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PART 2 

A SEMINAR ON POWER SYSTEM OPTIMIZATION 
 

CREATING ENERGY EFFICIENCY 
IMPROVEMENTS IN ELECTRICAL DISTRIBUTION 
SYSTEMS AND THEIR LOADS 

1. INTRODUCTION 

In the overwhelming majority of cases, ‘penalty losses’, 
which exist in medium and low voltage distribution 
systems and their loads, are self-inflicted. [1] That is, 
they are generated within the facility. ‘Penalty losses’ 
include losses due to the distribution of reactive load 
currents, unbalanced load currents and nonlinear load-
generated harmonic currents. 

In an Ohm’s Law relationship with the distribution 
system’s harmonic impedances, the imposition of 

harmonic currents will result in the generation of 
harmonic voltages (EH = IH * ZH) and the distortion of 
the fundamental 60Hz [50Hz] sinusoidal voltage 
waveforms.[2] Since an electrical circuit’s harmonic 
impedances are dictated by the source’s harmonic 
impedances and circuit geometry, harmonic voltage 
magnitudes and voltage distortion are normally 
highest at the load-end of the longest circuits that 
supply nonlinear loads. 

Harmonic currents impose voltage distortion 
throughout the electrical distribution system. 
Supplying a load with distorted voltage will produce 
internal ‘penalty losses’.
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Since the published efficiency of any load is based on 
supplying it with undistorted sinusoidal voltage, its 
actual energy efficiency will be reduced. Further, 
applying distorted voltage to a linear load will result in 
equal distortion of the resulting load current. In this 
scenario, the linear load becomes a harmonic current 
generator, inflicting additional ‘penalty losses’ into the 
distribution system. 

Similarly, in the overwhelming majority of cases, low 
voltage distribution systems are grossly underutilized. 
A Load Factor survey, undertaken by The Cadmus 
Group Inc.in 1999, found that the average loading of 
low voltage, dry-type distribution transformers in 
commercial, industrial and public buildings was in a 
range between 9% and 17% of their full load (FL) 
rating. More recent surveys have shown much lower 
Load Factors, [3] the result of upgrading to more energy 
efficient loads. 

Transformer oversizing is a typical outcome when 
meeting the requirements of national and local 
electrical codes in the US [4] and Canada. To maximize 
energy conservation, the optimum transformer kVA 
rating can be determined by referring to CSA C802.4-
2013 (A Guide for kVA Sizing of Dry-Type 
Transformers). Where there is a conflict between a 
code’s requirements and the guide’s 
recommendations, the designer should consider the 
lowest allowable kVA rating. 

The motivation for replacing existing transformers is 
usually based on their questionable reliability and/or a 
need to reduce energy consumption and the resulting 
utility costs. Based on actual Load Factor 
measurements, the higher Excitation (no-load) Losses 
and lower Efficiencies of oversized pre-NEMA TP 1 
transformers may provide an even greater opportunity 
to save energy and reduce utility costs. The code’s 
requirements can allow ‘rightsizing’ when actual Load 
Factors can be established.

2. THE SOURCE OF ‘PENALTY LOSSES’ IN 
 THE DISTRIBUTION SYSTEM CIRCUITRY 

 Background 
 The Inductive Load Problem 
 The Inductive Load ‘Penalty Loss’ Solution 
 The Displacement Power Factor Solution 
 The Nonlinear Load Problem 
 The Nonlinear Load ‘Penalty Loss’ Solution 
 The True Power Factor Solution 
 The Unbalanced Load Current Problem 
 The Unbalanced Load Current Solution 
 The Measurement of the Distribution 

