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Shadow, Light, and Truth
BY  RICHARD CADENA

JOHN MCKERNON is currently working on updating his 

Lightwright software and he recently told me that the new improved 

version would have a lot of new tools for production electricians. 

When I asked about whether or not it would help balance a three-

phase system, he said “sort of,” but that people had told him that it 

was impossible to accurately predict the current in a three-phase 

system. Challenge accepted.

I’ll concede that calculating current in a three-phase system can 

be diffi cult, especially if there are non-linear loads and loads with a 

power factor other than unity, but, under certain circumstances, it’s 

cake. In a simple three-phase system that is perfectly balanced with 

linear loads and a power factor of 1, the formula is:

That will give you the current in each of the three legs.

Suppose that, for argument’s sake, we have 30 1K PAR cans 

with 208 V tungsten lamps. (I don’t know if such a lamp even 

exists except on paper, but that doesn’t matter.) We can connect 

them phase-to-phase (in North America) to illustrate how phase 

cancellation affects the current fl owing through the system.

The total power is 30 kW, so the current on each leg will be 

83.3 A ] . Easy enough.

But what if it was an unbalanced load? What if, for example, we 

only connected 25 of the 30 fi xtures in such a way that we had 10 

connected from phase A to phase C and 10 from phase B to phase C, 

but only fi ve from phase A to phase B, as shown in Figure 1.

No longer can we use the three-phase power formula because it’s 

not a balanced load. What to do?

We can use vectors! The illustration in Figure 2 shows the phasor 

diagram of the three currents generated by the three groups of loads 

and their resultant currents. 

Remember that each of the three load currents, I
AC

, I
BC

, and I
AB

, 

is 120° out of phase with each of the other two phase currents, 

which is why the vectors are also 120° out of phase with each other. 

Impossible is nothing
How to calculate the current in a three-phase system—even if there are 
non-linear loads and loads with a power factor other than unity

Figure 1 – An unbalanced three-phase load. 
How do you calculate each of the three phase currents?

Figure 2 – A phasor diagram showing the three load currents and the 
resultant currents in phase A, B, and C.
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We know that the magnitude of I
AC

 is 48 A (10 kW ÷ 208V = 48 

A) and the magnitude of I
AB

 is 24 A (5 kW ÷ 208V = 24 A), but 

what about I
A
, I

B
, and I

C
? Those represent the feeder cables and we 

need to calculate the current passing through them in order to size 

them properly. Solving for the magnitude of I
A
 (|I

A
|) is a simple 

calculation if you know trig and you use the law of cosines.

|I
A
|2 = |I

AC
|2 + |I

AB
|2 – (2 x |I

AC
| x |I

AB
| x cos120°)

|I
AC

| = 10 kW ÷ 208 V = 48 A

|I
AB

| = 5 kW ÷ 208 V = 24 A

|I
A
|2 = 482 + 242 – (2 x 48 x 24 x [–0.5])

|I
A
|2 = 2,304 + 576 – (–1,152)

|I
A
|2 = 4,032

|I
A
| = 63.5 A

|I
B
| and |I

C
| will still be 83.3 A, as in our balanced three-phase load 

example above.

This equation works only because we disconnected lights instead 

of dimmed them and there are no harmonics and no phase shift. 

What if that weren’t true?

Shadow, Light, and Truth  |  Impossible is nothing

Figure 3 – Phasor diagram showing the three load currents, one of which 
has a lagging power factor, and the resultant phase currents in A, B, and C.
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Suppose, for example, that instead of tungsten lights we used arc 

lamps with old school, magnetic ballast power supplies. Most of 

these have power factor correction, but suppose the power factor 

correction capacitor in some of them failed or they never had power 

factor correction to begin with. Then they would be inductive loads, 

the power factor would be less than 1, and the phase angle between 

I
AB

, I
BC

, and I
CA

 will change.

For the sake of simplicity, let’s say that all of the arc lamps with 

defective PFC capacitors are connected between phase A and B, and 

that the resulting aggregate power factor is something like 0.85. That 

means the phase angle between the voltage, V
AB

, and the current, 

I
AB

, would be about 32° [cos-1(0.85) = 32°]. How does that affect the 

current draw?

