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Abstract - The pwpose of this paper is to de-
scribe and demonstrate how a utility-connectable
inverter for photovoltaic or fuel-cell applications
can be well modeled wusing PSCAD/EMTDC. In
this paper, a single-phase IGBT inverter using
SPWM is modeled. Simple voltage magnitude
and phase controls are implemented using
PSCAD’s PI controller, PLL, and a "user de-
fined” component called Modulo (found in their
extensive collection of example circuits). The cir-
cuit mode! also takes advantage of PSCAD's in-
terpolated  firing pulse option, which provides
improved simulation results by preventing errors
from being introduced when switches fire be-
tween time simulation steps. Additionally,
PSCAD's Online Frequency Scanner for FFT is
utilized for a demonstration of PSCAD's fre-
quency-domain analysis capabilities.

1. Introduction

The purpose of this paper is to describe and
demonstrate how a  utility-connectable power
electronic DC-AC inverter can be well modeled
using Manitoba HVDC Research Centre’s in-
dustry-standard ~ PSCAD/EMTDC  software  for
power system design and simulation. This type
of inverter is commonly used in distributed pow-
er generation systems, and the model presented
in this paper is intended for application in pho-
tovoltaic or fuel-cell systems. The great advant-
age of PSCAD over other simulation software is
its combination of widespread acceptance for tra-
ditional power system modeling and its capa-
bility for accurate modeling of power electronic
sub-systems, This combination facilitates useful
studies of distributed generation (DG) systems
and their impact on connected systems and the
utility grid Obviously, separate analyses of the
DG and connected systems would not be accept~
able since it is their interaction that is of inter-
est {8]l. In this paper, the focus is on modeling
of the power electronic inverter since it is the
foundation of a good study on DG.

2. Body

2.1 Descriptionofinverter

Figure 1 shows a single-phase DC-AC inverter
as modeled in PSCAD. Using the IGBT compo-
nent with snubber option disabled, back diodes
were added and the full-bridge converter was

quickly  constructed using the "Wire-mode”
feature. The DC source used is admittedly an
oversimplification of the combination of DC-DC
converter and a photovoltaic array or fuel-cell
stack; however, models of those components will
have to wait for a future effort to enhance the
realistic nature of such a model.

The inverter is connected through a 5 kW iso-
fation transformer to one phase of the utility
grid that is in parallel with a purely resistive
load. The values chosen for the Thevenin equiv-
alent of the grid were arbitrarily chosen for sake
of simplicity. As suggested in the introduction,
PSCAD should be used to construct a reasonable
model of any connected systems for a detailed
analysis of a DG system (which is not the pur-
pose of this paper).

The LC filter was designed based on an algo-
rithm for single phase PWM inverters [1). This
filter design methodology takes into account the
following factors: DC input voltage, AC output
voltage, output current, output frequency,
switching frequency, average desired output har-
monic voltage magnitude.

A Figurel - Inverter Circuit Schematic‘

In order to facilitate testing the inverter in
both stand-alone and grid connected modes, a
timed breaker component was added to switch-in
the  utility grid after a given time in the
simulation. In this simulation, the switch was
initially open at time 2zero and closes after 0.4
seconds. Figure 2 shows voltage and current
waveforms for the transformer primary and sec-
ondary windings. The simulation was run and
plotted for a duration of I-second at 5 micro-
second intervals. The gate pulses were blocked
for the first 005 seconds to allow the DC source
to ramp up and the capacitor to charge. See
Figure 3 for a closer look at the waveform. The
increase in current flow observed at time 04
seconds indicates connection of the  utility
system. In Figure 4, at the end of the run, the
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power factor has returned to nearly unity.
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Figure2 - Transformer VI Waveforms
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Figure3 - Detail of Transformer VI Waveforms
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Figure4- End of Run Transformer VI
Waveforms

