


AN ABSTRACT OF THE THESIS OF

Waylon T. Bowers for the degree of Master of Science in Electrical and Computer
Engineering presented on June 8, 2004.
Title: Hybrid Electric Vehicle Converter Harmonics

Abstract approved:

Annette von Jouanne, Alan K. Wallace

Hybrid electric vehicles (HEV’s) are a very important part of today’s
transportation system as they are bridging the gap between fully electric vehicles and
conventional internal combustion vehicles (ICV’s). They have much higher efficiencies
and lower emissions than ICV’s, while still having the ability to travel long range and
refuel conveniently. The advantages offered by HEV’s have caused several major
automobile manufacturers to develop HEV’s for public use and they are also being
developed for military use. With the necessity of high performance vehicles the need
arises for investigations on the converter generated harmonics which may become
increasingly important. This is because there are several problems associated with
harmonics including, high frequency interference, additional heat, mechanical stresses
and audible noise (vibration) that may shorten the life of the equipment involved in
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Hybrid Electric Vehicle Converter Harmonics

1 Introduction

1.1 Hybrid Electric Vehicles

The typical hybrid electric vehicle (HEV) combines the conventional internal
combustion engine with an electric motor and energy storage device(s) (batteries,
flywheels, ultracapacitors, etc.). This combination drastically increases efficiency and
reduces emissions. HEV’s are becoming more common because they bridge the gap
between conventional vehicles and fully electric vehicles (EV’s). The problem with
EV’s is that with current battery technology they cannot be used for applications where
long driving time is a requirement. HEV’s are capable of going twice the distance of
conventional vehicles and use the same convenient refueling system while producing
many of the same environmental benefits as EV’s. The advantages offered by HEV’s
have caused several major automobile manufacturers to develop HEV’s for public use
and they are also being developed to improve the range of military vehicles.

As the advantages of HEV’s drive advanced applications with high performance
requirements, investigations on the dc bus harmonics become increasingly important.
This is because there are several problems associated with harmonics including, high
frequency interference, capacitor degradation, skewing of digital clocks, potential
interference with communication command and control, additional heat, mechanical
stresses and audible noise (vibration) that may shorten the life of the equipment

involved in HEV’s and lower their reliability. The high power demands of HEV’s
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require advanced power electronic converters. For inverter controlled ac drive systems,
two main strategies employed to minimize harmonic distortion of the supply to drive
motors and other loads and eliminate harmonics are pulse width modulation (PWM) and
multilevel topologies employing PWM, which will be discussed in this chapter. These
strategies, however, result in harmonics being reflected back into the vehicles dc bus

system.

1.2 PWM Strategies

PWM strategies, although synthesized through many different approaches, have
some commonalities. First, the carrier frequency of the gate control should preferably
be an integer multiple of the fundamental to the load such that the frequency spectrum
of the output will consist of integer multiples of the fundamental output. Second, due to
quarter-wave and half-wave symmetry, even-mode harmonics can be eliminated.
Beyond this, techniques for PWM synthesis can be effectively described in the
following categories [1].

1) Offline or pre-calculated PWM (also “Programmed PWM”)

Selective harmonic elimination combines square-wave switching and

PWM to control the fundamental output voltage and to eliminate selected lower-

order harmonics from the output. Each angle corresponds to a degree of freedom

from which a single odd order harmonic may be removed. Many of these PWM
strategies use these degrees of freedom to cancel the critical lower odd-order

harmonics.



2) Hysteresis Band PWM

A hysteresis band modulator calculates the error between the desired
output and the measured output. The state of the switches is changed when this
error leaves the hysteresis band so as to drive the error back within the band.
The advantages to this technique are that it can respond to transients at the input
or output quickly, and predict and bound the error (it is closed loop by nature).
3) Carrier Based PWM

Carrier based PWM methods are those where the switching decisions of
the converter are made for each switching cycle either at the beginning or during
that switch cycle. The PWM waveform is calculated on a cycle by cycle basis,
either pulse by pulse, or edge by edge. This distinguishes it from offline PWM,
where multiple switching edges are mapped out for the entire fundamental
period or some fraction therein; and hysteretic PWM, where neither edges nor
switch period are defined, calculated or even known in advance.

Sine-triangle PWM (SPWM) will be discussed in detail as part of the
analytical derivations of this thesis. To effectively increase the modulation
index for increased output voltage magnitudes, and to reduce the switching
losses, “modified SPWM?” can also be implemented. With “modified SPWM”,
the sine-triangle intersection is only performed for the first 60° and last 60° of
each half of the waveform. Another method of increasing the effective
modulation index and output voltage magnitude is by injecting (or “doping”) the

. . . d .
sinusoidal control waveform with 3™ as well as 9" harmonic to cause the
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fundamental control waveform to be more “trapezoidal” with the major

objective of reduced switching losses.

4) Space Vector PWM

The mathematical basis of Space Vector Modulation (SVM) Schemes
requires that, the three-phase system, of many loads including propulsion
motors, is transformed into its equivalent two-phase system in the d-q plane
using Parks Transformation. This transformation removes the time dependency
of load variables and enables the computation of inverter states in real time. The
desired output voltage vector is synthesized as a function of the inverter
switching states, as detailed in the developed SVM switching function approach
later in this report.

Much of the current research focus addresses carrier based and space vector
modulation techniques, which are implemented in this study. They provide good
dynamic control, can be implemented in a digital or analog format with relative ease,
and show adequate performance up through moderate switching frequencies. There are
further refinement techniques in all these PWM schemes which allow for tradeoffs of
certain desirable characteristics (low voltage ripple, low harmonic content, high power

circuitry, etc.).



1.3 Multilevel Inverters

Multilevel inverters have shown promise in high power applications such as
large HEV’s. The attribute of high volt-ampere ratings in transformerless multilevel
inverters makes them appropriate for applications in large HEV’s [2]. The basic
purpose of the multilevel inverter is to take many levels of dc voltages to synthesize the
waveform of the desired output voltage. High voltages and low harmonics with no
transformers and no series-connected, synchronized-switching devices are made
possible by the use of multilevel inverters. For this reason, multilevel inverters can
provide the high output quality power required by large HEV’s. The best known
multilevel inverter for this application (assuming an HEV with parallel connected
traction drives) is the cascade H-bridge inverter [3]. This can use combinations of
batteries, fuel cells, and ultracapacitors as the dc source. For military applications a
significant advantage arises from the use of a cascade inverter, in that it will allow the
HEV to “limp home” (it will still be able to operate with appropriate control and at
reduced power even if some of the inverters are damaged) [4]. This requires the
redundancy of each of the H-bridge inverters having its own separate dc source (SDCS)
which can produce three different voltage levels —Vy, 0, and + V4. This is done by
specific switching characteristics. The ac output of each H-bridge inverter is linked in
series such that the system voltage waveform is the sum of each inverter’s output. The
larger the number of SDCS’s there are in the system, the more sinusoidal the
synthesized output voltage waveform will be. Fig. 1 shows an example of a single-

phase cascade H-bridge inverter. In [5], the authors derive a way to eliminate
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harmonics from varying levels of dc voltage sources as would be seen in the use of

HEV’s.
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Fig. 1: Single-Phase Cascade H-Bridge Inverter

Fig. 2 shows an example of the output of an 11-level cascaded H-bridge

multilevel inverter (it has five SDCS’s). As mentioned previously, the output is
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2 DC Bus Harmonic Study

The following material presents a summary of approaches, to converge on
accurate results for dc bus harmonic currents and voltages. First, detailed open and
closed form SPWM analytical approaches are conducted, followed by the SPWM
Switching Function approach and SPWM simulations in Simulink and PSpice. All four
of these approaches showed excellent correlation in the output line-to-line voltage
harmonics, as well as close correlation of harmonics in the reflected the dc currents.
The resulting dc bus harmonics were also compared against MIL-STD-461 distortion
limits. In the case where MIL-STD-461 was not met, mitigation techniques involved
increasing the size of the dc bus capacitor. For further comparison, the SVM Switching
Function approach has also been implemented. The SVM approach employs a
dramatically different method for generating the gating signals, thus the actual
harmonics in the line-to-line voltages and the dc currents and voltages are different
from the SPWM based approaches, however the predicted overall harmonic orders
correlate well. Next, an experimental verification is presented and compared with a
Simulink simulation which operates at approximately the same parameters. The final
section of this report presents an overall Comparison Section of the output line-to-line

voltage harmonics, and the dc currents, for all of the above approaches.



