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Background

The U.S. Department of Energy (DOE) has issued a new ruling for 
efficiency levels for low voltage dry-type distribution transformers. 
Technically known as CFR title 10 Chapter II Part 431 (in Appendix A 
of Subpart K 2016), the new efficiency levels are more commonly 
referred to as the DOE 2016 Efficiency levels. As of January 1, 2016, 
these new efficiency levels have gone into effect. 

Due to the new regulations, manufacturers had to redesign their 
products to increase the efficiency levels. This is not the first time 
the industry has experienced a change such as this; in 2007, a similar 
rule was implemented known as the TP-1 efficiency level.

Table 1. Efficiency for three-phase low voltage 
dry-type transformers

Efficiency required (%)
kVA TP-1 DOE (2016)
15 97.00 97.89
30 97.50 98.23
45 97.70 98.40
75 98.00 98.60
112.5 98.20 98.74
150 98.30 98.83
225 98.50 98.94
300 98.60 99.02
500 98.70 99.14
750 98.80 99.23
1000 98.90 99.28

ote: N Single-phase low voltage dry-type transformers were not affected.
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Origin of the inrush

When a transformer is first energized, an inrush current is demanded 
from the grid to which the transformer is supplied. This higher than 
normal “inrush” current can be 5 to 25 times the primary FLA of  
the transformers, and it may flow for several cycles.

Technically an overcurrent, the inrush current has a large transient 
component of mostly 2nd order harmonics, which result from the 
saturation of the magnetic core of the transformer.

Inrush phenomena begin at the factory when the transformer is 
first energized in order to perform routine tests on the unit. 

While the transformer is energized, the excitation current follows 
the hysteresis loop. A hysteresis loop shows the relationship 
between the induced magnetic flux density (B) and the magnetizing 
force (H), which is directly proportional to the excitation current of 
the core. After the transformer is switched off, the exiting current 
is driven to zero; however, the flux in the core will not be zero 
(Point 1 of Figure 1).

Figure 1. Hysteresis loop

After the magnetizing current is interrupted (current = zero), there 
is a residual flux in the transformer core (Point 1 of Figure 1). The 
magnitude of this residual flux depends on the magnetic properties 
of the material and the flux density observed before the interruption.

The flux density reached during the hysteresis cycle has a major 
influence on the magnitude of the residual flux. When the saturation 
point of the material is not reached, the residual flux (shown as Br 
in Figure 2) is significantly smaller. 

Figure 2. Residual flux at different flux densities

Figure 3 shows the relationship between the flux density and the 
magnetizing current. The transformer was de-energized when the 
current was passing through a normal zero value, with the flux at a 
residual value.

If the transformer was not switched off, current and flux would 
have followed the dotted lines shown in Figure 3; but, because 
the transformer was switched off, current and flux followed the 
horizontal lines. 

To illustrate the inrush phenomena under the condition that will lead 
to the maximum transient, it is assumed that the transformer is back 
on service when the flux would be at its maximum negative value 
(–B maximum from Figure 3).  

Because magnetic flux cannot be instantly created or destroyed, 
the flux wave starts at the residual flux (Br + from Figure 3) and 
traces the curve to the maximum flux density (instead of starting 
with its normal value (–B maximum from Figure 3) and rising along 
the dotted curve). This maximum flux curve is a sinusoid regardless 
of the saturation level of the electrical steel of the core. This over-
flux on the core drives the material into saturation; the saturation 
modifies not the flux, but merely the magnetizing current necessary 
to produce the flux (inrush current peak). 

Figure 3. Residual flux density and inrush

The maximum flux density values is given by Br + 2Bmax. If the 
transformer is designed at a “close to saturation” induction level 
(often driven by economic motives), the crest of the maximum flux 
will produce super-saturation in the magnetic circuit and will call for a 
very large magnetizing current (compared with nominal magnetizing 
current).  

Therefore, the maximum value of the inrush depends on several 
random conditions prior to interruption and during the re-energization 
that have to be present in order to obtain the maximum value:

1. The transformer would have to be disconnected exactly when 
the current passes from positive to zero, in order to obtain Br+.

2. In order to obtain the maximum residual flux (Br) on the core, 
the transformer would have to be driven to saturation prior to the 
disconnection.

3. The re-entry in service on the transformer would have to 
coincide with the exact moment where the voltage is passing 
through a zero (–B maximum from Figure 3). 

