Excessive Neutral Current in Three Phase,
Wye-Connected Systems

Introduction

While there are a few papers available on the Internet discussing the issue of excessive neutral current
in wye-connected three-phase systems, few give a complete understanding of the problem.
Furthermore, the vase majority of electricians and the standards fail to grasp the issue. With
incandescent light bulbs, linear loads, vanishing and more other lighting technologies and electronic
(non-linear) loads becoming dominate, the issue is becoming more relevant. The result is dangerously
excessive current on the phase systems and “home runs” with a common the neutral wire.

Therefore, I decided to perform numerous computer simulations and write this paper, given the
following experiences.

» Early in my career as an electrical engineer, I was summoned by the electricians in a large
commercial building. They had carefully balanced the current in all three phases, each supplying a
number of 120 Volt fluorescent lighting fixtures. They questioning why the neutral conductor of the
same gauge was so hot that the insulation was visibly smoking, when they thought at the neutral
current should be nearly zero.

* Late in my career, [ wired an office building under the direction of a licensed electrician. He would
run a 12/4 AWG three phase “home run” from the breaker panel to the office area and put circuits
containing about 1/3 of the 120 Volt fluorescent lighting fixtures on each phase. When I challenged
him about the current on the 12 AWG neutral wire, he told me that I didn't know what I was talking
about. He completely discounted by educational credentials and experience.

* While working as the liaison between a lighting contractor and an electrician, I was told by the
lighting contractor to require separate neutral wires for each phase. The electrician didn't understand
or agree, but did what we asked and paid him to do. This paper explains why this was required.

* In talking to many electricians, all but one were taught and firmly believed that the neutral current on
a balanced three phase, wye-connected system will be zero and a neutral wire of the same gauge as
the phase wires is sufficient, appropriate, and standard. The one exception simply and correctly said,
“The neutral current could be as high as 1.73 times the phase current.”

When would the neutral current on a three phase system be zero? The accepted understanding is correct
if and only if the following conditions are all met:

* The loads are balanced, i.e., the same current exists on each of the three phases.

* Most importantly, the loads are linear, i.e., the currents are sinusoidal, just as the voltages are
sinusoidal. However, this is seldom the case with modern fluorescent or LED lighting and electronic
loads. Of the lighting technologies, only incandescent bulbs are linear. Resistance heating devices are
the only other linear loads.

* The loads on each phase is of the same power factor, i.e., the sinusoidal currents are 120 degrees
apart, just as the voltages are 120 degrees apart.
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Ammeters

Most inexpensive digital and hand-held ammeters will not yield a correct Root-Mean-Square (RMS)
current reading under the conditions discussed in this paper. These meters generally read an average
value and compute an RMS value under the assumptions that the current is both sinusoidal and 60 Hz.
However, the currents are seldom sinusoidal and are highly distorted, resulting in an incorrect reading.
The currents, mainly the neutral current, may be mostly third harmonic, 180 Hz, with little or no 60 Hz
component. A significant amount of higher harmonics may also be present. Only an analog ammeter
with a non-linear scale is designed to correctly read RMS currents accurately. Other ammeters may be
in error by as much as 50%.

Effects of Non-Linear Loads

For reference, the following graphic shows the sinusoidal voltage waveforms on each of the three
phases of a three phase, wye-connected system. The magnitude shown is scaled to the range of -1 to
+1, whereas the 120/208 RMS Volt system would have voltages ranging from -170 to +170 volts, phase
to neutral. The instantaneous sum of all three voltages at any one time will be zero. Unfortunately, most
electricians believe that the currents are also sinusoidal, which is seldom the case and the subject of this
paper. Non-linear loads result in non-sinusoidal or distorted current waveforms.

A large number of computer simulations have shown that takes surprisingly little non-linearity to obtain
a significant neutral current, equal to or greater than the per-phase current. Not much more non-
linearity is needed to obtain the theoretical maximum neutral current of 3=1.732 times the per-
phase current. Therefore, the 20 Amp lighting circuit I worked on could easily have 34.6 Amps on its

12 AWG neutral conductor. This is clearly excessive.

The graphic below shows the neutral current for a relatively small degree of non-linearity in the loads.
The voltage on one phase is shown as a horizontal reference. Note that the current is entirely third

harmonic current, 180 Hz, with no 60 Hz component. Again the magnitude is scaled to the range of -1
to +1. Even with this small degree of non-linearity, the neutral current was approximately equal to the
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per-phase current.

The next graphic, below, should provide a greater understanding of the mechanism for a greater degree
of non-linearity. In a linear system, two or more of the loads carry current at any one time, resulting in
a cancellation of current on the neutral wire. In the non-linear load case, shown below, only one phase
conducts current at any one time, and the currents therefore add, rather than subtract, on the neutral
wire. Therefore, the graphic shows which phase is introducing current to the neutral wire for each
pulse. Because the currents add on an RMS basis, the neutral current will be V3=1.732 times the
current on any phase, rather than three times the phase current. Again, the neutral current has no 60 Hz
component and is largely third harmonic current at 180 Hz, with components at 360, 540, 720, ... Hz.
The letters, A, B or C, indicate which phase is supplying current to the neutral wire at any one time.
Again, the A-phase voltage is shown as a horizontal reference in blue.