System’s ‘Penalty Losses’ 
 The Unanticipated Problems 

3. THE SOURCE OF ‘PENALTY LOSSES’ IN 
THE DISTRIBUTION SYSTEM’S LOADS 

 The Voltage Distortion Solution 

4. THE SOURCES OF ‘PENALTY LOSSES’ 
AND INEFFICIENCY WHEN 
TRANSFORMERS ARE OVERSIZED 

 The New Construction Problem 
 The Existing Facility Problem 

5. THE SOURCE OF ‘PENALTY LOSSES’ AND 
INEFFICIENCIES WHEN A 
TRANSFORMER’S LOADS ARE 
NONLINEAR 

 The Application of Harmonic Mitigating 
Transformers 

 The Calculation of Transformer Losses and 
Efficiency 

 The Power Quality Solution 
 The Energy Optimization Solution 
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PART 1 

A DEMONSTRATION 
TO QUANTIFY ‘PENALTY LOSSES’ &  
SHOW THEIR EFFECT ON EFFICIENC 

 

 

1. INTRODUCTION 
 

Defining ‘Penalty Losses’ 

‘Penalty losses’ [1] are defined as consumed power 
that does not contribute directly to the intended work. 
Unavoidable 60Hz [50Hz] losses at unity power factor 
and under balanced loading, are excluded. 

Distribution system ‘penalty losses’ include losses 
due to reactive load currents, unbalanced load 
currents, nonlinear load-generated harmonic currents 
and neutral currents. ‘Penalty losses’ also include 
excessive excitation [no-load] losses in oversized 

power and distribution transformers and elevated 
impedance [load] losses due to nonlinear load-
generated harmonic currents. 

Load ‘penalty losses’ include losses due to distortion 
of the supply voltages’ sinusoidal waveforms. Load 
‘penalty losses’ also include losses due to low voltage, 
when the loads are electronic.    

Reference: 
[1] T. Key & J-S. Lai, ‘Costs and Benefits of Harmonic Current 
Reduction for Switch-Mode Power Supplies in Commercial Office 
Buildings.’ IEEE Annual Meeting, October 1995, Orlando, Florida. 

 

A ‘Penalty Loss’ Mitigation Success Story 

Johns Hopkins University School of Medicine 
The Koch Cancer Research Building, Baltimore, MD 

Facility Description 

 267,000 net square–foot building 

 5 floors of laboratories 

 10 stories of office space 

 250‐seat, auditorium connects this tower to the 
Bunting Blaustein Cancer Research Building 

 Mission Critical Facility 

 Completed in 2006 

Distribution System Description 

 24 distribution transformers 

 10-year-old transformers 

 Average system loading as percentage of 
capacity – 11.7% 

 Transformer loading in the 3% - 15% FL range 

 Average Load K-Factor – 4 

Solution 

System optimization included the replacement of all 
24 transformers with ‘right sizing’ (per CSA C802.4) 
ultra‐efficient, harmonic mitigating transformers. 
The replacements were designed to achieve harmonic 
mitigation and energy savings throughout the facility.

Impact 

 894,977 = Annual kWh savings 

 $89,498 = Total annual utility savings 

 $43,382 = Calculated energy savings 
due to ‘penalty loss’ reduction and energy 
efficiency improvement in the replacement 
transformers 

 $46,116 = Uncalculated energy savings 
due to ‘penalty loss’ reduction and energy 
efficiency improvement in the loads 

 9.4% = Reduction in energy costs 

 2.1 years = Project Payback 

 

 
Third Party Measurement & Validation per DOE 
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What does Harmonic Current Distortion look like? 

All nonlinear electronic loads generate positive- and 
negative-sequence harmonic currents. Phase-to-
neutral connected single-phase nonlinear electronic 
loads, supplied by a three-phase, four-wire distribution  

system, also generate zero-sequence harmonic 
currents. 

Typical current waveforms and their Total Harmonic 
Distortion [%THDI] values are shown in Figure 1. 

