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Abstract – It is understood that data centers’ mission-crit-

ical loads require absolute continuity of electrical supply 

and a high degree of electrical distribution system-load 

compatibility. However, based on a review of typical sys-

tem configurations and their component and load tech-

nologies, it becomes clear that there is an opportunity for 

significant energy efficiency improvement.

With an ever-increasing demand for electrical energy 

and the prospect of ever-increasing power costs, facility 

stakeholders, and government regulators, are now focus-

ing on energy efficiency improvement. The application of 

ultra-efficient transformers, which improve system-load 

compatibility, can significantly reduce the ‘penalty losses’ 

associated with conventional system designs.

In addition, the selection of power factor corrected 

switchmode power supplies, which do not depend on the 

application of input capacitors to reduce harmonic cur-

rent injection into the distribution system, would reduce 

their internal ‘penalty losses’, increase their efficiency and 

eliminate the leading power factor problems associated 

with their application.

This paper will discuss the high costs associated with con-

ventional non-mitigating designs,[1] alternate mitigating 

designs,[2] the measurement of system losses and efficien-

cies under normal operating conditions,[3] and the finan-

cial benefits resulting from harmonic current reduction 

and/or voltage optimization.

Terms – linear, nonlinear, harmonic currents, current dis-

tortion, harmonic voltages, voltage distortion, penalty 

losses, transformer losses, efficiency, displacement power 

factor, true power factor

INTRODUCTION

To assure continuity of electrical supply and achieve tran-

sient isolation from the utility, in-house generation and/

or non-critical facility loads, mission-critical system designs 

typically include double conversion or rotary uninterrupt-

ible power systems and shielded isolation transformers. 

In a three-phase system, these transformers are normally 

configured with 120/208-volt outputs.

Data center loads can be categorized as linear or nonlinear. 

At present, phase-to-phase connected loads are becoming 

linear while phase-to-neutral connected loads remain mainly 

non-linear. Without the inclusion of passive or active harmonic 

filters, switch-mode power supplies inject harmonic currents 

into the distribution system. These currents produce ‘penalty 

losses’ in every element of the system, including its linear and 

non-linear loads. It is important to understand that linear loads 

will also generate harmonic currents when supplied with dis-

torted voltages. ‘Penalty losses’ are also produced when linear 

and nonlinear loads are supplied at less than their nominal 

voltage rating. Whatever the cause, ‘penalty losses’ reduce 

system and load efficiencies.

IDENTIFYING THE ISSUES

Nonlinear Loads – All nonlinear electronic loads generate 

positive- and negative-sequence harmonic currents. Non-

linear loads, which are connected phase-to-neutral in a 

three-phase, four-wire distribution system, also generate 

zero-sequence harmonic currents.[4]

The injection of harmonic currents into an electrical dis-

tribution system, which is based on a conventional non-

mitigating design, can produce any or all of the following 

undesirable performance outcomes:

  ‘Penalty losses’ in branch circuits, feeder circuits,

  transformers and uninterruptible power supplies,

  Higher ‘shared’ neutral currents,[5]

  Increased voltage drops in feeder and branch circuits.
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In an Ohm’s Law relationship with a system’s harmonic im-

pedances, harmonic currents generate harmonic voltages 

(EH = IH * ZH). These voltages can produce any or all of the 

following unacceptable power quality problems:

  High voltage distortion [THDV] at the utility’s point of

  common coupling and the loads,[6]

  Higher neutral-to-ground voltage at the loads,[7]

  Higher neutral-to-ground voltage differentials at loads 

  that are connected into a communications network.[8]

A detailed analysis of a conventional non-mitigating design 

will normally uncover any or all of the following unaccept-

able financial issues:

  Higher capital costs,

  Higher ventilating and air-conditioning costs,

  Higher demand and power costs,

  Reduction in productivity, quality and revenue.