Note: There are Internet videos showing 1% and 3™
harmonic currents like those on the right, with the
combined current shown at the lower right.
However, these scenarios apply to specific loads,
such as variable speed drives (motors). These loads
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are not the subject of this paper. The waveform 8 BW o NEEEE N 7 4n UEE BT 2T
above simulates and is more typical of modern i \
lighting and electronic loads. 3‘ EEmlEhaaE R IRRENISREE daEuinaRc InRER1a) |

Effects of Differing Power Factors

A number of computer simulations were performed on a three phase system with balanced loads, but
differing power factors on each phase. Again, it was possible to obtain significant neutral currents, up
to 1.73 times the current on any one phase. The graphic below shows, in red, a case where a neutral
current of 1.4 times the phase current was obtained with power factors of 0.63 leading (capacitive load)
and 0.63 lagging (inductive) loads on two of the phases. The third phase had a power factor of 1.0
(resistive load).

RV or Apartment on 2 Phases.

Many large recreational vehicles (RVs) with 4-prong plugs use two 120 Volt legs with a common
neutral conductor. Many campgrounds will supply two phases of a three phase 120/208 wye-connected
system to each site. All loads are generally 120 Volt loads, with no loads running on 208 or 240 Volts. A
similar situation may exist for apartment units in a large apartment building, although they will have
208 Volt loads.

Computer simulation shows that the neutral current for linear loads in the RV case will equal the phase
current, but phase shifted. Fortunately, RVs do not have a significant amount on non-linear loads, other
than the microwave oven. If an RV did have largely non-linear loads, the neutral current could
theoretically approach y2=1.414 times the phase current and the neutral current waveform could
be quite bizarre, as shown in the graphic below. Thus, a 50 Amp RV service could see 70.7 Amps on
the neutral wire, although this is unlikely and the normal 6 AWG wire is sufficient.
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NFPA 70: 2020 National Electrical Code

The National Electrical Code really drops the ball on this topic, which I first saw in the mid-1970s. As
a result, many electricians still believe and teach facts that have not been true since the says of
incandescent light bulbs.

Article 310.15 (E), page 70-160:

Neutral Conductor. Neutral conductors shall be considered current carrying in accordance with any of
the following:

(1) A neutral conductor that carries only the unbalanced current from other conductors of the
same circuit shall not be required to be counted when applying the provsions of 310.15(C)(1).

(2) In a 3-wire circuit consisting of two phase conductors and the neutral conductor of a 4-wire,
3-phase, wye-connected system, a common conductor carries approximately the same current as
the line-to-neutral load currents of the other conductors and shall be counted when applying the
provisions of 310,15(C)(1). (Note: the neutral current can be up to 1.4 times the current on the
other conductors.)

(3) On a 4-wire, 3-phase wye circuit where the major portion of the load consists of nonlinear
loads, harmonic currents are present in the neutral conductor; the neutral conductor shall
therefore be considered a current-carrying conductor. (Note: the neutral current can be up to 1.7
times the current on the other conductors.)

Third Harmonic Current Elimination

Given the fact that most lighting and electronic loads are non-linear, a large amount of harmonic
current exists in modern wye-connected, three-phase power systems. Harmonic current is eliminated by
the following three methods:

* Delta connected three-phase transformers. A delta-connected primary on the utility side and a wye-
connected secondary on the customer side is sufficient.

* Use of a Zig-Zag configuration using three transformers or extra windings within a three-phase
transformer. These are also used to provide a virtual neutral and ground fault detection in delta-
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connected systems. A virtual neutral prevents a delta-connected systems voltage from drifting away
from ground and blowing out cables.

* Active filters, which tend to be expensive and less reliable than transformers.

Conclusions and Recommendations

* The standard logic, taught to electricians, regarding neutral current is wrong and should be amended.

* The accepted practice and codes requiring that the neutral conductor need be only of the same gauge
as the per-phase conductors is dangerously wrong and can result in a burnt or open neutral. The
consequences of a burnt-open neutral can be catastrophic. These practices and the NEC have been
amended to require either of the following, which addresses the problem without the need for
detailed understanding by members of the trade:

 Separate neutral wires of the same size for each phase.

* 3-phase: A single neutral wire of sufficient gauge to carry 1.70 ( Y (3_) =1.732 ) times the per-
phase current could be used. This equates to 4 AWG sizes larger than the per-phase wires. For
example, my 20 Amp, 12 AWG lighting case, would require an 8 AWG neutral wire.

* 2 of 3 phases (Apartment or RV cases): A single neutral wire of sufficient gauge to carry 1.40 (
v (2)=1.414 ) times the per-phase current could be used

For example, let us suppose that I was installing a 3-phase sub-panel and then running single phase
circuits out of that panel. I would run a single +4 AWG oversize neutral from the main panel to the sub-
panel. Then I would run separate neutrals for each single phase circuit out of the sub-panel.
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