 

 

 

 

 

 

 

 
              Single-Phase              Three-Phase              Three-Phase               Three-Phase 
 Switch-Mode Power Supply          6 Pulse Converter          6 Pulse Converter         12 Pulse Converter 
     with capacitive smoothing     with capacitive smoothing 
     without series inductance    with 3% series inductance 
                or DC drive 
 

    Typical Current Distortion     Typical Current Distortion     Typical Current Distortion     Typical Current Distortion 

         100%THDI           80%THDI           40%THDI           15%THDI 
 

Figure 1 

Switch-Mode Power Supply’s 
Harmonic Current Profile 

Single-phase, full-wave, nonlinear electronic loads, 
which are connected phase-to-neutral in three-phase, 
four-wire, 480/277-volt and 208/120-volt distribution 
systems, generate high levels of odd positive-, 
negative- and third-order, zero-sequence harmonic 
currents. Virtually all productivity equipment in a 
modern office includes single-phase, nonlinear switch-
mode power supplies. Energy efficient lighting systems 
also include switch-mode power supplies. As a result, 
virtually all of the loads supplied by a distribution 
transformer in an office environment are single-phase 
and nonlinear. 

Given the switch-mode power supply’s distorted current 
waveform, as shown in Figure 1, current will lag 
voltage, producing a lagging True Power Factor 
condition. 

The magnitude of a switch-mode power supply’s 
harmonic current profile [pu], compared to a typical 
current controlled thyristor rectifier, is shown in  
Figure 2. 
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Switch-Mode Power Supply vs. Current Controlled Thyristor 
Harmonic Current Profiles  

Figure 2
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Single-Phase, Switch-Mode Power Supply 
Nonlinear Load Bank Profile 

Objective 

To demonstrate that the voltage and current 
waveforms and harmonic current profiles, produced 
by PQI’s load bank, are representative of phase-to-
neutral connected switch-mode power supplies. 

Procedure 

Connect a harmonic analyzer to the load-end of the 
200-foot feeder circuit that supplies the nonlinear load 
bank, in its 3Ø, 4W mode, and view the results. 
Reference: Figures 3 & 4. 

Observation 

The nonlinear load bank generates high levels of 
positive-, negative- and zero-sequence harmonic 
currents that are similar to the switch-mode power 
supply characteristics given in Figure 1. 

 

 

 

 

 

 

 

 

 

 
Single-Phase, Switch-Mode Power Supply Simulation 

Figure 3 

 

 

 

 

 

 

 

 

 

 
Single-Phase, Switch-Mode Power Supply Simulation 

Figure 4

Three-Phase, Six-Pulse Converter 
Nonlinear Load Bank Profile 

Objective 

To demonstrate that the voltage and current 
waveforms and harmonic current profiles, produced 
by PQI’s load bank, are representative of three-phase, 
six-pulse converter. 

Procedure 

Connect a harmonic analyzer to the load-end of the 
200-foot feeder circuit that supplies the nonlinear load 
bank, in its 3Ø, 3W mode, and view the results. 
Reference: Figures 5 & 6. 

Observation 

The nonlinear load bank generates high levels of 
positive- and negative-sequence harmonic currents 
that are similar to the three-phase, six-pulse converter 
characteristics given in Figure 1, with a 3% reactor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Three-Phase, Six-Pulse Converter Simulation 

Figure 5 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Three-Phase, Six-Pulse Converter Simulation 

Figure 6 
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The Effect of Circuit Length on 
Neutral-to-Ground Voltage 

at the Nonlinear Load 

Objective 

To demonstrate the effect of circuit length on neutral-
to-ground voltage at the nonlinear load bank. 

Procedure 

Based on the demonstration setup given in Figure 12, 
connect a harmonic analyzer to the load-end of the 
200-foot feeder circuit and measure the neutral-to-
ground voltage at the nonlinear load bank. Reference: 
Figure 7 

Observation 

The level of neutral-to-ground voltage at the nonlinear 
load bank is a function of circuit length (impedance) 
and loading [EH = IH x ZH]. Reference: Figure 7 

 

 
 

 

 

 

 

 

 

 
 

Neutral-to-Ground Voltage at the Load-End of the 200-foot 
Feeder Circuit that supplies the Nonlinear Load Bank 

Figure 7 

 

2. A ZERO-SEQUENCE HARMONIC SOLUTION 

Zero-Sequence Harmonic Current Mitigation 
at the Nonlinear Load 

Objective 

To demonstrate the effect of zero-sequence harmonic 
current reduction at the load-end of the 200-foot 
feeder circuit on neutral-to-ground voltage and voltage 
distortion at the nonlinear load bank. 