2.1 Analytical Approach

This section presents open form analysis and closed form solutions for the dc
bus harmonics produced by three-phase PWM voltage source inverters (VSI’s).

Transfer functions are frequently used as a means of describing the input/output
relationship of a system. Although they are mainly used in linear systems, transfer
functions can still be a very useful tool for describing switch mode converters.
Basically, they can be used to evaluate a dependent variable in terms of its independent
converter variable [6]. For example, the input dc bus current of a VSI (dependent input)
depends on the converter transfer function and the output phase currents (independent
outputs). Table 1 lists the various dependent and independent variables for VSI’s.

Inverters can be characterized by transfer functions, which are defined as:

dependent electric variable (6]
TF = — ; ;

independent electric variable

Table 1: Variable Classification
Type Input/Output Current Variable Voltage Variable

Voltage | Input (dc bus) Dependent (dc bus current) Independent (dc ripple free voltage)
Source Output (load) Independent (phase currents) Dependent (ac line-to-neutral
Inverter voltages)

Source: [6] pp. 237
The transfer functions differ according to the PWM scheme used. This initial
analysis will be performed for sine-triangle PWM. The transfer function for SPWM in

a VSI can be expressed as:

TF, AU H(wt) [6] (1)
Vdc
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where v_,v,,v,_ are the corresponding phase voltages and V, is the dc input voltage.
The line currents in the output of the inverter are reflected back to the input by means of
this transfer function, such that:
I, (ax)=1 (cx)-H (ex)+1,(cx) H,(ax—2.094)+1 (ax) H (cr +2.094)

Several SPWM parameters need to be defined to continue with this solution.

The amplitude modulation ratio m,, and the frequency modulation ration m,, are

defined as:
_ Vcontml _ fcw
m, =—2" m, =—""—
‘/tri f Sfund
where \7m. is the amplitude of the triangle wave, meml is the amplitude of the control

sine wave (for the “sine-triangle intersection”), f, 1is the switching frequency for the
triangle carrier wave, and f,,, is the fundamental frequency of the control sine wave
[7]. For linear modulation, m, <1.0. To eliminate most of the dominant harmonics in
the VSI output line-to-line voltages, m, should be an odd multiple of 3, causing m,

and its multiples to be suppressed in the line-to-line voltages (only odd harmonics will

exist as sidebands) [7].  For lower switching frequencies (f, ) or higher
fundamental/control frequencies ( f,,,) which would result in m, <21, we typically
use synchronous PWM where m is an integer, i.e. f,, is an exact multiple of f,,,, to

prevent large subharmonics of the fundamental frequency (e.g. close to O Hz).

Therefore, as f,,, varies, f, varies, or m, varies, or both to maintain synchronous

operation [7]. The targeted switching frequency for this application is 5-10 kHz, while
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S na can go up to 900Hz (with a range of slip frequency, near zero speed with a low
slip induction machine, i.e. 2Hz, to 900Hz), thus the possibility exists for m; < 21,
therefore the harmonic results of asynchronous PWM (e.g. 500Hz) are investigated as a
part of this study.

For m, <1.0, the fundamental output voltages vary linearly with m_ , and we
have no lower order harmonics close to the fundamental. It follows that the line-to-line

rms voltage at the fundamental frequency, (VLL )1, can be computed as:

By BV
(VLL)l_\/E(VLN)l_\/Ema 7

=0.612-m,V, [7]

The line-to-line rms harmonic voltages can be computed similarly as:
(VLL )h =my, -V, [7] (2)

and the phase voltages will be:

) _ (VLL)h _m,-V,

NG INC]

where m, is a coefficient listed in Table 2. Also listed in Table 2 is k,, which is the

v,

actual harmonic order that will be used in the following calculations.
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Table 2:Generalized Harmonic Coefficients for Three Phase PWM

ma
h k, 02 [ 04 | 06 | 08 | 10
Coefficient m,

1 1 0122 | 0245 | 0367 | 0490 | 0.612
2 m, +2 0.010 | 0.037 | 0080 | 0.135 | 0.195
3 m, +4 0.005 | 0.011
4 2m, *1 0.116 | 0200 | 0227 | 0192 | O.111
3 2m, +5 0.008 | 0.020
6 3m, £2 0.027 | 0085 | 0.124 | 0.108 | 0.038
7 3m, +4 0.007 | 0.029 | 0.064 | 0.9
8 4m, +1 0.100 | 0.09 | 0.005 | 0.064 | 0.042
? 4m, £5 0.021 | 0.051 | 0.073
101 4m, +7 0.010 | 0.030

Source: [7] pp. 228

Closed Form Solution

For a closed form solution, the following parameters will be used:

V, =600 V £, =9900 Hz S juna =60 Hz
m, = o 165 m, = 0.8 for 250kW (=1.0 for P, =400kW)
Sfund
P . =250kW cos(@)=p.f.=0.9 @O=27 f,,= 377 rad/sec
C =2400uF

Conversion of 30°voltage phase shift (line-to-line voltage leads the phase voltage by

30%), 6,, , toradians: 6,, = %ﬂ =0.524 rad

120°
Conversion of 120° voltage phase shift, 8, , to radians: 6, = %ﬂ =2.094 rad
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Voltages

With m,= 0.8 and including the harmonic coefficients (m, coefficient of
m; T2, m; T4, 2mf i1,2mf i5,3mf +2, 3mf +4, 4mf *1, 4mf +5, and 4mf 7

which are bolded in Table 2), the line-to-line voltage amplitudes are defined as:

Vab(a)t): iﬁ'vdc “my, Sin(kh(a)t"' eLL))

h=1,2

=2V, (msin(ax+6,,)

+mysin((m, £2)(ax +6,,)) +mysin((m, T4)(ax +6,,))
+m, sin((2mf T1)(ax +86,,))+ m; sin((2mf +5)(ax+6,,))
+mgsin((3m,; £2)(at + 6, ))+m; sin((3m, +4)(ax +86,,))
+my sin((4mf T)(wt+6,,))+m, sin((4mf +5)(ax+6,,))
+my, sin((4m, £T) (@t +6,,)))

=4/2-600-(0.490sin(377t +0.524)

+0.135sin(167 * (377t +0.524)) + 0.135sin(163 * (377t + 0.524))
+0.005sin(169 * (377t + 0.524)) + 0.005 * sin(161* (377¢ + 0.524))
+0.192sin(331* (377t +0.524)) + 0.192sin(329 * (377t +0.524))
+0.008s1n(335* (377t + 0.524)) + 0.008 sin(325 * (377t + 0.524))
+0.108sin(497 * (377t +0.524)) + 0.108 sin(493* (377t + 0.524))
+0.06451in(499 * (377t +0.524)) + 0.064 sin(491 * (377t + 0.524))
+0.064sin(661* (377t +0.524)) +0.064 sin(659 * (377t + 0.524))
+0.051sin(665 * (377t +0.524)) +0.051sin(655 * (377t + 0.524))
+0.010sin(667 * (377t +0.524)) + 0.010sin(653* (377t + 0.524)))
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=415.77sm(377t +0.524)
+114.55smn(62959¢ +87.51) +114.5sin(61451¢ +85.41)
+4.24sin(63713t + 88.56) + 4.24 sin(60697¢ + 84.36)
+162.925sin(124787t +173.44) +162.92sin(124033¢ +172.39)
+6.79sin(126295¢ +175.54) + 6.79sin(122525¢ +170.30)
+91.64sin(187369¢ + 260.43) +91.64sin(185861r + 258.33)
+54.31sin(188123¢ +261.48) +54.31sin(185107¢ + 257.28)
+54.31s1in(249197¢ + 346.36) + 54.31sin(248443¢ +345.32)
+43.27sin(250705¢ + 348.46) + 43.27 sin(246935t + 343.22)
+8.495sin(251459¢ +349.51) + 8.49sin( 246181z +342.17)

v (a)t) is shown in Fig. 3 (zoomed in, in Fig. 4) and its harmonic spectrum is shown in

Fig. 5, which is also listed in Table 3.