2.1DescriptionofControlSystem

For the sake of simplicity, the gate-drive con-
trol system was implemented using bi-polar si-
nusoidal pulse-width modulation (SPWM).
Figure 5 shows the voltage magnitude and phase
controls were  implemented using PSCAD's
Continuous System Model Functions (CSMF).
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Figure5-PWM Reference & Carrier Signal
Controls

The  controls for this model incorporate
PSCAD's Master Library models of a Pl con-
troller and a phase locked loop, plus a "user de-
fined” component called "Modulo” found in their
extensive example circuits (see stat-
com_6pls_pwm.psc in the example files). An im-
portant note about using someone else's "user

defined” components is that they don’t appear in
your Master Library you must add them to your
User Library. However, if you don’t have the
source files, you can still copy the component
from the .psc file into your model as long as a
copy of that .psc file is already open in PSCAD
the next time you open your own model.

The PI controller in Figure 5 feeds an
AM/FM/PM (Sine) Function to generate the
PWM reference signal. A -168 degree offset was
added to the reference signal to synchronize with
the initial utility connection at time 0.4 seconds.
The PI controller controls the inverter voltage to
maintain the RMS voltage at the transformer

secondary, while the PLL Kkeeps the phase
synchronized in the presence of a  utility
connection. A method of phase synchronization

was implemented in this model, in which the
PLL is used to generate the carrier signal [2].
The PLL component was originally designed for a
3-phase input, but according to the Help [3],
only phase A is needed, so the B and C phase
inputs were set to zero in this model. Following
the PLL block is a multiplication block that acts,
in conjunction with the Modulo function [2], to
scale the frequency of the output (250 times 60,
or 15000 Hz). After the Modulo function
changes the waveform back into a ramping func-
tion at the desired frequency, the non-linear
transforrn  characteristic changes the signal into
a triangular waveform with peaks of +1 and -1.

2.2InterpolatedGate-FiringPulses

This model also takes advantage of PSCAD's
interpolated firing pulse option, which provides
improved simulation results by preventing errors
from being introduced when switches fire be-
tween time simulation steps [4], [5]. This is ac-
complished by PSCAD’s “Interpolated  Firing
Pulse Generator”, found in the HVDC section of
the Master Library. Figure 6 shows the gate
pulse control schematic, including the time delay
to block gate pulses on startup. As you can see
from Figure 6, each gate pulse is actually a two
value array; the first element gives the actual
gate pulse (0 or 1), while the second element
contains information about the interpolated
switching instants. The interpolation algorithm
is optional for each power electronic switch, and
can be disabled in the switch parameters.
However, one advantage is that it provides much

better  simulations especially at larger time
steps. For example, the voltage, current wave-
forms and harmonic spectra of an interpolated

simulation at a time step of 50 microseconds are
equivalent to the non-interpolated case at 5 mi-
croseconds [6]. The other advantage is that fic-
titious snubbers are not needed in the simu-
lation to prevent chatter caused by the tra-
pezoidal integration solution method of the soft-
ware [8].
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Figure6 - Gate-Firing Pulse Generators

The IGBT switches require both a turn on and
turn off pulse, so the inverted reference and car-
rer signals are used for the off pulse. With this
control scheme, switch pair 1,2 is on when 34 is
off and vice versa (bi-polar PWM). The -carrier
and reference signals and the resulting gate
pulses are shown in Figure 7.
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Figure7 - Reference, Carrier, and Gate Signals

2.3TuningtheControls

The controls were tuned wusing PSCAD’s
push-button controls (variable input sliders, see
Figure 8). The resulting step change for the ar-
rows is easily adjusted and/or the values can be
entered via the keyboard. Note that PSCAD’s
PLL uses a gain factor for its integral adjust-
ment, while the PI controller uses a time con-
stant (in seconds) for its integral adjustment
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Figure8 - PLL and PI Controller Tuning

2 AFFTanalysisimplementationinPSCAD
In this section, PSCAD's Online Frequency
Scanner for Fast Fourier Transform (FFT, see
Figure 9) is utilized for a demonstration of
PSCAD's frequency-domain analysis capabilities.

