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Shadow, Light, and Truth
BY  RichaRd cadena

Get the drop on voltage  
before it gets the drop on you

On sOme dress pants, the fly has a button, a hook, a snap, and 

a zipper. It’s a really complicated way of doing a very simple job. 

that’s the way I felt about the basic circuits class I took in college. 

the whole course seemed to be structured around taking a series of 

simple concepts and making them seem complex. We spent months 

studying Kirchoff ’s laws, norton’s theorem, and thévenin’s theorem, 

and when it was all said and done, I was more confused than ever. 

then I got into the real world and discovered that understanding 

those core concepts really helped to make some pretty complex 

circuits pretty simple. I had given it zero thought since I closed the 

book on the last day of that class, and it had almost completely 

faded from memory. then I started getting a lot of questions about 

voltage drop, and it brought me right back to Kirchoff ’s voltage law.

Voltage drop is what Kirchoff was talking about when he came up 

with his voltage law, which is taught in electrical engineering schools 

everywhere. In simple terms, it says that the sum of the voltages 

around a closed circuit is zero. the supply creates the voltage, and 

the load, including the cable or wire, takes it away. It’s kind of like 

going up in an elevator and then coming back down. In the end, 

if you finish where you started, energy is conserved in the closed 

system including the energy put into the motor and the gravity that 

brought you back down (ignoring the inefficiencies).

In an electrical circuit, most of the voltage is applied to the load, 

but some of it is dropped across the cable or wire feeding the load. 

the part dropped across the wire is referred to as the “voltage 

drop” because, even though the supply is at one voltage, the voltage 

applied to the load is less. How much less is kinda important.

Voltage drop is the result of current flowing through a resistance. 

In this case, it’s the conductor that provides the resistance. since the 

conductors we use are made of copper, the resistance is determined 

by the diameter of the wire; the larger the wire, the lower the 

resistance. even the largest of wires we use has some resistance, 

because there’s no such thing as a perfect conductor.

the higher the current for a given resistance, the higher the 

voltage drop. Or, the higher the resistance for a given current, the 

higher the voltage drop. that comes straight from Ohm’s law:

V = I x r, where I = current in amperes 

and r = resistance in ohms

Here is a typical circuit, showing the aC supply, the wire, and the 

load. since the wire has some resistance, however small, it is shown 

in the circuit diagram as two resistors, one for the hot and one for 

the neutral. the current flows through the circuit because it is a 

complete circuit, meaning there is a complete path for current to 

flow from the supply through the load and back to the supply again. 

the combination of current and resistance, as Ohm’s law says, is 

voltage. In real terms, what happens is that the flow of the charges 

through the conductor changes electrical energy to heat energy, 

which is dissipated into the atmosphere.

at point a in the circuit, the voltage, as measured from the 0 V 

reference (d), is 120 V in north america (or 240 V in europe and 

australia, or 100 V in Japan). In this particular circuit, we have 10 

amperes flowing. suppose we’re using #14 aWG wire. according to 

the aWG chart, the resistance of #14 wire is 2.525 ohms per 1000'. 

therefore, 475' of this wire should have a resistance of 1.2 Ω (475 ÷ 

1000 x 2.525 = 1.2), and the voltage drop across the hot conductor 

is 12 V (10 a x 1.2 Ω). If we measure the voltage from our 0 V 

reference to point B in the circuit, we should read 108 V.

           . . . the higher the resistance for a given current, 
the higher the voltage drop. “
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now look at the voltage drop across the return conductor, which 

is the same as the voltage drop across the hot conductor, or 12 V. 

that means that the voltage at point C, as measured from 0 V, is 

12 V. How do I know? Because the return conductor is dropping 

12 V and the voltage at point d has to be 0 V. We know it’s 0 V 

at point d because in most electrical systems around the world, 

the neutral conductor is bonded to the grounding or earthing 

conductor, which in turn is bonded to the grounding or earthing 

electrode to insure that it stays at 0 V. the electrode is usually a 

driven rod or the building foundation.

Knowing that the return conductor will drop 12 V and the 

voltage at point d has to be 0 V, ask yourself what the voltage 

needs to be at point C in order to make that happen. the only 

logical answer is 12 V.

now look at the voltage that’s applied to the load. It comes from 

the difference between the voltages at points B and C. that’s because 

voltage, like most things in life, is relative and it has no meaning 

without a reference. that’s why voltmeters come with two leads, one 

for the reference and one for the measured voltage. It’s also why a 

bird can land on a high-voltage transmission line without getting 

zapped. When it stands on one point on the cable, there is no 0 V 

reference. Voltage is meaningless without a reference.

In this case, the voltage across the load is referenced at point C, 

which is 12 V. It’s like coming down an elevator from the 108th floor 

to the 12th floor. How many floors does that span? the answer is 96. 

so the voltage applied to the load in this circuit is 96 V. that’s how 

voltage drop works.

Is excessive voltage drop a bad thing? If by “bad” you mean “not 

good,” then yes, it’s bad. Why?

excessive voltage drop is an indicator that there is too much 

current flowing in a conductor, that it’s too long of a run, or that 

the wire is too small. any way you look at it, excessive voltage drop 

causes excessive heat, which will destroy the insulation or jacket of 

the conductor sooner or later. When a cable gets hot, the insulation 

or jacket on it bakes like a pie in the oven.

