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I2X and V2Qo Under Low Voltage
In this slide we focus on a very important fact of life 
in the reactive planning world.  When system 
voltages drop, I2X losses increase.  

When voltages drop, power flows don't necessarily 
change.  Power flow can remain constant for several 
reasons.  Generator governors tend to hold power 
output constant. AGC systems hold tie-line flows by 
adjusting generator governor setpoints.  Because 
power flow is the product of active current and 
voltage, any drop in voltage will result in an increase 
in active current.  In the numerical example in the 
slide, a 10% drop in voltage is accompanied by an 
11% increase in active current. Likewise, the current 
associated with any  reactive power flowing in the 
same circuit will also increase, though we are ignoring that effect here. 

This increase in current increases I2X losses in lines and transformers.  In the above example, the 11% increase 
in current associated with a 10% drop in voltage results in an I2X increase of 23.4% (1.11 squared versus 1.0 
squared).  This effect is serious enough, but we have yet to combine it with the effect of low voltage on reactive 
power produced by line charging and capacitors.

The graph in this slide shows the increase in I2X 
losses as the higher line current moves the reactive 
requirement up the I2X curve as well as the drop in 
reactive power from line charging and capacitors 
(V2Qo).  For the purposes of this example, assume an 
area in which all reactive supply is from line charging 
and shunt capacitors.  In that case there is a reactive 
balance where the I2X curve and the “curve” of 
reactive from capacitors and line charging intersect.

A 10% drop in voltage in the area will increases I2X 
losses by 23.4% and also reduce the output of 
charging and capacitors by 19% (1 - 0.9 squared). 
See the new point on the I2X curve and the point on 
the lower capacitor and charging reactive “curve.” 
The combination, 42%, is significant.  No, make that 
dramatic.  If the area has 3000 Mvar of charging and shunt capacitors supplying an equal amount of line and 
transformer I2X losses, a 10% drop in voltage in that area will require an additional 1260 Mvar of reactive 
power from neighbors or reactive sources if it is to continue operating.

It is clear that just letting voltages drop in an otherwise healthy system can create an onerous reactive deficit and 
possibly lead to even lower voltage and collapse or load shedding to avoid collapse.  Indeed, in the PJM system 
in the 70’s voltages would on occasion get away from dispatchers during the morning load build-up.  If a 
generator did not come on-line on schedule it would have the double effect of creating higher I2X losses from 
higher transfers as well as being a missing reactive source.  Likewise, distribution cap banks that do not come 
on-line as planned or power demand rising more quickly than usual can pull voltage down and create a reactive 
shortage.  In the PJM case voltages would decay uncontrollably but stabilize at about 90% of normal (we'll talk 
about this later).  With today's ever greater I2X losses and ever more delicate reactive balance, it takes ever 
greater reactive reserves to avoid such problems.
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You Can't Ship Reactive Power?
This slide shows a “base case” with 
relatively uniform voltages and the 
same system with low voltage at the 
receiving end.  Compare the 
reactive power flowing into the line 
in the base case with the reactive 
power flowing into it in the second 
case where voltage is lower.  Also 
compare the output of shunt 
capacitor banks at the receiving end 
of the line. 

The combination of increased line 
I2X losses and reduced reactive 
power from capacitors is evident in 
the increase in  reactive output from 
the generator in the receiving 
system (from 68 to 169 Mvar).  This 
case is quite realistic.  In parts of the 
US, 345 kV lines as in this example 
are loaded to 900 MW or more 
under normal system conditions, 
and higher under contingency conditions.

In this slide and the next we take a closer 
look at just the transmission line.  The slide 
to the right shows  sending end and receiving 
end reactive power flows for a 50 mile 345 
kV line over a range of constant power flows 
(measured at the receiving end) from 600 
MW to 1400 MW.  Notice that the receiving 
end reactive curves have less slope as loading 
increases.  And less slope as voltages get 
lower.  Notice also the increasing reactive 
power required per 200 MW of increase in 
power flow, reflecting the I2X effect we've 
been discussing.
The next slide is similar to the one above, 
except the line is 100 miles long and line 
loading is limited to 1000 MW.  At 1200 
MW lower receiving end voltage increases 
reactive power flowing into both ends of the 
line.  While theoretically possible, this case is 
rare so is not included.
Comparing the slide below with the one ab, 
notice that the curves for a given megawatt 
transfer are higher on the chart (longer line, thus higher I2X losses) and have much less slope.  It's no surprise 
that they are higher, but they are nearly level, particularly at the receiving end. What's the conclusion? 
Generally, the longer the line the less reactive power we can move for a given voltage drop and given loading. 
At 600 MW it takes about 75 Mvar at the sending end to deliver 50 Mvar at the receiving end.  The voltage drop 
to do so is about 5%.  At 1000 MW, it takes about a 10% voltage drop to deliver 50 Mvar at the receiving end 
and requires an increase of 190 Mvar at the sending end (from 230 Mvar to 420 Mvar).  Big numbers!  As time 
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goes on and we load lines ever more heavily, 
the truism “you can't ship reactive power” 
becomes ever more true!