10
Vbc(a)t): Z\/E‘Vdc “my, Sin(kh(a)t"'eLL —9‘,))

h=1,2

=2V, (m, sin(ox+6, —6,)

+m, sin((m, £2)(@x +6,, —6,))+m, sin((m, +4)(ax +6,, —6,))
+my sin((2m, £1)(ex +6,, —6,))+mysin((2m, +5)(@x +6,, —6,))
+myg sin((3m, £2)(ax +8,, —6,))+m, sin(3m, £4)(@x +6,, —6,))
+my sin((4m, £1)(@x +6,, —6,))+mysin((4m, £5)(@x+6,, —6,))
+my sin((4m, £7)(@x+6,, —6,)))

=4/2-600-(0.490sin(377t —2.094 + 0.524)

+0.135sin(167 * (377t —2.094 + 0.524)) + 0.135sin(163 * (377t — 2.094 + 0.524))
+0.005sin(169 * (377t —2.094 + 0.524)) + 0.100sin(161* (377t — 2.094 + 0.524))
+0.192sin(331* (377t —2.094 + 0.524)) + 0.1925in(329 * (377t — 2.094 + 0.524))
+0.008sin(335 * (377t — 2.094 + 0.524)) + 0.008sin(325 * (377t — 2.094 + 0.524))
+0.108sin(497 * (377t — 2.094 + 0.524)) + 0.108sin(493 * (377t — 2.094 + 0.524))
+0.0645sin(499 * (377t — 2.094 + 0.524)) + 0.064 sin(491* (377t — 2.094 + 0.524))
+0.0645sin(661* (377t —2.094 + 0.524)) + 0.064 sin(659 * (377t —2.094 + 0.524))
+0.051sin(665 * (377t —2.094 + 0.524)) + 0.051sin(655 * (377t — 2.094 + 0.524))
+0.010sin(667 * (377t — 2.094 + 0.524)) + 0.010sin(653 * (377t — 2.094 + 0.524)))
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=415.77sm(377t —1.57)

+114.55smn(62959¢ —262.19) +114.5sin(61451¢ — 255.91)
+4.24sin(63713t —265.33) +4.24 sin(60697t — 252.77)
+162.925in(124787t —519.67) +162.92sin(124033t — 516.53)
+6.79sin(126295¢ —525.95) + 6.79sin(122525¢ — 510.25)
+91.645sin(187369¢ — 780.29) +91.64 sin(185861¢ — 774.01)
+54.31sin(188123¢ —783.43) + 54.31sin(185107¢ —770.87)
+54.31s1n(249197¢ —1037.77) + 54.315sin(248443t —1034.63)
+43.27sin(250705¢ —1044.05) + 43.27 sin( 246935t —1028.35)
+8.495sin(251459¢ —1047.19) + 8.49sin(246181r —1025.21)

10
Vea (a)t): Z\/E‘Vdc “my, Sin(kh (or+6,, +ev))

h=1,2
=2V, (m,sin(ax+6,, +86,)
+m,sin((m, £2)(ax+6,, +6,))+m;sin((m, T4)(axt+86, +6,))
+my sin((2m, £1)(ax +6,, +6,))+mssin((2m, £5)(a@x +6,, +6,))
+mgsin((3m, £2)(ax +6,, +6,))+m, sin((3m, T4)(ax+06,, +6,))
+mgsin((4m, 1)(@x +6,, +6,))+m,sin((4m, £5) (@t +6,, +6,))
+my, sin((4m, £7) (@t +6,, +6,)))

=+/2-600-(0.490sin(377¢ +2.094 + 0.524)

+0.135sin(167 * (377t +2.094 + 0.524)) + 0.135sin(163 * (377t + 2.094 + 0.524))
+0.005sin(169 * (377t + 2.094 4+ 0.524)) + 0.100sin(161* (377t + 2.094 + 0.524))
+0.192sin(331* (377t +2.094 + 0.524)) + 0.1925in(329 * (377t + 2.094 + 0.524))
+0.008sin(335 * (377t +2.094 + 0.524)) + 0.008 sin(325 * (377t + 2.094 + 0.524))
+0.1085sin(497 * (377t +2.094 + 0.524)) + 0.108sin(493 * (377t + 2.094 + 0.524))
+0.064 sin(499 * (377t +2.094 + 0.524)) + 0.064 sin(491 * (377t + 2.094 + 0.524))
+0.064sin(661* (377t +2.094 + 0.524)) + 0.064 sin( 659 * (377t + 2.094 + 0.524))
+0.051sin(665 * (377t +2.094 + 0.524)) + 0.051sin(655 * (377t + 2.094 + 0.524))
+0.010sin(667 * (377t +2.094 + 0.524)) + 0.010sin(653 * (377t + 2.094 + 0.524)))



=415.77sm(377t +2.618)

+114.55sin(62959¢ + 437.21) +114.5sin(61451¢ + 426.73)
+4.24sin(63713¢ + 442.44) + 4.24sin(60697t +421.49)
+162.925in(124787t +866.56) +162.92sin(124033¢ + 861.32)
+6.79sin(126295¢ +877.03) + 6.79sin(122525¢ + 850.85)
+91.645sin(187369¢ +1301.15) + 91.64 sin(18586 17 +1290.67)
+54.31sin(188123¢ +1306.38) + 54.31sin(185107¢ +1285.44)
+54.31sin(249197¢ +1730.49) + 54.31sin( 248443t +1725.26)
+43.27sin(250705¢ +1740.97) + 43.27 sin( 246935¢ +1714.79)
+8.495sin(251459¢ +1746.21) + 8.49s1n(2461817 +1709.55)

Wab(wt)
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Fig. 3: Line-to-Line Voltage,v,, (ax)
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Fig. 5: Harmonic Spectrum of v, (ax)
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Table 3: Harmonics of v, (cr)

Order Freq (kHz) Magn (% of Fund)
FUND 0.060 100.00
161 9.66 1.02
163 9.78 27.56
167 10.02 27.56
169 10.14 1.02
325 19.5 1.64
329 19.74 39.19
331 19.86 39.19
335 20.1 1.64
491 29.46 13.06
493 29.58 22.04
497 29.82 22.04
499 29.94 13.06
653 39.18 2.04
655 39.3 10.38
659 39.54 13.03
661 39.66 13.03
665 39.9 10.38
667 40.02 2.04

For the transfer function we need the phase voltages, which are:

10\/5

va (a)[) = Z_ ’ Vdc ’ mh Sin (kha)t)

11:1,2\/§
V2

= E V. (m, sm(ax)

+m, sin((m, £2)ax) +m, sin((m, +4)ax)
+my sin((2m, £1)ax) + ms sin((2m, £ 5)cr)
+mgsin((3m,; £2)ax) +m, sin((3m, £4)ax)
+myg sin((4m, L Dax) +m, sin((4m, £5)ar)
+my, sin((4m, £7)ax))

17
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V2

=—-600-(0.490sin(377¢)

V3

+0.135sin(167*377¢) +0.135sin(163*377t)
+0.005sin(169* 377¢) + 0.005 * sin(161*377¢)
+0.192sin(331*377¢) +0.192s1n(329 * 377¢)
+0.008sin(335*377t) + 0.008sin(325*377¢)
+0.108sin(497 *377t) + 0.108s1n(493 *377¢)
+0.064sin(499* 377¢) + 0.064 sin(491*377t)
+0.064sin(661*377¢t) +0.064sin(659 *377t)
+0.051sin(665*377¢) +0.051s1n(655*377t)
+0.010sin(667 *377t) + 0.010sin(653 *377¢))

= 240.04sin(377t)

+66.14sin(62959¢) + 66.14 sin(61451¢)
+2.45sin(63713¢) +2.45sin(606971)
+94.065sin(124787t) + 94.06 sin(124033¢)
+3.925sin(126295¢) + 3.92 sin(122525¢)
+52.91sin(187369¢) + 52.91sin(185861¢)
+31.36s1n(188123¢) +31.36sin(185107¢)
+31.365in(249197¢) +31.365s1n(248443¢)
+24.98s1n(250705¢) + 24.98sin(246935¢)
+4.90sin(2514591) + 4.90sin(246181¢)

10\/5

vy(ar)= > ~=-V, -m,sin(k,(ar-6,))

=123

NG

=—-V, (m sin(ax—-6,)

NG

+m, sin((m, 2)(@x —6,))+m, sin((m, +4)(ax —6,))
+my sin((2m, £1)(ex —6,)) +mg sin((2m,, +5)(@r—6,))
+mg sin((3m, +2)(ax —6,))+m, sin((3m, +4)(ax—6,))
+mg sin((4m, £1)(@r —6,))+ m, sin((4m, +5)(@x —6,))
+myq sin((4m, £ 7)(@x —6,)))



V2

=—=-600-(0.490sin(377t —2.094)

