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Today’s Presentation:

“Energy Efficiency Improvement in 
Electrical Distribution Systems

and Their Loads”
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About the Presenter:
• Prior to joining PQI in 2010, Jeff spent nearly a decade as the Director 

of Electrical Engineering for a prominent healthcare design A/E firm, 
The Estopinal Group.

• Early in his engineering career, Jeff worked as a process engineer for 
Ford Motor Company (Kentucky Truck Plant).

• In addition, Jeff has worked as an electrical engineer in T&D standards 
for Louisville Gas & Electric (LG&E) and as a project manager and 
estimator for Meiners Electric (electrical contractor).

• Jeff is an Alumnus of the University of Louisville Speed Scientific School 
where he received a Bachelor of Science in Engineering Science (BES) 
degree and a Master of Engineering (MEng) with specialization in the 
field of Electrical Engineering.

• Jeff is a licensed Professional Engineer, has a Master Electrician 
License and is a member of IEEE, ASHE and NFPA.



The Power Quality Solution™
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Improving the Efficiency of an
Electrical Distribution System

and its Loads
Reduces Energy Consumption  



Are there any unclaimed ‘Gold Nuggets’
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Energy Services Companies
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What are Penalty Losses?
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‘Penalty Losses’ are defined as 
consumed power that does not 
contribute directly to the 
intended work.
Unavoidable transformer, circuit 
and load losses at 60Hz are 
excluded.



The Power Quality Solution™
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What Causes Penalty Losses in
Distribution System Circuits?



Circuit Penalty Losses
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Measuring a Circuit’s Penalty Losses
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Reactive Load Penalty Losses 
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------------ Voltage

------------- Current



Typical  Displacement Power Factor (PFDISP) Limits
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Reactive Load Penalty Loss Solution 
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Nonlinear Load Penalty Losses
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--------------- Voltage

--- Current



Typical  Distortion Power Factor (PFDIST) Limits
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Nonlinear Load Penalty Loss Solution 
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Nonlinear Load Penalty Loss Solution 
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In a nonlinear environment, the application of a capacitor 
bank, without first implementing a harmonic mitigation plan 
that significantly reduces kVAH and voltage distortion, will 
often result in any or all of the following undesirable 
outcomes:

• The capacitor bank’s protective device may remove the capacitor 
bank from service.

• The capacitor bank may fail before its protective device can 
remove it from service.

• Harmonic current and voltage amplification may occur due to 
resonance at a particular harmonic frequency or frequencies.

• System apparatus and/or load insulation systems may fail due to 
high harmonic voltages and dV/dT stresses.
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A Procedure for Estimating
Circuit & Load Penalty Losses



Estimating Circuit & Load Penalty Losses
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Estimating Circuit & Load Penalty Losses
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4.80 PU

2.00 PU

0.7070.650
DIST DISP



Estimating Load Penalty Losses
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Estimating Load Penalty Losses

28



The Power Quality Solution™
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The Calculation of 
Penalty Losses in Pre-NEMA TP 1

Distribution Transformers



Pre-NEMA TP 1 Efficiency Problem
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98.6% at 35% FL
I
I
96.3% at 35% FL

2.3% ∆

75 kVA DOE 2016 & pre-NEMA TP 1
Efficiency Curves under Linear Loading



Pre-NEMA TP 1 Harmonic Problem
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Total K-9 Nonlinear Losses ------------------
(Excitation + Impedance Losses)

-------------Total Linear Losses

--------------------------------------------------------------- Excitation Losses -----------------------------

75kVA Pre-NEMA TP1
Total Losses under K-9 Nonlinear Loading



The ‘Same Size’ Replacement Solution 
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95.2% at 5% FL

97.1% at 9% FL

92.6% at 9% FL

87.9% at 5% FL

4.5% ∆ at 9% FL
7.3% ∆ at 5% FL

75 kVA Efficiency Curves under K-9 Nonlinear Loading



The ‘Right Sizing’ Replacement Solution
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75 kVA Pre-NEMA TP-1 vs. 45 kVA DOE 2016 Total Losses
under a 6.75 kVA K-9 Nonlinear Loading

538.4W at 9% FL

391.6W ∆

146.8W at 15% FL

Nonlinear Losses

Linear Losses

Linear Losses

Nonlinear Losses



The ‘Right Sizing’ Replacement Solution
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75 kVA Pre-NEMA TP 1 vs. 45 kVA DOE 2016 Efficiencies
under K-9 Nonlinear Loading

5.3% ∆ at 6.75 kVA
(9% FL 75 kVA & 15% FL 45 kVA

8.8% ∆ at 3.75 kVA
(5% FL 75 kVA & 8.3% FL 45 kVA 

97.9% at 15% FL

96.7% at 8.3% FL

87.9% at 5% FL

92.6% at 9% FL



The Power Quality Solution™
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Distribution Transformers
Replacement Outcomes



894,977 kWh total energy savings
$89,498 total financial savings
$43,382 energy savings due to 
transformer replacements
$46,116 energy savings due to 
harmonic current reduction in the 
circuitry and voltage distortion 
improvement at the loads
9.4% energy cost reduction
2.1 years project payback

An Energy Efficiency Case Study
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The Power Quality Solution™
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The Calculation of 
Penalty Loss Outcomes  

when applying 
Harmonic Mitigating Transformers



U.S. DOE and Transformer Efficiency
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kVA NEMA DOE 2002 - 2016  
Rating TP 1-2002 2016 %