Linear Loads – Many facility stakeholders have identi-

fied high internal rack temperatures as a ventilation and 

air-conditioning problem. In reality, a high percentage of 

the heat being generated in the rack is due to excessive 

switch-mode power supply ‘penalty losses’. Excessive loss-

es can result from:

  Inappropriate power factor correction,

  Failure to optimize power supply efficiency at normal 

  loading levels,

  Low supply voltage.

Distribution Transformers  – Based on our review of 

recent mission-critical facilities specifications, it appears 

that a requirement for high transformer efficiency is often 

neglected. System designers may have assumed that the 

federal government’s requirements for NEMA TP1-2002  

or CSA C802,2-00 efficiencies would include power dis-

tribution unit (PDU) transformers and power magnetics 

within the UPS.

We understand that at least one manufacturer took the 

position that this Standard did not apply to power dis-

tribution unit (PDU) transformers. To be competitive, we 

suspect that other manufacturers may only offer TP1 or 

C802.2 transformers as an option. In a competitive en-

vironment, it is highly unlikely that NEMA TP1 or CSA 

C802.2 compliant transformers would be supplied if a 

project specification did not specifically require them. The 

‘first cost’ of a PDU transformer is probably an uninformed 

buyer’s primary consideration.

It is important to understand that these two Standards  

dictate a transformer’s required efficiency under linear loading  

only. Under non-linear loading, all transformers’ Imped-

ance (Load) Losses will increase and their efficiencies will  

decrease. The amount of deterioration will depend, not only 

on the K-Factor of the non-linear load, but on the magni-

tude of each load generated positive-, negative- and zero-

sequence harmonic current, and the transformer’s winding  

architecture. This reality holds true for conventional,  

K-Rated and Harmonic Mitigating Transformers.

Uninterruptible Power Supplies  – Many high capacity 

double conversion uninterruptible power supplies include 

input and/or output transformers. Based on our review, 

it would appear that these transformers do not meet 

TP1-2002 or C802.2 efficiency requirements. In addition, 

virtually all of these designs include the application of in-

ductors. Like transformers, it is important for these power 

magnetic devices to be efficient. Likewise, it is important 

for the electro-magnetic circuits in rotary power supplies 

to be efficient under non-linear loading.
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An alternative calculation demonstrates that three-phase, 

four-wire ‘shared neutral’ branch circuits would have 

slightly reduced ‘penalty losses’, because of neutral con-

ductor harmonic loading. As an added benefit, ‘shared 

neutral’ branch circuits produce half the ‘voltage drop’.

Transformer Losses – With reference to Figure 2, the 

conventional 112.5kVA distribution transformer, which 

supplies a 60kW nonlinear load with 100%THDI, must be 

de-rated to 0.55PU of its nameplate rating in order not to 

exceed its full load design losses and to avoid overheating.

To meet this requirement, the transformer’s load should not 

exceed 62kVA or 47kW, based on an anticipated True Pow-

er Factor of 0.75. Under this load condition, the transform-

er is operating at 128% of its de-rated nameplate rating. 

At 60kVA, the transformer produces 2747W of ‘penalty 

losses’. These are the highest ‘penalty losses’ in the system. 

Other Loads Other Loads

480V 120/208V

UPS

I3 I2

150’
23W

112.5 kVA
2747W

T1

50’
712W

200’
1320W

I1 Server
Loads

60kW

One Line Diagram ‘Penalty Losses’ due to Harmonic Currents

Figure 1

With reference to the example, Figure 1, the magnitude 

of non-linear load-generated ‘penalty losses’ is shown for 

each element of this UPS distribution system. These losses, 

which are in addition to normal 60Hz losses, are based 

on its phase to- neutral connected, 120-volt switch-mode 

power supply loads. Under this particular load condition, 

current distortion may exceed 100% THDI.

Single-Phase Branch Circuit Losses  – In this example, 

the 60kW loads are supplied by 120V single-phase, two-

wire branch circuits. On average, these particular circuits 

are approximately 26% loaded (per NEC).

