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REPORT SUMMARY

Using backup generators with loads that create high harmonics can cause power quality
problems. This report describes how to calculate voltage distortion based on the different
impedance characteristics of a generator and the harmonic current characteristics of loads and
discusses options for reducing the harmonics and mitigating their impact.

Background
The use of backup generators with loads that create high harmonics can cause power quality
problems. Under most circumstances, the utility typically is a stiff source—voltage distortion
usually under 5% even if the loads such as computers or adjustable-speed drives draw nonlinear
(non-sinusoidal) current. Many locations that have critical power needs use backup generators as
a way to ensure availability when the utility source is interrupted. Generators are a weaker source
compared to the utility: given the same harmonic current, the voltage distortion will be higher
during islanded (backup) operation. This increased voltage distortion may impact the operation
of other loads inside a facility and may even cause problems with the proper operation of the
generator.

Objective
To offer guidelines on how to calculate the voltage distortion for different loads and types of
connection to help end-users determine the size of the generator required in order to keep the
voltage distortion to the specific load requirement.

Approach
The project team first evaluated the different impedance characteristics of synchronous
generators and their impact on voltage distortion. Based on this evaluation, the team developed a
guideline and procedure for calculating voltage distortion under different harmonic loading.
They used the procedure to calculate voltage distortion in some examples. They assessed the
impact of unbalance and capacitors on distortion and augmented the calculation procedure to
handle unbalance current and capacitors. The team discussed various options to reduce the
harmonics and/or reduce the impact of the harmonics and identified future research to better
solve these power quality problems.

Results
The relevant characteristics of the synchronous machine are the effective inductances (or
reactance) as seen from the terminals of the machine. The impedances that are of interest for
voltage distortion calculation for positive and negative sequence harmonic current are negative
sequence impedance (X2), direct-axis sub transient reactance (Xd"), and the average of Xd" and
quadrature-axis sub transient reactance (Xq"). Normally, these are all close since Xd" and Xq" are

0



vi

usually close to each other. This is especially true if the machine has significant fully connected
damper windings. For zero sequence, voltage distortion of the machine zero sequence impedance
is the impedance of interest. Preliminary calculation shows that the voltage distortion when non-
linear loads are supplied from generators could be several times more than the voltage distortion
when the loads are supplied from a stiff utility bus. The methodology developed as part of this
research work will be further refined based on actual test data and validation of the model that
will be conducted in the future by the EPRI Power Quality target.

EPRI Perspective
Stand-by power systems are extremely valuable to many industrial and commercial industries.
Unfortunately, incompatibility between the stand-by power system and the critical loads can lead
to power quality problems resulting from an increased voltage distortion. By sponsoring
continued research this important area, utilities can provide extraordinary value to their
customers and to the industry as a whole through the increased awareness and understanding of
stand-by power systems and their applications.

Keywords
Motor-Generator Set
Harmonics
Voltage Distortion
System Compatibility
Power
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ABSTRACT

Using backup generators with loads that create high harmonics can cause power quality
problems. Many locations that have critical power quality needs use backup generators as a way
to ensure availability when the utility source is interrupted. During backup generator operation,
excessive voltage distortion can disrupt sensitive devices. This report offers guidance on how to
calculate the voltage distortion for different loads and types of connections. Based on this
procedure end-users can determine the size of the generator required in order to keep the voltage
distortion to the specific load requirement. Various options to reduce the harmonics and/or
reduce the impact of the harmonics are considered along with comments on manufacturer�s
guidelines. Lastly, future work to better solve this problem has been identified.
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1 
INTRODUCTION

Using backup generators with loads that create high harmonics can cause power quality
problems.  Under most circumstances, the utility source is a stiff source � a sinusoidal voltage is
produced even if the loads (such as computers or adjustable-speed drives) draw nonlinear
(nonsinusoidal) current.  Many locations that have critical power needs use backup generators as
a way to ensure availability when the utility source is interrupted.  Generators are a weaker
source compared to the utility, so given the same harmonic current, the voltage distortion will be
higher during islanded (backup) operation.

Many loads that cause harmonics are also sensitive to harmonics.  The most important (or
notorious) example is the uninterruptible power supply (UPS).  A UPS is often a high harmonic
producer.  It may also be sensitive to voltage distortion.  If the voltage distortion exceeds some
threshold, the UPS will switch to battery operation.  After the batteries are exhausted, the critical
load may drop offline.

The most common way to avoid problems due to harmonics is to oversize the generator, which
makes it a stiffer source.  However, in this case, cost becomes an issue. The objectives of this
research project are to offer guidelines on how to calculate the voltage distortion for different
loads and types of connection. Another solution would be to use harmonic filters (traditional
passive filters or active filters).  Also possible is to specify loads (especially UPSs) that will
operate satisfactorily under high levels of voltage distortion.

The objectives of this research project are to offer guidelines as how to calculate the voltage
distortion for different loads and types of connection. Based on these guidelines end-users can
determine the size of the generator required in order to keep the voltage distortion to the specific
load requirement.
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2 
GENERATOR CHARACTERISTICS

The characteristics of the synchronous machine are the effective inductances (or reactances) as
seen from the terminals of the machine.  These, when associated with the fundamental frequency,
determine the currents during sustained as well as transient and sub-transient fault conditions and
the response to harmonics.

In addition to these inductances, there are corresponding time constants that determine the rate of
decay of currents and voltages relative to the steady-state parameters.  Together these parameters
define the synchronous machine�s electrical characteristics and can be used in specifying or
modeling a machine.  Definitions for the various machine reactances and their effects on
operation are summarized below.1

Direct-Axis Reactance Xd
Lower values of direct axis reactance are desirable in order to achieve machine operation at low
power angles for a given power output.

Quadrature-Axis Reactance Xq
For salient pole machines, the value of X q is slightly lower than the value of Xd. During normal
machine operation at low power angles (δ), the lower value of Xq results in improved machine
stability. If a machine is operated below its design power factor, resulting in a high power angle
(δ), a low value of Xq is a detriment to machine stability.

Subtransient Reactance Xd”
This is the value of reactance that is effective immediately after a sudden change in the load
current such as during a fault condition.

Transient Reactance Xd’
This is the value of reactance that is effective 6-8 cycles after a sudden change in the load current
such as during a fault condition.

Synchronous Reactance Xs
This is the value of reactance that is effective during steady state conditions.

Negative-Sequence Reactance X2
This is the value of reactance encountered by negative-sequence currents. The negative-sequence
reactance affects the thermal withstand capability of a generator against negative-sequence
                                                          
1Connecting Small Generators to Utility Distribution Systems, CEA Report Number 128 D 767.
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currents, which are caused by negative-sequence voltages resulting from unbalanced loads and
some harmonic current components. These negative-sequence currents cause heating of the pole
faces, which can ultimately lead to machine damage. The maximum RMS value of negative-
sequence current permissible is 10%-15%.

Zero-Sequence Reactance X0
This is the value of reactance encountered by zero-sequence currents. The zero-sequence
reactance is on the order of 15% to 75% of the value of the sub-transient reactance, Xd”, which is
the effective positive-sequence impedance under fault conditions. The low value of zero-sequence
impedance results in a high prospective fault current under line-to-ground fault conditions.  This
is avoided by not solidly grounding the neutrals on generators.

Ranges for these parameters for hydraulic units (prime source of energy is kinetic energy of
water) and thermal units (prime source of energy derived from fossil fuels) are given in Table 2-1.

Table 2-1
Reactance and Time Constant Parameters for Synchronous Generators2

Parameter Hydraulic Units Thermal Units

Xd 0.6 – 1.5 1.0 – 2.3Synchronous

Reactance Xq 0.4 – 1.0 1.0 – 2.3

Xd’ 0.2 – 0.5 0.15 – 0.4Transient

Reactance X'q - 0.3 – 1.0

Xd” 0.15 – 0.35 0.12 – 0.25Subtransient

Reactance X"q 0.2 – 0.45 0.12 – 0.25

T'd0 1.5 – 9.0 s 3.0 – 10.0 sTransient Open Circuit

Time Constant T'q0 - 0.5 – 2.0 s

T"d0 0.01 – 0.05 s 0.02 – 0.05 sSubtransient Open
Ciruict

Time Constant
T"q0 0.01 – 0.09 s 0.02 – 0.05 s

Stator Leakage

Inductance Xl 0.1 – 0.2 0.1 – 0.2

Stator Resistance Ra 0.002 – 0.02 0.0015 – 0.005

Notes: Reactance values are in per unit with stator base values equal to the corresponding machine rated values and
Time constants are in seconds.

                                                          
2 P. Kundur, Power System Stability and Control, Power System Engineering Series, Electric Power Research
Institute, ISBN 0-07-03598-X.
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Table 2-2 shows the constants for four different sizes of small synchronous generators in per unit
of the machine base. The constants are provided as an indication of the ranges the constants may
have. Machine A is presented as typical, and yet the sub-transient constants are low. This is a
result of the use of a substantial damper winding. Likewise Machine B is presented as typical and
yet the constants are all high, especially Xd.  This high Xd is not unusual as the machine windings
were designed for a high current exciter. Thus the four machines represent a range of constants
rather than constants that vary according to the machine rating.