NG

+0.135sin(167 * (377t —2.094)) + 0.135sin(163* (377t — 2.094))
+0.005s1n(169 * (377t —2.094)) + 0.100sin(161* (377t — 2.094))
+0.192sin(331* (377t —2.094)) +0.192s1in(329 * (377t — 2.094))
+0.008s1n(335 * (377t — 2.094)) + 0.008 sin(325 * (377t — 2.094))
+0.108s1n(497 * (377t — 2.094)) + 0.108sin(493 * (377t — 2.094))
+0.064 sin(499 * (377t — 2.094)) + 0.064 sin(491* (377t — 2.094))
+0.064sin(661* (377t —2.094)) + 0.064 sin(659 * (377t — 2.094))
+0.051sin(665 * (377t —2.094)) +0.051sin(655 * (377t — 2.094))
+0.010sin(667 * (377t —2.094)) + 0.010sin(653* (377t — 2.094)))

= 240.04sin(377¢ —2.094)

+66.14sin(62959¢ —349.69) + 66.14 sin(61451r —341.32)
+2.45sin(63713t —353.89) + 2.455sin(60697¢ —337.13)
+94.06s1n(124787¢ — 693.11) +94.06sin(124033¢ — 688.93)
+3.925in(126295¢ —701.49) + 3.92sin(122525¢ — 680.55)
+52.91sin(187369¢ —1040.72) + 52.91sin(185861r —1032.34)
+31.36s1n(188123r —1044.91) +31.36sin(185107¢ —1028.15)
+31.36s1n(249197¢ —1384.13) +31.36 sin( 248443t —1379.95)
+24.98s1n(250705¢ —1392.51) + 24.98sin(246935¢ —1371.57)
+4.90s1n(251459¢ —1396.69) +4.905sin(246181r —1367.38)

10\/5

v ()= > ==V, -m,sin(k, (e +86,))

=123

NG

=—-V, (m sin(ax+8,)

NG

+m, sin((mf +2)(ax+86,))+m, sin((mf t4)ax+6,))
+m, sin((2m, £1)(ax +6,))+my sin((2m, £ 5)(@x +6,))
+my sin((3mf +2)ax+86,))+m, sin((3mf t4)ax+6,))
+my sin((4m, £ 1)(@x +6,))+m,sin((4m, £5)(ax +6,))
+my, sin((4m, £7)(ax +6,)))
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NG

=—=-600-(0.490sin(377t +2.094)

V3

+0.1355sin(167* (377t +2.094)) +0.135 sin(163* (377t + 2.094))
+0.005sin(169* (377t +2.094)) +0.100 sin(161* (377t +2.094))
+0.1925sin(331% (377t +2.094)) +0.192 sin(329* (377t +2.094))
+0.008 sin(335* (377t +2.094)) +0.008 sin(325 * (377t +2.094))
+0.108 sin(497 * (377t +2.094)) + 0.108 sin(493* (377t + 2.094))
+0.064 sin(499 * (377t +2.094)) + 0.064 sin(491* (377t +2.094))
+0.064 sin(661* (377t +2.094)) + 0.064 sin(659 * (377t +2.094))
+0.051sin(665* (377t +2.094)) +0.051sin(655 * (377t +2.094))
+0.010sin(667 * (377t +2.094))+0.010sin(653* (377t +2.094)))

= 240.04sin(377¢ +2.094)

+66.1451n(62959¢ +349.69) + 66.14 sin(61451t + 341.32)
+2.45sin(63713¢ +353.89) +2.45sin(60697t + 337.13)
+94.06sin(124787t + 693.11) + 94.06 sin(124033¢ + 688.93)
+3.925sin(126295¢ + 701.49) + 3.92sin(122525¢ + 680.55)
+52.91sin(1873697 +1040.72) +52.91sin(1858617 +1032.34)
+31.36sin(188123¢ +1044.91) + 31.36sin(1851077 +1028.15)
+31.365in(249197¢ +1384.13) + 31.3651n( 248443t +1379.95)
+24.985in(250705¢ +1392.51) + 24.98sin(246935¢ +1371.57)
+4.90sin(251459t +1396.69) + 4.90sin(2461817 +1367.38)

Currents
Next, the line currents need to be solved for (the line current is assumed to be a

pure sine wave due to the highly inductive motor load). The output power is defined as:
P{mt = \/EVLLIL COS(Q)

where at m,=0.8, V,, .. =mV, =0.490*600 = 294.0.
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Thus, the magnitude of the rms line current is:

P

out

I rms =
e '\/EVLL,)‘ms,l COS(Q)

_ 250000
J3%294.0%0.9
= 545.49 A
Ie =21, =+/2-545.49=771.44 A

v, (ax) has a phase angle of 0,y =0°. Now, the phase angle of the line current can be

computed by:
p.f.=cos(@,, —6,)

6,=0, —COS_I(p.f.)
=0"—-25.84°
=-25.84" =-0.451rad

Therefore,

1, () =771.44sin(ax — 0.451)
=771.44sin(377t —0.451)

I, (ax)="771.44sin(wr —0.451—2.094)
=771.44sin(377t — 2.545)

I (ax)="771.44sin(er —0.451+2.094)
=771.44sin(3771 +1.643)

I, (ax), I, (ax), I, (ax) are shown in Fig. 6.
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Fig. 6: Line Currents, 1, (a)t),lb (a)t),lc (a)t)

The transfer function is now:

[ a’vb’vc]

H(ax)= ”

[6]

where it can be broken up to its phase components:

zﬁ(ml sin( a@r)

+m, sin((m, £2)ax) +m, sin((m, +4)ax)
+my sin((2m, T1)ax) + ms sin((2m,; £ 5)cr)
+mgsin((3m,; £2)ax) +m, sin((3m, £4)ax)
+myg sin((4m, LDax) + mgy sin((4m, £ 5)ax)
+my, sin((4m, £7)ax))

28
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V2

=—=-(0.490s1n(3771)

7

+0.135s1in(167 *377¢) +0.135sin(163 * 377¢)
+0.005s1n(169 *377¢) + 0.005 *sin(161* 377¢)
+0.192sin(331%377¢) +0.1925s1n(329 *3771)
+0.008sin(335*377¢) + 0.008 sin(325 * 377t)
+0.108s1n(497 *377t) + 0.108 sin(493 * 377¢)
+0.064 sin(499 *377¢t) + 0.064 sin(491*377¢)
+0.064 sin(661*377t) +0.064 sin( 659 * 377¢)
+0.051sin(665 *377¢t) +0.051sin(655 *377t)
+0.010sin(667 *377t) + 0.010sin(653* 3771))

): Yy (a)t)

Vdc

H, (ax —2.094

= % (m, sin(ax —2.094)

NE
+m, sin((m, 2)(@r —2.094)) + m, sin((m, +4)(@r —2.094))
+my sin((2m, £1)(r —2.094)) +m, sin((2m , +5)(ax —2.094))
+mg sin((3m,, +2)(er —2.094)) +m, sin((3m,, +4)(ax —2.094))
+mg sin((4m, £1)(@r —2.094)) +m sin((4m , +5)(@r —2.094))
+myq sin((4m, +7)(@x —2.094)))

NG

=—=-(0.490s1n(377t — 2.094)

NG

+0.135s1in(167 * (377t —2.094)) + 0.135sin(163* (377t — 2.094))
+0.005s1n(169 * (377t —2.094)) + 0.100sin(161* (377t — 2.094))
+0.192sin(331* (377t —2.094)) +0.1925s1n(329 * (377t — 2.094))
+0.008s1n(335* (377t — 2.094)) + 0.008 sin(325 * (377t — 2.094))
+0.108s1n(497 * (377t — 2.094)) + 0.108sin(493 * (377t — 2.094))
+0.064 sin(499 * (377t — 2.094)) + 0.064 sin(491* (377t — 2.094))
+0.064 sin(661* (377t —2.094)) + 0.064 sin(659 * (377t — 2.094))
+0.051sin(665 * (377t —2.094)) + 0.051sin( 655 * (377t —2.094))
+0.010sin(667 * (377t —2.094)) + 0.010sin(653* (377t — 2.094)))
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):Vc(a)f)

dc

H_(ax +2.094

_2

NG

+m, sin((m, 2)(@r +2.094)) + m, sin((m, +4)(@x +2.094))
+my sin((2m, £1)(exr +2.094)) + my sin((2m , +5)(@r +2.094))
+ mg sin((3m, +2)(axr +2.094)) +m, sin((3m,, +4)(ax +2.094))
+ mg sin((4m, £1)(@r +2.094)) +m, sin((4m , +5)(@x +2.094))
+myq sin((4m, +7)(ax +2.094)))

(m, sin( ax +2.094)

NG

=—=-(0.490s1n(377t +2.094)

NG

+0.135sin(167 * (377t +2.094)) +0.135sin(163 * (377t + 2.094))
+0.005s1n(169 * (377t +2.094)) +0.100sin(161* (377t + 2.094))
+0.192sin(331* (377t +2.094)) +0.192s1n(329 * (377t + 2.094))
+0.008s1n(335* (377t +2.094)) + 0.008sin(325 * (377t + 2.094))
+0.108s1n(497 * (377t +2.094)) + 0.108 sin(493 * (377t + 2.094))
+0.064 sin(499 * (377t + 2.094)) + 0.064 sin(491* (377t + 2.094))
+0.064 sin(661* (377t +2.094)) + 0.064 sin( 659 * (377t + 2.094))
+0.051sin(665 * (377t +2.094)) + 0.051sin( 655 * (377t +2.094))
+0.010sin(667 * (377t +2.094)) + 0.010sin(653 * (377t + 2.094)))

Finally, the total input dc bus current, / (ax), can be found by multiplying the

output line currents by this transfer function [8], i.e.