In practice, these three conditions are extremely rare and the inrush 
current is almost never at its maximum value. 
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There are different models to describe the value of the maximum 
inrush current value that incorporates complex considerations and 
operating conditions, but a simple equation would be: 1

Where:

b The coil length (winding traverse of conductor), in meters
As The total area of space enclosed by the mean turn of 

excited winding, in square meters
Ac The net area of magnetic core, in square meters
N The number of turns of excited coil winding
Br The residual flux density at time of voltage application, 

in tesla
Bs The saturation flux density, in tesla
Bm The design peak steady-state operating flux density, 

in tesla
µ0 The magnetic constant of free space in henry per meter

The value to use for Br is a function of the design value Bm (from 
Figure 3) and of the type of core fabrication used in the transformer. 

By using this equation, it is possible to see the difference between 
the practical and the maximum inrush; for example, using the same 
transformer without any modifications, there is a practical and 
maximum value for the inrush current. From the equation above, it 
is easy to notice that if neither the core nor the coils had changed, 
then the only value that can vary is the residual flux (Br), which is 
in function of the induction level observed before disconnection 
(refer to Figure 4).

Figure 4. Typical residual flux at different flux densities

Figure 4 shows the typical residual flux for a grain-oriented steel. It 
can be observed when the residual flux (Br) resulted from the 17 k 
Gausses (14.6 kGa) is significantly higher than the residual flux from 
the 13 k Gausses loop (9.2 kGa).

By rearranging the equation for the inrush peak value, the inrush 
peak can be defined as:

Where:

N, Ac, µ0, 
As, b

Are constant for the same transformer regardless of the 
flux level on the core.

Br is residual flux density, which is in function of the flux 
observed before the disconnection (Bm).

Bs is saturation flux density of the core material, for grain-
oriented steel 20 kGa.

Bm is peak steady-state operating flux density, which will 
be the same as saturation flux (Bs) for maximum inrush 
peak, and design level for practical inrush.

Because all of the variables of the right side of the expression 
above are constant, and because they are related to the physical 
dimensions of the core and coils, it is possible to deduce that the 
difference between the maximum and the practical value is defined 
by the steady-state flux density observed before the disconnection.

In order to define a relationship between the practical and the 
maximum inrush values through the steady-state operating flux 
density, the inrush equation is expressed as:

For the maximum inrush value, the steady-state operating flux 
density (Bm) before the disconnection would be equal to the 
saturation flux density (Bs = 20 kGA); please notice that this 
condition can only be observed when the transformer is working at 
severe overvoltages or in some cases of reverse-feed applications:

The residual flux for 20 kGa is close to 17 kGa, therefore the 
maximum inrush would be:
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For the practical inrush value, the steady-state operating flux density 
(Bm) would be the rated design flux, which can vary along kVA 
ranges and greatly depends on manufacturing practices, specs of 
the transformer, and economical drivers, i.e., the practical inrush will 
be calculated for two steady-state operating flux densities—10 and 
15 kGa.

Based on the results above, it is possible to deduce the following:

1. The maximum inrush current is a theoretical value that 
cannot be observed in the practice because the steady-state 
design flux density can never be the same as the saturation 
flux density of the material, and the odds to perform the 
reconnection at the condition that will lead to the maximum 
transient are extremely low. 

2. The ratio between the practical and the maximum inrush value 
depends on the steady-state design flux density and the core 
characteristics chosen at the transformer design stage.

Rate of inrush decay in low voltage dry-type transformers

Probably the most interesting feature about the inrush is its wave 
shape, which is extremely complex and contains a large amount 
of harmonic currents (distortion of the principal sinusoidal current). 
For the first few cycles, the wave is completely off-balance and the 
alternate (negative) portion of the alternating current is missing.   

Figure 5. Typical magnetizing inrush current on  
a single-phase transformer 4

Figure 5 represents the typical behavior on a single-phase 
transformer. When there is more than one phase, the inrush can 
adopt a more complex form (see Figure 6). 5

Figure 6. Typical magnetizing inrush current on  
a three-phase transformer 5

After the cores saturate, the inrush current is limited by the 
impedance of the transformer, which is mostly conformed by the 
reactance in the majority of the cases; although it is the winding 
resistance and its effect on the voltage drop due to the effect I2R 
that appreciably reduces the flux required to contribute the voltage 
actually contributed by the IR drop. 