Table 2-2
Small Synchronous Generator Constants (In Per Unit on the Machine Base)3

Machine A B C D

kVA 69 156 781 1044

kW 55 125 625 835

V 240/480 240/480 240/480 240/480

pf 0.80 0.80 0.80 0.80

Xd 2.02 6.16 2.43 2.38

Xd' 0.171 0.347 0.254 0.264

Xd" 0.087 0.291 0.207 0.201

Xq 1.06 2.49 1.12 1.10

Xq" 0.163 0.503 0.351 0.376

Tdo'  (sec) 0.950 1.87 1.90 2.47

Td'    (sec) 0.080 0.105 0.198 0.273

Tdo"  (sec) 0.078 0.013 0.024 0.018

Td"    (sec) 0.004 0.011 0.020 0.014

Tqo"  (sec) 0.045 0.020 0.016 0.009

Tq"    (sec) 0.007 0.004 0.005 0.003

ra  (per unit) 0.011 0.034 0.017 0.013

Ta  (sec) 0.014 0.022 0.038 0.032

X0 0.038 0.054 0.051 0.074

X2 0.125 0.375 0.279 0.260

RPM 1800 1800 1800 1800

Inertia Constant Hgen 0.26 0.20 0.40 0.43

                                                          
3 W.B. Gish, �Small Induction Generator and Synchronous Generator Constants for DSG Isolation Studies, IEEE
Transaction on Power Systems, Vol. PWRD-1 No.2, pp. 231-239, April 1986.
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Positive- and Negative-Sequence Harmonic Impedances

Normally, the negative-sequence impedance is used for positive- and negative-sequence
harmonics.  Other impedances can be used if X2 is not available.  The use of a constant
impedance that linearly increases with frequency has been shown to be relatively accurate.4  The
recommended approximations for the harmonic impedance are as follows in order of
preference:5,6,7

•  X2

•  (Xd" + Xq")/2    (which is a common approximation to X2)

•  Xd"

Normally, these are all close since Xd" and Xq" are usually close to each other.  This is especially
true if the machine has a significant fully-connected damper windings.

More complicated frequency-dependent models for harmonics have been developed.8,9  The main
problem with these is that the data is never available for smaller machines, and testing is almost
never justified based on the costs for small machines.

If no other information is available, it is advisable to use a value of X2 = 0.28 per unit (based on
Machine C in Table 2-2).  This is on the high side of the range of impedances usually found, but
the higher number is more conservative. The appendix also gives manufacturer data for a few
different generator sets.

Two types of subtransient reactances are sometimes specified for synchronous generators:

Xd"v � The saturated subtransient reactance, used for short-circuit studies and for
harmonics.  The subscripted �v" means constant voltage; the impedance is the value of V/I
at rated voltage for a short circuit on the generator terminals (which is a high-current
condition that saturates the magnetic core which results in a lower impedance).

Xd"i � The unsaturated subtransient reactance is used for stability studies.  The subscripted
"i" means constant current; the impedance is the value of V/I at rated current for a short
circuit on the generator terminals.

                                                          
4 R. Arseneau, E. F. Hill, R. Szabados, and D. Ferry, �Synchronous Motor Impedances Measured at Harmonic
Frequencies,� IEEE paper A 79 514-1, Summer Power Meeting, Vancouver, Canada, July, 1979.
5 �Modeling and simulation of the propagation of harmonics in electric power networks. I. Concepts, models, and
simulation techniques,� IEEE Transactions on Power Delivery, vol. 11, no. 1, pp. 452-465, Jan. 1996.
6 IEEE Tutorial on Harmonics Modeling and Simulation, TP-125-0, 1998.
7 J. Arrillaga, D. A. Bradley, and P. S. Bodger, Power System Harmonics, John Wiley & Sons, 1985.
8 A. Semlyen, J.F. Eggleston and J. Arrillaga, �Admittance Matrix Model of a Synchronous Machine for Harmonic
Analysis�, IEEE Transaction on Power Systems, Vol. PS-2, Nov. 1987, pp. 833-840.
9 J.M. Canay, �Determination of the Model Parameters of Machines from the Reactance Operators xd(p), xq(p)
(Evaluation of Standstill Frequency Response Test), � IEEE Transaction EC-8(2), June 1993, pp. 272-279.
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Xd"v is smaller than Xd"i (the ratio between the unsaturated and saturated values is about 0.6 to
0.7).  Usually, if it is not indicated which value it is, it is the saturated value, Xd"v (which is the
convention used in this report).  There are also saturated and unsaturated X"q, but these are often
not available.

The harmonic impedance is determined primarily by the damper windings.  Damper windings
react to dampen out transients on the machine.  The torque produced by the damper windings
slows down fast machines and speeds up slow machines.  Damper windings are like the rotor on a
squirrel-cage induction machine (in fact a squirrel-cage induction machine is a synchronous
machine with damper windings and no field on the rotor).  At synchronous speed, no current will
flow in the damper windings since the flux on the rotor is DC, but if transients act to change the
frequency relative to the synchronous speed, currents will flow in the damper windings and create
torque to counteract the disturbance.  The damper windings will also react to other stator currents
that are not 60-Hz positive-sequence currents (significantly, negative-sequence currents and
harmonic currents). Figure 2-1 shows the location of the damper windings in a synchronous
generator.

Figure 2-1
Generator Rotor Showing the Damper Winding

As another way of explaining why the negative-sequence impedance is a good approximation for
harmonics is that the negative-sequence impedance is the impedance to 120 Hz (the second
harmonic).  A negative-sequence voltage on the stator produces a rotating magnetic field, but it
rotates in the opposite direction of the rotor, so double-frequency rotor currents (mainly in the
damper windings) of 120 Hz are created.

To visualize the effect of the damper winding, imagine that the rotor is not moving (and it won�t
be moving fast relative to the 5th harmonic for example).  If the rotor isn�t moving, the armature
winding on the stator forms a coupled circuit with the damper winding on the rotor.  In the
accompanying magnetic circuit, the flux is completed by the iron in the stator, the iron in the
rotor, and the airgap between them.  This forms a transformer with a shorted secondary winding
(the damper winding is the shorted secondary).  It is useful to review some basics of magnetic
circuits that relate to this discussion.  Several turns of wire (an air core reactor) have a fairly low

0



Generator Characteristics

2-6

reactance (see Figure 2-2).  If the same turns are wrapped around an iron core, the reactance is
much higher (see Figure 2-2).  If a shorted winding is attached to the core, the shorted winding
will greatly lower the impedance (the circulating winding provides a back-emf that cancels much
of the flux in the core) see Figure 2-2.  The damper winding acts like the shorted winding on a
transformer � it provides a low-impedance path.  Also, if the currents are high enough to saturate
the core, then the impedance becomes like that of the air-core reactor (the impedance is lower).

ZZ

Air-core reactor:
Low impedance

Iron-core reactor:
High impedance

Z

Low impedance

Shorted
winding

Figure 2-2
Basic Impedances of Different Magnetic Circuits

Zero-Sequence Harmonic Impedance

It is well known that balanced in-phase 3rd harmonic values are zero sequence (so Va=Vb=Vc for
voltages and Ia=Ib=Ic for currents).  Table 2-3 shows the sequence of each harmonic.  The zero-
sequence harmonic impedance of a synchronous machine is a special case that has even lower
impedance.  Most generators have low zero-sequence impedance.  It is enough of a problem that
many generators are ungrounded (or grounded through an impedance) to prevent the flow of zero-
sequence current.  Many large generators are not braced to handle the fault current for a line-to-
ground fault at the terminals of the machine. The fault current will be significantly higher for
ground faults than for a three-phase fault (E/X" vs. 3E/(2X"+X0) ≈ 1.3E/X").  The zero-sequence
impedance is the same whether it is under steady-state, transient, or subtransient conditions.

Table 2-3
Normal Sequence of Harmonics on Three-Phase Quantities With the Same Phase Angle of
the Given Harmonics

n sequence n sequence n sequence

1 + 7 + 13 +

2 − 8 − 14 −

3 0 9 0 15 0

4 + 10 + 16 +

5 − 11 − 17 −

6 0 12 0 18 0
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The reason that the impedance is so low is that zero-sequence currents in the stator winding tend
to cancel each other.  If the currents cancel, there will be very limited magnetic coupling to the
rotor, so the impedance will be very low.

The zero-sequence impedance varies significantly with design.  The most prominent difference is
due to the pitch of the stator winding.  A pole pitch is the number of degrees that the rotor has to
move to change from one pole to the other.  In a 2-pole machine, one pole pitch is 180°, and in a
4-pole machine, it is 90°.  The pitch factor (or just the pitch) of the stator winding is the portion of
the pole pitch that the stator winding spans.  A full-pitch stator winding would span the full pitch.
A fractional-pitch winding spans less than the full pitch.  Figure 2-3 shows a comparison of a full-
pitch winding and a two-thirds pitch winding.  Other common pitch factors are five-eighths and
three-fourths.  The two-thirds pitch winding reduces the zero-sequence impedance the most, since
the two conductors in each slot have current that goes in opposite directions, so the fields cancel
almost completely (since a = b = c = -a ′ = -b ′ = -c ′).

