below shows the finalized 

build of the 6 kW CFL lighting system including the wiring circuitry. 

 

Figure 3.13: 6-kW Compact Fluorescent Lighting System 
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Figure 3.14: Compact Fluorescent Lighting System, Power Distribution 

3.2.5    22-kW Dynamometer Set 

Variable frequency drives (VFDs) introduce substantial harmonics in the input 

line current, having a THD above 100%. Because of the low power factor of a VFD, a 

dynamometer set using a VFD was designed and developed for the 30-kW testbed. A 

dynamometer is comprised of two coupled AC motors with a single motor driven by a 

VFD, and the second motor operating as a generator. Figure 3.15 below shows a 

simplified block diagram for the dynamometer set designed. 

 

Figure 3.15: Simplified Block Diagram of the Designed Dynamometer Set 
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A 30 HP/22 kW VFD motor driver by Schneider Electric was selected due to 

the power rating as well as the capability to remotely control the power demand by 

varying the output frequency of the motor voltage. 4-wire 2 AWG insulated wire is 

used to connect the output terminals of the 30-kW generator to the input terminals of 

the VFD. Two 30 HP, 3-phase, 1800 RPM, general purpose AC motors with a 94% 

efficiency by USEM are used for the system. Size 8 sleeve and flange couplers by TK 

Woods capable of handling 42 HP at 1800 RPM are used for coupling the two motors. 

For safety purposes, a 100 A heavy duty fused safety switch is also used to isolate the 

grid from the load when necessary.  

Due to the inrush current expected when connecting the dynamometer to the 

grid, a soft-starter system was developed to limit the current initially fed back into the 

grid before introducing the full load. The soft-starter designed functions by using 

sensing components, a microcontroller, relays, and power resistors to introduce a 

constant resistance limiting the current draw from the motor operating as a generator. 

A latching push-button is utilized to allow the operator to force a short-circuit and 

bypass the soft-start resistors if necessary. A 120 VAC external input is required to 

power the controls as well as the 150 CFM fans required to cool the system.  

The input of the soft-starter is wired using two 8 AWG wires per phase to a 3-

pole 100 A terminal block. The output of the secondary motor is wired to the terminal 

block using 4-wire 2 AWG insulated wire. The output of the soft-starter is connected 

to the 100 A safety switch using a 100 A pin-sleeve connector and receptacle. The 

safety switch is then connected to the grid using 4-wire 2 AWG insulated wire and 

NEMA pin and sleeve connector and receptacle. 

A cart was constructed using slotted angle iron frames, braces, and 4 castors 

for transportability and ease of setup of the dynamometer . The VFD, the soft starter, 

and 100 A safety switch are mounted on the cart to simplify the setup for operation. 

The 100 A pin-sleeve receptacle is mounted on an aluminum frame at the base of the 

constructed dynamometer cart. The coupled motors can exhibit a strong centripetal 

force during operation, for this reason, the motors are bolted to a pallet which is 
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mounted and secured to the trailer storing the MEP-1060 generator. Figure 3.16 below 

shows the finalized 22-kW dynamometer load including the mobile cart as well as the 

coupled motors prior to mounting on the trailer. 

 

Figure 3.16: 22-kW Dynamometer Set including Control Cart  

3.2.6    Stator Winding Temperature Sensing 

Unlike the MEP-831A generator which has an easily accessible stator, the 

MEP-1060 generator has a more complex design, making the accessibility of the stator 

difficult without major disassembly. Platinum RTDs are not used to monitor the stator 

winding temperatures due to accessibility. Instead, 4-wire resistor sensing is 

implemented, for stator temperature sensing. The stator windings DC resistance are 

monitored prior to operation of the generator and immediately after completing 

operation. This method is effective because the DC resistance of the stator winding 

increases linearly with change in temperature.  

The expected cold resistances of the MEP-1060 stator windings are in the tens 

of mΩs. In order to read the low resistance values, current sources are used to provide 

100 mA of constant current to each stator winding for approximately five minutes. 

The voltage drop across each winding is amplified and then recorded using a National 
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Instruments data acquisition system to a .CSV file. The NI USB-3002 reads the phase 

voltage drops and phase currents with a 1 kSa/s sampling rate. The recorded voltage 

drops are averaged over the ten minute period using MATLAB software, and then 

Ohms law equation is applied to solve for the DC resistance. The change of DC 

resistance calculated then corresponds to approximation of the change in stator 

temperature. 

Single-pole single throw relays are implemented in the temperature sensing 

system to introduce and disconnect the current sources to the generator stator output 

terminals. LM317 Low-dropout voltage regulators (LDOs) are configured to act as 

current sources with current limiting resistors on the output. An INAx180 op-amp is 

utilized to amplify the sensed voltage drop with a gain of 100 V/V. 

The 4-wiring sensing circuitry is wired directly to the MEP-1060 voltage 

control board which is tied directly to the stator windings output using two 6-

conductor insulated wires. Figure 3.17 below shows the integration of 4-wire sensing 

circuitry with the generator. 