Therefore, for every cycle there is a net decrease in the total flux 
required, resulting in the decay of the inrush current to zero after a 
few cycles. This period of time depends on the transformer design 
characteristics and can range from a few cycles up to fractions of a 
second in some of the biggest low voltage dry-type transformers. 

The relationship between efficiency and inrush 

The efficiency of a transformer is derived from the ratio of its useful 
power output to its total power input. 

Efficiency shall be calculated on the basis of the reference 
temperature established on the applicable standards.

This means that the efficiency of a transformer is calculated from 
the total transformer losses, which are defined through the measure 
of the no-load losses and the full-load losses.

According to CFR Title 10 Chapter II Part 431, Appendix A of Subpart 
K 2016, the efficiency is defined as:

Where:

Pos R The specified energy efficiency load level, where  
Pos = (Por)(L)

Por R The rated transformer apparent power (nameplate)

L R The per unit load level, e.g., if the load level for low voltage 
dry-type transformer is 35 percent then “L” will be 0.35

Pts R The corrected total loss power adjusted for the transformer 
output loading specified by the standard

Where:

Pnc R The no-load losses corrected for waveform distortion and 
then to the reference temperature of 20 °C

L2 R For low voltage dry-type transformer, its value is 0.1225

Plc2 R The load loss at the reference temperature
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Therefore the efficiency is defined by:

From the equation above, it is possible to deduce that because the 
load losses are factorized by the per unit load, the most important 
losses on the efficiency equation are the no-load losses or core 
losses. For this reason, the main focus of the manufacturers is 
to improve the core performance in order to meet the required 
efficiency levels.

There are several different ways to improve the performance of the 
core, but the most commonly employed are:

1. Use of high-grade steel.

2. Lowering of the induction level on the core.

3. Use of different core constructions.

All of these options are directly related to the magnetic properties of 
the core and can affect the inrush current magnitude. 

Use of high-grade steel

High-grade steel has a higher saturation point. Typically a non-grain-
oriented material saturates above 1.5 Teslas, while the grain-
oriented steel can be driven up to 2 Teslas before it saturates. 
This characteristic of the electrical steel can either increase or 
decrease the inrush current. The current peak resulting from the 
core saturation is basically the coil reactance trying to create the flux 
required; therefore, if the saturation point is higher, the difference 
between the maximum flux, Br+2Bm, and the saturation point will 
be smaller. As a result, the coil will demand less current in order to 
generate the missing flux. However, if the design of the transformer 
is operating too close to the saturation point, which is one of the 
perks of the grain-oriented steel, the peak flux required will be 
greater and will demand more current.

Lower the induction level on the core

Electrical steel has a nonlinear relationship between the real power 
consumed by the core while in operation and the induction level. 
Depending on the core material, geometry, and the induction range, 
a small reduction on the induction level can lead to a significant 
drop in the core losses. This induction level is known as the rate 
flux density and referred above as Bm; consequently the reduced 
induction levels lead to smaller inrush currents.

Use different core constructions

The use of different geometries for the core construction has a 
significant impact on the core losses, the transformer manufacturing 
process, and design, some configurations can affect the saturation 
point of the transformer core even with the same material, the 
complexity and capital investment associated to the different core 
configurations creates a wide variety of options in the market. 

Impedance changes 

Although the impedance is not properly a characteristic of the core, 
it is closely related to the induction levels. The impedance has two 
elements—the resistance and the reactance—reactance having 
a major role limiting the inrush current during the moment of the 
switch-in.  

Reduction of load losses

This is actually not related to the core; however, it becomes clear 
that any efficiency improvement can be achieved by the reduction of 
all kinds of losses even if they are factorized by the per unit load. The 
load loss is the result of the effect I2R, being the current (I) is the 
actual load of the transformer. The only factor that can be changed is 
the resistance of the transformer windings. While the resistance is 
neglected in the calculation of the air core reactance, it has a critical 
role on the decay rate of the inrush; therefore, fewer coil losses 
ultimately result on smaller decay rates and a larger inrush, not in 
magnitude but in time.

Sizing of the primary overcurrent protective device (OCPD) 
for distribution dry-type transformers (DTDT)

Commonly, the higher the inrush current, the more complicated it 
can be to select appropriate overcurrent protection devices (OCPD). 

