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4.1 Introduction

Harmonic problems are not new to eectric utility and
industrial power systems. In the past, most harmonic-
related problems were caused by large nonlinear loads
such as arc furnaces. These types of problems have been
effectively mitigated. However, due to the widespread
proliferation of power electronic controlled devices
nowadays, the problems caused by harmonics are of
increasing importance. Power eectronic loads offer a
number of advantages in controlling power flow and in
efficiency, but they perform this by chopping, flatting, or
shaping sinusoidal voltages and currents. Harmonics are
produced in the process.

Among today’s power eectronic applications, most of
the harmonic problems are caused by the static power
converters. The dtatic converters are used in many types
of industrial applications. The purpose of this chapter is
to present modeling and smulation techniques for power
electronic devices, focusing on the harmonic modeling for
dtatic power converters. First, we briefly review the
commonly seen power electronic type harmonic sources.
Next, a number of major converter harmonic models used
in harmonic ssimulation will be described. Two converter
models used as harmonic simulation examples are then
presented.

4.2 Review of Power Electronic Harmonic Sources

Due to the advanced technologies in power electronics
development over the past decade, the application of power
electronics has been widdy spread to al types of
industries. Commonly observed examples are:

Line Commutated Converters

The introduction of economic and reliable line
commutated converters has caused a significant increase in
harmonic-generating loads, and they have dispersed over
the entire power system. In most cases, line commutated
converters are the cause of harmonic problems in power
distribution systems. These devices are work horse
circuits for ac/dc power converson. The common
application of static power converters is in adjustable
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speed drives for motor control.  Another application is in
HVDC terminals. The device can be operated as a Six-
pulse converter, as shown in Figure 4.1, or configured in
parallel arangements for higher pulse operation.
Theoretically, a static power converter load draws currents
from the source system that consist of positive and negative
currents which are equally separated. The pulse number
refers to the number of “humps’ on the dc output voltage
that are produced during every ac cycle.
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Figure 4.1. Six-Pulse Line Commutated Converter

In Figure 4.1, each pair of thyristors is triggered (firing
angle) and conduct until they are reverse-biased. If a
thyristor is triggered at zero firing angle, it acts exactly like
adiode. The term line commutated converter refers to the
fact that the load actualy turns thyristors off, rather than
them being turned off by external control circuits. The ideal
ac current waveform for a six-pulse converter is on for 120
degrees and off for another 60 degrees. During the on
period, the dc load current is assumed constant in the idedl
case due to the assumed existence of a large series dc
inductor. Assuming no commutation overlap and balanced
three-phase operation, it can be shown that the phase a
current is

(0= 8 sn(wt +d,),
h

(4.1)

whereh =1, 5, 7, 11, 13, ... . We see that the ac harmonic
currents generated by a six-pulse converter include all odd
harmonics except triplens.  Harmonics generated by
converters of any pulse number can be expressed by



h=pnz1l, where n is any integer and p is the pulse
number of the converter. For the idea case, converter
harmonic current magnitudes decrease according to 1/h
rule. Table 4.1 gives the 1/h-rule and typical harmonic
currents (in per unit of the fundamental component) for
six-pulse converters[1].

Table 4.1. Theoretical and Typical Harmonic Currents for
Six-Pulse Converters.

h 5 7 11 13 17 19 23 25
1/h-rule 200 .143 .091 .077 .059 .053 .043 .040
Typicad 175 .111 .045 .029 .015 .010 .009 .008

Pulse-Width Modulated Converters

PWM converters use power electronic devices that can
be turned off and turned on. Therefore, voltage and
current waveforms can be shaped more desirably. The
switching components can be thyristors that are forced off
by external control circuits, or they can be GTOs or power
transistors. The latter devices are usually used because of
their fast switching characteristics are needed for effective
PWM.

In a PWM converter, the switching devices are
controlled to switch on and off to produce a series of
pulses. These pulses areto be varied in width to produce a
pulsed three-phase voltage wave for the load. Due to their
low efficiencies, PWM converters are limited to low power
applications in the several hundred kW or hp ranges.