 

Figure 3.17: 4-Wire Resistor Sensing Setup on Voltage Control Board 

 3.2.7    Test Procedures for 30-kW Testbed 

The ambient temperature of the generator is initially recorded to define the 

base temperature for the stator windings. The data acquisition system is then activated 

to begin collection of the phase voltage drops and phase currents. The 4-wire resistor 
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sensing board is then switched into the voltage control board and powered. The data 

acquisition system is then activated to begin collection of the phase voltage drops and 

phase currents for approximately five minutes. With data collection completed, the 

sensor board relays open, isolating the generator from the sensing system. 

The 30-kW generator is operated in 4 hour intervals at approximately 28 kW of 

nonlinear loads, allowing for the stator winding temperature to reach steady state. The 

nonlinear loads are combined with different power demands to deliver unique current 

profiles as well as to reduce the true power factor. The 6-channel oscilloscope, 

differential voltage probes, and Rogowski coil current sensors read and display the 

phase voltages and phase currents during operation of the generator. During the 

operation, the phase voltages and phase currents are saved to .CSV files in twenty 

minute intervals for post-operation harmonic analysis. The Fluke 435-II power 

analyzer in connected to the power distribution box using the provided voltage probes 

and current probes to monitor the power quality of the MEP-1060 during operation, 

including displacement power factor and true power factor. 

Once the 4 hour interval ends, the nonlinear loads are turned off and the 

generator is shut off. As soon as the stator windings are deenergized, the 4-wire 

sensing circuit is switched back in to the voltage control board, and the data 

acquisition system begins collecting the voltage drops and phase currents. It is 

important to initiate the temperature sensing as soon as possible post operation to 

measure the maximum temperature rise due to the nonlinear loads and self-heating. 

The collected operation data is sorted and analyzed for the following characteristics: 

displacement power factor, distortion power factor, THD, true power factor, and stator 

winding temperature rise.  
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CHAPTER IV 

NONLINEAR LOAD TESTBED ANALYSIS 

Harmonic analysis is conducted on the collected phase voltages and phase 

currents to validate the power quality measurements obtained from the power 

analyzer. OriginLabs data processing software is used to graph the operating data as 

well as to implement the fast Fourier transform (FFT). The FFT is an algorithm which 

uses the raw data to convert the analyzed signal from the time domain to a discrete 

frequency domain. The process is especially useful for obtaining the amplitude of the 

signal at the fundamental frequency (60 Hz), as well as at the Nth harmonics. The 

information is used to determine the THD, as well as the distortion power factor. The 

Phase of the line voltages and line currents at the fundamental frequency are also 

obtained and utilized to calculate the displacement power factor. With the distortion 

power factor and displacement power factor solved, the true power factor is then 

calculated. 

The temperature data obtained during operation of the generators is analyzed to 

determine the maximum steady-state temperature rise. A relationship between the 

steady-state temperature rise and nonlinear load demand is then made. A 

determination of the long term effects due to nonlinear loads is then formed using the 

empirical data. 

4.1 3-kW Generator Testbed Operation Results 

For the 3-kW MEP-831A generator test bed, the generator was subjected to 

approximately 3 kVA of nonlinear load demand for a total of 200 hours. During the 

operation of the MEP-831A, line 1 to neutral and line 2 to neutral voltages, as well as 

line 1 and line 2 currents were recorded in 20 minute intervals monitoring voltage 

drops and possible faults. The platinum RTD resistances were recorded every 5 

minutes to follow the change in temperature over time under  a particular nonlinear 

load demand.  
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4.1.1    Harmonic Analysis for Nonlinear Loads 

The MEP-831 was operated using the individual loads as well as combinations 

of the five nonlinear loads developed to vary the true power factor. Initially the 

generator was operated using the induvial nonlinear loads to determine the power 

quality effects due to each load. Once the individual power parameters were 

determined, the generator was then subjected to nonlinear load combinations. Due to 

the minimum power demand of each load, a maximum of four nonlinear loads were 

utilized for each testing period. Each load combination used consist of the 

dynamometer set because of the high current distortion and low power factor 

attributed to the variable frequency drive. The magnetic ballast stack is also utilized in 

each of the load combinations because of the high displacement seen in the current as 

well as the variability of the load demand. 

The first load tested was the 2.2 kW dynamometer set powered from L1-to-L2. 

The variable frequency drive was initially set to 60.0 Hz to draw the minimum power 

from the generator set and then the dyno was run. Figure 4.1 below shows the 

generator output voltage from line-to-line as well as the load current with the VFD set 

to 60.0 Hz. 

 

Figure 4.1: Generator Output Voltage and Current for Dynamometer, VFD = 60.0 Hz 
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As shown in figure 4.1, the generator output voltage from line-to-line is approximately 

236.49 VRMS and the dyno draws an average current of approximately 1.20 ARMS when 

the VFD is set to 60.0 Hz. A few distinctive properties of the load current include the 

periods of no current draw often seen in rectifier circuits. The distortion in the current 

is an indication that the power factor for the load will be low due to the presumably 

low distortion power factor. It can also be seen in figure 4.1 that the current peaks are 

not equal. The peak positive current for the dynamometer is approximately 7.70 A 

while the peak negative current is approximately -15.10 A. 