DOE 2016 Efficiency transformer design changes have increased 
transformer inrush currents, which may cause the primary OCPD 
to operate and prevent the transformer from being energized.  

In the past, many design engineers took advantage of NEC® Article 
450, Table 450.3(B) and sized primary OCPDs for low voltage 
distribution dry-type transformers at no more than 125 percent of 
the transformers full load primary ampere (FLA). With the primary 
OCPD sized at 125 percent, the transformer is fed with the lowest 
cost cable, conduit, providing adequate overload and short-circuit 
protection for the wire and for the transformer primary and 
secondary. This classic design strategy for sizing the transformer’s 
primary OCPD at 125 percent works well without causing any 
operational issues when applied to a standard low voltage 
distribution dry-type transformer. 

In addition, the protection is well below the damage curve of the 
transformer (NEMA® ST – 206 requires the transformer to withstand 
20-25X FLA for 2 seconds for standard dry-type transformers). The 
other factor allowing this selection to work is that the transformer 
inrush currents were typically 4–10 times its primary FLA rating. 

Consider the following example: A 45 kVA, 480 V transformer has 
a primary FLA of 54.2 A.

The next standard size circuit breaker is 70 amperes. A typical 70 A 
breaker has a magnetic pickup of 700 A and a typical 45 kVA inrush 
current of less than 500 A.  

However, with the advent of the 2010 DOE legislation, the desire 
to use higher efficiency transformers, and the increased application 
of K factor and specialty transformers, the industry started to 
experience some nuisance tripping of the primary OCPD when sized 
at 125 percent. 

And now with the possibility of even higher inrush currents as a 
result of DOE 2016, this topic takes on additional importance. Today 
it is not uncommon for the theoretical maximum transformer inrush 
currents to be 5 to 25 times the primary FLA of the transformers. 

When this possibility for higher inrush currents is compounded with 
the many variations in construction methods and materials between 
manufacturers, and even between transformer types/ratings 
from the same manufacturer, it becomes extremely important for 
engineers to verify inrush current values.  
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Eaton has designed and tested our DOE 2016 transformers to still 
allow the primary OCPD to be sized at 125 percent. Please be 
aware that these are Eaton-specific recommendations and other 
manufacturers’ data may be different. 

For 480 to 120/208 3P4W AL wound DOE 2016

15 kVA—primary OCPD size 25 A 

30 kVA—primary OCPD size 50 A 

45 kVA—primary OCPD size 70 A 

75 kVA—primary OCPD size 125 A 

112.5 kVA—primary OCPD size 175 A

150 kVA—primary OCPD size 225 A  

225 kVA—primary OCPD size 350 A

300 kVA—primary OCPD size 500 A 

All of Eaton’s standard three-phase 150 Degree C rise DOE2016 
aluminum wound transformers will not require an increase in 
primary OCPD beyond the classic 125 percent sizing based on our 
practical maximum inrush current values. These transformers are 
especially suitable for the commercial construction, industrial, and 
data center markets.

If the primary OCPD is required to be sized larger than 125 percent, 
the design engineer can still take advantage of the NEC Article 
240.21 (B)(3) AKA 25 ft tap rule to size up to 250 percent and avoid 
having to provide a secondary circuit OCPD at the transformer when 
feeding a lighting panelboard.  

It is also important to note that manufacturer-published inrush values 
are most often descriptive of transformers that are energized from 
the primary winding, which are the outer windings of a transformer. 
If the transformer is reverse fed and energized from the secondary 
winding, which are the inner windings, you can expect the inrush 
values to be dramatically greater. To address this issue, Eaton 
recommends that engineers should be cautious of back feeding 
in applications above 75 kVA and select the largest OCPD 
allowed by code.

Overall, it is vital for design engineers to be aware of inrush currents 
for low voltage dry-type distribution transformers—especially in our 
modern high-efficiency world. Remember to always review NEC 
labeling and consult with manufacturers before installing. 
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Separating the myth from the truth (efficiency vs. inrush) 

There are a number of rumors and myths surrounding the Inrush  
Phenomena, most often fueled by empirical observation and partially  
sustained by technical principles. In the table below, you will find a  
list of the most common misconceptions about inrush.

Table 2. Most common misconceptions about inrush

Myth Technical background Truth

If this is the first time I energize my 
transformer, I will experience the 
maximum inrush. 