Procedure 

Based on the demonstration setup given in Figure 12, 
connect the Mini-Z - zero-sequence harmonic filter 
at the load-end of the 200-foot feeder circuit and 
measure the neutral-to-ground voltage at the 
nonlinear load bank. Reference: Figure 8  

Observation 

The magnitude of neutral-to-ground voltage at the 
load is reduced by 82.3% [9.6V to 1.7V] due to the 
reduction of zero-sequence harmonic currents on the 
neutral conductor. Reference: Figure 8

`Voltage distortion has also improved when comparing 
Figures 7 & 8. 

 

 

 

 

 

 

 

 

 

Neutral-to-Ground Voltage at the Load-End of the 200-foot 
Feeder Circuit that supplies the Nonlinear Load Bank 

Figure 8 

 

 

3. DETERMINING THE EFFICIENCY OF TRANSFORMERS 

UNDER NONLINEAR LOADING 

The Measurement of Transformer Losses 

Linear Efficiency – All past and present standards for 
the measurement of transformer losses and efficiency 
(i.e. IEEE Std C57.12.91.1995, NEMA TP 2-2005) 
require the measurement of excitation losses and 
impedance losses, often referred to as no-load or 
open-circuit tests and load or short-circuit tests. These 

measurements can determine the efficiency of a 
transformer at any particular load. A single-phase 
setup for each of these tests is shown in Fig. 9 & 10. 

Present efficiency standards in North America (i.e. 
DOE 2016 and CSA C802.1) require the 
determination of efficiency at 35% FL for Low-Voltage 
Distribution Transformers and 50% FL for a Power 
Transformer.
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Measurement of Excitation Losses 
Open-Circuit Test 

Figure 9 

 

 

 

 

 

 

 
Measurement of Impedance Losses 

Short-Circuit Test 

Figure 10 

These standard tests determine the efficiency of a 
transformer under linear loading; that is, without 
harmonic current content (i.e. K-1 loading).    

Nonlinear Efficiency – There is, and probably never 
will be, a standard for the measurement of losses and 
efficiency under nonlinear loading. 

Measuring the energy efficiency of a transformer 
under nonlinear loading presents significant technical 
challenge. Unlike the short-circuit test (Figure 10), 
which requires very little actual power (W), the 
measurement of nonlinear impedance losses would 
require a nonlinear load bank, with a specified 
harmonic current profile. Such a profile would be quite 
impossible to achieve, at any reasonable cost, for all 
transformer ratings and configurations. 

‘Power-In – Power-Out Measurement Method’ – 
Several manufacturers have been publishing their 
transformers’ efficiencies under nonlinear loading. 
The decision to do so may have given them some 
‘short-term’ marketing advantage, but their claims are 
quite deceiving. As already stated, there are no 
national or international standards. For this reason 
alone, it would be impossible for a specifying engineer 
to compare each manufacturer’s claims.  

In addition to this obvious problem, the manufacturer’s 
claims have been based on the ‘Power-In – Power-
Out Measurement Method’. Although mathematically 
sound, the method’s instrumentation can produce an 
efficiency measurement error of ±1.31%, when using

‘Revenue Class’ instrumentation or ±0.94%, when 
using ‘Laboratory Class’ instrumentation. These 
assessments may be found in a number of published 
IEEE papers, three of which are referenced here.[1][2][3] 
In order to verify these claims, PQI conducted a 
number of tests at Liebert’s Columbus, Ohio 
laboratory, which has a large adjustable nonlinear 
load-bank and a selection of measuring systems, 
including precision ‘Laboratory Class’ instrumentation. 
Reference: Photograph 1 

 

 

 

 

 

 

 

 

 

 

 
Investigating the Power-In – Power Out, 

Loss Measurement Method Errors 

Photograph 1 

The PQI Calculator™ 

As an alternative to measuring the losses and 
efficiencies of a transformer, PQI developed software 
based on IEEE Std C57.110.1998. This software was 
developed over an eight-year period so that it now 
measures losses and efficiency of harmonic mitigating 
transformers, with their more complex winding 
architectures. The present Revision 13 software, now 
called The PQI Calculator™, is capable of measuring 
and comparing the performance of any two 
transformers simultaneously, regardless if their kVA 
ratings or winding configurations. It can determine 
losses and efficiencies under any harmonic current 
profile. In addition to pre-programed load K-Factors, 
specific or measured profiles are easily programed. 