         Full-pitch Winding      Two-Thirds Pitch Winding
Figure 2-3
Comparison of a Full-Pitch and a Two-Thirds Pitch Stator Winding for a Two-Pole Machine
with a Double-Layer Stator Winding with One Slot per Phase per Pole

In the absence of information regarding the synchronous generator of interest, use a value of 0.05
per unit for the zero-sequence impedance (based on Machine C in Table 2-2).

Note, if the generator is ungrounded and all line-to-ground connected load is fed through delta-
wye grounded transformers, then zero-sequence current will not flow in the generator. Thus, the
3rd, 6th, 9th, � and other zero-sequence harmonic currents will not cause distortion at the
generator terminals. This is true for balanced load conditions. Unbalanced load on the generator
will cause zero-sequence current to flow regardless of the downstream transformer connection.

A low, zero-sequence harmonic impedance is usually an advantage because it keeps the voltage
distortion low for third-harmonic load currents. One problem of circulating 3rd harmonic current
is occasionally seen when two generators in parallel are feeding load and they are separated from
the utility.  Generators also create harmonics.  If the generators have different characteristics or
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are loaded differently, a 3rd-harmonic current can circulate on the neutral between the generators.
This can cause one or both generators to trip on high neutral current.  The circulating current is
pronounced when one generator has a three-fourths pitch stator winding (which acts as a
harmonic voltage source that is relatively high in 3rd harmonics) and the other generator has a
two-thirds pitch stator winding (which has a low impedance to harmonics).

Harmonic Model of a Synchronous Machine

The recommended model for harmonic calculations is shown in Figure 2-4.  It consists of wye-
connected reactances with a neutral reactor.

X2

X2X2

XN

XN = (X0-X2)/3 + XGN

If X2 is not available,
use (Xd" + Xq")/2 or Xd".

If no data is available, use:
X2 = 0.28
X0 = 0.05
XN = -0.077

X2, generator negative-sequence reactance
X0, generator zero-sequence reactance
XGN, reactance of the generator neutral reactor (equals zero if there isn�t one)
Xd", generator direct-axis subtransient reactance
Xq", generator quadrature-axis subtransient reactance

Figure 2-4
Synchronous Machine Model Used for Harmonic Analysis

The positive and negative-sequence reactances of the model are both equal to X2.  The zero-
sequence equivalent of this model is X0+3XGN.  The normal harmonic-calculation procedure
assumes that the nonlinear loads are current injections.  The voltage at the nth frequency is
calculated using Equations 2-1, 2-2, and 2-3:

Vn = n⋅X⋅In Equation 2-1

For positive or negative-sequence harmonics, Equation 2-2 should be used.

X = X2 Equation 2-2

For zero-sequence harmonics, Equation 2-3 should be used.

X = X0 + 3XGN Equation 2-3
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Superposition can be used to calculate the harmonic voltage distortion due to multiple loads.
Note, in the absence of a generator neutral reactor, XN will be negative, and the negative value
should be kept in the calculations.

Advanced Considerations

There are some second-order effects that are ignored in this model.10,11  An unbalanced linear load
can cause harmonic voltages and currents.  As an example, consider an unbalanced load that
causes linear (60Hz only) negative-sequence current.  The negative-sequence current will cause
120-Hz currents to flow in the field winding on the rotor (because the negative-sequence field is
rotating in the opposite direction of the rotor).  This in turn will induce a 180-Hz voltage
component in the stator winding (it adds another 60 Hz because of the rotation of the rotor
relative to the stator).  So, even though the load was linear, the unbalance will create harmonics.
The way it works out is that fundamental-frequency negative-sequence stator currents will create
3rd harmonic voltages (the 3rd harmonics generated are actually positive sequence) along with the
fundamental-frequency values.  The equations for the voltages are shown in Equations 2-4 and 2-5.

( ) ( )1
2

1
""

I
XX

V qd +
= Equation 2-4

( ) ( )1
2

33
""

I
XX

V dq −
∗= Equation 2-5

If negative-sequence nth-harmonic currents are injected into the stator, (n) and (n+2) positive-
sequence harmonic voltages will appear on the stator winding (of most interest, the 5th-harmonic
currents create 5th-harmonic voltages along with 7th-harmonic voltages – likewise, the 11th creates
11th and 13th voltages).  The equations for the coupling are given Equations 2-6 and 2-7.  The
(Xd" + Xq")/2 term is the expression for the negative-sequence impedance used in the model that
was described in the previous section.

( ) ( )nI
XX

nnV qd

2

"" +
∗= for n≥1 Equation 2-6

( ) ( ) ( )nI
XX

nnV dq

2
22

"" −
∗+=+ for n≥1 Equation 2-7

If positive-sequence nth-harmonic currents are injected into the stator, (n) and (n-2) negative-
sequence harmonic voltages will appear on the stator winding (of most interest, the 7th and 13th

create 5rd and 11th harmonics respectively).  For example, positive-sequence 7th harmonic currents
                                                          
10 Wilsun W. XU, Hermann W. Dommel, Jose R. Marti, “A Synchronous Machine Model for Three-Phase Harmonic
Analysis and EMTP Initialization, Transactions on Power Systems, Vol. 6, No. 4, November 1991.

11 E. Clarke, Circuit Analysis of A-C Power Systems, vol. II, General Electric Company, 1950.
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will cause a rotating magnetic field to rotate at seven times the speed of the rotor in the same
direction.  This will induce 6th-harmonic currents in the rotor in the damper winding and the field
windings – it is 6th harmonic because the rotor is moving relative to the rotating magnetic field at
a 7 to 1 ratio in the same direction, so the difference is six.  The 6th-harmonic current on the rotor
will induce a 5th-harmonic voltage on the stator. The equations for the coupling are given
Equations 2-8 and 2-9.

( ) ( )nI
XX

nnV qd

2

"" +
∗= for n≥1 Equation 2-8

( ) ( ) ( )nI
XX

nnV dq

2
22

"" −
∗−=− for n≥1 Equation 2-9

Zero-sequence harmonics (the 3rd is the value of most interest) stay decoupled and do not cause
other harmonics.  If harmonic loads are not balanced, then a 5th-harmonic current (which is
normally a negative-sequence harmonic) may contain positive, negative, and zero-sequence
components, so the 5th harmonic could create 3rd, 5th, and 7th harmonic voltages with the 5th-
harmonic being the largest component.

The phase angle of all voltages is leading the current that created it by 90° at θ = 0 (since the
current and voltage are at different frequencies, the angle has to be specified at one position in
time for the angle to mean anything – see [11] for details).  This means that if a drive creates 5th

and 7th harmonic currents that are in phase, the 5th harmonic voltage created by the 7th harmonic
current will be in phase (so it will directly add) with the 5th harmonic voltage created by the 5th

harmonic current.

If the Xd" and Xq" are close in value, these effects will be minor (given the Xd" − Xq" term).   Xd"
and Xq" will be close in value if the rotor has a fully-connected damper winding.  The reason that
the second-order effects are a function of the (Xd" − Xq") term is that it is due to rotating magnetic
field spinning around a changing impedance (as the magnetic field rotates, it alternately interacts
with the direct axis and the quadrature axis impedance).  If the direct-axis and the quadrature-axis
impedance are the same, there will not be a changing impedance as the rotor rotates, and there
will not be second-order harmonics.  Usually, Xd" and Xq" are close enough to neglect the second-
order terms.  Although the second-order terms can be calculated by hand, it is complicated
enough that a computer model is usually necessary (and, unfortunately, most harmonic programs
do not model generators to this degree).  If the load is modeled with something other than an ideal
current source, then it becomes even more complicated.  To precisely solve this, an iterative
approach would be needed with a more accurate load representation.  Since more accurate load
representations are not usually available, it is not worth the effort to use a more precise generator
model.
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3 
HARMONIC VOLTAGE CALCULATIONS

The following sections contain some example calculations for a generator in standalone operation
that is supplying harmonic loads.  Table 3-1 shows typical harmonic characteristics of several
common harmonic-producing loads.