Because the branch circuits have individual neutrals rather 

than a ‘shared’ neutral, the ‘penalty losses’ generated 

by positive-, negative- and zero-sequence harmonic cur-

rents must be doubled, since they flow on both the phase 

and neutral conductors. With an average circuit length of 

200ft, a calculation shows that the branch circuits pro-

duce approximately 1320W of ‘penalty losses’ or 0.11W 

of ‘penalty losses’ per kW of load per foot of circuit.

NONLINEAR LOADS
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When considering a transformer’s ‘total losses’ and effi-

ciency at a particular load, it is important to understand 

that replacing a conventional transformer with a K-Rated 

transformer, with the same nameplate rating, will not nec-

essarily reduce ‘total losses’ or improve efficiency.

480V Three-Phase Feeder Circuit Losses – The 112.5kVA 

transformer is supplied by a single three-phase, three-wire 

feeder circuit. With the 60kW load, this circuit is approxi-

mately 60% loaded (per NEC).

‘Penalty losses’ in the 480V feeder are significantly lower be-

cause of the absence of zero-sequence harmonic currents. 

The distribution transformer’s ‘delta’ connected primary 

winding has trapped the load-generated zero-sequence 

harmonic currents. This has reduced THDI to approximately 

30% in the 480V feeder, as shown in Figure 2. With a cir-

cuit length of 150ft, the 480V feeder circuit produces ap-

proximately 23W of ‘penalty losses’ or 0.0026W of ‘penalty 

losses’ per kW of load per foot of circuit.

Design Alternatives – To improve system performance 

and provide the best possible environment for non-linear 

loads, a designer’s options have been limited to over-sizing 

distribution transformers and ‘shared neutral’ conductors. 

As an alternative, branch circuits have been configured with 

a separate neutral conductor for each phase conductor. In 

either case, branch circuits have been underutilized and 

limited in their length as a means of reducing neutral-to-

ground voltage and voltage distortion (THDV) at the loads.

As an alternative to over-sizing conventional distribution 

transformers, many designers have specified K-Rated trans-

formers. Without knowing a future load’s harmonic profile, 

they often specify a higher K-Rating than is actually needed. 

Unfortunately, a transformer’s K-Rating dictates its harmonic 

impedances. That is, harmonic impedance will normally in-

crease with an increase in K-Rating. This characteristic leads 

to an unnecessary increase in voltage distortion.

The implementation of these options can substantially in-

crease the capital cost of a distribution system. Unfortunately, 

these measures do not resolve many of the system perfor-

mance outcomes or any of the power quality and power cost 

problems. Without the means to reduce harmonic currents, 

these issues remain unresolved.

Although not discussed here, the reduction of harmonic 

current will resolve all of the system performance, power 

quality and financial issues identified in this paper. The 

methods used to reduce positive-, negative- and zero-

sequence harmonic currents are detailed in several of the 

referenced papers.[2,9]

Harmonic Mitigating Transformers – With reference 

again to Figure 1, one can see that penalty losses in the distri-

bution transformer exceed those in all other elements of the 

subsystem combined. This is due to the transformer’s ‘fourth 

order’ stray losses (i.e. [I3
2 * 32] + [I5

2 * 52] + [I7
2 * 72] + ---).  

Considered individually, the higher order harmonics, de-

spite their decreasing magnitudes, have a considerable 

impact on stray losses because of the squaring of their 

harmonic number.
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Considering this fact, the best opportunity for improving

system performance and power quality, and creating a 

financial benefit is to apply high efficiency harmonic miti-

gating distribution transformers.

System performance and power quality improvement re-

quire an engineered solution that includes the application 

of distribution transformers with appropriate harmonic 

mitigating characteristics. Emphasis must be given to ‘an 

engineered solution’ since most manufacturers offer little 

practical assistance with the application of their products, 

which probably include transformers with varying har-

monic capabilities and characteristics.