Cycloconverters

The cycloconverter is a device that converts ac power at
one frequency into ac power a a lower frequency.
Cycloconverters are usualy used in low speed and large
horsepower applications. The harmonic frequencies
generated by a cycloconverter depend on the output
frequency, which is varied in operation to control motor
speed. The output frequency of a cycloconverter can be
controlled by precisdy timing the firing pulses at its
thyristor gates through computer control.

Static VAR Compensator (SVC)

The static var compensator is used as a voltage
controller in the power system. This device controls
network voltage by adjusting the amount of reactive power
supplied to or absorbed from the power system. The
applications of the SV C are usually for local compensation
of reactive power to industrial loads and for regulation of
utility network voltages to improve transfer capabilities
across the transmission system. Typica configuration of
an SVC consists of shunt capacitors with a thyristor-
controlled reactor (TCR) connected in paralldl.

Other Power Electronic Devices

Other power eectronic devices which may generate
harmonics in the power system include static phase shifters,
isolation switches, load transfer switches, and energy
storage and instantaneous backup power systems as well as
those devices covered under the subjects of Flexible AC
Transmission System (FACTYS) and Custom Power Systems
(CPS) [2].

4.3 Review of Static Power Converter Models for
Harmonic Simulation

In order to smulate the propagation of harmonics
throughout a network, adequate models for harmonic-
generating loads as well as system components must be
developed. In general, the power eectronic devices that
generate harmonic currents can be modeled by using smple
current source models or complicated device-level models.
The harmonic smulation can be in frequency domain, in
time domain, or in both. In this section, an overview of
common harmonic modeling techniques for static power
converters for smulation studies will be described.

Power electronic converters for harmonic analysis can be
simply represented by a harmonic current source or a model
that takes into account the interaction between ac system
network and the converter dc system. When the latter
Situation is considered, a more sophisticated converter
analysis for the resulting harmonic currents as a function of
system reactance, delay angle, and commutation angle is
required. The accuracy of converter model needs aso to be
considered to guarantee the convergence of the smulation.
At present, there are several techniques that have been
developed for modeling of power eectronic converters in
harmonic smulation. These techniques can be categorized
as.

1. Current injection mode.

2. Frequency- or time-domain Norton equivaent circuit
mode!.

3. Harmonic coupling matrix model.

4. Time- or frequency-domain device model used with
frequency-domain network model.

5. Time-doman mode!.

The following sections give a brief overview on the
aforementioned converter models for harmonic sSimulations.
For the details of these modeds, please refer to the
corresponding references.

Current Injection Model

The most common technique for harmonic smulation is
to treat dtatic power converters as known sources of
harmonic currents with or without including phase angle
information. This is due to the fact that the converter acts
as an injection current source to the system in many
operational conditions. Generaly, the steady-state condition



is assumed. The following frequency-domain matrix
equations for each harmonic are used to compute the
network harmonic voltages:

V,, =Z, A, 4.2
or

I, =Y, %, . (4.3
Then, superposition is applied to convert the solved values
of each V,, into the time domain for each network busk as
follows:

H
v (1) = Vi sin(hwt +d¥),
h=1

(4.4)

where H is the highest harmonic order under consideration.

In the current injection model, the magnitudes of
harmonic currents can be determined smply following the
1/h rule as stated in (4.1) or represented by measurements,
as shown in Table 1. The phase angles of the current
sources are functions of the supply voltage phase angle [3]
and can be expressed as

Oh = 0h- spec + h(ql - Or spec) ’ (4-5)
where g is the phase angle obtained from the load flow
solution for fundamental frequency current component,
and Op. spec IS the typical phase angle of the harmonic

source current spectrum.  Many times, especidly for
studies involving one converter, the phase angles are
ignored and only the magnitudes are used in the harmonic
smulation. Once the harmonic voltages are known,
harmonic currents through network eements are
determined, and they can be converted to time-domain
currents.