Given the capital cost of each transformer, power 
costs and air conditioning requirements, the calculator 
will determine each transformer’s losses and 
efficiency, ‘penalty losses’ under any load factor, 
annual energy savings and financial benefits, in a new 
construction substitution scenario or before end-of-life 
replacement scenario. The calculator will also provide 
all EPA environmental benefits. Reference: Figures 11 
& 16
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The PQI Calculator™ 
Summary Report 

Figure 11

The Transformer Performance Analyzer™ 

To confirm the accuracy of The PQI Calculator™, PQI 
next developed The Transformer Performance 
Analyzer™, which is based on ‘The Voltage and 
Current Difference, Loss Measurement Method’. [1][2][3] 
This measuring instrument has an efficiency error of 
±0.033%. [2] The results obtained by this instrument 
are in agreement with those produced with NEMA TP 
2 measurements for linear loading and IEEE Std 
C57.110-1998 calculations for nonlinear loading. 
Figure 12 details The Transformer Performance 
Analyzer’s™ connection to a transformer under test, 
the nonlinear load bank and Mini-Z™ zero-sequence 
harmonic filter. The Photograph 2 collage shows the 
assembled Transformer Performance Analyzer™ with 
various internal photographs. 

References: 

[1] D. Lin, E.F. Fuchs, M. Doyle ‘Computer-Aided Testing of 
Electrical Apparatus Supplying Non-Linear Loads’, IEEE 
Transactions on Power Systems, Vol.12, No.1, February 1997 

[2] A. Damnjanovic, G. Ferguson ‘The Measurement and Evaluation 
of Distribution Transformer Losses under Nonlinear Loading, IEEE 
PES, General Meeting, PESGM2004-000721, June 2004 

[3] E.F. Fuchs, R. Fei ‘A New Computer-Aided Method for the 
Efficiency Measurement of Low-Loss Transformers and Inductors 
under Nonlinear Operation, Paper No. 95WM 097-PWRD, 
IEEE/PES Winter Meeting, January – February 1995 

 

 

Transformer Performance Analyzer 
Connection Diagram 

Figure 12
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Transformer Performance Analyzer™ 
based on the Voltage & Current Difference, Loss Measurement Method 

Photograph 2 
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The Measurement of Type DV Transformer Losses 
under Nonlinear Loading 

Objective 

To demonstrate the effect of positive-, negative- and 
zero-sequence harmonic current injection into a Type 
DV Harmonic Mitigating Transformer with respect to 
its No-Load, Load and Total Losses. 

To demonstrate the effect of harmonic current 
injection into a Type DV Harmonic Mitigating 
Transformer with respect to voltage distortion [THDV], 
at its secondary terminals and at the nonlinear load 
bank. 

Procedure 

With reference to Figure 12, connect the Transformer 
Performance Analyzer to the primary and secondary 
terminals of the Type DV Harmonic Mitigating 
Transformer, with zero-sequence flux cancellation, 
and record the No-Load, Load and Total Losses. 
Reference: Figure 13 

Connect the harmonic analyzer to the transformer’s 
secondary terminals and to the nonlinear load bank 
and record the results. 

Observation 

The injection of positive-, negative- and zero-
sequence harmonic currents generates significantly 
lower No-Load and Total Losses than in 
Demonstration 5. Reference: Figure 13 

Zero-sequence harmonic current injection, into the 
transformer’s extremely low zero-sequence harmonic 
impedance, causes relatively low THDV at its 
secondary terminals and at the nonlinear load bank. 