Considering all of the components in an electrical distri-

bution system, high efficiency harmonic mitigating trans-

formers are the only devices that will provide a viable 

financial benefit. An increase in an HMT’s % efficiency 

will provide an identical % decrease in the cost-of-power 

for its subsystem loads. It is essential, therefore, to ap-

ply transformers with high efficiency under ‘real world’ 

nonlinear loading. Unfortunately, there are presently no 

guides or standards for determining a transformer’s effi-

ciency under non-linear loading.

Existing Transformer Standards – The most demanding 

federally mandated standards for transformer efficiency 

are CSA Publication C802.2-00 (commencing January 1, 

2005) and NEMA Standard Publication TP1-2002[9] (com-

mencing January 1, 2007). The measurement and calcula-

tion methods included in these standards accurately de-

termine a transformer’s losses and energy efficiency under 

linear loading. 

The Nonlinear Load Reality – Modern electrical distribu-

tion systems typically supply a high percentage of nonlin-

ear electronic loads, particularly in 120/208V subsystems. 

As a result, transformer losses increase and energy effi-

ciency decreases. The level of deterioration is a function of 

harmonic voltage magnitudes at a transformer’s primary 

terminals, load-generated harmonic current magnitudes 

at its secondary terminals and their phase relationships. 

IEEE Std C57.110- 1998 may be used to establish a K-1 

transformer’s capability when supplying nonlinear loads. 

However, there is no recognized test method for measur-

ing a transformer’s losses under nonlinear loading.

Misleading Claims – A number of distribution trans-

former manufacturers now claim efficiencies that meet 

or exceed the requirements of NEMA TP1-2002 and CSA 

C802.2-00 under severe, but unspecified, non-linear load-

ing. Two of these manufacturers have published their test 

methods. At best, their claims are misleading since:

a)  There is no recognized national standard for deter-

mining the energy efficiency of a distribution trans-

former or, more importantly, an acceptable test meth-

od for measuring its losses under non-linear loading.

b)  These manufacturers’ published ‘Power-In – Power-

Out Measurement Method’, which boasts ±0.3% 

‘revenue class’ instrumentation accuracy and ±0.2% 

wattmeter accuracy, can, in fact, produce a losses 

measurement error of ±51.6%, when measuring the 

efficiency of a transformer under non-linear loading. 

This measurement error produces an efficiency error 

of ±1.34%.[3, 9, 11, 12, 13] As an example, the efficiency 

of a 112.5kVA transformer, with a required efficiency 

of 98.2%, could have an efficiency of only 96.86%. 

This accuracy is far less than would be required if a 

recognized standard existed.

A Measurement Solution – Power Quality International, 

Inc. has developed, manufactured and verified a measur-

ing instrument that is based on the ‘Voltage and Current 

Difference, Loss Measurement Method’, which is detailed 

in a number of recent IEEE papers.[3, 9, 11, 12, 13] 

When using ‘revenue class’ instrumentation, this measur-

ing system limits loss errors to ±1.30% (vs. ±51.6%) and 

efficiency errors to ±0.033% (vs. ±1.34%). The system 

maintains this accuracy under linear or any non-linear 

loading profile.

This measurement method simultaneously measures excita-

tion (no-load) losses and impedance (load) losses, under lin-

ear or any non-linear loading. These tests are the non-linear 

equivalent to standard open-circuit and short-circuit tests.
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Based on the diagram shown in Figure 3, equation (1) de-

scribes the losses that are due to the circulation of magne-

tizing current in the primary winding, added to magnetic 

core losses. This is equivalent to the excitation (no-load) 

losses that are obtained when making a conventional 

open-circuit test.

P’m = 1T    ∫ ( i1 - i2 / Kt )v1dt  (1)

Equation (2) describes the sum of the losses in the primary and 

secondary windings of the transformer, which are due to load 

current. This is equivalent to the impedance (load) losses that 

are obtained when making a conventional short-circuit test.