1, (ax)=1 () -H (ex)+1,(cx) H,(ax—2.094)+1 (ax) H (cr +2.094) (3)



NG

=771.44sin(377t —0.451) - —- (0.490sin(377¢)

NE

+0.135s1in(167 *377¢) +0.135sin(163 * 377¢)
+0.005s1n(169 *377¢) + 0.005 *sin(161* 377¢)
+0.192sin(331%377¢) +0.192s1n(329 *3771)
+0.008s1n(335*377t) + 0.008 sin(325 * 377t)
+0.108s1n(497 *377t) + 0.108sin(493 * 377t)
+0.064 sin(499 *377t) + 0.064 sin(491*377¢)
+0.064 sin(661*377t) + 0.064 sin(659 * 377¢)
+0.051sin(665 *377¢t) +0.051sin(655 *377t)
+0.010sin(667 *377t) + 0.010sin(653* 3771))

-H, (o —2.094)=

NG

=771.44sin(377t — 2.545) - — - (0.490sm(377t — 2.094)

V3

+0.135s1in(167 * (377t —2.094)) + 0.135sin(163 * (377t — 2.094))
+0.005s1n(169 * (377t —2.094)) +0.100sin(161* (377t —2.094))
+0.192sin(331%* (377t —2.094)) + 0.192s1in(329 * (377t — 2.094))
+0.008sin(335* (377t — 2.094)) + 0.008 sin(325 * (377t — 2.094))
+0.108s1n(497 * (377t — 2.094)) + 0.108 sin(493 * (377t — 2.094))
+0.064 sin(499 * (377t — 2.094)) + 0.064 sin(491* (377t — 2.094))
+0.064 sin(661* (377t —2.094)) + 0.064 sin(659 * (377t — 2.094))
+0.051sin(665 * (377t —2.094)) + 0.051sin(655 * (377t — 2.094))
+0.010sin(667 * (377t —2.094)) +0.010s1n(653 * (377t — 2.094)))
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I (ax)-H_ (ax+2.094) =
NG

=771.44sin(377t +1.643) - — - (0.490smn(377t + 2.094)

NG

+0.135sin(167 * (377t +2.094)) + 0.135sin(163 * (377t + 2.094))
+0.005sin(169 * (377t +2.094)) + 0.100sin(161* (377t +2.094))
+0.192s1in(331* (377t +2.094)) + 0.192sin(329 * (377t + 2.094))
+0.008s1n(335* (377t +2.094)) + 0.008 sin(325 * (377t + 2.094))
+0.108sin(497 * (377t +2.094)) +0.108sin(493 * (377t + 2.094))
+0.064 sin(499 * (377t +2.094)) +0.064 sin(491* (377t + 2.094))
+0.064 sin(661* (377t + 2.094)) + 0.064 sin(659 * (377t +2.094))
+0.051sin(665 * (377t +2.094)) + 0.051sin(655 * (377t + 2.094))
+0.010sin(667 * (377t +2.094)) + 0.010sin(653 * (377t + 2.094)))

1, (ax) is shown in Fig. 7 (zoomed in, in Fig. 8) and its harmonic spectrum is shown in

Fig. 9, which is also listed in Table 4.

1000 -

800 i

&00 |

400

OC Bus Current A

200

1 | 1
1] 2 4 B g 10 12 14 16 18 20
Time (ms])

Fig. 7: DC Bus Current, I, (ax)
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Fig. 8: DC Bus Current, [, (ax), Zoomed In

Harrmonic Spectrum of ldciwt)

I

0.5 1 1.5 2 25 3 35
Frequency (Hz)

Fig. 9: Harmonic Spectrum of 7, (ax)

w10
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Table 4: Harmonic Comparison of 7, (ax)

Order Freq (kHz) Magn (% of DC)
DC 0 100.00
162 9.72 29.92
168 10.08 29.92
324 19.44 1.81
330 19.8 37.95
336 20.16 1.81
492 29.52 19.22
498 29.88 19.22
654 39.24 10.31
660 39.6 12.65
666 39.96 10.31

28

From the harmonic spectrum (Fig. 9), it can be seen that I, (ax) has a dc

component of magnitude 416.67 A (P=Vglq, thus I = 250kW/600V = 416.67A

confirming accuracy).
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2.2 Switching Function Approach

In this approach we assume the dc current is made up of contributions of the line

currents that the dc bus “sees” while each top switch is on [9], as seen in Fig. 10.

Idl‘. lla lIb lIc

) f % {ii
R

Fig. 10: Six Switch Inverter

e

l"I:||:

Then the dc current would be the sum of each line current multiplied by its respective
gating signal (normalized to “1” when on and “0” when off) [9]. These gating signals

are generated in Simulink and are shown in Fig. 11 for 1/8 of a 60 Hz cycle.
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[REHNERRRRAIN

Fig. 11: Gating Signals for 60 Hz cycle

So, the dc current can be expressed as:
idL‘ = gatea (ia )+ gateb (ib )+ gatec (ic ) [9]
This approach is very similar to the transfer function method used in the open-form

solution as can be seen in the following block diagram Fig. 12.
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Fig. 13 shows the gating signal output voltage and its harmonic spectrum which is

also listed in Table 5.

hag (% of Fundamental)

FFT window: 2 of b cycles of selected signal

100

g0

g0

40

20

Fig. 13: Gating Voltage, v

gate,sw

0.005 0.01 0015 0.0z 0.025 0.03
Time (s)
Fundamental (50Hz) = 0.6936 , THD= 80.19%
a 059 1.958 2497 3,55
Frequency (Hz) o1t
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Table 5: Harmonics of v

gate,sw

Order Freq (kHz) Magn (% of Fund)
FUND 0.060 100.00
161 9.66 1.27
163 9.78 27.5
167 10.02 27.41
169 10.14 0.86
325 19.5 1.52
329 19.74 38.8
331 19.86 39.36
335 20.1 1.57
491 29.46 13.32
493 29.58 21.94
497 29.82 21.69
499 29.94 12.68
653 39.18 2.2
655 39.3 10.28
659 39.54 13.0
661 39.66 12.87
665 39.9 10.38
667 40.02 2.25

33

Fig. 14 shows the switching function dc current, i, , zoomed in. Fig. 15 shows i, ,

and its harmonic spectra. Table 6 lists the harmonics of i, .

|

Fig. 14: DC Current, i, ,,, Zoomed in



hag (% of DOC component)

-200

FFT window: 2 of B cycles of selected signal

800
B0
400
200

a ooos 0.m oo1s 002 0025 003
Time (=)

DC component = 4169 | THD= 97 B4%

oot ' E
a0 .
RO | .
40 F .
2':' I H N

D I
1] 0.9 1.98 297 396
Frequency (Hz) « 10t
Fig. 15: DC Current, i, ,
Table 6: Harmonics of i,
Order Frequency (kHz) Magn (%of dc)
DC 0 100.00
162 9.72 29.8
168 10.08 29.87
324 19.44 1.67
330 19.8 78.3
336 20.16 1.87
492 29.52 19.1
498 29.88 19.1
654 39.24 10.4
660 39.6 20.06
666 39.96 10.2

34
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2.3 Simulink Simulation

The system has been modeled in Simulink to perform the simulations implementing

synchronous and asynchronous PWM, with f, ,=60Hz, f,,, =2Hz, f,,, =500Hz,
and f,,, =900Hz. The switching frequency remains constant: f, , =9900Hz. Fig. 16

shows the block diagram of the Simulink simulation.
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60 Hz Case:

Fig. 17 shows the line-to-line voltagev,, ;, and its harmonic spectrum. The harmonics

are also detailed in Table 7.