After looking over the voltage and current waveforms for the dyno with a VFD 

frequency of 60.0 Hz, the power data was then analyzed to determine the THD, 

displacement power factor, distortion power factor, and true power factor. Using the 

Fast Fourier Transform (FFT) of the current and voltage waveforms, the harmonics in 

the signal were identified and used in Eq. 2.6 – 2.9 to obtain the power data. Figure 

4.2 below shows the FFT for the dyno load current with respect to frequency to 

illustrate the magnitude of harmonics present in the load contributing to a poor power 

factor. 

 

Figure 4.2: FFT of Line 1 Current for Dynamometer, VFD = 60.0 Hz 
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As shown in figure 4.2, the RMS current amplitude at the fundamental 

frequency (60 Hz) is approximately 1.51 ARMS. The 3rd and 5th harmonic in the current 

have amplitudes above 1.1 ARMS, more than 75% of the fundamental current. These 

large harmonics infer that the THD will be greater than 100%, thus the distortion 

power factor will be much lower than the ideal 1.0. 

 Using the RMS current amplitudes of the FFT up to the 10th harmonic and Eq. 

2.8, the THD for the dynamometer with a VFD frequency of 60.0 Hz was found to be 

approximately 150.5%. Using the THD and Eq. 2.9, the distortion power factor for the 

dynamometer with a VFD frequency of 60.0 Hz was found to be 0.632. Using the FFT 

of the current as well as the FFT of the voltage, the phase angles at the fundamental 

frequencies were used in Eq. 2.7 to obtain a displacement power factor of 0.961. 

Using the displacement power factor and distortion power factor, the true power factor 

for the dynamometer with a VFD frequency of 60.0 Hz was found to be 0.607. For 

comparison, the Fluke power analyzer gave a true power factor of 0.61 at 360 W of 

real power when operating the dynamometer VFD at 60.0 Hz. 

The dynamometer was then run near the maximum output power, with the 

dyno VFD set to 60.50 Hz. Figure 4.3 below shows the input voltage and load current 

for the dynamometer with a VFD frequency set to 60.50 Hz. 

 

Figure 4.3: Load Voltage and Load Current for the Dynamometer, VFD = 60.5 Hz 
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It can be seen from figure 4.3 that the line-to-line voltage shows more distortion in the 

sine wave compared to the voltage with the VFD frequency set to 60.0 Hz. Similar to 

figure 4.1, the current peaks in the load with a VFD frequency of 60.5 Hz are also 

unequal. The positive peak load current is approximately 26.61 A and the negative 

peak current is approximately -37.38 A. 

 The FFT of the load current and line-to-line voltage was then used to solve for 

the THD, displacement power, distortion power factor, and true power factor. Figure 

4.4 below shows the FFT of the line 1 current with the dynamometer VFD set to 60.5 

Hz. The RMS current amplitude at the fundamental frequency (60 Hz) as well as at the 

3rd harmonic (180 Hz) is shown to better illustrate the reactive power associated with 

the load.  

 

Figure 4.4: FFT of Line 1 Current for Dynamometer, VFD = 60.5 Hz 

As shown in figure 4.4, the RMS current amplitude at the fundamental frequency is 

5.90 A and the RMS current amplitude at the 3rd harmonic is approximately 5.14 A. 

With the harmonic amplitudes near the fundamental current level, the power factor can 

be assumed to be low with high reactive power associated with the load.  
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Using the FFT as well as equations 2.6 – 2.9, the THD was found to be 

approximately 118.56% leading to a distortion power factor of 0.645. The phase angle 

of the load voltage and load current at the fundamental frequency was then used to 

obtain a displacement power factor of approximately 0.977. Using the DPF and the 

HPF, the true power factor was calculated to be 0.63. For comparison, the Fluke 

power analyzer found a true power factor of 0.61 at 1.44 kW of real power with the 

VFD of the dynamometer set to 60.5 Hz. 

 The next load tested was the 1 kW magnetic ballast stack at minimum load and 

then at full load to determine which setup affected the power factor more and draws 

the most reactive power. The magnetic ballast stack is made up of 5 rows of light 

fixtures with 5 switches to control the power draw. The ballast stack was first run with 

a single row active and then measured using the Keysight oscilloscope and Fluke 

power analyzer. Figure 4.5 below shows the load voltage from line-to-neutral as well 

as the load current. 

 

Figure 4.5: Load Voltage and Load Current for Magnetic Ballast Stack, 1 Row 

As shown in figure 4.5, the voltage waveform is not as distorted as the voltage when 

applied to the dynamometer set. Another detail from figure 4.5 is the current 
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waveform shape which lags the input voltage and is also distorted. A single row from 

the ballast stack which houses 4 magnetic ballast pulls approximately 1.73 ARMS at an 

input voltage of 119.29 VRMS. The FFT of the line current as well as the line-to-neutral 

voltage was taken to solve for the THD, DPF, HPF, and PF. Figure 4.6 below shows 

the FFT of the L1 current for a single magnetic ballast stack load. 