P”m = 1T    ∫ ( v1 - v2 Kt )i2dt  (2)

With the new ‘Voltage and Current Difference, Loss 

Measurement Method’, it is possible to simultaneously 

measure the excitation and impedance losses of a trans-

former under linear or any non-linear load condition. This 

instrument produces results that are in full agreement 

with NEMA TP2- 1998, under linear load conditions, and 

IEEE Std C57.110- 1998, under any non-linear load condition.

Figure 4 shows the interconnection of the ‘Voltage and 

Current Difference, Loss Measurement Method Instru-

ment’, a high efficiency harmonic mitigating transformer 

and an IEEE Std 519-1992 compliant non-linear load bank 

with its zero-sequence current controller.

To encourage the development of a national energy effi-

ciency guide and standard test method, Power Quality Inter-

national, Inc. has offered its documentation and measuring 

instrument to the Department of Energy for evaluation. At 

the DOE’s request, our guide, method and test instrumen-

tation have been demonstrated at their Oak Ridge National 

Laboratory in Oak Ridge, Tennessee.

Connection Diagram for a Single-Phase Transformer Measurement

Figure 3
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The non-linear losses, predicted by the software, are also in 

agreement with measurements taken with the ‘Voltage and 

Current Difference, Loss Measurement Method’ instrument.

The software can calculate and plot a transformer’s  

linear losses and efficiencies, and its non-linear losses and 

efficiencies, based on any harmonic current profile. For  

example, Figure 7 displays the linear and non-linear losses for a  

conventional and high efficiency harmonic mitigating trans-

former, under linear and non-linear (98.6% THDI) loading.

The linear and non-linear efficiencies for these transformers 

are displayed in Figures 8 & 9. All of these calculations are 

based on the transformer’s certified linear losses. 

Nonlinear Load Bank – Power Quality International, Inc. 

has designed and manufactured a non-linear load bank. 

The bank’s harmonic current profile has been set to the val-

ues given in IEEE Std 519-1992. Figures 5 & 6 demonstrate 

a 6.6kVA non-linear load with a 94.1% THDI and a True 

Power Factor of 0.67.

A Software Solution – Since it is highly unlikely that manu-

facturers of high efficiency harmonic mitigating transformers  

will be willing or able to develop, manufacture and oper-

ate a non-linear load bank with sufficient capacity to verify 

large distribution transformers and power transformers, an 

ability to convert a transformer’s certified linear losses and 

efficiencies into non-linear losses and efficiencies is essential.

To solve this problem, PQI has developed a sophisticated 

computer program that calculates transformer efficiency 

under linear or any non-linear load condition. This program 

is now the basis for The PQI Calculator™. The software is 

in full agreement with NEMA TP1-2002 under linear loading 

and IEEE Std C57.110-1998 under any non-linear loading.[3]

Voltage & Current Harmonic Magnitudes

Figure 6

150.0

120.0

90.0

60.0

30.0

0.0
1        3       5        7        9      11     13     15      17     19      21

RMS Voltage   =  119.1 
RMS Current   =  18.6 
Fundamental  =  60.0 Hz 
True Power     =  1478.87

NON-LINEAR LOAD BANK 
Operating at 6.6 kVA

q Van     q Ia

20.00

16.00

12.00

8.00

4.00

0.0

R
M

S 
am

p
s

R
M

S 
vo

lt
s

Voltage THD   =  9.00% 
Current THD   =  94.10% 
K-Factor          =  10.08 
Tur P.F.             =  0.67

Voltage & Current Waveforms

Figure 5

C
u

rr
en

t

0.0      5.0    10.0   15.0   20.0   25.0   30.0   35.0   40.0   45.0   50.0

250.0

200.0

150.0

100.0

50.0

0.0

-50.0

-100.0

-150.0

-200.0

-250.0

50.00

40.00

30.00

20.00

10.00

0.00

-10.00

-20.00

-30.00

-40.00

-50.00

V
o

lt
s

   q Van q Ia 
RMS Value:   119.1    18.6 
Crest Factor:   1.4    2.7

   Phase A 
True Power:   1478.9 
True P.F.:   0.67

NON-LINEAR LOAD BANK 
Operating at 6.6 kVA 

File: A:\demonstration\demo2\nonlinearLoadBank.wfm

Time (msecs)

www.FES-US.com | All contents Copyright © 1997, FES International, LLC, All Rights Reserved

FES International, Inc.