The Measurement of K-1, Pre-NEMA TP 1 
Transformer’s Losses under Nonlinear Loading 

Objective 

To demonstrate the effect of positive-, negative- and 
zero-sequence harmonic current injection into a 
standard K-1, pre-NEMA TP 1 transformer with 
respect to its No-Load, Load and Total Losses. 

To demonstrate the effect of harmonic current 
injection into a conventional K-1, pre-NEMA TP 1 
transformer, with respect to voltage distortion [THDV], 
at its secondary terminals and at the nonlinear load 
bank. 

Procedure 

With reference to Figure 12, connect the Transformer 
Performance Analyzer to the primary and secondary 
terminals of the conventional K-1, pre-NEMA TP 1 
transformer, without zero-sequence flux cancellation, 
and record the No-Load, Load and Total Losses. 
Reference: Figure 13 

Connect the harmonic analyzer to the transformer’s 
secondary terminals and to the nonlinear load bank 
and record the results. 

Observation 

The injection of positive-, negative- and zero-
sequence harmonic currents generates significantly 
higher No-Load and Total Losses than in the previous 
demonstration. Reference: Figure 13 

Zero-sequence harmonic current injection, into the 
transformer’s high zero-sequence harmonic 
impedance, causes high THDV at its secondary 
terminals and at the nonlinear load bank. 
 

 

The Measurement of Total Losses at 35% Full Load 

Transformer     No-Load Losses  +  Load Losses  =  Total Losses 

          Type DV HMT              74W      +          58W       =       132W 

     Pre-NEMA TP 1, K1            250W      +        109W       =       359W 
 

Figure 13 

On completion of the two sets of measurements, compare them with the transformer’s Type TPM Integrated 
Transformer Performance Meter’s™ measurements. [1] 

Note [1]:  Type TPM Integrated Transformer Performance Meters™ are installed on all e-Rated™ products, when included in the 
designer’s transformer specification. Measurements from these meters may be used in The PQI Calculator™ to determine the 
transformer’s excitation (no-load) losses, impedance (load) losses, total losses, nonlinear ‘penalty losses’, energy efficiency and 
EPA environmental benefits. In its ‘transformer comparison mode’, given the cost of each transformer and the cost of energy, the 
software will also compare the performance of any two transformers, including A/C costs, and calculate annual savings, payback 
and return-on-investment, in a ‘substitution’ or ‘before end-of-life replacement’ scenario. 
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The Calculation of Transformer 
Losses & Efficiencies 

The PQI Calculator™ 

Using the No-Load and Load Loss values recorded in 
the Figure 13 table, calculate the Pre-NEMA TP 1 and 

Type DV Total Losses and Efficiencies at 35% of full 
load, and plot the resulting Total Losses and 
Efficiency Curves using The PQI Calculator™. 
Reference: Figures 14, 15 & 16. 
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Total Losses for 15kVA Pre-NEMA TP1 & Type DV Transformers 
under Linear & Nonlinear Loading 

Figure 14 

 

 

 

 

 

 

 

 

 

 

 
 

Energy Efficiency for 15kVA Pre-NEMA TP1 & Type DV Transformers  
under Nonlinear Loading 

Figure 15
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Energy Efficiency for 15kVA Pre-NEMA TP1 & Type DV Transformers  
under Nonlinear Loading 

Figure 16
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The CSA C802.5-16 Calculator® 

Figure 17 

The CSA C802.5 Transformer Performance 
Calculator® 

The CSA C802.5 Transformer Performance 
Calculator® is a spreadsheet tool for calculating the 
efficiency of a specified transformer under specified 
harmonic loading conditions. While the specified 
transformer may be K-Rated, it may not be harmonic 
mitigating. 

Transformer efficiency calculations are based on IEEE 
C57.110, and are provided at the users desired 
loading percentage and operating temperature. The 
calculator can also determine the expected 
temperature rise of the specified transformer under 
the specified harmonic loading and percent full load 
(%FL). 