 

Figure 4.6: FFT of Line 1 Current for a Single Magnetic Ballast Stack 

As shown in figure 4.6, the current at the fundamental frequency (60 Hz) is 

approximately 1.63 ARMS, but what is to note is the amplitude of the 2nd harmonic 

which is approximately equal to the 3rd harmonic. It is often seen in nonlinear loads 

that the odd harmonics dominate, however in the magnetic load, the 2nd and 3rd 

harmonic currents are around the same RMS amplitude. Using the FFT of the load 

current and the FFT of the load voltage, the THD, displacement power factor, 

distortion power factor, and true power factor were calculated. Using Eq. 2.6 – 2.9, the 

single magnetic ballast stack was found to have a THD of 34.36%, and a distortion 

power factor of approximately 0.946. As expected, due to the inductive nature of the 

load, the displacement power factor was found to be 0.697, giving a true power factor 

of 0.659.  
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 The generator was then run using all 5 magnetic ballast stacks, drawing 

approximately 1.3 kW of real power, and the current and voltage were monitored 

using the Keysight oscilloscope. Figure 4.7 below shows the generator line-to-neutral 

voltage, and the total load current for the full load ballast stack. 

 

Figure 4.7: Full Load Magnetic Ballast Stack Input Voltage and Current 

As shown in figure 4.7, the generator output voltage droops to approximately 119.37 

VRMS and the load draws 11.34 ARMS at full load. The FFT was taken of the line-to-

neutral voltage as well as the load current to analyze the harmonics in the current as 

well as to calculate the power parameters. Figure 4.8 below shows the RMS current 

amplitude of the full load magnetic ballast stack as a function of frequency. 
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Figure 4.8: FFT of Line 1 Current for Full Load Magnetic Ballast Stack 

As shown in figure 4.8, the fundamental current is approximately 11.13 ARMS with less 

harmonics compared to the single stack without the two fans. Using the FFT and Eq. 

2.6 – 2.9, the THD, DPF, HPF, and PF were calculated. The full load magnetic ballast 

stack was found to have a THD of 19.34% giving a distortion power factor of 0.915 

and a displacement power factor of 0.764. Using the displacement and distortion, the 

true power factor was found to be 0.69.  

 The next load tested was the 1 kW full-wave/full-bridge rectifier load powered 

from the line-to-neutral output of the MEP-831A generator. Due to the rectifiers on 

the input of the load, the distortion power factor is expected to be low, leading to a low 

true power factor. Figure 4.9 below shows the input voltage and input current to the 

full-bridge rectifier load. 
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Figure 4.9: Input Voltage and Input Current for Full-Bridge Rectifier Load 

Figure 4.9 shows that the load has an average input current of 13.32 ARMS, and the 

voltage from line-to-neutral is approximately 119.11 VRMS. The FFT was taken of the 

input voltage and load current for analysis of the power quality. Figure 4.10 below 

shows the FFT of the input current for the full-bridge rectifier. The RMS amplitude of 

the current with respect to frequency is shown. 

 

Figure: 4.10: FFT of Input Current for Full-Bridge Rectifier Load 
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As shown in figure 4.10, aside from the fundamental current, the 3rd and 5th harmonic 

current dominate using the full-bridge rectifier. The amplitude of the RMS current at 

the fundamental frequency (60 Hz) is approximately 9.38 ARMS. With the 3rd harmonic 

having an amplitude of 6.81 ARMS, the rectifier is expected to have a high THD and a 

low distortion power factor. Using the FFT of the current and the voltage, the THD, 

DPF, HPF, and PF were determined for the load. The rectifier load was found to have 

a THD of approximately 92.19%, giving an HPF of 0.721. Using the phase angles at 

the fundamental frequency for both the voltage and current, the rectifier load was 

found to have a DPF of 0.986. Using the DPF, HPF, the resulting PF for the full-

bridge rectifier was found to be 0.711. 

 The next load tested on the generator set was the Snap-On battery charger load. 

A 12 V lead acid battery is initially drained by resistive loads to approximately 25 % 

charge. The lead acid batter is then connected to the battery charger load. We then 

operated the battery charger in “Flash” mode in order to draw the maximum amount of 

power from the generator. Figure 4.11 below shows the input voltage and input current 

for the battery charger in “Flash” mode. 

 

Figure 4.11: Input Voltage and Current for Battery Charger Load in “Flash” Mode 
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As shown in figure 4.11, the battery charger has an average input current of 11.20 

ARMS and an input voltage of 119.03 VRMS. Key characteristics of the current 

waveform include distortion in the wave similar to a rectifier with heavy harmonics 

present in the waveform periodically. The FFT of the current and voltage waveforms 

were taken to analyze the power quality of the nonlinear load. Figure 4.12 below 

shows the FFT of the input current to battery charger load in “Flash” mode. 