MISSION-CRITICAL SYSTEM & LOAD EFFICIENCY > 8/15 >

NAMI 
Linear and Non-Linear Losses 75KVA Conventional vs. Harmonic Mitigating Transformer Loading 

Figure 7
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When comparing the performance of these two trans-

formers, the penalty loss, which is the difference between 

these transformers’ non-linear losses, can be used to  

calculate the high efficiency transformer’s ‘payback’ and  

return-on-investment.

The Calculation of Financial Benefits – Once the nonlin-

ear excitation and impedance losses have been accurately 

measured or calculated, one can confidently predict the 

financial benefits, based on the cost-of-power, air-condi-

tioning requirements, loading profiles and harmonic profile.

The PQI Calculator™ can be used to determine penalty 

losses, annual energy savings, including A/C costs, ‘pay-

back’ and return-on-investment, in transformer substitution 

or replacement scenarios. The software’s summary page, 

for the transformers described by Figures 7, 8 & 9, may be 

found as Figure 10.
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Figure 10
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LINEAR LOADS

Linear Switch-Mode Power Supplies – Phase-to-phase 

connected, linear switch-mode power supplies, as found 

in blade-servers, are currently supplied at 208-volts by con-

ventional or K-Rated distribution transformers. However,  

virtually all switch-mode power supplies have nominal  

voltage ratings of 120V and 240V, with automatic 

switching to accommodate either possibility. Supplying 

switch-mode power supplies at less than their nominal 

voltage may substantially increase their losses, reduce 

their efficiency, contribute to heat within the rack and  

increase operating costs.

Switch-mode power supplies, in their active mode, have 

efficiency ratings between 60% and 75%.[14] These effi-

ciencies assume the devices are supplied at their nominal 

voltage ratings. Since virtually all switch-mode power sup-

plies are rated 240-volts, supplying them at 208-volts will 

typically increase their load current by 15.4% and their 

I2R losses by 33.2%. This increase in losses will produce a 

matching increase in heat and decrease in efficiency.

To confirm our calculations and preliminary ‘in-house’ test 

results, we were able to arrange for a ‘beta site’ at a GTECH 

Corporation facility in Austin, Texas. Our test method was 

as follows:

1.  The assigned equipment rack was connected to a 

three-phase, three-wire variable autotransformer. The 

transformer’s output was set at 208-volts. With the 

equipment rack’s internal temperature stabilized, a 

complete set of power measurements, including har-

monic profiles, were taken and recorded.

2.  The variable autotransformer’s output was then reset 

at 240-volts. With the equipment rack’s internal tem-

perature again stabilized, a new set of measurements 

were taken and recorded.

These ‘beta site’ electrical measurements confirmed our 

earlier calculations and preliminary test results.

We understand that the IT loads in large data centers rep-

resent almost 50% of the total facility load. We have also 

been informed that rack cooling represents approximately 

35% of the total and that more than 50% of the losses 

or heat within the rack are generated by the switch-mode 

power supplies. If these values are even close to reality, 

a 33.2% reduction in losses and heat would produce a 

significant financial benefit by reducing rack power and 

AC loading. This revision should produce a capital cost  

reduction. This opportunity may be what Ken Brill of The 

Uptime Institute might call a ‘Golden Nugget’.