What do you suppose would happen if you took a piece of 4/0 

cable and put it in an oven that has been warmed to 150˚ F (66˚ C)? 

the insulation would bake, dry out, and become brittle. that’s 

exactly what happens when your feeder cable is working too hard. 

eventually the jacket will crack or melt and expose the copper 

conductors, creating a hazard.

How do you know when voltage drop is excessive?

according to Informational note no. 4 in article 210.19(a)

(1) of the National Electrical Code, nFpa 70-2011, “conductors 

for branch circuits...sized to prevent a voltage drop exceeding 

3 percent...and where the maximum total voltage drop on both 

feeders and branch circuits to the farthest outlet does not exceed 

5 percent, provide reasonable efficiency of operation.” the same 

is said of feeder cables in article 215.2(a)(4). In short, the voltage 

drop shouldn’t be more than 3% in the feeder cable or more than 

3% in the branch circuits, and the total voltage drop shouldn’t be 

more than 5% in the feeder and branch circuits combined. the 

chart below shows the voltage drop as 5% of the supply voltage for 

various voltages around the world.

Voltage Drop at 3% and 5% for Various Systems

Percent 
Voltage 
Drop

100 V 120 V 208 V 230 V 240 V

3% 3 V 3.6 V 6.24 V 6.9 V 7.2 V

5% 5 V 6 V 10.4 V 11.5 V 12 V

also, in article 647.4(d), for sensitive electronic equipment, it 

says “the voltage drop on any branch circuit shall not exceed 1.5 

percent” and “the combined voltage drop of feeder and branch-

circuit conductors shall not exceed 2.5 percent.” that means the 

voltage drop requirements for front of house are more stringent 

than for the rest of the system, because things like consoles and 

computers are more voltage-sensitive than lighting gear.

Voltage Drop at 1.5% and 2% for Various Systems

Percent 
Voltage 
Drop

100 V 120 V 208 V 230 V 240 V

1.5% 1.5 V 1.8 V 3.12 V 3.45 V 3.6 V

2% 2 V 2.4 V 4.16 V 4.6 V 4.8 V

But why does the NEC even care about voltage drop? are they 

concerned about your show? there’s no doubt they want you and 

your show to be a raging success, but the real reason behind their 

concern over voltage drop is because it causes overheating, which 

could lead to fire or other disasters. Why should you care about 

voltage drop? In addition to the hazards it creates, it can cause your 

equipment to run erratically or not at all. It’s a symptom of a poor 

design or execution.

What can you do about voltage drop?

It’s as simple as a button fly. You can shed load (meaning that you 

can take load off the system), shorten the length of the conductors, 

or increase the size of the cables. shedding load is the quickest 

solution but not always the ideal solution. shortening the length of 

the cables reduces the total resistance of the cable, but it’s not always 

a practical solution. Going to a bigger cable size takes time, which 

isn’t always available. still, one of these solutions is going to have to 
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be the answer whether it is ideal or not, or the show will come to a 

grinding halt anyway.

It’s a good idea to get in the habit of monitoring the current 

draw so you can prevent circuit overload before a circuit breaker 

trips, or worse, a connector or insulation melts. You should 

have an ammeter with a minimum rating of category III, and 

periodically check the current draw of all of the conductors, 

especially the neutral conductor, since it’s the only normally 

current-carrying conductor that has no overcurrent protection. 

Feel the neutral conductor and make sure it doesn’t feel too warm. 

If you get in the habit of feeling feeder conductors with your bare 

hand when it’s not working too hard, then you’ll create a mental 

benchmark, and you’ll know when you feel a conductor that is 

working too hard and becomes too warm.

In a branch circuit, planning ahead to avoid excessive voltage drop 

is nice and simple, like a pair of Levis 501s with a button fly. the 

maximum current, and, therefore, the maximum voltage drop, can 

be easily calculated if you know the current draw of the connected 

load or if you know the power in watts and the power factor. But 

when it comes to feeder cable, it’s more like a pair of dress pants 

with a combination fly. there are several factors that influence the 

current draw, including the connected load, the connection scheme, 

the balance between phases, and the harmonic content of the power.

In north america, we typically use a wye-connected, four-wire 

plus ground system. It’s easy enough to calculate the current in the 

phase conductors if you know the current draw of the connected 

load or if you know the power in watts and the power factor of each 

piece of gear. But the current in the neutral depends on the balance 

between the phases, the harmonic content—both of which can vary 

with each cue—and the power factor of the load.

When a cue is executed, the level of each light on all three phases 

can change in intensity, which means the current draw could 

change. at the same time, if they are being dimmed with phase-

control dimmers, then the harmonic content can change too. the 

result is that the amount of current flowing through the neutral 

conductor can change with every cue, which means the voltage drop 

can change too.

the best practice is to plan for the worst-case scenario. It turns 

out that under certain conditions, the current in the neutral 

conductor can exceed the current in the phase conductors. the 

combination of an unbalanced three-phase system and high 

harmonic content will do this. In a UsItt study, they determined 

that the worst-case scenario will allow up to 125% of the phase 

current to flow through the neutral conductor. If you don’t take that 

into account, the voltage drop could be higher than you think.

Calculating voltage drop is not nearly as complicated as men’s 

fashions as long as you understand a few basics, like Kirchoff ’s law. 

Long live the button fly. n
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much current flowing in a conductor, that it’s too long 
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