Table 3-1
Typical Harmonic Current Spectra of Different Types of Loads

Harmonic Current Source Magnitude and Phase Angle Spectra
    Adjustable Electronic Fluorescent Lighting
  Speed Drives       Loads Electronic Magnetic
    High     Low     High     Low     High     Low     High     Low
| I | θ | I | θ | I | θ | I | θ | I | θ | I | θ | I | θ | I | θ

1 1 -13 1 -11 1 -5 1 1 1 8 1 3 1 -6 1 -3
3 .044 85 .047 101 .658 158 .548 165 .199 -152 .082 -48 .197 -99 .064 -76
5 .765 118 .321 113 .377 -41 .367 -30 .074 -173 .116 -49 .062 -46 .103 -59
7 .627 -90 .162 -148 .127 116 .183 128 .032 131 .028 9 .009 56 .028 3
9 .029 57 .004 -158 .044 -93 .066 -103 .024 23 .017 91 .002 -167 .020 68
11 .248 31 .065 -72 .053 -102 .050 -3 .018 -7 .011 -175 .002 -9 .017 131
13 .127 169 .057 -38 .025 -2 .040 133 .008 -60 .007 -110 .003 72 .008 -145
15 .005 126 .003 -18 .019 148 .025 -117 .004 -174 .005 -26 .003 173 .006 -76
17 .071 -163 .037 84 .018 -75 .024 3 .001 170 .004 32 .003 -102 .005 -7
19 .084 -34 .027 87 .011 -16 .017 140 .002 76 .003 115 .002 -22 .004 70
21 .009 93 .002 85 .006 78 .011 -114 .001 2 .003 -178 .002 58 .003 131
23 .044 60 .019 -140 .004 -51 .013 10 .001 -19 .002 -104 .001 133 .002 -156
25 .033 176 .019 -136 .004 -67 .008 116 .001 -140 .001 -42 .001 -160 .002 -97

Ha
rm

on
ic

Balanced Example

Consider the following as an example of a balanced three-phase load.  The assumptions are:

•  The load on a generator consists of electronic loads (i.e. computers) equal to 25% of the
generator rating.

•  The load is assumed to follow the �Low Electronic Loads� column in Table 3-1.

•  All three phases are balanced.

•  The phase angles of the loads are ignored.

•  The generator impedances are taken from the default values in Table 2-2 (X2 = 0.28,
X0 = 0.05 and Xn = -0.077).
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The voltages at each harmonic frequency need to be calculated.  Since the three phases are
balanced, the actual circuit in Figure 2-4 does not need to be evaluated. The following simplified
equations can be used:

Vn = n⋅X⋅In

where X=X2=0.28 for positive or negative-sequence harmonics, and X=X0+3Xgn=0.05 for zero-
sequence harmonics (mainly for the 3rd).  Since the loading on the generator is 25% of its rating,
the percentage current values from Figure 2-4 must be multiplied by 0.25.

For the 3rd harmonic, the voltage distortion on all three phases is:

V3 = 3⋅X0⋅I3 = 3 (0.05) (0.25) (0.548) = 2.06%

Similarly, for the 5th harmonic, the voltage is:

V5 = 5⋅X2⋅I5 = 5 (0.28) (0.25) (0.367) = 12.84%

And for the 7th harmonic, the voltage is:

V7 = 7⋅X2⋅I7 = 7 (0.28) (0.25) (0.183) = 8.97%

The results for the odd harmonics to the 19th are shown in Figure 3-1.  The voltage THD is 16.8%
for this example.  Note that these are rather high values of harmonics and illustrate what can
happen to a generator that has considerable nonlinear load.  All of the values scale linearly, so if
the loading relative to the size of the generator is 50% instead of 25%, all of the values would
double (so THD = 33.6%).
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Figure 3-1
Harmonic Voltage Distortion at the Generator Terminals for the Balanced Electronic Load
Example for a Loading Equal to 25% of the Generator Rating

Unbalanced Example

Calculations get more complicated for an unbalanced situation.  Consider the following as an
example:

•  The load on a generator consists of electronic loads (i.e. computers) taken from the �Low
Electronic Loads� column in Table 3-1.

•  The load on phase A is equal to 10% of the generator rating.

•  The load on phase B is equal to 25% of the generator rating.

•  The load on phase C is equal to 25% of the generator rating.

•  The phase angles of the loads are all taken to be in phase.

•  The generator impedances are taken from the default values in Table 2-2 (X2 = 0.28,
X0 = 0.05 and XN = -0.077).

Again, each harmonic is calculated separately.  Because of the unbalance, the circuit of Figure 2-4
needs to be evaluated. The 3rd harmonic currents are zero sequence, which means they add
directly in the neutral (phase angles aren�t needed), so the current in the neutral is:

IN3 = (0.1 + 0.25 + 0.25) (0.548) = 0.3288 in per unit on the machine base

The neutral point voltage is:

VN3 = 3⋅XN⋅IN3 = 3 (−0.077) (0.3288) = −0.0760 pu
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The voltage between phase A and the neutral, VAN, is:

VAN3 = 3⋅X2⋅I3 = 3 (0.28) (0.1) (0.548) = 0.046 pu

This means the line-to-ground voltage on phase A is:

VA3 = VAN3 + VN3 = 0.046 + (−0.076) = −0.03 pu = −3%

For phase B,

VBN3 = 3⋅X2⋅I3 = 3 (0.28) (0.25) (0.548) = 0.115 pu

VB3 = VBN3 + VN3 = 0.115 + (−0.076) = 3.9%

For phase C,

VCN3 = 3⋅X2⋅I3 = 3 (0.28) (0.25) (0.548) = 0.115 pu

VC3 = VCN3 + VN3 = 0.115 + (−0.076) = 3.9%

So, the phase-to-ground voltage distortion magnitudes are:

VA3 = 3.0%, VB3 = 3.9%, VC3 = 3.9%

The only difference between this case and the previous balanced case is that the Phase A current
is decreased from 25% to 10%.  Even though the current on one phase dropped, the overall
distortion for the third harmonic increased (from 2% in the balanced case to 3% or more in the
unbalanced case).  This is due to the higher impedance seen for the unbalanced third harmonic
(which is no longer strictly zero sequence, so it has a higher impedance).  This is an important
consideration for situations with high levels of computer loads (because of the high level of 3rd

harmonic).  It also suggests that one way to reduce the problem is to evenly balance the three
phases.  Balancing will cause the effective impedance of the generator to be the zero-sequence
impedance, which is significantly lower than X2.

The magnitudes of the 3rd-harmonic phase-to-phase distortions are (e.g. VAB3 = |VA3 − VB3|/√3):

VAB3 = 4.0%, VBC3 = 0.0%, VCA3 = 4.0%

Now, consider the 5th harmonics which are negative-sequence, but since it is unbalanced, they no
longer cancel in the neutral as negative-sequence quantities normally do.  The phase angles must
be included in the neutral calculations:

IN5 = IA5 + IB5 + IC5 = (0.1 + 0.25a + 0.25a2) (0.367) = −0.055

Remember that a=∠ 120°; the equation above includes the phase angles of the normal negative-
sequence phase rotation (A-C-B).  We are fortunate in this case that the phase B and phase C
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quantities are equal which makes the calculations easier (the complex portions cancel each other).
The voltages are found as:

VN5 = 5⋅XN⋅IN5 = 5 (−0.077) (−0.055) = 0.0212 pu

VAN5 = 5⋅X2⋅I5 = 5 (0.28) (0.1) (0.367) = 0.0514 pu

VA5 = VAN5 + VN5 = 0.0514 + 0.0212 = 7.2%

VBN5 = 5⋅X2⋅I5 = 5 (0.28) (0.25) (0.367) (a) = 0.128∠ 120° pu

VB5 = VBN5 + VN5 = 0.128∠ 120° + 0.0212 = 11.9% ∠ 111° pu

VCN5 = 5⋅X2⋅I5 = 5 (0.28) (0.25) (0.367) (a2) = 0.128∠ -120° pu

VC5 = VCN5 + VN5 = 0.128∠ 120° + 0.0212 = 11.9% ∠ -111°

The 7th harmonics would be calculated in a similar manner to the 5th harmonics, except that the 7th

harmonics are positive sequence, so the positive-sequence rotation would be used for the phase
currents (i.e. use 0.1 + 0.25a2 + 0.25a  (A-B-C sequence) for the neutral current).