Power Factor Correction – In addition to the low voltage 

problem, many power factor corrected switch-mode power 

supplies are configured with passive harmonic filters, which 

include line-side capacitors. Unfortunately, these devices 

may add reactive volt-amperes to a system that would, 

without their addition, have near ‘unity’ Displacement Pow-

er Factor. In this scenario, the loads will produce a leading 

True Power Factor.

Aside from this Power Factor problem, it is important to 

understand that the addition of capacitors may actually 

increase harmonic current magnitudes within the power 

supply’s AC circuit, since the capacitors will lower source 

impedance at harmonic frequencies. This solution may 

produce even higher ‘penalty losses’ within the power 

supply itself.

As a cautionary note, in a leading Power Factor scenario 

and with the UPS in ‘bypass’, the ‘in house’ generators 

may lose voltage control and drop their critical loads.

Low Voltage Feeder & Branch Circuits – Operating the 

feeder and branch circuits at 240-volts will produce simi-

lar load current and I2R loss reductions. Although most of 

these circuits are outside the rack enclosures, power and 

AC loads would be reduced.

FES International, Inc.
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Voltage-Related Transformer Losses – If a transformer’s 

secondary voltage is increased from 208-volts to 240-volts, 

the secondary current will be reduced by 13.4%.

  I240 = 0.866 I208

If the voltage is increased, the resistance of the secondary 

winding will increase due to an increase in the number of 

turns and the lower cross section of the conductor. The load 

losses in the secondary winding will decrease by the same 

ratio as the decrease in current.

  P240 = 0.866 P208

Similarly, it has been proposed that 480-volt levels, through-

out the distribution system be elevated to 575-volts. With 

respect to the transformer, the benefit for the transformer’s 

primary winding would be similar:

  I575 = 0.834 I480       and       P575 = 0.834 P480

Increasing the primary and secondary voltages, as  

proposed, would decrease the transformer’s losses by  

approximately 15%.

Transformer Efficiency – Much has already been  

presented regarding transformer losses and their measure-

ment under linear and non-linear loading. With the means 

to simultaneously measure excitation and impedance  

losses or calculate these losses under linear or any  

non-linear load condition, PQI has developed Power and 

Distribution Class transformers for every application,  

including mission-critical facilities.

All PQI transformers meet or exceed the linear load efficien-

cy requirements of NEMA TP1-2002 and CSA C802.2-00 

under linear loading. Our Distribution TransFilter™ har-

monic mitigating transformers meet these same efficiency 

requirements under the most severe nonlinear (≤100% 

THDI) load conditions.

Ultra-efficient e-Rated® transformers exceed the effi-

ciency requirements of the US Department of Energy’s 

Candidate Standard Level 3. e-Rated® Distribution 

TransFilters™ exceed this proposed standard at 100% 

THDI nonlinear loading.

All of the foregoing standards require the determination of 

efficiency at 35% of a transformer’s full load rating. This 

requirement is based on average transformer loading in 

North America. To be competitive, manufacturers generally 

optimize their transformers’ efficiencies at this load level.

e-Rated® Core

Figure 11

Unlike excitation (no-load) losses, which are constant,  

impedance (load) losses increase rapidly with loading. As a 

consequence, the resulting degradation of efficiency may 

be unacceptable at higher load levels. To maintain energy 

efficiency, e-Rated® transformers can be optimized for 

any predicted load level above 35%. 
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Figure 12
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Under no-load or light-load conditions, ultra-low excita-

tion losses will reduce power consumption. This benefit 

is achieved by using higher quality grain oriented silicon 

core steel, reducing the number of laminations per group 

and by using a ‘full and step-lap miter-cut core’. An ex-

ample of this core design may be seen in Figure 11. Unlike 

a conventional ‘buttlap- cut core’ or ‘scrap-less miter-cut 

core’, the three vertical legs of the full and step-lap miter-

cut core are not exposed at the upper surface of the top 

horizontal laminations.

e-Rated® core and coil designs have been refined to 

achieve minimum losses and maximum energy efficiency 

under any specified loading conditions.