Calculations are based on a number of assumptions 
that are noted in Annex C of the C802.5 guide. In the 
case that the calculator is permitted to determine the 
temperature rise without user-override, the calculator 
provides the transformer efficiency under the given 
harmonic loading condition across its entire loading 
profile. A graph is generated, illustrating the 
transformer’s efficiency versus loading percentage, 
with two super-imposed curves: 

1. Efficiency performance under K-1 linear loading 
(sinusoidal waveform),  

2. Efficiency performance under a specified 
nonlinear loading (distorted waveform). 

Reference: Figure 17

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The PQI Calculator™ Summary Report 

Figure 18 

The PQI Calculator™ is also based on the 
calculations described in IEEE C57.110. However, 
unlike the CSA calculator, which calculates the 
transformer’s impedance (load) losses based on the 
load’s K-Factor, The PQI Calculator™ uses the load’s 
individual harmonic current magnitudes. This method 
provides higher accuracy since an infinite number of 
harmonic current profiles can produce the same K-
Factor. Reference: Figure 19 

The calculator will determine the excitation (no-load) 
losses, impedance (load) losses, total losses and 
efficiency of a conventional delta-wye connected 
and/or harmonic mitigation transformer, with or 
without zero-sequence flux cancellation, and/or load 
phase-shifting windings, at any load (%FL), with any 
harmonic current profile. 

The calculator can also compare the performance of 
any two transformers, conventional and/or harmonic 
mitigating, with the same or different kVA ratings, 
under the same harmonic current loading profile. 

The PQI Calculator™ can also be programed with 
each transformer’s capital cost, installation cost, 
HVAC requirements and the utility’s average kWh and 
demand rates. With this information it will determine 
each transformer’s ‘penalty losses’, under the given 
load profile, and calculate the difference.
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The Impact of a Harmonic Current Profile 

on Transformer Losses & Efficiency 

  Figure 19

The two harmonic current profiles shown here 
produce the same K-Factor but very different %THDI 
and FHL values. 

The CSA C802.5 Calculator™ is programed with 
either a defined load K-Factor or a measured 
harmonic current profile to calculate Total Losses and 
Efficiencies. However, before making a calculation 
based on a measured harmonic current profile, the 
CSA Calculator™ converts the profile to a load 
K-Factor, which does not detail a specific harmonic 
profile. 

Similarly, The PQI Calculator™ uses either a defined 
load K-Factor or a measured harmonic current profile. 
However, the PQI calculator uses the measured 
harmonic current profile directly, without conversion it 
to a load K-Factor. This measurement method 
difference is very important since a transformer’s 
losses and efficiency will respond very differently to 
the two harmonic current profiles shown above. 

The measurements, required by The PQI 
Calculator™, are available from PQI’s Type TPM 
Integrated Performance Meters™, which are available 
on all e-Rated® transformers or as a retrofit kit. 

 

4. FEEDER CIRCUIT PENALTY LOSSES 

The Measurement of ‘Penalty Losses’ & Costs on 
a 200-foot, 3Ø, 4W, 208/120V Feeder Circuit under 

Unbalanced Nonlinear Loading 

Objective 

To demonstrate the magnitude of ‘Penalty Losses’ 
due to reactive load currents, unbalanced load 
currents, [harmonic] distortion load currents, and 
neutral currents in a 200-foot, 208/120-volt feeder 
circuit that supplies the three-phase, four-wire 
nonlinear load bank. 

Procedure 

Based on the demonstration setup given in Figure 12, 
connect a Fluke® Model 435, Series 2 power analyzer 
to the source-ends of the 200-foot feeder circuit that 
supplies the three-phase, four-wire, unbalanced, 
nonlinear load bank and observe the ‘penalty losses’. 
Reference Figures 21 & 22  

Connect the Mini-Z - zero-sequence harmonic filter 
and observe the ‘Penalty Losses’.  

Observations 

Based on the Figure 20 table, the filter has reduced 
the circuit’s total ‘penalty losses’ by 83.7% by shunting 
the zero-sequence harmonic currents at the nonlinear 
load bank.