i

Hamonic

Y
vmgm Tot
Dlistortion

S fndividual

Figure9 - FFT and THD Components, v4.1

The FIT input can be any signal and the out-
put is given iIn two multi-dimensional arrays
(magnitude and phase) plus a single scalar (DC
component). The number of harmonics desired
for calculation is determined by the user, given
the following four options: 7, 15 31, 63. The
output arrays can be viewed directly (via an out-
put channel, see Figure 10, top and bottom
graphs) and/or fed to PSCAD's Harmonic
Distortion component for THD calculation, as

shown in Figure 9. Some output waveforms from
the inverter system are given in Figure 10.
Current harmonics at steady state with grid con-~
nection do not exceed 15% THD, and voltage
doesn’t exceed 08% THD on the primary and
0.2% on the secondary.
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Figurel0 - Harmonic Analysis, v4.1

With PSCAD v41, we can also easily view a

signal’s harmonic spectrum while the simulation
is running using a meter-style object called a
Polymeter (see Figure 11). It was captured by
pausing the simulation and stepping to time
0.054705 seconds where harmonics were high.

Vharm

{3] 00459968
Figurell - Harmonic Spectrum Polymeter, v4.1

With earlier PSCAD versions (pre 4.1), dis-
playing the output of the FFT component re-
quires a little more effort. The 7, 15 31, or 63
element output arrays must be tapped for each
individual signal and linked to an output chan-
nel before they can be viewed in PSCAD (see
Figure 12). This is quite tedious and waste of
space for a 63 element array!
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Pigurel2- FFT Display Requirements, v4.0

In PSCAD versions 2 and 3, there is no way to

view a signal’s harmonic spectrum (magnitude
versus frequency) within PSCAD, however, using
the XY plotting capabilities of PSCAD v4.0 and
newer, we can plot one signal versus another.
Using this capability, we have implemented a
work-around for v4.0 to display a harmonic
spectrum for a signal at steady state (see Figure
13).
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Figure13- Harmonic Spectrum Work-around,
v4.0

The glyph symbols indicate harmonic magni-
tude at each multiple of fundamental frequency
(horizontal X-axis). Scaling the XY plot is a lit-
tle tricky (check that "Maintain Aspect Ratio” is
NOT selected), but the work-around does its job.

One note of caution: the harmonic spectrum
generated in this way 1is useful for circuits at
steady state. Figure 13 was generated after tak-
ing a snapshot at 1 second and then, starting
from this snapshot, running for another 1
second. If steady state is not achieved, the XY
plot shows all values of harmonics the occurred
during the run superimposed on each other (see
Figure 14) with no way to determine which is
first or last. However, this is one way to see the
peak harmonics in a run if you don’t have v4.1
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Figurel4 - Harmonic Spectrum Maximums,
v4.0

One final note on this work-around: if you
copy this FFT with meters and graphs to anoth-
er page, you will have to remove and re-add ALL
meter and graph curves (this is tedious). The
best advice is, of course, upgrade; v41 has some
very nice, user-friendly features that you will
wonder how you ever lived without.

3. Conclusion

The purpose of this paper was to describe and
demonstrate how a utility-connected power elec—
tronic  DC-AC  inverter for  photovoltaic or
fuel-cell applications can be well modeled using
PSCAD/EMTDC software. In this paper, a sin-
gle-phase IGBT inverter was modeled using
bi-polar SPWM. Simple voltage magnitude and
phase controls were implemented and explained.
The controls incorporated PSCAD's  Master
Library models of PI and PLL controllers, plus a
"user defined” component called Modulo (found
in their extensive collection of example -circuits).
The circuit model also illustrated PSCAD's in-
terpolated firing pulse option, which provides
improved simulation results by preventing errors
from being introduced when switches fire be-
tween time simulation steps. Additionally,
PSCAD’s Online Frequency Scanner for FFT was
utilized for a demonstration of PSCAD's fre-
quency-domain analysis capabilities
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