The advantages of the current injection method are that
the solution can aways be obtained directly (non-iterative)
and it is computationally efficient. Ideally, this method is
able to handle severa harmonic sources simultaneoudly.
The drawback of this method is that typical harmonic
spectra are often used to represent the harmonic currents
generated by the converter which ignores the interaction
between the network and the converter. This prevents an
adequate assessment of cases involving non-typica
operating modes, such as partia loading, excessive
harmonic voltage distortions and unbalanced network
conditions.  Reference [4] suggests that the current
injection model should be used carefully (if at al) when the
converter source voltage THD is on the order of 10% or
more. More information on the current injection method
and associated models can be found in [4-6].

The aforementioned drawbacks can be overcome by
using more advanced converter models and harmonic

analyses described in the following sections. The models
generaly include the effects of harmonic voltages on the
converter current waveform. Therefore, these advanced
methods couple the converter with the system admittance
matrix, such as shown in (4.3), or some other more
complicated expression of the power system. Given an
initial estimate of harmonic current injections at the
converter, the network bus harmonic voltages are
determined. A new edtimate of the harmonic injection
currents is then obtained from the computed harmonic
voltages. This process is repeated until convergence in the
magnitude of the harmonic voltages on each network busis
reached.

Frequency- or Time-Domain Norton Equivalent Circuit
Model

In this model, the converter is represented by a Norton
equivalent circuit, where the Norton admittance represents
an approximation of the converter response to variation in
its termina voltage harmonics. A common approach for
this model to have the converter switching represented by a
switching function whose frequency-domain expression is
known [7]. The switching function is used to determine the
ac side harmonic phasors directly from the dc side harmonic
phasors. This mode is then iteratively improved in a
frequency-domain network solution process. This type of
solution process in harmonic power flow analysisis usualy
caled iterative harmonic analysis (IHA) [8]. Reference [9]
also presents a smilar model in time domain with an
iterative smulation technique. More information on this
model can be found in [10] and [11].

The advantages of the Norton equivalent model are that
the solution process has better convergence characteristics
and that a direct solution for the interaction between the
converter and the network can be obtained. However, [12]
reports that the problem with this model is that the converter
is indeed an interface between the ac and dc systems, with
only the ac system represented in the entire iterative solution
process. If the converter controller needs to be modeled, a
separate iterative process is required for solving the
converter interaction with the dc system at each iteration.

Harmonic Coupling Matrix Model

In [13] and [14], the authors proposed an efficient
technique by the linearization of the interaction between the
converter dc system and the ac network. Then, the entire
system is solved via the harmonic coupling matrix equation
to account for the interaction between the converter dc
system and the ac termina voltage. Figure 4.2 shows a
smplified single- or three-phase converter model, where the
harmonic coupling matrix equation can expressed as
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In (4.6), l.. and V. can be expanded to include both
positive and negative sequence components, and Iy can be
expanded to include the firing angle controls [13].
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Figure 4.2. Smplified Converter Model
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The harmonic coupling matrix provides a relationship
between the harmonic components of ac side voltage/
current and the dc side voltage/current of the converter.
Each element in the matrix is a sub-matrix and is a
function of the converter states and commutating
inductance. This model can be used either in the time or
the frequency domain with the incorporation of the
iterative approach, and it has been developed for both
single-phase and three-phase converters while ignoring the
effects of converter controls, commutation variations, and
resistance in ac network impedance [12].

Time- or Frequency-Domain Device Model used with
Frequency-Domain Network Model

In this model, the converter is described in terms of the
actua time-domain differential equations that govern its
performance. Then, converter currents are solved in the
time-domain and converted into the frequency-domain by
the use of Fourier analyses. Next, the harmonic currents
are injected into the network model and the harmonic
voltages a each network bus are calculated. The
computed voltages are then used to recalculate the
converter currents in the time domain. In Newton-
Raphson or Gauss-Seidel types of harmonic power flow
analysis, this procedure iterates until convergence criteria
are met. The HARMFLO and HARMFLO+ computer
programs are wel-known products that use the
combinations of time- and frequency-domain solutions.
More details about this model can be found in [15-17].