 

Figure 4.12: FFT of Input Current for Battery Charger in “Flash” Mode 

As shown in figure 4.12, there are noticeable harmonics present in the load current 

with a fundamental current of 11.26 ARMS, and a peak harmonic current of 4.63 ARMS. 

The harmonics present in the current FFT are evidence that the load will have a low 

distortion power factor and a high THD. Using the FFT of the current and voltage, the 

THD was calculated to be 46.92% and the HPF was then 0.825. As noted in the 

voltage and current waveform shown in figure 4.11, the current lags the voltage, so 

there is no surprise that the DPF was found to be 0.739. Using the DPF and the HPF, 

the PF was calculated to be 0.609. 

 The next load tested individually on the 3-kW generator set was the 500 W 

buck converter load. A 2 Ω load resistor was then tied to the output of the buck 
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converter IC draw approximately 400 W from the source. The Keysight oscilloscope 

was used to monitor and save the voltage and current data for the nonlinear load 

during operation of the generator and the testbed. Figure 4.13 below shows the input 

voltage and input current for the buck converter load. 

 

Figure 4.13: Input Voltage and Input Current for the Buck Converter Load 

As shown in figure 4.13, the input for the buck converter looks similar to the rectifier 

load due to the full-bridge rectifier and smoothing capacitor to first convert the input 

AC voltage to a DC voltage. The average input voltage and input current was 

approximately 119.50 VRMS and 5.58 ARMS respectively. The FFT of the voltage and 

current waveforms were analyzed to solve the power parameters for the load including 

the THD, DPF, HPF, and PF. Figure 4.14 below shows the FFT for the input current 

for the buck converter load. 
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Figure 4.14: FFT of Buck Converter Input Current 

Using the FFT of the input voltage and load current for the buck converter load, the 

power quality of the load on the generator was analyzed. The buck converter load was 

found to have a THD of approximately 64.41% and a HPF of 0.780. Using the phase 

angles of the input voltage and input current, the DPF was found to be 0.959. Utilizing 

the DPF, the HPF, the TPF for the buck converter load was calculated to be 0.748. 

 Finally, the 3-kW generator set was run with multiple nonlinear to draw the 

maximum power from the generator set. Different combinations of nonlinear loads 

were used to investigate the changes in performance including: the total apparent 

power, reactive power, real power as well as the true power factor. The first 

combination of loads included the dynamometer with a VFD frequency of 60.5 Hz and 

the full load ballast stack, for a total power draw of 2.34 kW. The second combination 

included the dynamometer, the battery charger, and the buck converter for a total 

power demand of 2.21 kW. The 3rd combination included the dynamometer, the 

battery charger, and the full-bridge rectifier load for a total power draw of 1.72 kW.  

Figure 4.15 through 4.17 show the voltage and current waveforms for different 

combinations of nonlinear loads tied to the 3-kW generator set at once. 
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Figure 4.15: Generator Output Voltage and Current at 2.34 kW of Nonlinear Loads 

 

Figure 4.16: Generator Output Voltage and Current for 2.21 kW of Nonlinear Loads 
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Figure 4.17: Generator Output Voltage and Current for 1.8 kW of Nonlinear Loads 

As shown in the figure 4.15, the total output current of the generator under the 

dynamometer and magnetic ballast was approximately 19.66 ARMS. It can also be seen 

from figure 4.15 that the output voltage drops to approximately 118.26 VRMS at 2.34 

kW. The FFT of the voltage and current waveforms were taken to analyze the power 

quality of the generator under high nonlinear loads. Figure 4.18 below shows the FFT 

for the line 1 current with 2.34 kW of nonlinear loads. 
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Figure 4.18: FFT of Generator Line 1 Current at 2.34 kW of Nonlinear Loads 

As shown in figure 4.18, there are harmonic currents present with a fundamental 

current of 15.60 ARMS and 4.79 ARMS for the highest (3rd) harmonic. It is also noted 

that the 2nd harmonic is suppressed; however, this is not seen when the individual 

loads were tested on the generator. Using the FFT of the voltage and current 

waveforms, the THD was found to be 44.34% with a HPF of 0.832. The DPF under 

2.34 kW of nonlinear loads was found to be 0.886, resulting in a PF of approximately 

0.74.  

During the duration of the research, the generator was run on the testbed in 4-

hour intervals under various nonlinear loads while monitoring the output voltage per 

phase of the generator as well as the current per phase. The Fluke power analyzer was 

used to log the power data as well during each period of operation. The real power, 

reactive power, apparent power, and true power factor were also monitored using the 

power analyzer. Figure 4.19 below show an example waveform of the average real 

power during a 4-hour operation. During the time of operation, the dynamometer set 

with a VFD frequency of 60.2 Hz and later 60 Hz, the full-bridge rectifier, and the 

buck converter were used on the generator set. 
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Figure 4.19: Generator Real Power During 4-hour Operation Under Nonlinear Loads 

As shown in figure 4.19, the total real power demand during a 4-hour operation 

peaked at approximately 2.30 kW. Approximately 400 W of real power was drawn 

from L1-N and 1.9 kW of real power was drawn from L2-N. The VFD frequency was 

adjusted to lower the total real power due to the apparent power drawn from the 

generator. During the period of operation, the generator showed apparent power 

readings of approximately 3.0 kVA which was overstressing the generator. The 

apparent power drawn during the 4-hour operation of the generation set is shown in 

figure 4.20 below.    
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Figure 4.20: Generator Apparent Power During a 4-Hour Operation 

As shown in figure 4.20, during a 4-hour operation, the total apparent power was 

approximately 3 kVA with approximately 2.4 kVA from L2-N and 600 VA from L1 – 

N.  