Because the arc lamps with the failed PFC capacitors are more 

inductive, the current will be lagging, as shown in Figure 3. The low 

power factor will increase the current I
AB

 to 56.6 A [10,000 ÷ (208 

V x 0.85) = 56.6 A]. That, in turn, will cause I
A
 to increase. Now the 

current I
A
 is:

|I
A
|2 = |I

AC
|2 + |I

AB
|2 – [2 x |I

AC
| x |I

AB
| x cos(120°+ )]

|I
A
|2 = [482 + 56.62 – [2 x 48 x 56.6 x cos(120°+ 32°)]

|I
AC

| = 88.9 A

From the phasor diagram we can see that the phase angle between 

I
B
 and I

C
 has decreased by the same amount as the phase angle 

between I
A
 and I

C
 increased, therefore the current I

B
 will be:

|I
B
|2 = |I

AB
|2 + |I

BC
|2 – [2 x |I

AB
| x |I

BC
| x cos(120° – )]

|I
A
|2 = [56.62 + 482 – [2 x 56.6 x 48 x cos(120°– 32°)]

|I
AC

| = 72.3 A

This assumes that the power factor for all of the arc lamps 

connected across phase A and C and those connected across phase B 

and C is unity. If that changes, then the equations would have to be 

modifi ed to refl ect those changes.

However, non-unity power factor is much more common when 

the loads are non-linear and they generate harmonics, which is what 

happens with a lot of our loads today, including automated lighting 

with non-power factor-corrected electronic ballasts, non-power 

factor-corrected LEDs, and non-power factor-corrected HMIs, non-

power factor-corrected fl uorescents, et cetera. An increasing number 

of luminaires seem to have switch-mode power supplies with power 

factor correction. It’s a bit more costly, but the technology is well 

known and reliable. Still, there are plenty of luminaires without 

power factor correction out there.

So, how do we accommodate the harmonic distortion caused 

Shadow, Light, and Truth  |  Impossible is nothing
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by non-power factor corrected switch-mode power supplies? The 

equation we have used so far will work just fi ne for the fundamental 

currents, and they would also work for all of the harmonic currents 

except the triplens. That’s because the phase angle between each of 

the other harmonic currents, like the fi fth, seventh, 11th, et cetera, 

is 240˚ instead of 120˚. However, the math works exactly the same 

because the cosine of 240˚ is the same as the cosine of 120˚! It’s only 

those pesky triplens that complicate matters because they are in 

phase with each other and reinforce completely instead scaling by a 

factor of cos (120˚).

To fi nd the total current I
A
, I

B
, and I

C
, we would have to know the 

complete harmonic spectrum of I
AB

, I
BC

, and I
CA

, which is unlikely 

unless you have access to a power quality meter and sample fi xtures, 

or detailed specs.  If we do happen to know the details of the 

harmonic spectrum, we could use the formula:

Where I
AB1

 is the fundamental current generated by the load 

connected across phase A and B,

I
AB3n

 is the triplen current generated by the connected load across 

phase A and B,

I
BC1

 is the fundamental current generated by the load connected 

across B and C,

and I
BC3n

 is the triplen current generated by the load connected 

across B and C.

Very seldom do we know much about the harmonic spectrum of 

any particular luminaire, but the equation says that the higher the 

third harmonic content, the closer the current in I
A
 is to the simple 

combination of I
AB

 and I
BC

 with no phase cancellation.

In some parts of the world there are regulations that limit the 

harmonic emissions. For lighting equipment (class C equipment), 

EN 61000-3-2 says that the third harmonic current should be limited 

to 30% times the power factor of the fundamental current, the 

ninth harmonic should be limited to 5% of the fundamental, and 

the 11th through the 39th harmonics should be limited to no more 

than 3% of the fundamental.  If the equipment you use is sold in the 

European Union, then it has to comply with European regulations. 

In that case, the triplen current can be no more than 38% of the 

fundamental. If we use the numbers from our original example of a 

balanced three-phase load but with 38% triplen current, the resulting 

current in IA would be:

|I
A
| = 88.2 A (compared to 83.3 A with no harmonics)

As you can see, the difference between a load with no harmonics 

and a load with 38% triplen harmonics is about a 6% increase in RMS 

current. Other variables in the system—meter calibration, applied 

voltage, the tolerance of components, et cetera—might account for a 

bigger deviation between the calculated load and the measured load.

I put these formulas together over a period of a couple of weeks, 

tested them against a brute force method using a spreadsheet, and I 

ran them by some friends in the industry whose opinions I trust and 

value. I think they are accurate, but until you actually put them to the 

test by connecting some gear, taking measurements, and comparing 

the results, it’s all just theory. So the next step is to test this theory 

against real world measurements. Unfortunately, I don’t see any 208 

V gear or a three-phase power distro sitting around, probably because 

I’m writing the closing paragraphs of this from the seat of airplane 

about 30,000' in the air. Until I’m able to change that, I think it’s safe 

to use this formula for now. It’s certainly better than shooting from 

the hip—but don’t forget to build in 20% overhead. 
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