% % Improvement

15 97.00 97.89 0.92
30 97.50 98.23 0.75
45 97.70 98.40 0.72
75 98.00 98.60 0.61
112.5 98.20 98.74 0.55
150 98.30 98.83 0.54
225 98.50 98.94 0.49
300 98.60 99.02 0.43
500 98.70 99.14 0.45
750 98.80 99.23 0.54
1000 98.90 99.28 0.38

0.58 Average



PQI Type DV Distribution TransFilter™
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PQI Type DV Distribution TransFilter™
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75 kVA DOE 2016 vs. 75 kVA  DOE 2016 Type DV with Low Excitation Losses
under K-9 Nonlinear Loading

Linear Losses
Linear Losses

Nonlinear Losses
Nonlinear Losses

200.1W at 10% FL

151.8W at 10% FL

186.0 W
132.0 W



PQI Type DV Distribution TransFilter™

41

75 kVA DOE 2016 vs. 75 kVA  DOE 2016 Type DV with Low Excitation Losses
under K-9 Nonlinear Loading

0.65% ∆ at 10% FL
1.32% ∆ at 5% FL 

95.17% at 5% FL

97.38% at 10% FL

96.49% at 5% FL

98.03% at 10% FL



A Closer Look at Harmonic Problems & Solutions 
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A Closer Look at the Harmonic Problem 

Single-Phase Nonlinear Loads
connected Phase-to-Neutral in

Three-Phase, Four-Wire Systems



Switch-Mode Power Supplies
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Harmonic Currents
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Positive Sequence
Harmonic Currents

(i.e. 1st , 7th , 13th , 19th , 25th , --)

Negative Sequence
Harmonic Currents

(i.e. 5th , 11th , 17th , 23rd , 27th --)

Zero Sequence
Harmonic Currents

(i.e. 3rd , 9th , 15th , 21st , 28th --)



Phase-to-Neutral Connected
Switch-Mode Power Supply’s

Harmonic Profiles
----- Current

-- Voltage

-------------- Voltage

- ------ Current
Voltage & Current Waveforms

Harmonic Voltage & Current Magnitudes

Harmonic Current Measurements
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–Sequence

–Positive
–Negative
–Zero

IEEE 519-1992, Table 4.3
Spectrum of Typical Switch-Mode Power Supply

Harmonic Magnitude Harmonic Magnitude

1 1.000 9 0.157

3 0.810 11 0.024

5 0.606 13 0.063

7 0.370 15 0.079
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IEEE Harmonic Current Values



The Zero-Sequence Transformer Problems
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The Zero-Sequence Transformer Solution
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The Zero-Sequence Solution
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The Zig-Zag Secondary – How Does it Work?

A B C N
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IEEE Std. 519-1992, Chapter 6
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IEEE Std. 519-1992, Chapter 6



Transformer Ratings ≤ 75kVA
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Transformer Ratings ≥ 75kVA
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Transformer Ratings ≤ 75kVA
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Neutral-to-Ground Voltage Limits
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200’ 120/208V Feeder CIrcuit
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‘

Source Values     without I0Filter™    with I0Filter™
Effective     47.3kW 904.0W 904.0W
Reactive     3.43kVAR 4.7W 6.4W
Unbalance  20.4kVA 164.0W 4.8W
Distortion   1.59kVA       1.5W 0.6W
Neutral       45.4A 138.0W 3.2W
Total ‘Penalty Losses’ 308.2W 15.0W [95% Reduction]



The Positive- & Negative-Sequence Solution
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Required Øo =  180° @ 60Hz =  180° @ H
H

where:
Øo - The angle, in electrical degrees @ 60Hz, 
which is required between two separate 
sources of a particular harmonic current, in 
order to create a 180° phase-shift at that 
harmonic frequency.
H – The harmonic number of the targeted 
harmonic frequency.



The Positive- & Negative-Sequence Solution
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The Positive- & Negative-Sequence Solution
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CANCELLATION NODE



The Positive- & Negative-Sequence Solution
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CANCELLATION NODE



The Power Quality Solution™
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A Closer Look at the Harmonic Problem 

Three-Phase Nonlinear Loads
connected to a

Three-Phase, Three- or Four-Wire 
System



A Closer Look at the Harmonic Problem 
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Positive- & Negative-Sequence
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Positive Sequence
Harmonic Currents

(i.e. 1st , 7th , 13th , 19th , 25th , --)

Negative Sequence
Harmonic Currents

(i.e. 5th , 11th , 17th , 23rd , 29th --



Positive- & Negative-Sequence
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–Sequence

–Positive
–Negative
–Zero

IEEE 519-1992
Spectrum of Typical 6-Pulse Rectifier

Harmonic Magnitude Harmonic Magnitude

1 1.000 9 0.000

3 0.000 11 0.045

5 0.175 13 0.029

7 0.110 15 0.000
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Harmonic Current Magnitudes



A 30MW, 150,000A DC Cell-Line 
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150,000A DC Sodium Chlorate Cell Line



Distribution & Power TransFilters™
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Low Voltage Dry-Type
PQI Type DY

Medium Voltage Dry-Type
PQI Type PY

VPI (Vacuum Pressure Impregnated) & Cast Coil

Medium Voltage
Dry-Type Enclosure



Measurement & Verification per DOE
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The US Capital Building
Washington, DC



Jeffrey R. Turner, P.E.
Vice President – Engineering

Power Quality International (PQI)
2404 Merchant Avenue, Odessa, FL  33556

Office:  (888) 539-7712 * Cell (727) 512-3602
e-mail:  jturner@pqi1.com

Contact Information:
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