Generator Reactive Versus System Voltage
In the one-line to the right and the one below 
it we look at the effect of lower grid voltage 
on generator reactive output.  In the base case 
the system voltage (on the bus to the right) is 
not important.  The system load has been 
adjusted to put the generating unit near unity 
power factor, supplying it’s auxiliary reactive 
load, but not the transformer step-up 
transformer reactive loses.  The step-up 
transformer reactive losses are being supplied 
from the system.  The high tension side of the 
step-up transformer is operating at 100.4% 

In the second case we’ve added reactive load 
(notice the sign change from the base case) 
out in the system to pull the system voltage 
down enough to push the generator reactive 
power up to the generator reactive limit of 
434 Mvar (45 Mvar of auxiliary load plus 
about 390 Mvar flowing into the step-up 
transformer).  The voltage on the high side of 
the generator step-up transformer has 
dropped from 100.4% to 96.6%, about four 
percent. 

This four percent is a useful benchmark.  When dispatchers see the voltages in an area down about four percent, 
they should immediately recognize that the generators in the area are all operating against their reactive limiters 
and can provide no further assistance, and that the area is very fragile from a voltage/reactive standpoint.  In an 
area where generators usually operate at about half of their reactive capability, dispatchers should know they 
will all be at maximum reactive capability when voltages fall a bit more than two percent.  This should be 
second nature to dispatchers.  Rather than calling plant operators or looking up plant reactive loadings in the 
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EMS hoping to find some reactive support, they can instead move on to other more fruitful activities (covered 
later).

This rule of them can be readily explained by looking at the IX drop in the step-up transformer.  Generator step-
up transformer impedance is usually about 12%.  For the usual 0.9 power factor generator operating at its 
reactive limit, the reactive power flowing into the step-up transformer is about 1/3 of the step-up transformer 
rating (389 Mvar into an 1100 MVA transformer in the above example).  The “I” is thus about 0.33 pu and the 
X is about 0.12 pu thus making an “IX drop” of about four percent.  

One might suggest that the generator terminal voltage was assumed to remain constant in the above example 
while in fact the dispatcher would have called the plant operator and ask to have it raised to help with the low 
system voltage.  While that may be the case early in the voltage decay, if voltages have fallen enough, area 
generators will be on reactive limits and plant operators have no control over voltage.  They can raise generator 
voltage setpoints, but it won't help since the generator is operating against a field current limiter. 

Every operator and dispatcher should understand the above and have the appropriate rules of thumb for his 
system committed to memory.

Generating Plant Auxiliaries
Most generators have an “auxiliary services” 
transformer tapped off the buswork between 
the generator terminals and the generator 
step-up transformer.  In a hydro plant this 
auxiliary load will be modest and may even 
be neglected.  But, in thermal/steam plants, 
the auxiliary power required for boiler feed 
pumps, lube oil pumps, coal conveyors and 
crushers, cooling water pumps, and similar 
equipment may be about 5% of the generator 
capability.  In our 1000 MW example to the 
right, the auxiliary load is assumed to be 50 
MW.

Auxiliary load is almost all motors.  There 
are rarely any power factor correction 
capacitors in the auxiliary system, so the 
power factor of the motors pretty much 
dictates the power factor of the auxiliary 
load.  Fully loaded motors tend to have a 
power factor of about 0.8.  Some of the 
motors will not be fully loaded and their power factor will be lower than 0.8 (see the discussion of industrial 
loads in this book).  There is also some reactive power used in transformers and cables.  All told, the power 
factor is likely to be on the order of 0.75 and the reactive power is thus about 90% of the active power.  Hence 
in our example we’ve made the auxiliary load 50 MW and 45 Mvar.