 During the 4-hour operation, the true power factor was monitored using the 

Fluke Power Analyzer to monitor for events where the generator experiences 

overstressing. Real power demand near the full load capability of the generator with 

low power factors may lead to overheating of the stator winding, causing degradation 

leading to a reduced lifetime of the generator. Figure 4.21 below shows the total true 

power factor as well as the true power factor per phase. 
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Figure 4.21: Generator True Power Factor During a 4-hour Operation Under 
Nonlinear Loads 

As shown in figure 4.21, the total true power factor ranged from 0.70 and 0.75 during 

the 4-hour operation with the lowest power factor 0.55 obtained from L1-N. Using the 

power factor data in figure 4.21, it is seen that there is definite reactive power from 

L1-N which could stress the dc link capacitors of the inverter in the generator set. 

The generator was run for 4-hour intervals during the period of January 2019 

to March 2020. It is seen from the collected data during operation that the use of 

nonlinear loads reduces the total real power available before overstressing the 

generator due to the low power factors.  

4.1.2    Temperature Increases in Stator Windings During Operation 

During the 4-hour operation of the MEP-831A generator set, the stator winding 

surface temperatures were recorded periodically to keep track of the total temperature 

increase over time. In order to minimize the amount of variables present when 

determining the temperature rise, a static load was used at maximum power demand, 

while recording the stator temperatures. Figure 4.22 and 4.23 below shows the stator 
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winding temperature rise of the MEP-831A over a 4-hour operating period under a 

constant 2.2 kVA demand from the 2.2-kW dynamometer set. 

 

Figure 4.22: Stator Winding Temperature Rise over a 4-Hour Operating Time 

 

Figure 4.23: Apparent Power Drawn From Generator Over a 4-Hour Operating Time 

As shown in figure 4.22, the steady-state temperature rise of the stator windings at 2.2 

kVA of nonlinear was approximately 50 °C. Figure 4.23 shows that the dynamometer 
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initially draws a peak of 3.0 kVA during synchronization of the grid with the generator 

motor. Over time, the apparent power drawn from the variable frequency driver 

reduces to a steady-state apparent power of 2.2 kVA.  

This process was repeated to validate the temperature rise witnessed over 

multiple days with near identical ambient temperatures of 21 °C. The generator was 

operated under a constant 2.2 kVA of load from the dynamometer set, while 

monitoring the temperature rise. Figure 4.24 below shows the temperature rise of the 

stator windings for various days of operation. 

 

Figure 4.24: Stator Winding Temperature Rise vs. Time of Operation for Multiple 
Days  

As shown in Figure 4.24, the average temperature rise for the stator windings at 2.2 

kVA of nonlinear load with a power factor of 0.63 is approximately 50 °C. With a ΔT 

of 50 °C, the final operating temperature for the generator was 71 °C. The MEP-831A 

generator utilizes class H insulation sleeves for the stator windings, which has a 

maximum operating temperature of approximately 180 °C, therefore it can be deduced 

that the copper losses added by the nonlinear loads harmonics would not cause the 

insulation to surpass the rated temperature [5].  
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4.2 30-kW Generator Testbed Operation Results 

For the 30-kW MEP-1060 generator testbed, the generator was subjected to 

approximately 30 kVA of nonlinear load demand for a total of 50 hours. During the 

operation of the MEP-1060, line 1-to-neutral, line 2-to-neutral, and line 3-to-neutral 

voltages, as well as line 1, line 2, and line 3 currents were recorded in 20 minute 

intervals monitoring voltage drops and possible faults. The 4-wire temperature sensing 

circuitry was utilized to measure the stator windings DC resistance prior to operation 

and then post operation of the generator set. Power quality and harmonic analysis was 

conducted on the operating data recorded and temperature rises in the stator windings 

were calculated. 

4.2.1    Harmonic Analysis for Nonlinear Loads 

The nonlinear loads designed and built for the 30-kW generator testbed were 

tested individually on the MEP-1060 to determine the power demand and harmonic 

content during operation. A Tektronix 4-series oscilloscope with 6 channels was 

utilized to monitor line-to-neutral voltage per phase, as well as the phase current 

during operation. OrginLabs data processing software was used to obtain the 

frequency domain content for the generator operating data. A Fluke 430-II power 

analyzer was used to validate RMS voltages and currents as well as to monitor 

apparent power, reactive power, and real power demand during operation.  