A transformer that hasn’t been energized does not have 
residual flux (BR from Fig. 3); Br is a component of the  
inrush and has an important role on its magnitude.

Although your transformer is brand new, each transformer has already 
been energized at the factory in order to perform routine tests.
Additionally, the residual flux can have a positive or negative effect on 
the inrush magnitude by decreasing or increasing the super saturation 
flux, it depends on the switch-in instant. 
Finally the absence of Br by definition avoids the inrush to reach its 
maximum value.

DOE 2016 transformers have higher 
inrush because of the lower impedance.

The impedance of a transformer is a characteristic closely 
related to the inrush. The impedance levels for all the  
kVA ranges are listed on CFR Title 10 Chapter II Part 431,  
Appendix A of Subpart K 2016 and were based on rescinded 
efficiency standards, such as NEMA TP-2.

The inrush magnitude does not depend only on the impedance. In reality, 
it is a combination of two components in the transformer, the core 
characteristics (saturation point, permeability, remnant flux, steady-state 
flux) and coil characteristics (air-core reactance).

DOE 2016 transformers have  
higher inrush because the lower  
full load losses.

The new transformers have lower coil losses and therefore 
lower resistance.

The winding resistance has a very low influence on the magnitude of the 
inrush. It is the reactance that plays a larger role limiting the maximum 
inrush current (air-core reactance).
The role of the resistance is related to the decay rate of the inrush. In 
theory, a transformer without resistance to its flux unbalance will never 
fall to zero and inrush will be permanent.

DOE 2016 transformers have  
higher inrush because they use  
grain-oriented steel.

Grain-oriented steel has a higher saturation point; therefore,  
it is common the manufacturers take advantage of this  
feature during the design process.

The inrush is a consequence of the core saturation during the service 
startup of the transformer. This saturation can be estimated as the 
residual flux (Br) plus twice the rated flux (design flux) [Br + 2Bm]; the 
residual flux on the transformer due to routine test is also a function of 
the rated flux; therefore, it is possible to deduce that the rated flux is 
actually the driver for the saturation flux, and the higher saturation point 
of the grain-oriented steel can be used to either reduce or increase the 
inrush current depending on the manufacturer.

What value should I use?  
Maximum or practical inrush?

Inrush is a complex phenomenon and there is a variety  
of literature that greatly differs among manufacturers. 

While the maximum inrush is a real possibility, the odds that all the 
factors required for this condition are exceptionally low, it would 
require that:
• The transformer was driven to saturation point before switch off in 

order to obtain Br maximum
• The residual flux Br is in the same direction as the flux created at the 

reconnection instant
• The impedance of the supply net is extremely low
• The transformer is back on service when the flux would be at its 

maximum negative value (voltage = zero)
Therefore, the maximum value should be used as merely a reference.

What about copper winding 
transformers?

The price of copper compared to the price aluminum is very 
high. For this reason, the manufacturers try to minimize the  
use of conductors during the design process.

Due to the price difference, most manufacturers try to reduce the usage 
of copper by increasing the flux density, although regardless of the 
winding material, both aluminum and copper transformers must comply 
with the efficiency and impedance levels mandated by DOE, increasing 
the flux density is restricted by the core losses the transformer can 
have and yet comply with the efficiency. Consequently, unless the core 
technology differs between aluminum and copper, the inrush current 
should be approximately the same.

Any transformer can be back-fed.  
(Step-Down used as Step-Up)

The induction principle of the transformer allows voltage 
conversion regardless of the winding that is being used  
as input. 

Even though it is possible to achieve a voltage conversion by back-feeding 
a transformer, there are numerous technical issues and safety risks that 
may result with this practice, such as:
• Excessively high inrush current 

Due to the low reactance of the secondary windings, the inrush can 
be easily doubled compared with normal operation.

• Voltage taps 
The primary winding of the transformer was specifically designed 
to tie the voltage input rating with the actual applied voltage and 
keep the optimum flux rate on the core. When the secondary is used 
as input, variations on the core flux will cause higher core losses, 
increase the excitation current, result in higher noise levels and 
cause overheating of the unit

• Grounding issues 
If a delta-wye transformer is back-fed, the neutral terminal X0 cannot 
be connected to the primary system neutral. This will cause issues to 
the electrical grid as a whole.
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