Reference [18] also presents a frequency-domain model
which formulates a general set of non-linear equations to
describe the converter in steady state. The formulation
convolutes periodic sampled quantities in the frequency
domain with square pulse sampling functions. The use of
sampling functions in this manner is similar to other work
using the switching function [7]. The non-linear equations
are then solved using Newton's method in conjunction with
the frequency-domain network model.

Time-Domain Model

In the time-domain modd, the solution method used is a
time smulation of the entire system (both the converter and
the ac network). These solution methods are the most
mature of harmonic simulations. The programs such as
EMTP, ATP, and EMTDC can be used to obtain a
complete time-domain solution. The actua periods of
operation within each cycle of converter operation are
described by differential equations. No attempt is made to
convert to the frequency domain. Both balanced and
unbalanced conditions can be handled, and the converter
model can be as detailed as necessary. However, the
solution time and engineering effort increase significantly.
References [19] and [20] aso provide other insights for the
time-domain moddl.

4.4 Case Study

In this section, we evaluate two converter models used in
harmonic simulation. The two models are current injection
model and harmonic Norton equivalent circuit model. A
commonly seen PWM type adjustable speed drive (ASD) is
chosen for evauation. An ASD mainly consists of a
converter (rectifier or front-end), a dc link, a controller, and
an inverter. Generally, the harmonics produced in the
inverter part are negligible as seen from the converter ac
side because of the harmonic current path formed by the dc
link capacitor. Therefore, the converter is modeled as the
only part that injects harmonic currents into the power
system for the PWM type ASD. Figure 4.3 shows the
converter circuit of the ASD, where the inverter and the
motor load are modeled as a direct current source.
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Figure 4.3. Converter Circuit Model of the PWM ASD

Norton Equivalent Circuit Model

The converter circuit shown in Figure 4.3 is solved with
the harmonic analysis technique described in [7]. The end
result is a delta connected Norton equivaent circuit. The
circuit is then interfaced with the supply network in an
iterative fashion, as described in [11], to determine the
harmonic current injections from the ASD. Parameters
needed to run the modd are 1) the firing angle of the
converter thyristors, a; 2) the direct current flowing into the
inverter, 1;; and 3) the dc link R, L, and C component
values.



The firing angle of the PWM type ASD is amost zero
because of the use of diodes as the front end. The direct
current flows into the inverter can be estimated from the
motor load as

P

= 4.7
2.34Vg cosa

Iy

where P is the motor load including the losses, and Vg is
the line to ground voltage of the supply system.

In atypical harmonic study, a and 1, need to be varied
for investigation of the various ASD-motor operating
conditions. Also, representation of the dc link is essentia
for the correct harmonic smulation. If the dc link
parameters are not available, a smplified moddl such as
the current injection model may be proposed.

Current Injection Model

An ASD may be represented as a harmonic current
source. Table 4.3 gives the typical harmonic magnitude
and phase spectra that can be used to model an ASD. The
corresponding waveforms are shown in Figure 4.4. These
data are obtained from the Norton equivalent model that
simulates an actual PWM ASD and are verified by lab
tests. Extensive analytical and numerical studies indicate
that the data is suitable for modeling PWM type ASDs.