The first load operated on the MEP-1060 was the Compact Fluorescent Light 

(CFL) stack. As stated previously, the CFL stack has 7 switches to control the power 

demand, so the load was tested on the MEP-1060 at the 7 different power demands. 

Table 4.1 below shows a summary of the power rating for the CFL stack, where a 

“set” is a set of bulbs enabled. At full load, the power demand is 5.9 kW with a power 

factor of 0.73. Figure 4.25 and figure 4.26 shows the output voltage and output current 

waveforms of the MEP-1060 powering the CFL stack at full load.  
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Table 4.1: Summary of CFL Stack Load Parameters 

 

 

Figure 4.25: Line-to-Neutral Voltages of MEP-1060 under CFL Stack Load 
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Figure 4.26: Output Line Currents of MEP-1060 under CFL Stack Load 

The CFL bulbs behave as a rectifier load, as shown with the current spikes 

present in figure 4.26. The voltage THD was found under 10% throughout all 

configurations, while the current THD ranges from 136 % with one set enabled to 91% 

at full load. Figure 4.27 and figure 4.28 below shows the frequency spectrum of the 

L1-N voltage and L1 phase current, respectively. Figure 4.28 shows that the triplens 

harmonics are present, with the third harmonic at 78% of the fundamental, which 

indicates that the CFL stack behaves as an imbalanced load. This is expected, as each 

CFL bulb is tied to either L1-N, L2-N or L3-N, and each phase sees a different load. 
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Figure 4.27: FFT of the Line 1-to-Neutral Output Voltage for CFL Stack at Full Load 

 

Figure 4.28: FFT of the Line 1 Phase Current for CFL Stack at Full Load 

The next load tested on the MEP-1060 was the 3-kW three-phase rectifier load 

at both half load as well as at full load. Table 4.2 below shows a summary of the 
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power rating for the 3 kW three-phase rectifier load, at half and full load. At full load, 

the power demand is 3.43 kW with a power factor of 0.89.  

Table 4.2: Summary of 3-Phase Rectifier Load Parameters 

 

Figure 4.29 and figure 4.30 below shows the output voltage and output current 

waveforms at full load. Figure 4.31 and figure 4.32 below shows the frequency 

spectrum of the L1-N voltage and L1 phase current, respectively. Unlike the CFL 

stack, the triplens harmonics are not present. Instead it is the 5th harmonic, at 40 % of 

the fundamental, that is dominant. As shown the waveforms below, the three-phase 

rectifier is a balanced load. The current THD is found to be approximately108 % at 

half load, and 71 % at full load.   

 

Figure 4.29: Generator Line-to-Neutral Voltages under 3-Phase Rectifier Load 
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Figure 4.30: Generator Output Line Currents under 3-Phase Rectifier Load  

 

Figure 4.31: FFT of the Generator Line 1-to-Neutral Voltage under 3-Phase Rectifier  
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Figure 4.32: FFT of Generator Line 1 Phase Current under 3-Phase Rectifier  

The final load tested individually on the MEP-160 was the 22-kW 

dynamometer set at different power demands. The VFD of the dynamometer was 

operated from 60.0 Hz to 61.8 Hz. Table 4.3 below details the summary of the power 

ratings for the 22-kW dynamometer set at minimum power demand and maximum 

used power demand. 

Table 4.3: Summary of 22-kW Dynamometer Load Parameters 

 

As shown in table 4.3, the true power factor for the dynamometer set is reasonably 

high for a nonlinear load. The improved power quality can be explained by the input 

filtering which the Altivar variable frequency utilizes to suppress harmonics and 

improve the power quality of the motor driver. Figure 4.33 and figure 4.34 below 

shows the generator output voltages and currents powering the dynamometer at 

minimum load and maximum load respectively.  
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Figure 4.33: Generator Output Line-to-Neutral Voltages and Currents, VFD = 60.1 Hz 

 

Figure 4.34: Generator Output Line-to-Neutral Voltages and Currents, VFD = 61.8 Hz 
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Figure 4.35 and figure 4.36 below shows the frequency spectrum of the L1-N 

voltage and L1 phase current, respectively for the dynamometer. As shown from the 

table, the current THD is found to be 45 % at minimum load, and 30 % at full load. 

The low distortion corresponds to a high distortion power factor, 0.97, for the VFD at 

full load. It can be seen from the frequency domain that the 5th harmonic current 

dominates after the fundamental with a RMS amplitude of 11.37 ARMS.   

 

Figure 4.35: FFT of Line 1-to-Neutral Voltage, VFD = 61.8 Hz 
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Figure 4.36: FFT of Line 1 Current, VFD = 61.8 Hz 

With the individual loads tested and analyzed, the MEP-1060 is operated for 

multiple hours with load combinations amounting to a maximum of 30 kVA. The 

generator is run with the CFL stack at maximum power demand, the 3-phase rectifier 

is utilized at full load, and the 22-kW dynamometer is run at a VFD output frequency 

of 61.8 Hz. Figure 4.37 below shows the MEP-1060 generator output line-to-neutral 

voltages and line currents at approximately 27 kW of nonlinear loads.  