The Calculation of Financial Benefits – In late 2006, 

PQI was asked to calculate the benefits associated with the 

application of its 300kVA e-Rated® Transformers when 

compared to the 300kVA transformers that had been speci-

fied by the owner of a number of very large mission-critical 

facilities. For the purpose of this calculation, the facility  

engineer specified the cost-of-power, the estimated UPS 

and transformer load levels and efficiencies. Figure 12 

shows a summary of calculations for the two transformers.

MISSION-CRITICAL FACILITY EFFICIENCY

When calculating the overall efficiency of a mission-

critical facility, one must consider every element in the 

uninterruptable power system, under actual operating 

conditions, from the power transformer and/or ‘in-house’ 

generator(s) down to and including the loads’ switch-

mode power supplies.

As demonstrated in preceding sections, the efficiency of 

each element of the power system, as detailed in Figure 

13, will be affected by (i) the linearity of each electronic 

load, (ii) the magnitude and phase-sequence of each load-

generated harmonic current (THDI), (iii) the method used, 

if any, to limit load-generated harmonic currents, (iv) the 

magnitude of load-generated capacitive currents, if power 

factor correction has resulted in overcompensation, (v) the 

magnitude and phase-sequence of each harmonic voltage 

(THDV) and (vi) low voltage levels throughout the system.

Any of these issues will increase I2R ‘penalty losses’ and  

reduce efficiencies in every element of the electrical distri-

bution system. As shown earlier, the highest ‘penalty losses’ 

will normally occur in low voltage distribution transformers 

under non-linear loading. Harmonic currents increase the 

transformers’ impedance (load) losses; more specifically, 

stray losses in the windings, core, core clamps, frame, en-

closure, etc. These fourth-order losses increase rapidly as 

load is increased. With reference again to Figure 7, the 

rapid increase in the standard transformer’s losses, under 

non-linear loading, is obvious. This increase in nonlinear 

losses has a dramatic effect on the standard transformer’s 

efficiency, as shown in Figure 9.

An increase in ‘penalty losses’, regardless of cause, will result 

in an increase in heat and A/C costs. This problem is of par-

ticular concern in equipment racks, low voltage distribution 

transformers and power magnetic devices within the UPS.

These problems are also of concern since transformers, in-

cluded in uninterruptable power systems, are not subject to 

NEMA TP1-2002 or CSA C802.2-00 efficiency requirements.
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CONCLUSIONS

Based on the foregoing calculations, it is clear that the  

mitigation of harmonic currents, in a non-linear system, will  

produce a significant improvement in system performance 

and power quality. The mitigation of harmonic currents will 

also reduce penalty losses and operating costs.

Supplying phase-to-phase connected 240-volt linear and 

non-linear switch-mode power supplies at their nominal volt-

age will dramatically reduce their losses and the resultant 

heat within the server racks.

Regardless of load linearity, the application of ultra-efficient 

distribution transformers will always provide an attractive  

financial benefit, particularly in 7 x 24 operations. Transform-

ers are the only devices in the sub-system that can provide a 

viable payback and ROI.

FUTURE WORK

PQI is presently participating in a project to develop small 

portable and panel versions of its ‘Voltage and Current  

Difference, Loss Measurement Method’ Instrument,[3] which 

is the centerpiece of its Technology Demonstration Vehicle. 

The panel meter is now in the prototyping stage. We are 

confident that, in addition to simultaneously measuring the 

excitation (no-load) losses, impedance (load) losses, and  

efficiency of any transformer under any real-world load  

condition, the instrument will have the ability to measure the 

losses and efficiency of an entire sub-system. Our target is to 

exceed the accuracy of our demonstration instrument which 

has an efficiency measurement error of ±0.033%.

We are also preparing a paper on the ‘beta site’ tests refer-

enced in Section IV, which will also expand on mission-critical 

facility efficiency referenced in Section V.
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