The results for the odd harmonics to the 19th are shown in Figure 3-2.  The voltage THDs are:

VA, THD = 10%, VB, THD = VC, THD = 16%

VAB, THD = VCA, THD = 12.8%, VBC, THD = 16.8%
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Figure 3-2
Harmonic Voltage Distortion at the Generator Terminals (phase-to-ground voltages) for the
Unbalanced Electronic Load Example for a Loading Equal to 10% of the Generator Rating
on Phase A and 25% on Phases B and C
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General Guidelines

The model in Figure 2-4 can be used to find the voltage distortion on a generator given the
harmonic loading.  Table 3-2 shows a summary of the voltage distortion seen with different
balanced nonlinear loads.  All are specified with loadings of 100% of the generator rating.  The
values in the table should be scaled by the actual percentage loading on the generator.  As an
example, for an adjustable speed drive with no choke is equal to 25% of the rating of the
generator (there may be other linear load that is not included), multiply the first row of the table
by 0.25.  If more than one nonlinear load is present, the individual harmonic values in the table
may be added linearly (this assumes that the phase angles are equal which is a conservative
assumption).  For example if 10% of the load is a UPS and 15% is single-phase electronic
supplies, the total 5th harmonic voltage would be 0.1(0.181) + 0.15(0. 514) = 0.095.  The THD
cannot be found by adding the columns in the table, but it can be found by:

( ) ( ) ( ) ( ) 11.0676.015.0416.01.0 222
22

2
11 =⋅+⋅=⋅+⋅= THDkTHDkTHD

Table 3-2
Voltage Distortion (THD and the Given Odd Harmonics) on a Generator for the Given Load
Type with X0=0.05 and X2=0.28 for a Load of 100% of the Generator Rating – Scale the
Results by the Actual Nonlinear Loading

THD 3 5 7 9 11 13 15 17 19

ASD with
no choke 194.1% 0.7% 107.1% 122.9% 1.3% 76.4% 46.2% 0.4% 33.8% 44.7%

ASD with
a choke 63.3% 0.7% 44.8% 31.4% 7.2% 0.0% 23.7% 4.3% 0.0% 19.7%

Single-phase
switchmode
power supply 67.6% 8.2% 51.4% 35.9% 3.0% 15.4% 14.6% 1.5% 9.5% 5.3%

UPS 41.6% 0.1% 18.1% 9.0% 0.1% 30.8% 2.9% 0.0% 14.3% 12.8%

For generators with different impedances than the defaults in Table 3-2, the individual harmonics
can be scaled by the ratio of the actual values to the default impedances.  The negative-sequence
impedance may range from 0.15 to 0.35.  This range of voltage THD that may commonly be seen
are shown in Figure 3-3 for single-phase electronic supplies and UPSs and in Figure 3-4 for
adjustable-speed drives.
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Figure 3-3
Ranges of Total Harmonic Voltage Distortion at the Generator Terminals for a Balanced
Nonlinear Load as a Function of the Size of the Load Relative to the Generator Rating for
Electronic Power Supplies and UPS’s (for X0=0.05 and X2=0.15 to 0.35)
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Ranges of Total Harmonic Voltage Distortion at the Generator Terminals for a Balanced
Nonlinear Load as a Function of the Size of the Load Relative to the Generator Rating for
Adjustable-Speed Drives (for X0=0.05 and X2=0.15 to 0.35)
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It is difficult to come up with generic guidelines for voltage distortion because sensitive loads
react differently to harmonics.  As a general recommendation without any other information, it is
advised that the total harmonic distortion of the voltage be limited to 10%.

Effect of Capacitors

Capacitors often cause resonances that amplify harmonics.  Facility capacitors are often used to
correct the power factor to avoid power factor penalties.  A capacitor bank will form a parallel
resonance with a generator as shown in Figure 3-5.  If the resonant frequency happens to be at one
of the harmonic frequencies created by the load, very high voltage distortions can be created.  The
resonant frequency can be determined using Equation 3-1.

cap

gen

kVARX
kVA

n 1

2

∗= Equation 3-1

G

Nonlinear load
Equivalent 

circuit

Figure 3-5
Resonant Circuit with a Local Capacitor and Backup Generator

The resonant frequency depicted as a function of the capacitor size relative to the generator size is
shown in Figure 3-6 for different values of X2.  The critical resonances are the 3rd if single-phase
electronic loads are present and the 5th and 7th harmonics for most electronic loads including
UPSs, ASDs, fluorescent lighting, and computers.  As seen in Figure 3-6, it does not take much
capacitance to cause resonance at one of the critical low frequencies.
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Figure 3-6
Resonance Point as a Function of Capacitor Size and X2

Under normal operations with the generator offline and the load fed from the utility, this may not
cause any problems.  When the generator operates with the utility out, the impedances (and
resonances) change, so problems with severe distortion can occur when the generator comes on.
Under some circumstances, it may be better to switch the capacitors off while the backup
generators are supplying the facility to avoid unwanted resonances.
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4 
HARMONIC PROBLEMS

The increased voltage distortion resulting from a relatively weak source such as a generator can
cause potential problems for customer load.  The main issues are as follows:

•  The voltage-sensing circuit in an uninterruptible power supply that determines the transfer
from utility line to battery during an undervoltage condition may be susceptible to a distorted
voltage waveform, causing the UPS to go to battery power. Its batteries may be depleted after
only a short time during the operation of the generator.

•  Increased voltage distortion will reduce the life of induction motors and other customer loads.

•  A building power-line carrier signal, clock-synchronizing signal, or other communication
signal within the customer premises may be susceptible to increased voltage distortion.

•  Equipment that uses a front-end filter with capacitors such as lighting ballasts may be
damaged due to increased voltage distortion.

•  Power factor correction capacitors within the customer premises may also be damaged due to
excessive harmonic current due to increased voltage distortion.

The generator regulator may also interact with voltage distortion created by nonlinear generator
loading. This leads to unstable generator voltage that may oscillate because of the distorted
voltage waveform at the generator terminals. Also, the voltage error caused by the distortion may
cause the generator to shut down. In order to minimize the impact of the voltage distortion on the
generator, the voltage regulator must be capable of operating correctly under the distorted load.
This requires the following characteristics for the voltage regulator circuit:

•  Regulator Voltage Sensing:  The sensing circuits of the regulator need to respond
appropriately to the fundamental component of the voltage waveform. It must be rapid enough
to maintain control and not so fast that it is affected by the distortion caused by the load.
Three-phase sensing and averaging makes the circuit less sensitive to distortion on individual
phases.

•  Regulator Power Supply: Power for the exciter field may be obtained from the generator
output or from a separate source such as a permanent magnet (PM) pilot exciter. The PM pilot
exciter has the advantage that its output is not affected by the generator load current.  When
the exciter field power is obtained from the generator output, care must be taken to ensure that
any waveform distortion due to load current does not produce changes in the regulator output.

Existing solutions such as oversizing generators, harmonic filtering for nonlinear loads, improved
control loop stability of generator, and UPS control/sensing circuits are all geared to provide a
temporary solution rather than addressing the root cause of the problem.  New research into
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innovative methods of active impedance matching and localized short-term energy storage to
match load inrush current requirement offer more attractive and permanent solutions to this
problem.

Case Study: Effect of Generator Impedance on Voltage Distortion (Islanded-
Mode)

In this case study, during islanded or standby generator operation, some uninterruptible power
supplies (UPSs) would switch to battery. After the standby generator operated for about
10 minutes, the UPS batteries would run down, resulting in the shutdown of critical computer
loads.

Site Description

•  1.1-MW commercial customer

•  The supply voltage to service is 13.8 kV.

•  The system includes one feeder from 13.8-kV bulk substation.

•  The load at customer facility is fed through one 2000-kVA step-down transformer (13.8 kV to
480 V) that has its primary windings connected in a �delta� configuration.

•  The customer owns a 500-kVA diesel standby generator for emergency loads connected to the
customer 480-V bus.

Measurement Results

Case A:  UPS Powered from Utility (Generator Out)

•  Measurement Location: 120V Panel (Input Voltage to UPS)

•  Measurement Results:  Voltage THD 4.3% (See Figure 4-1a)

Case B:  UPS Powered from Standby Generator (Utility Out)

•  Measurement Location: 120V Panel (Input Voltage to UPS)

•  Measurement Results:  Voltage THD 8.5% (See Figure 4-1b)
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(a) 120V Bus Voltage From Utility Supply. (Vthd = 4.3%)
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(b) 120V Bus Voltage During Generator Operation. (Vthd = 8.5%)

Figure 4-1
UPS Input Voltage From (a) Utility Supply and b) During Generator Operation

Analysis and Conclusion

The voltage distortion at this site effectively doubled when operating on the standby generator in
an islanded mode.  The UPS load would not tolerate this level of distortion and transferred to
battery, leading to a system shutdown when the battery was depleted.
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5 
SOLUTIONS

General Solutions

Many of the standard solutions to harmonic problems can be applied to generators serving
harmonic loads.  The solutions include:

•  Passive harmonic filters:  Passive tuned filters are the most widely used solution to
harmonics.  Each tuned filter consists of a capacitor in series with an inductor.  At the tuned
frequency, the circuit is a very low path for the harmonics.  Tuned filters are typically
provided for the 5th and 7th harmonics (and the 3rd if that is created by the load).  A drawback
to the application for harmonic loads with backup generators is that the filters are only needed
occasionally, so the expense may be high.  If capacitors are needed for power factor
correction, then the cost is less because the capacitors are justified for this reason (so the cap
banks can be turned into tuned filters).

•  Active harmonic filters:  Active harmonic filters inject a current with harmonics that cancels
the harmonics created by the load.  They are becoming more widely available.  They are more
expensive than their passive counterpart.

•  Delta-wye transformer:  Balanced third-harmonic currents can be blocked by a transformer
with a delta winding on the generator side and a grounded-wye winding on the load side.
Third harmonics are zero-sequence quantities, and the delta-wye connection will block them
(they will circulate in the delta winding, so the transformer must be rated to handle them).
This is especially helpful for facilities with large amounts of single-phase computer loads that
are high in third harmonics.  One caution is that the loads must be balanced for the delta-wye
transformer to block them.  If they are unbalanced, the harmonics will get through the
transformer and see a higher impedance at the generator.