Texas Tech University, Fernando Salcedo, August 2020 
 

65 
 

 

Figure 4.37: Generator Output L-N Voltages and Line Currents under Nonlinear Load 
Combinations 

As seen in figure 4.37, the output line-to-neutral voltages, as well as line 

currents show signs of slight distortion. Figure 4.38 and figure 4.39 below shows the 

FFT of the line 1-to-netureal voltage and the FFT of the line 1 current respectively. 
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Figure 4.38: FFT of MEP-1060 L1-N Voltage at 27 kW of Nonlinear Loads 

 

Figure 4.39: FFT of MEP-1060 L1 Current at 27 kW of Nonlinear Loads 

It can be seen from figure 4.38 that the first four harmonics are suppressed and the 5th 

harmonics dominates with a RMS amplitude of 10.78 VRMS. Figure 4.39 shows that 

the fundamental current delivered is approximately 84.8 ARMS. The 3rd and 5th 
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harmonic currents dominate the later frequencies with current amplitudes of 12.87 

ARMS and 13.59 ARMS respectively. The nonlinear load combination results in a current 

THD of approximately 26.33 %, a total distortion power factor of 0.96, a displacement 

power factor of 0.93, and a true power factor of 0.90. 

4.2.2    Temperature Increases in Stator Windings During Operation 

 The MEP-1060 is operated at approximately 27 kW of nonlinear loads for 

extended periods ranging from 2-hour intervals to 4-hour intervals. Prior to operation 

of the generator set, the ambient temperature, as well as the cold resistance of each 

stator winding is recorded. The generator is operated for a period before shutting 

down, and then the stator windings hot resistance is then recorded. Table 4.4 below 

shows the results of a couple days of operation, including the apparent power, the real 

power, the true power factor, phase currents, cold resistance and hot resistance of each 

winding, calculated temperature rise, and ambient temperature at start of operation. 

Table 4.4: Example Empirical Data for Temperature Rise Due to Nonlinear Loads 

 

With a maximum temperature rise of approximately 56 °C, the maximum ending 

temperature for the stator windings is found to be 82.4 °C well below the maximum 

operating temperature of the class H insulation. This data confirms that the copper 

losses due to the harmonics in nonlinear loads do not push the generators stator 

winding insulation operating temperatures past their limits.  
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CHAPTER V 

CONCLUSION 

The MEP-831A 3-kW generator and MEP-1060 generator were obtained for 

investigation of how nonlinear loads affect the lifetime of the generator sets. Nonlinear 

load testbeds were designed and developed for both generators. A variety of nonlinear 

loads with different current profiles and power factors including rectifiers, motor 

drives, and nonlinear lighting were utilized for both testbeds. The generators were 

operated for extended periods under developed nonlinear loads near the maximum 

power rating. Stator winding temperatures were monitored during operation as well as 

post operation of the generators to determine the total temperature rise after being 

subjected to the nonlinear load testbeds.   

A maximum temperature rise of 50 °C at an ambient temperature of 21 °C was 

found for the MEP-831A 3-kW generator class H stator winding insulation. Class H 

insulation has a maximum operating temperature of 180 °C, therefore it can be 

determined that the use of nonlinear loads would not cause the stator windings to 

deteriorate prematurely. However, it was also found that nonlinear loads with power 

factors below 0.80 reduce the generator sets maximum power output due to the 

reduced power factors, and large current spikes seen in loads such as rectifiers and 

motor drives. 

A maximum temperature rise of 56.4 °C at an ambient temperature of 26 °C 

was found for the MEP-1060 generator class H stator winding insulation. Similar to 

the MEP-831A, it was found that 3-phase nonlinear loads have a reduced effect on 

power quality and do not cause the operating temperatures to surpass the allowable 

operating range. 

5.1 Future Work 

Though nonlinear loads do not cause a reduction of lifetime for small and 

medium power generator sets, there are other variables that need to be considered for 

the reliability of generator systems. The insulation class used by the MEP-831A and 
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MEP-1060 has the maximum allowable operating temperature range of 180 °C, 

making them a robust component selection by the design engineers. Further 

investigation must be done on generator sets that utilize different classes of winding 

insulation to ensure consistent results. 

Another area needed to be investigated is the environmental conditions of the 

generator sets. Tactical generator sets are operated in field conditions with ambient 

temperatures up to 50 °C, so further testing at greater ambient temperatures will assist 

with confirming the reliability at wider operating temperature range. As well, the 

generator sets investigated were operated in Lubbock, TX which is an area with a dry 

climate and low humidity. Further investigation into the affects of humidity on the 

internal components of the generator sets must be done. With these conditions 

satisfied, a more concise conclusion can be made for the current allowable operating 

range of low to medium power generators. This research may also highlight areas of 

the generator that can be improved to strengthen the robustness and reliability of 

future designs.   
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