FFT window: 3 of 4.2 cycles of selected signal

GO0
400

200

-200

-400

_EDD | | 1 1
002 002 003 003 004 0045 D005 005 008 0065
Tirme (5]

Fundamental (B0Hz) = 401.2 | THD= 80.75%

100 | .

= o0 .
=
[ah]}
5

= EOF .
=
L
=

= 40F .
fa]
T
=

20+ M‘ .

: I

0 0.99 1.98 297 3.56

Fregquency (Hz) - 104

Fig. 17: Line-to-Line Voltage, v 60 Hz

ab,siml »



Table 7: Harmonics of v

ab,siml

Order Freq (kHz) Magn (% of Fund)
FUND 0.060 100.00
161 9.66 0.98
163 9.78 27.4
167 10.02 27.5
169 10.14 1.06
325 19.5 1.70
329 19.74 39.54
331 19.86 39.3
335 20.1 1.76
491 29.46 13.0
493 29.58 21.9
497 29.82 22.0
499 29.94 13.12
653 39.18 2.19
655 39.3 10.7
659 39.54 13.18
661 39.66 13.26
665 39.9 10.35
667 40.02 2.38

Fig. 18 shows the line current, /

a,siml *

38

Fig. 18: Line Current, /

60 Hz

a,siml



Fig. 19 shows the input dc current (after the capacitor), [

dc,siml °

spectrum which is also listed in Table 8.

Mag (% of DC component)

FFT window: 3 of 4.2 cycles of selected signal

go0

BO0

400

200

0
0.0z 0.03 0.04 0.04 0.0
Time [s)
OC component = 416.8 |, THD= 96.59%

100 - .

B0} 1
B0 1
40} 1

20

D I

1] 0.9a 1.98 297 3.96
Freguency (Hz) ” 104

Fig. 19: DC Current, / 60 Hz

dc,siml »

Table 8: Harmonic Comparison of /

dc,siml

Order Freq (kHz) Magn (% of DC)
DC 0 100.00
162 9.72 29.45
168 10.08 29.84
324 19.44 1.77
330 19.8 77.03
336 20.16 2.0
492 29.52 18.1
498 29.88 18.76
654 39.24 10.3
660 39.6 26.3
666 39.96 10.02

and its harmonic

39
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Note: Since these results correspond well to the switching function approach, this

simulation will extend through calculating the capacitor voltage and determining
whether MIL-STD-461 is met for a relaxed curve of 16 dB puV for 600 V. Also, Fig.

20, MIL-STD-461 Conducted Emission (CE102) curve is inserted for quick reference.

E L T TTTIII [ T T ITTTIIII I T TITIIH

E MOMINAL EUT LIMIT H

2 SOURCE VOLTAGE (AC&DC)|  RELAXATION | H

el E 28 pasic cURVE | E
- 220 SR H

a4 N
\ T 10dE H

90 FN 440 12dB i
s E ™\
%_' 80 F :
o E I\\'\ H
b E M H
- E \ H
EE H
5TE N :
2 ™ BASIC CURVE :

B0 F H
0 £ :
== :

1

=)
=

100k 1M 10M 100m

Fig. 20: Propulsion Bus Distortion Spectrum

. . . V.
Note: The distortion spectrum y-axis is calculated as: dB = 20- logtl'ij. For MIL-

0
STD-461, this corresponds to the limits listed in Table 9, which will be used in the

graphs of capacitor voltage.

Table 9: Harmonic Content Limits for MIL-STD-461

Frequency (kHz) Magnitude (dBuV) | Magn (mV)
10.0 110.0 316.22
20.0 104.5 158.48
30.0 100.0 100.00
40.0 96.0 63.09




Fig. 21 shows the capacitor current, /

listed in Table 10.

and its harmonic spectrum, which is

cap,siml ?

FFT window: 3 of 4.2 cycles of selected signal

T

T T T T T

HqUH.DE 0.025 003 0.035 004 0045 005 0055 0.06

Mag (% of Fundamental)

Fig. 21: Capacitor Current, /

Table 10: Harmonic Comparison of /

Time (s)
X 1I:Ili
1] 0,99 1.58 207 396
Frequency (Hz) K 1E|‘

60 Hz

cap,siml

cap,siml

Order Freq (kHz) Magn (% of DC-bus)
DC 0 0.0
162 9.72 29.45
168 10.08 29.84
324 19.44 1.77
330 19.8 77.03
336 20.16 2.0
492 29.52 18.1
498 29.88 18.76
654 39.24 10.3
660 39.6 26.3
666 39.96 10.02

41
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Fig. 22 shows the capacitor voltage, v, > and its harmonic spectrum, which is

listed in Table 11.

FFT window: 2 of 4.2 cycles of selected signal
58"‘1 T T T T T T

552

5580

578

5?5 | 1 | 1 | 1
0.03 0.035 0.04 0.045 0.05 0.055 0.05

Tirne (5]

DC component = 580.4 | THD=0.28%

0.8

0.6

Mag

0.4
0.3162

s, S | R S S
oossd o j:::i::::::::::::::
|:| I||| Wl o H
0 0.99 1.98 297 396
Frequency (Hz) w1t

Fig. 22: Capacitor Voltage, v 60 Hz

cap,siml
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Table 11: Harmonics of v

cap,siml

Order Freq (kHz) Magn (%of dc) Magn(V) | Magn (dB uV)
DC 0.0 100.00 5804 | -------
6 0.360 0.0453 0.2633 108.41
162 9.72 0.1434 0.8324 118.41
168 10.08 0.1402 0.8137 118.21
330 19.8 0.1873 1.0871 120.73
492 29.52 0.0297 0.1728 104.75
498 29.88 0.0307 0.1785 105.03
654 39.24 0.0125 0.0724 97.19
660 39.6 0.0314 0.1821 105.21
666 39.96 0.0121 0.0698 96.88

From the simulation, the overall rms capacitor voltage from the harmonics is

Veapsim = 1.15 V. Note: This does not include the 6™ harmonic in the capacitor voltage,

which is not dominant in the capacitor current. The resonant frequency between the dc-

link inductor and the capacitor is 324.87Hz, which may be amplifying this 6 harmonic.

Vo
The distortion (with respect to 1 uV) is calculated as: 2010g[%} =dB, so for this
x
1.1
case we have, ZOlog[ 5_6 J =121.2.
1x10

As can be seen from Fig. 22, the MIL-STD-461 CE102 Distortion Spectrum
limit has been graphed as well. At 60 Hz, the present harmonics are well over this limit.

To mitigate this, the capacitor was increased to 17000 4F . The resulting capacitor

voltage and its harmonic spectrum are shown below in Fig. 23 and are listed in Table

12.
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FFT window: 2 of 4.2 cycles of selected signal
5808 . : . :

530.6

530.4

580.2

EBD 1 1 1 1
0.03 0035 0.04  0.045 005  0.055 0.06

Time (=)
OC component = 580.4 | THD= 0.04%
|:|3']EQ L5 L Ve S s R R R ]
DB ezl e 5 5 i R S 8 TS E SR L A B LT 450, o 0 R S R -
|:|25 o e e R S S i S S i R R RS -
Diztartion Limit
DQ o e T o G e e e S i T -
5
= |:|1585 e e e g A e R M o S B R R S S A R -
D'] e e e e s S o e s e R S R S R SRS -
DDEE'] o e e T e e e e e RS -
|:||:|25 iz slssesopsins seassonpammn | oo inn somsompiains oia | i B i ToR T IR PR R B ]
0 Lol ” |||
1] 0.99 1.98 2497 3.96
Frequency (Hz) i

Fig. 23: Adjusted Capacitor Voltage, v 60 Hz

cap,siml

Table 12: Harmonics of Adjusted v

cap,siml

Order Frequency (kHz) | Magnitude (%of Magnitude Magnitude (dB
do) V) uv)

DC 0.0 100.00 5804 | -
6 0360 |- e e
162 9.72 0.0202 0.1175 101.4
168 10.08 0.0198 0.1146 101.18
330 19.8 0.0264 0.1534 103.72
492 29.52 0.00421 0.0244 87.75
498 29.88 0.00433 0.0251 87.99
654 39.24 0.00175 0.0101 80.09
660 39.6 0.00443 0.0257 88.19
666 39.96 0.00171 0.00994 79.95

0'1622J =104.2.