Generator-Specific Solutions

Generator-specific solutions are often the most appropriate.  If some care is taken during the
selection of the generator, then problems can be minimized.  Specific solutions for back-up
generator applications are as follows:

•  Generator Oversizing:  The most common way to deal with generators applied for harmonic
loads is to oversize generators.  See for example, the manufacturer recommendations given
later in this section.  A larger generator will have a lower impedance to harmonics.

•  Specify Low Subtransient and Negative-Sequence Reactances:  The voltage distortion is
directly proportional to the generator impedance (Xd�, Xq� and X2), so lower impedance will
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result in lower voltage distortion.  Table 2-2 shows results of tests where negative-sequence
reactances ranged from 0.125 to 0.375.  Table 5-1 shows catalog data for Caterpillar (see
Appendix A).  If possible, specify that the negative-sequence impedance should be less than
0.15 per unit.
Table 5-1
Generator Impedance Data from Caterpillar Generator Manufacturer Information

Generator X2 Xd” Xq”

SR4B, frame 443, 480 V, 175-440 kW, 1800 rpm 0.188 0.180 0.197

SR4, frame 683, 480 V, 500 kW, 1200 rpm 0.237 0.231 0.242

SR4, frame 815, 480 V, 2000 kW, 1200 rpm 0.191 0.192 0.191

SR4, frame 2919, 6900 V, 2500 kW, 1800 rpm 0.231 0.228 0.234

SR4, frame 2919, 13800 V, 2500 kW, 1800 rpm 0.283 0.280 0.287

•  Specify a Two-Thirds Pitch Stator Winding:  A two-thirds pitch generator winding will result
in a low, zero-sequence impedance.  This will be very helpful if there is a lot of single-phase
computer load on the generator that are high in third harmonics.  It will not help with 5th or 7th

harmonics

•  Conditioned Power for the Generator Controls:  One of the problems with harmonic loads on
a generator is that the controls can be affected by voltage distortion that can lead to generator
misoperation or shutdown.  For example, the voltage regulator may be confused by the
voltage harmonics and create erratic voltage.  If the generator controls are provided
conditioned power or the manufacturer can verify operation under high voltage distortion,
then these problems can be minimized.

•  Switch Out Capacitors During Standby Generator Operation:  If capacitors are switched off
during generator operation, then problems with resonances are avoided.  For poor power
factor loads, with the capacitors off line, the generator will have to be sized to handle the total
current (which will be higher without the capacitors).

UPS-Specific Solutions

If the load is primarily a UPS, some specific solutions are available:

•  Specify a UPS that is Tolerant of Voltage Distortion:  If a UPS does not transition to the
battery because of the harmonics, then the voltage distortion will not affect the UPS or its
loads (if it is a back-to-back type UPS).  Different UPSs will switch to batteries at different
voltage distortion levels.  Finding a UPS that can tolerate high input voltage harmonics will
reduce the chances of malfunction when operating on the standby generator.

•  Specify a UPS that Produces Low Harmonics:  If the UPS generates low harmonic levels, then
the generator will have less voltage distortion (of course, other nonlinear load on the same
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generator can cause voltage distortion that could effect the UPS).  UPS topology will be a
factor here. Off-line UPSs will have lower harmonics due to the UPS (they would mainly be
battery charging harmonics), but they will transfer the load harmonics to the system (if the
load is high in harmonics, this will be passed to the generator).  Different on-line UPSs will
have different harmonic characteristics.  A 6-pulse bridge on the front end will create
significant harmonics.  A 12-pulse front end will create less.  A pulse-width modulated front
end using IGBTs will create very low harmonic levels (the significant harmonics will be high
frequency harmonics at the IGBT switching frequency).

•  Specify Harmonic Filters:  Many UPSs can be specified with passive filters on the input of the
UPS.  This will greatly lower the harmonics that will flow to the generator.  There are two
situations that warrant attention if a UPS has harmonic filtering:

1. If other harmonic producing load is present on the same circuit (e.g. other UPSs or
computer load not connected to the UPS), the harmonics from the other loads will want to
flow to the filters on the UPS.  This may overburden the UPS filters and cause failures.

2. If two UPSs are paralleled and they both have input-side filters, the tuning of each filter
needs to be checked.  If one of the filters happens to be tuned to n=4.9, and another is
tuned to the n=5.1, there will be a sharp high-impedance resonance point somewhere
between 4.9 and 5.1, which can cause very high 5th-harmonic voltages on the circuit.  This
is also a concern if standalone passive filters are adjacent to a UPS with input-side
filtering.

•  Specify Active Harmonic Filtering:  UPSs are available that have active filtering on the power
conversion on the input side of the UPS.  Since the power electronics are already available,
the filtering capability is much more cost effective than a standalone active filter.

•  Delay Battery Charging Until After the Utility Source is Restored:  Charging the UPS
batteries will increase the load on the generator (and increase the harmonic loading), so if the
battery charging can be delayed until the utility source is restored, the voltage distortion will
be lower.

Manufacturer Guidelines for Applying Generators in the Presence of
Harmonics

Generator manufacturers give recommendations for applying generators for harmonic-producing
loads.  Table 5-2 shows one recommendation for oversizing a generator feeding UPS loads from
one generator manufacturer.  The UPS input kW includes battery recharge load and UPS losses as
shown in Equation 5-1.

UPS Input kW = Output kW + Battery Recharge kW
UPS Efficiency

Equation 5-1

If the UPS efficiency is not known, use 0.85 for UPS < 100 kW, 0.875 for 100 to 500 kW, and 0.9
for sizes greater than 500 kW.
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Table 5-2
Manufacturer Recommendation for Generator Oversizing Based on Different Loads12

UPS type Minimum standby rated generator set

6-pulse rectifier/charger UPS input kW × 1.6

12-pulse rectifier/charger UPS input kW × 1.4

Note: UPS input kW includes output kW, battery recharge kW, and UPS losses

Table 5-3 shows another recommendation for oversizing a generator based on different types of
nonlinear load.

Table 5-3
Manufacturer Recommendation for Generator Oversizing Based on Different Loads13

Type of Load Oversize Factor

SCR Controls – Resistive or Motor Load:

     1 Phase ½ Wave (1 pulse) 2.0
     1 Phase Full Wave (2 pulse) 1.6
     3 Phase ½ Wave (3 pulse) 2.0
     3 Phase Full Wave (6 pulse) 1.5
     6 Phase Full Wave (12 pulse) 1.3

SCR Controls – Capacitive or Battery Load:

     1 Phase ½ Wave (1 pulse) 1.6
     1 Phase Full Wave (2 pulse) 1.3
     3 Phase ½ Wave (3 pulse) 1.4
     3 Phase Full Wave (6 pulse) 1.3
     6 Phase Full Wave (12 pulse) 1.2

Rectifiers:

     1 Phase ½ Wave (1 pulse) 1.4
     1 Phase Full Wave (2 pulse) 1.3
     3 Phase ½ Wave (3 pulse) 1.4
     3 Phase Full Wave (6 pulse) 1.3
     6 Phase Full Wave (12 pulse) 1.2

Inverter Drives, UPS Systems, Switching Power Supplies:
     SCR Input – Use values for SCR with  Capacitive Load
     Rectifier Input – Use Rectifier Values
     Unity P.F. Type Power Supplies 1.0

Discharge Lighting, Fluorescent Lighting:
     Unity P.F. Types 1.0
     Other Types: 1 phase. 1.2
                           3 phase. 1.15
                           (Note: Check neutral current.)

                                                          
12 G. Minor, Caterpillar, Inc., �UPS System & Generator Set Considerations,� Power Quality Assurance, May/June
1995, pp. 29-33.
13 G. R. Phillips, MagneTek, Inc., �Non-Linear Loads on Standby Generator Sets,� Power Quality, Sept.  1991
Proceedings, pp. 362-377.
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Even when following manufacturer’s recommendations for oversizing, harmonic problems may
still occur. Possible scenarios include:

• Very sensitive equipment – Even if the generator is oversized, there still may be enough
voltage distortion to trip or disrupt some loads if the equipment is very sensitive to harmonic
distortion.

• Capacitor banks – cap banks can cause resonances that amplify the harmonics. Although the
generator is oversized, resonances can still occur.

Also, power quality problems could be caused not by harmonics but by other reasons including:

• Frequency deviations are much more pronounced when operating with the generator.

• Motor starts or other large changes in loading can cause voltage swings (usually sags) and/or
short duration frequency swings.

• Pulsating loads that occur with similar time constants to the generator (1 to 5 changes per
second) could interact with the generator and engine control systems causing voltage and
frequency swings.
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6 
SUMMARY

Generator Calculations

The voltage distortions can be easily calculated based on the harmonic current created by the load as:

Vn = n⋅X⋅In

The harmonic impedance of the generator for harmonics other than the third is the negative-
sequence impedance (X2).  This is usually between 0.15 and 0.35 per unit.  For third harmonics,
the harmonic impedance is the zero-sequence impedance (X0).  This is usually quite low, ≈ 0.05
per unit.  If the phases are not balanced, the distortion calculations become more complex, and the
circuit of Figure 2-4 must be used to calculate the distortion.