Because of the filter’s ultra-low zero-sequence 
impedance, the zero-sequence components of all 
positive- and negative-sequence currents, including 
the fundamental, which exist under unbalanced 
loading, will also be shunted. As a result, the filter 
provides phase-current balancing. Because of these 
characteristics, Unbalance, Distortion and Neutral 
losses are substantially reduced. 

With the reduction of ‘penalty losses’, there is a 
corresponding 47.4% reduction in the total cost for the 
feeder circuit’s ‘penalty losses’ and its nonlinear load.  

 
 

 

‘Penalty Losses’ without I0Filter™ with I0Filter™ 
 
 Effective [60Hz losses]  205 W [1]   225 W [1] 
 Reactive    3 W [2]       6 W [2] 

 Unbalance    2 W       1 W 
 Distortion  89 W     40 W 
 Neutral 231W       6 W 
 Total ‘Penalty Losses’ 325W     53 W 
 

 
 

Three-Phase, Four-Wire Feeder Circuit Penalty Losses 

Figure 20
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          [2] 

 

 

 

 
 

 
 

‘Penalty Losses’ on the 200-foot Feeder Circuit 
that supplies the Three-Phase, Four-Wire Nonlinear Load Bank 

Figure 21 

 

 
             [2] 

            [3] 

 

 

 

 

 
 

‘Penalty Losses’ on the 200-foot Feeder Circuit 
that supplies the Three-Phase, Four-Wire Nonlinear Load Bank 

with the Mini-Z® filter connected 

Figure 22 

Note:  [2] I2R feeder circuit losses at 60Hz, which are due to 
the transport of the effective power, are excluded 
from the ‘Penalty Losses’ definition.  

[3] The application of the I0Filter™ increases the 
circuit’s Total Reactance from -0.49kVAR to -
0.71kVAR and ‘Penalty Losses’ from 3W to 6W. 

The Measurement of ‘Penalty Losses’ & Costs 
on a 200-foot, 3Ø, 3W, 208V Feeder Circuit 

under Unbalanced Nonlinear Loading 

Objective 

To demonstrate the magnitude of ‘penalty losses’ due 
to reactive load currents, unbalanced load currents

and [harmonic] distortion load currents in a 200-foot, 
208-volt feeder circuit that supplies a three-phase, 
three-wire nonlinear load bank (i.e. a VFD). 

Procedure 

Based on the demonstration setup given in Figure 7, 
connect a Fluke® Model 435, Series 2 power analyzer 
to the source-end of the 200-foot feeder circuit that 
supplies the three-phase, three-wire unbalanced 
nonlinear load bank and observe the ‘penalty losses’. 
Reference Figures: 23 & 24 

Observations 

 

‘Penalty Losses’  
 
 Effective [60Hz losses]  155 W [1] 

 Reactive      0 W 

 Unbalance      3 W 
 Distortion    54 W 
 Neutral      0 W 
 Total ‘Penalty Losses’     57W    
 

 
Three-Phase, Three-Wire Feeder Circuit Penalty Losses 

Figure 23 

 
 
 

1             [2] 
 
 
 
. 
 
 
 
 
 

 
 ‘Penalty Losses’ on the 200-foot Feeder Circuit 

that supplies the Three-Phase, Three-Wire Nonlinear Load Bank 

Figure 24 

Note:  [2] I2R feeder circuit losses at 60Hz, which are due to 
the transport of the Effective power, are excluded 
from the ‘Penalty Losses’ definition. 
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PART 2 

A SEMINAR ON POWER SYSTEM OPTIMIZATION 
The Part 2 seminar is based on a PQI paper, which was presented at an IEEE Region 1, PES/IAS NY Chapter, 
Long Island Section, Applications and Technology Conference in 2015, entitled ‘Energy Efficiency Improvement 
in Electrical Distribution Systems and their Loads’. The paper identifies all significant sources of ‘penalty loss’ 
within the electrical distribution system and its loads, and their mitigation. PQI supplies all the required reference 
materials in advance of the seminar.   

The seminar requires approximately three hours to complete with Q&A. 