The distortion (with respect to 1 uV) is calculated as: 20 log[1 0
X



Fundamental Frequency Range Simulations

2 Hz Case:

45

Fig. 24 shows the line-to-line voltagev,, ;, and its harmonic spectrum, which is also

listed in Table 13.

1000

FFT window: 2 of 3 cycles of selected signal

500

-500

-1000

0.4 0.6

0.8 1 1.2

Tirne (s)

Fundamental (2Hz)

=2806 , THD=182.70%

—
o (87} o [}
(o} [} [} [}
T T T T

)}
(o}
T

hag (% of Fundamental)

0 0.99 198 297 3.96
Frequency [(Hz) w1t
Fig. 24: Line-to-Line Voltage, v, ., 2 Hz
Table 13: Harmonics of v, ;..
Order Frequency (kHz) Magnitude (%of fund)
FUND 0.002 100.00
4948 9.896 11.3
4952 9.904 11.1
9899 19.798 87.3
9901 19.802 94.2
14848 29.696 53.3
14852 29.704 50.8
19795 39.590 27.5
19799 39.598 48.2
19801 39.602 48.9
19805 39.610 28.8




Fig. 25 shows the line current, /

1000

a00 +

-500 +

-1000

hlag (% of Fundamental)

46
and its harmonic spectrum.

a,siml ®

FFT window: 2 of 3 cycles of selected signal

0.4 0.6 0.e 1 1.2

Time (=)

Fundamental i2Hz) = 852 4 K THD= 14.00%

O 0.5 1 1.5 2 25 3 3.5 4
Frequency (Hz) « 10°

Fig. 25: Line Current, / 2Hz

a,siml ®



Fig. 26 shows the input dc current (after the capacitor), [

spectrum, which

Mag (% of DC component)

dc,siml °

is also listed in Table 14.

FFT window: 2 of 3 cycles of selected signal
1000 . . . :

800

BO0

400

200

0.4 0.6 0.8 1 1.2
Tirme (8]

DC component = 5326 | THD= 93.39%

100 - .
80 - 8
BO - .
40 + 8
20F .

D J |
1] 0.99 1.98 297 3.96
Freguency (Hz) w10t
Fig. 26: DC Current, 1 ;, ;,,, 2 Hz
Table 14: Harmonics of 1,
Order Frequency (kHz) Magnitude (%of dc)
DC 0 100.00
4947 9.894 16.9
4953 9.906 17.3
9900 19.8 69.3
14847 29.694 13.4
14853 29.706 14.2
19800 39.6 29.3

and its harmonic

47
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Fig. 27 shows the capacitor current, / and its harmonic spectrum, which is

cap,siml ?

listed in Table 15.

FFT window: 2 of 3 cycles of selected signal

1000 T T .
500
a
=00 0.4 0.6 08 1 12
Time (s)
x 10°
E L ] 1 1 1

L8]

b

o8]

Mag (% of Fundamental)
a

- |

0 0.99 .28 2.97 3.98
Frequency (Hz) S
Fig. 27: Capacitor Current, !, ;. 2 Hz
Table 15: Harmonics of 1, .,

Order Frequency (kHz) Magnitude (%of dc)
DC 0 0
4947 9.894 16.9
4953 9.906 17.3
9900 19.8 69.3
14847 29.694 13.4
14853 29.706 14.2
19800 39.6 29.3
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Fig. 28 shows the capacitor voltage, v and its harmonic spectrum, which is

cap,siml

listed in Table 16.

FFT window: 2 of 3 cycles of selected signal

B20 T T T T T
BO0 - .
580 - 1
560 - .
54':' L 1 1 1 1
0.4 0B 0.8 1 1=
Time (=]

DC component = 5747 | THO= 1.89%

0.8
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Mag

0.4
0362

01585 -

00851

1]

1] 0.89 1.98 297 3.96
Frequency (Hz) 4

Fig. 28: Capacitor Voltage, v 2 Hz

cap,siml >
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Table 16: Harmonics of v

cap,siml

Order Frequency (kHz) Magnitude (V) Magnitude (dB puV)
DC 0.0 5785 | -

6 0.012 6.124 135.74*
12 0.024 3.885 131.79*
150 0.300 2.324 127.32%
156 0.312 2.625 128.39*
162 0.324 1.664 124.42%
166 0.336 1.812 125.16*
174 0.348 2.478 127.88*
180 0.36 2.011 126.07*
4947 9.894 0.576 115.21
4953 9.906 0.586 115.36
9900 19.8 0.971 119.74
14847 29.694 0.0781 97.85
14853 29.706 0.0823 98.31

* not included in following calculations

From the simulation, the rms capacitor voltage from the harmonics is v =

cap,siml

1.277 V. The distortion (with respect to 1 V) is calculated as:

-6

2010g[11'12(z7 J:122.12. As can be seen from Fig. 28 and Table 16 most of the
X

harmonics do not pass the distortion limit. The lower order harmonics are not included
in the distortion calculation as they seem to appear due to the previously discussed
resonance condition, and it would require an unreasonable capacitor value to meet the

distortion limit. To mitigate the harmonics around mg, 2mf, and 3mf, the capacitor

was increased to 17000 uF . The resulting capacitor voltage and its harmonic spectrum

are shown below in Fig. 29 and are listed in Table 17.
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Fig. 29: Adjusted Capacitor Voltage, v

selected signal: 3 cycles

0.5

Tirme (s)

it

DC component = 5747 | THD= 1.51%

0.9

Table 17: Harmonics of Adjusted v

1.98

Frequency (Hz)

cap,siml >

396
w107

297

2 Hz

cap,siml

Order Frequency (kHz) Magnitude (V) Magnitude (dB puV)

DC 0.0 5785 | -

6 0.012 6.16 135.79*

12 0.024 3.984 132.01*

4947 9.894 0.0812 98.19

4953 9.906 0.0826 98.34

9900 19.8 0.137 102.73

14847 29.694 0.011 80.83

14853 29.706 0.0115 81.21

*not included in calculation
. . . . 0.1801
The distortion (with respect to 1 uV) is calculated as: ZOlog[1 10 j =105.11.

X
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500 Hz Case (Asynchronous):

Fig. 30 shows the line-to-line voltagev

ab,sim
listed in Table 18.

FFT window: 3 of 10.5 cycles of selected signal

1000 -
500 “
a
-500 ¢
_-“:":":' 1 1 1 1 1 1
0.011 0.012 0.013 0.014 0.015 0.016
Time (=)
Fundarmental (300Hz) = 415.4 | THD= 27.49%
oor ' ' ' g
£ anf -
Lak]
£
1]
E EBOf 8
=
L
o 40t 8
=
T
| JL LU.L _
L . A
a 0.939 1.958 297 3.96
Frequency (Hz) « 107

Fig. 30: Line-to-Line Voltage, v 500 Hz

ab,siml »
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, and its harmonic spectrum, which is also



Table 18: Harmonics of v

ab,siml

Order Frequency (kHz) Magnitude (%of fund)
FUND 0.500 100.00
17.664 8.8322 21.24
18 9.0 13.3
21.664 10.832 19.84
22 1.1 14.7
38.664 19.332 36.82
40.664 20.332 36.65
55.33 27.665 12.0
57.33 28.665 21.06
61.33 30.665 20.4
63.33 31.665 12.39
74.33 37.165 8.26
78.33 39.165 9.8

Fig. 31 shows the line current, /

Mag (% of Fundamental)

and its harmonic spectrum.

a,siml ®

FFT window: 3 of 10.5 cycles of selected signal

300 pr

200

100

-100

-200

-300 M

0.om

1 1 1 1 1
0.012 0.013 0.014 0.015 0.016
Tirne (s)

Fundamental (500Hz) = 210.8 , THD=1.17%

100 |

80

B0 -

40+

20

Fig. 31: Line Current, /

0.59 1.98 297 3.96
Freguency (Hz) w10t

500 Hz

a,siml ®
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Fig. 32 shows the input dc current (after the capacitor), / and its harmonic

dc,siml °

spectrum, which is also listed in Table 19.

FFT window: 3 of 10.5 cycles of selected signal
3[“:' T T T T T T

200+ H

100 H

-100

_2[“:' 1 1 | | 1 1
0.011 0.012 0.013 0.014 0.015 0.016

Time (g}

OC component = 33.31 , THD= 96.53%

120 .