While the active power from the generator is reduced about 5%, from 1000 MW to 950 MW by the auxiliary 
load, the reactive power capability of a 0.9 power factor generator is reduced more than 10%, from 435 Mvar to 
about 390 Mvar in our example.  Now take 133 Mvar of transformer losses from that 390 Mvar and we have 
about 257 Mvar at the high voltage bus.  The result is a reactive capability, measured on the high voltage bus, of 
about 0.95 power factor.

Another less obvious issue with power plant auxiliaries is the problem of maintaining a suitable voltage on the 
auxiliary motors.  When the generator terminal voltage is increased to deliver reactive power to the grid and 
support grid voltage, the voltage on the auxiliary motors also increases.  Likewise, when the generator terminal 
voltage is reduced during light load conditions to hold grid voltages down, the auxiliary motors see lower 
voltage.  The range of voltage on the auxiliary buses can become large enough to be troublesome or hazardous 
to the auxiliary motors and various other loads such as flame monitors and safety and plant protection 
equipment.  There are no-load taps on the auxiliary transformer and also on the generator step-up transformer, 
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but it is not usually possible to find a combination of tap settings on these two transformers that will keep 
generator terminal voltage and auxiliary voltage within desired limits for all possible combinations of grid 
voltage and generator reactive power.  It thus sometimes becomes necessary for plant operators (or owners) to 
impose restrictions on plant reactive supply or absorption.  Sometimes tap settings are changed seasonally, but 
usually the solution is to limit the reactive power the plant can deliver or absorb.  

There are other possible constraints on generator reactive power output involving in-plant contingencies, 
maintenance, etc. that we'll discuss later.  The important message here is that it’s the reactive capability of the 
generating plant at the high voltage bus that is important to the grid, and planners and dispatchers must know 
the constraints for every plant.

Lighting (incandescent, compact fluorescent, LED)
Here we take a look at the lowly incandescent lamp.  Before reading on, what load characteristic do you think an 
incandescent lamp has? . . . . . . . .  If you said resistance, you have lots of company and you are close, but no 
cigar.  The resistance of tungsten, like all metals, varies with temperature; and we're talking some fairly extreme 
temperatures here (up to 3300K).  When voltage drops and the current in the lamp drops, the lamp temperature 
also drops.  The resulting lower resistance partly offsets the lower voltage so the resulting power flow into the 
lamp drops less than would be the case for a constant resistance device.  The bottom line is that an incandescent 
lamp has a load characteristic that is about half way between constant resistance and constant current.  We 
would model it as half constant current and half constant resistance, or as a load with P = P0V1.5.

The mass of the filament is low so the 
temperature change is essentially complete 
within about one second following a change in 
voltage.  The lamp is “constant resistance” for a 
split second, but quickly reaches its steady state 
P0V1.5 characteristic.  In terms of the problems 
discussed in this book, the incandescent lamp is 
a P0V1.5 device.  

Even though it does not have the highly 
desirable constant resistance characteristic, the 
incandescent lamp still provides a very 
beneficial drop in load when voltage drops.

While there are still many incandescent lamps in 
service and being replaced in kind, compact 
fluorescents are rapidly replacing incandescent 
lamps.  Compact fluorescents vary but are much 
closer to constant power.  This is bad news for the grid.  This part of the load is moving from a very helpful one 
to a far less forgiving one.  LED development is on a track that will put the first competitively priced Edison-
base LED lamps in stores in 2010.  Because LEDs require a very low dc voltage and brightness is very sensitive 
to votlage, their built-in power supplies will surely provide a regulated voltage to the LEDs, giving LED lamps a 
characteristic that is even closer to constant power than the compact fluorescent.

Incidentally, compact fluorescent lamps seem to come in two varieties, unity power factor and about 0.5 power 
factor according to tests I've run on a dozen different ones.  The meter I used for these tests is rated to deal with 
harmonics and extract RMS voltage and current, so I'm relatively confident in the low power factor readings 
(they aren't the result of harmonics).  Those lamps that I found to be unity power factor showed (on the label on 
the base) the rated current to be exactly their watt ratings divided by the voltage.  Those that I found to have low 
power factor listed a current that was about 50 to 70% higher than that which would be required for unity power 
factor.  There must be two common power supply designs, one providing unity power factor and one that does 
not.  The ones that were unity power factor exhibited less drop in power when I reduced voltage on them.  I 
don't have enough test data to say much more about compact fluorescents.  As we'll see later, load 
characteristics are important to the reactive power solutions we choose.  Clearly the industry needs to do more 
to learn load characteristics and the changes that are occurring.
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