Solutions

The most effective solutions are done when the generator is specified.  The best way to limit
harmonic distortion is to specify a generator with low subtransient and negative-sequence
impedances and to specify a two-thirds pitch stator winding.  Capacitors can also be switched out
during standby generator operation to minimize the chance for resonance conditions and high
voltage distortion.  Oversizing the generator is also an option (or limiting the load during standby
operation).

Future Work

Additional research is needed to more accurately identify the harmonic characteristics of available
generators and solutions for harmonic loads on generators.  During this research project, EPRI
will test different generators under linear and nonlinear loads.  The objective of the tests will be to
verify the harmonic models given in this report and verify the calculation procedure with test
results. The goal is to better understand the compatibility issues between the generator and
harmonic-generating loads, such as variable-frequency drives, computer power supplies, and
UPSs.
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A 
MANUFACTURER’S INFORMATION

Generator Manufacturers

Company Address City St Zip Phone URL

Capstone Turbine
Corporation

18700 Oxnard
Street Tarzana CA 91356 (818) 598-5715 www.capstoneturbine.com/

Caterpillar
International Power P.O. Box 610 Mossville IL 61552 (309) 578-8328 www.cat.com

Caterpillar
International Power 3701 State Road Lafayette IN 47905 (765) 448-5518 www.cat.com

Caterpillar, Inc.
8300 FM 1960 W.,
Suite 340 Houston TX 77070 (281) 677-2528 www.cat.com

Detroit Diesel Corp.
13400 W. Outer
Drive Detroit MI 48239 (313) 592-5990 www.detroitdiesel.com

Dresser
Industries/Waukesha
Engine

1000 West St. Paul
Ave. Waukesha WI 53188 (262) 549-2904 www.waukeshaengine.com

East Penn Mfg. Co.
Inc. Deka Road Lyon Station PA 19536 (610) 682-6361

www.svensson.com/public/
c000354.html

Elliott Energy
Systems, Inc.

2901 S.E. Monroe
Street Stuart FL 34997 (561) 219-9449 www.elliott-turbo.com/

GE Distributed
Power Systems

1 River Road, Bldg
59E-1 Schenectady NY 12345 (800) 443-3278 www.gepower.com

GENERAC Power
Systems, Inc. Hwy. 59 Waukesha WI 53186 (262) 968-2561

www.generac.com/corporat
e/index.cfm

Honeywell Power
Systems

8725 Pan American
Freeway Albuquerque NM 87113 (505) 798-6031 www.honeywell.com/

Honeywell Power
Systems

2525 W. 190th

Street Torrance CA 90504 (310) 512-4178 www.honeywell.com

Kohler Co.
N7650 County
Trunk Sheboygan WI 53083 (920) 459-1651

kohlerco.com/powersystem
s/generators/home.html

M-C Power
Corporation

8040 S. Madison
Street Burr Ridge IL 60521 (630) 986-8040

apollo.osti.gov/html/fe/mcp
wr.html
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Company Address City St Zip Phone URL

McDermott
Technology PO Box 11165 Lynchburg VA 24506 804-522-6743 www.mcdermott.com

Modular
Cogeneration
Corporation

10209 Menlo
Avenue Silver Springs MD none found

Mosaic
1700 S. Mount
Prospect Road Des Plaines IL 60018 (847) 768-0842 none found

Northern Power
Systems 182 Mad River Park Waitsfield VT 05673 (802) 496-2955 www.northernpower.com

Power Works
(Ingersal Rand) 32 Exeter St Portsmouth NH 3801 (603) 512-1724 www.powerworks.com

Siemens
Westinghouse Power
Corp.

4400 Alafaya Trail,
MC 381 Orlando FL 32826 (407) 281-2500 www.siemens.com

Solar Turbines, Inc.

P.O. Box 85376
2200 Pacific
Highway San Diego CA 92186 (858) 694-6000

www.cat.com/products/sola
rturbines/solarmain/solarma
in.html

SONAT Power
Systems, Inc. P.O. Box 2563 Birmingham AL 35202 (205) 327-2340

www.sonat.com/home/sps/
product5.htm

Trigen Energy Corp.
650 S. Clinton
Avenue Trenton NJ 08611 (609) 396-1892 www.trigen.com

Trigen Energy Corp. One Water Street White Plaines NY 10601 (914) 286-6691 www.trigen.com

Data Sheets for Caterpillar Generators

See following:
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B 
TYPES OF NONLINEAR LOADS

Commercial Nonlinear Load Characteristics

Most harmonic currents in commercial systems are caused by nonlinear loads, that is, loads that
draw currents whose frequencies differ from the frequency of the source.  Many electronic
devices are nonlinear loads because they use solid-state rectifiers at their inputs and filter
capacitors after the rectifiers. An example of this type of circuit is a personal computer power
supply, as shown in Figure B-1.

Switch
Mode
Power
Supply

DC
Load

1-phase
rectifier

Figure  B-1
PC Power Supply Circuit Diagram

When the AC line voltage is higher than the voltage across the filter capacitor, (solid state
rectifiers draw current in pulses). This pulsed current is very rich in harmonics, as seen in Figure
B-2.  The harmonic spectrum plot shows the presence of odd harmonics, with relatively large
magnitudes at the lower frequencies. As the frequency increases, the magnitudes decrease.
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Figure  B-2
PC Power Supply Current and Spectrum

The PC power supply is only one of many possible harmonic producers in the 120-volt range.
Other loads that inject harmonic currents include office equipment for communications, printing
and copying and lighting (high-efficiency electronic ballasts.) Nonlinear loads in the 480 V range
include adjustable-speed drives (ASDs) for HVAC, large computers, uninterruptible power
supplies, and 277-V lighting.

Harmonic currents are not produced by the source; rather, the nonlinear load causes harmonic
currents. As these nonlinear loads become more and more prevalent, the effect on the power
system becomes more pronounced. Because the harmonic currents are a result of the nature of
the loads, it is appropriate to consider the load to be a source of harmonic current. As harmonic
components are injected back into the power system, they cause voltage drops (at the
corresponding frequencies) across the cable and source impedance upstream, which creates
voltage distortion in the power system. As can be seen in Figure B-3, voltage distortion is worse
at points closer to the load. Voltage distortion is a direct function of the current harmonic
component magnitudes and the impedance in the system (cables and transformers).
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Computer
Power
Supply

Built into
Load 
Equipment

Branch Circuit 
or Cord Connection

Service 
Entrance

Sub-panels
or Load Center

W

40

2
3

1

branches
per phase

3-phase nonlinear loads

478.6Vl-l 477.2Vl-l

line #1

line #3

line #4

14kVl-l 475.4Vl-l 205.9Vl-l 118.4Vl-n 116.5Vl-n

600kVA
Zs = 6%

3-phase linear loads

1-phase nonlinear loads

377A
16%THD

225A
1.2%THD

83A
55%THD

12A
150%THD

237A
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6.2A
100%THD

81A
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7.8%THD6.3%THD5.5%THD4.0%THD2.8%THDideal 3.2%THD

5kW

55kW

180kW

60kW
112.5kVA
ZT1 = 3.2%

IN :252A

line #2

Figure  B-3
Commercial Building Distribution System

Figure B-3 shows the wiring system of a typical commercial office building and its voltage and
current profiles under mixed linear and nonlinear loads. The most significant harmonic producers
in this system are the switch mode power supplies (SMPS) used in personal computers.

Line Segment #1 is a 20 A branch circuit feeding single-phase computer loads. The total
harmonic distortion (THD) of each branch circuit current is about 100%. The current THD on
Line Segment #2 is similar, at 99%. Line Segment #2 is a three-phase feed from the delta-wye
transformer secondary. The loads on different phases share the neutral, which carries a
significant amount of third harmonic current. The third harmonic current, along with other
harmonics that are multiples of three times the fundamental, are known as triplen harmonics.
These triplen harmonics do not cancel, but rather add in the neutral. This results in a neutral
current larger than the phase current. As long as the loading is balanced, the triplens cannot show
up on the primary line current of the ∆-Y transformer, and so the current THD is reduced to 30%
at the primary. For an unbalanced system, the triplen harmonics will not be completely canceled
and will show up on the primary line current.

Line Segment #4 has a current THD of 16%. This current represents the combination of all the
building loads, both linear and nonlinear. The reduction in THD occurs mostly as a result of the
domination of the linear loads. The three-phase linear loads totaling 225A tends to swamp out
the nonlinear contribution, thereby reducing the THD on the service entrance feeder.
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The distorted current on each line segment interacts with the line inductance, causing voltage
distortions. Figure B-3 also shows the waveforms, THD and associated rms values of the
voltages and currents in the system. The voltage at the input of the single-phase SMPS load has
the highest THD at 7.8%. It also presents a flat-topping of the waveshape, which is a reflection
of the rectifier output capacitor voltage. With a typical SMPS design of 5% ripple voltage of the
dc-link capacitor, this flat-topping of the voltage waveshape is commonly seen in all electronic
loads.