Table 4.3. Typical Harmonic Spectra of PWM Type

ASDs

Load Level 100% 5% 50%

h-order Mag. Angle  Mag. Angle Mag. Angle
1 100.00 0 100.00 0 100.00 0
3 0.35 -159 0.59 -44 054 -96
5 60.82 -175 69.75 174 75.09 -174
7 33.42 -172 47.03 171 54.61 -171
9 0.50 158 0.32 -96 0.24 -102
11 3.84 166 6.86 17 14.65 16
13 71.74 -177 452 -178 1.95 71
15 0.41 135 0.37 -124 0.32 28
17 1.27 32 7.56 9 9.61 10
19 154 179 381 9 7.66 16
21 0.32 110 0.43 -163 0.43 95
23 1.08 38 2.59 11 0.94 -8
25 0.16 49 3.70 10 3.78 7

To use this modd, the ASD is fird represented as a
congtant power load at the fundamenta frequency. The red
power load is equd to the ASD/motor load and the reactive
power load is zero. The network is then solved a the
fundamental frequency. The ASD current magnitude and
phase angle are determined as lg and Qg, respectively. The
harmonic current source representing the ASD is calculated
by scaling up the magnitude column of Table 4.3 by lg and
by shifting the phase angle column by hqg. It can be seen that
the current source modd is easy to use and needs less input

effort. The disadvantages are that the modd cannot smulate a
wide variety of ASDs and ASD/system operating conditions.
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Figure4.4. Typica Current Waveforms of PWM Type ASDs

Model Verification

Lab tests are conducted to verify the three-phase ASD modd
developed in this sudy. The teds are performed on a 30 hp
PWM-type ASD serving a 20 hp induction motor load. The lab
setup is shown in Figure 4.5. The ASD supply voltage (line to
ling), Vs, is 600 V. The motor mechanicd load is varied to
smulate different operating conditions. 13 operating conditions
are recorded. For each operating condition, waveforms of 15
voltage and current quantities are measured when the sysemis
in steady-gate. These waveform snapshots, including source
sde voltages and currents, motor sSde voltages and currents, dc
link voltage and inverter current, are synchronised and sampled
a arate of 100 kHz. In addition to the above operating tests,
the dc link is measured at various frequenciesin a ganddtill test
to determine its component parameters.
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Figure4.5. Lab Test Setup for ASD Harmonic Messurement

The ASD equivadent circuit modd can be verified by
comparing the measured ASD currents into the supply system
agang the caculated ones. Waveform comparison is more
desirable than harmonic spectrum comparison because the
former ensures that both the harmonic magnitudes and phase
angles are checked. A network modd representing the test
conditions is condructed. The up-sream supply system is
modelled as known three-phase harmonic voltage sources
determined from the measured data.

Figure 4.6 gives the comparison for the three-phase ASD
currents between measured and calculated values under one
representetive operating condition. In the figure, the measured
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Figure 4.6. Comparison of Measured and Caculated
Waveforms

waveforms are plotted as solid lines while the computed
waveforms are plotted as dashed lines. Some discrepancies
between the messured and cdculated waveforms are
obsarved. A few factors may have contributed to the
discrepancies. The first factor is that the dze of ASD is
relatively small. This makes the variations of thyristor eectric
characteristics more noticegble in the waveforms. The high
frequency components of dc link current generated by the
PWM scheme and inaccuracy of dc link parameters may adso
contribute to discrepancies. Tests showed that the waveforms
obtained with an inductor added between the drive and the
motor are in a closer agreement with the caculated ones. In
addition, it is noticed that harmonics in the supply voltage
have some impact on the cdculated waveforms.
Unfortunately, including more harmonics does not enhance the
agreement. Overdl, the agreement between the measured and
the caculated waveforms show that the proposed models are

acceptable.

4.5 Summary

The common models of power eectronic converters used
in harmonic analysis are presented in this chapter. These
models are built either in time-domain or frequency-domain
and in conjunction with the proper power system network
model. Once built, the model is ready for use in a harmonic
simulation technique such as non-iterative or iterative
anaysis.

The intention of this chapter is to give an overview on
these converter models. A case study with two selected
converter models is presented to demonstrate the harmonic
simulation procedure and the accuracy of the proposed
models. For more detailed model approaches, the reader is
advised to look into the references provided here or in other
sources. References [21-24] also provide harmonic models
for other types of power electronic devices.
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