The adjustable speed drives do not represent a large load in this facility, but they do inject a large
percentage of harmonic content per kW load. As seen in Figure B-3, this current is dominated by
the 5th and 7th harmonics, which can increase the rms value of current as well as excite resonant
conditions in the system, if they exist.

In the model shown in Figure B-3, the upstream system voltages are gradually smoothed by other
types of loads, especially linear loads. At the service entrance of the modeled system, the voltage
THD is reduced to 2.8%.  Note that the source voltage is assumed as ideal, with a 6% equivalent
impedance that combines the 600-kVA transformer and the upstream source impedance.

Industrial Nonlinear Load Characteristics

The nonlinear loads prevalent in industrial systems are typically adjustable-speed drives and
heating systems that use rectifiers at their inputs. All these devices use a similar topology, that is,
a rectifier, a dc bus, and an inverter to control output voltage and frequency. Figure B-4 shows
the typical topology for a voltage-source AC drive. Figure B-4 also shows the input line current
and harmonic spectrum.
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Figure  B-4
Typical AC Drive Topology, Input Current, and Spectrum

The heating applications may use a controlled rectifier with phase-controlled thyristors (usually
SCRs) instead of diodes. The line current will still be somewhat distorted, but also with some
reactive power requirement due to the phase shift induced between line voltage and line current.
The topology shown in Figure B-5 is for a DC motor drive, which has a similar front end using a
controlled rectifier. The typical DC drive topology is shown in Figure B-5 along with its
harmonic spectrum.
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Figure  B-5
DC Drive Input Current and Spectrum

Another topology for heating applications involves the use of semiconverters for half-wave
rectification. While these semiconverters are very popular, they have an interesting side-effect.
They produce even-order harmonics. Even-order harmonics are caused by nonlinear loads that
destroy the y-axis symmetry of the current waveform. Typically, current waveforms possess the
symmetry in question, and the even-order harmonic terms in the harmonic spectrum all have zero
coefficients. However, if the waveform is not symmetrical about the y-axis, then there will be
some non-zero even-order harmonic terms. The semiconverter shown in Figure B-6 uses a half-
wave rectifier. The rectification is accomplished with three diodes and three phase-controlled
SCRs. Figure B-6 also shows the voltage and current waveforms and spectra associated with them.
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Figure  B-6
Semiconverter with Voltage and Current Waveforms and Spectra

It is easy to see the large second and fourth harmonic components. It should also be noted that
there is no DC component. With a 50% second harmonic current component, the voltage
distortion is nearly 12% at the second harmonic. This condition can be treated similarly to odd
harmonics, but care must be taken to avoid resonances at the even harmonics also, whereas that
would not normally be a consideration.

Other loads, such as arc furnaces, cycloconverters and power line carrier communication
systems, can cause distortion at frequencies that are not integer multiples of the power frequency.
These are known as interharmonics. These may occur anywhere in the spectrum between the
integer harmonics, causing further distortion of the waveform. Problems caused by
interharmonics include many of the same ones that integer harmonics cause, such as transformer
and cable heating, possible multiple zero crossings, and telephone interference, as well as light
flicker. Filter design must take interharmonics into consideration, since there may be more
frequencies to deal with and more possibilities of resonance.
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Figure  B-7
Simplified One-line Diagram of Industrial Plant

Figure B-7 is a simplified one-line diagram of the distribution system in an industrial plant. In a
harmonic study for an industrial customer, the first step is to decide where to take measurements.
From IEEE Std. 519-1992, the voltage distortion limits should be applied at the PCC (point of
common coupling), Point 1 in Figure B-7. Point 2 can be used, but the results should be reflected
to the high side of that transformer to ensure that the limits are applied at the point where other
customers could be connected.

Point 3 is at the 4160 V bus feeding offices and induction heaters (Bus 3), while Point 7 is at the
4160-V bus for lighting, chillers, and drives (Bus 7). These points also will be used to refer to the
current, such that feeder Point 3 will refer to Feeder 3, Point 7 to Feeder 7, and so forth. Busses 3
and 7 can be considered intermediate busses, since they are not at the PCC. They are not the first
panel upstream of the loads, with the exception of the chillers. Some vendors use adjustable-
speed drives on their compressors and pumps. However, in the case shown in Figure B-7, it is
assumed that the chillers are using motors across the line with no speed control, so there will be
no harmonic distortion issues with these loads. These linear loads will, however, provide some
dilution of the nonlinear currents injected into Bus 7. If the vendor is using ASDs on the chiller
motors, the load will be nonlinear and must be considered for harmonic injection.

Bus 4 is at the 208/120-V secondary of a delta-wye transformer feeding office loads. This type of
panel was analyzed in the previous section on commercial office buildings. There is a significant
probability of heavy current distortion in the feeders from this panel as well as a high level of
neutral current flowing at the third harmonic. The transformer feeding Bus 4 will experience
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extra heating as a result of these currents, and the voltage at Bus 4 may be distorted by the
harmonic current components injected into the bus by the single-phase nonlinear office loads. On
a plant-wide scale, however, this effect is usually a much smaller issue than the effect of three-
phase nonlinear loads. In industrial plants, the loading is dominated by three-phase devices. Thus
in Figure B-7, the induction heaters and the adjustable-speed drives represent the dominant
nonlinear three-phase loads, while the chillers represent a large linear three-phase load.

At Bus 5, the current will be the sum of the induction heater currents. While there may be some
cancellation between the individual heaters, there will still be some significant distortion in this
current. The current in the feeders from Bus 5 to the heaters will have the most distortion, since
there is no chance for cancellation. The voltage at the heater terminals may be somewhat
distorted, as the individual distorted heater currents flow through the feeder impedances. The
voltage at Bus 5 is distorted by the sum of the heater currents flowing through the transformer
impedance, causing voltage drops at the predominant frequencies in the current. The Bus 5
voltage distortion is less than that at the heater terminals, due to the current cancellation effect.
So, as usual, the major issues at Bus 5 are conductor heating, transformer heating and voltage
distortion. In addition, since the heaters use phase-controlled rectifiers, there will be some
induced phase shift, which causes a reactive power requirement. This will lead to power factor
correction requirements, and the possibility of resonant conditions due to the addition of power
factor correction capacitor banks.

At Bus 6, the current is the sum of all the lighting loads. Modern electronic ballasts and fixtures
for HID or HPS lights will draw nonlinear currents, but ANSI C82.11-1993 limits electronic
ballast current harmonics to less than 32%. Therefore, any voltage distortion at Bus 6 is limited
in the same fashion. There should not be any major issues at Bus 6 regarding conductor heating,
transformer heating, neutral heating, or voltage distortion.

Bus 8 will be examined before Bus 7, since the loads on Bus 8 will affect Bus 7. At Bus 8, the
adjustable-speed drives are voltage-source AC types and will likely have the most pronounced
impact on voltage and current distortion in the entire plant. First of all, the individual feeders to
the drives may experience current distortion levels as high as 150% THD. In addition, there is
usually not much cancellation of these currents at Bus 8 because the front end of these drives are
passive diode rectifiers and all the significant harmonic components of current are displaced
from the line voltage by the same amount. Thus the dominant harmonics, 5th and 7th will be in
phase and simply add at Bus 8. The feeder to Bus 8 will then have the same distortion levels as
the individual feeders. The voltage at Bus 8 will be distorted by the current interaction with the
transformer impedance, resulting in a voltage THD at Bus 8 higher than anywhere in the plant
(besides the drive terminals themselves). Any other loads to be connected to this bus must be
examined for sensitivity to harmonics before connection. So, again, the major issues at Bus 8 are
conductor heating, transformer heating and voltage distortion. However, in this case the
adjustable speed drives have passive diode front ends, and therefore have a displacement power
factor of unity. Therefore, there will be no reactive power requirement for these loads.

At Bus 7, the chiller motor loads do not inject any harmonic components into the bus. As these
chillers present a significant load to the bus, they tend to dilute the THD in the current upstream.
How much dilution is a direct function of the ratio of chiller (linear) load to drive and lighting
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(nonlinear) load. Therefore, the current distortion in the feeder to Bus 7 will be less than that to
Bus 8, and the voltage distortion caused on Bus 7 will be less than on Bus 8.

Other possible problems stem from system resonance conditions. Even though the distortion at
the PCC may be within limits, power factor may be poor and require improvement. Installation
of power factor correction capacitors can often result in a parallel resonance condition with the
system inductance. Current components at or near the resonant frequency may be amplified
significantly. The bus voltage can be severely distorted as a result, to the point of exceeding
IEEE 519 limits. Therefore, the addition of series tuning reactors for the power-factor correction
capacitor banks may be required. The reactors shift the resonance point of the system away from
the predominant frequencies, which can significantly improve the bus voltage distortion.
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