100 | =

hlag (% of DC component)

a 059 1.98 297 3.96
Frequency (Hz) " 1EI4

Fig. 32: DC Current, / 500 Hz

dc,siml °
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Fig. 33 shows the capacitor current, /

in Table 20.

Mag (% of Fundamental)

Table 19: Harmonics of 1

dc,siml

55

Order Frequency (kHz) Magnitude (%of dc)
DC 0 100.00
16.5 8.332 77.35
17 8.5 514
22.664 11.332 85.6
23 11.5 58.2
39.664 19.832 70.3
56.33 28.165 115.4
62.33 31.165 123.7
73.33 36.665 34.2
79 39.5 13.0
79.33 39.665 20.5

200

cap,siml ?

FFT window: 3 of 10.5 cycles of selected signal

and its harmonic spectrum, which is listed

100

-100

-200 =

0.011

0.012

0.013

0.014
Tirme (s)

0.015 0.016

120

100

Fig. 33: Capacitor Current, /

0.59

297

Freguency (Hz)

500 Hz

cap,siml *

395
¥ 10°
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Table 20: Harmonics of 1

cap,siml
Order Frequency (kHz) Magnitude (%of dc)
DC 0 100.00
16.5 8.332 77.35
17 8.5 514
22.664 11.332 85.6
23 11.5 58.2
39.664 19.832 70.3
56.33 28.165 115.4
62.33 31.165 123.7
73.33 36.665 34.2
79 39.5 13.0
79.33 39.665 20.5

Fig. 34 shows the capacitor voltage, v and its harmonic spectrum, which is listed

cap,siml

in Table 21.
FFT window: 3 of 10.5 cycles of selected signal
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599 |
595
59? 1 L 1 1 1
0.015 0.016 0.017 0.018 0.019 0.0z
Time (5]
DC component = 5355 | THD= 0.03%
03162 f- e LR TR e ]
D e e e e e e et ety
I S et e L L e Ll

= Diztortion Limit

= 01588 - e
e e L e el bbb
EHESE] | ol ittt il pok bbbl ELb Lt Bt LRt
1]
0 0.99 1.98 2587 a5l
Frequency [Hz) ’ 1D4

Fig. 34: Capacitor Voltage, v 500 Hz

cap,siml >
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Table 21: Harmonics of v

cap,siml

Order Frequency (kHz) Magnitude (V) Magnitude (dB puV)
DC 0.0 5085 | -

0.664 0.3322 0.2233 106.98

16.664 8.332 0.2056 106.26

17 8.5 0.1305 102.31

22.664 11.332 0.1623 104.21

23 11.5 0.1148 101.19

39.666 19.833 0.0771 97.74

56.33 28.165 0.091 99.18

63.3 31.165 0.0863 98.72

From the simulation, the rms v =0.4127 V. The distortion (with respect to 1 uV)

cap,siml

is calculated as:

2010g[0'4127 =112.31.
1x10

-6

As can be seen from Fig. 34, the present harmonics all pass the distortion limit.



900 Hz Case:

Fig. 35 shows the line-to-line voltagev

ab,sim
listed in Table 22.

FFT window: 2 of 18 cycles of selected signal
1000 . :

&00 “

-500 ¢

_'“:":":I 1 1 1 1
0.016 0.0165 0.017 0.0175 0.015

Time [(s)
Fundamental (800Hz) = 415.3 , THD= 78.62%
1oofF ' ' ' 1

a0} -

hlag (% of Fundamental)

20t

I:I i L i M 1 i L | ‘ Jd ‘ | | | L

1] 0.99 1.93 2497 3.96
Frequency (Hz) « 10t

Fig. 35: Line-to-Line Voltage, v 900 Hz

ab,siml »
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, and its harmonic spectrum, which is also



Fig. 36 shows the line current, /

hlag (% of Fundamental)

Table 22: Harmonics of v

ab,siml

Order Frequency (kHz) Magnitude (%of fund)
FUND 0.900 100.00
9 8.1 27.5
13 11.7 27.5
21 18.9 39.3
23 20.7 39.3
29 26.1 13.1
31 27.9 22.1
35 31.5 22.1
37 33.3 12.1
39 35.1 10.5
43 38.7 13.2

200

100

=100

-200

a,siml ®

and its harmonic spectrum.

FFT windaw: 2 of 18 cycles of selected signal

0.016

100

80

B0

40

20

0.0165 0.0$17 0.0175 0.018

Time (s)

-

Fundamental (200Hz) = 119.7 , THD= 4.69%

Lol.l

0.99

1.98 297 3.96

Freguency (Hz) « 10"

Fig. 36: Line Current, /

900 Hz

a,siml ®
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Fig. 37 shows the input dc current (after the capacitor), I and its harmonic

dc,siml °

spectrum, which is also listed in Table 23.

FFT window: 2 of 18 cycles of selected signal

150 - . . .
100+ 8
50 F .

1]

=0l i

_-“:“:' 1 1 1 1

0.018 0.0185 0.019 0.0195
Tirne (g)

DC component = 11.55 | THD= 406.3%

250 : : ' : :
= 200 [ _
]
=
(ak}
=
1] - .
= 150
)

L
=] L _
= 100
fan3)
1]
= &0 .
0 5 s 1 l s A
1] 0.99 1.98 297 3.96
Frequency (Hz) T
Fig. 37: DC Current, 1 ;, ;,,» 900 Hz
Table 23: Harmonics of 1,
Order Frequency (kHz) Magnitude (%of dc)
DC 0 100.00
8 7.2 157.6
14 12.6 193.9
22 19.8 74.5
30 27.0 200.8
36 32.4 225.1
38 34.2 72.73
44 39.6 27.7
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Fig. 38 shows the capacitor current, / and its harmonic spectrum, which is

cap,siml ?

listed in Table 24.
FFT window: 2 of 18 cycles of selected signal
100 T . . .
50+ I E
[| i
50 | |
-1 00 1 1 1
0me 0.0185 0.019 0.0195
Time (s)

250 |
® 200| |
E
E
g o .
g 150
w I 4
=]

2 100| ]
g
= |
0 Iq Le 1 L A L i e
o 05 1 145 2 25 | 35 4
Frequency (Hz) i
Fig. 38: Capacitor Current, I, ., ,» 900 Hz
Table 24: Harmonics of / cap.siml
Order Frequency (kHz) Magnitude (%of dc-bus)
DC 0 0
8 7.2 157.6
14 12.6 193.9
22 19.8 74.5
30 27.0 200.8
36 32.4 225.1
38 34.2 72.73
44 39.6 27.7
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Fig. 39 shows the capacitor voltage, v and its harmonic spectrum, which is

cap,siml >
listed in Table 25.
Selected signal: 18 cycles
R05 .
B0 |
a95
500 |
585 1 1 1
] 0.005 0.0 0.015 0.02
Tirne (s]
DC component = 599.5 | THD= 0.04%
0.3182 [ A .
Distartion Limit
1 T
L B B B b b
112 B . & 1
1] I n 1 | L | n | | :
0 099 198 297 396
Frequency (Hz) it
Fig. 39: Capacitor Voltage, v,,, .1 » 900 Hz
Table 25: Harmonics of v,,, ;.
Order Frequency (kHz) Magnitude (V) Magnitude (dB puV)
DC 0.0 5997 | -
0.5 0.45 0.0555 94.89
8 7.2 0.1681 104.511
14 12.6 0.1169 101.36
22 19.8 0.0258 88.23
30 27.0 0.0575 95.19
36 32.4 0.0535 94.57
38 34.2 0.0162 84.19

From the simulation, the rms v =0.2283 V. The distortion (with respect to 1 uV)

cap,siml

is calculated as:

=107.17.

0—6

V.o
20log| —=™- | =dB, so for this case we have, 20 log[
1x1 1x1

0.2283j
x107°

As can be seen from Fig. 39, the present harmonics are beneath the distortion limit.
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2.4 PSpice Implementation
Fig. 40 shows the schematic used in the PSpice simulation with f = 9900
Hz, f,,,= 60 Hz, m,= 0.8. Fig. 41 shows the line-to-line voltage, and its harmonic

spectrum is shown in Fig. 42

&
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R L7 R7 Hoct
ks b Rt
mez  am oc
Zphirr R FTIFOTH053
=14E2
Rz ITHTERI06S
24000
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Lz ZE0TSAE3240446m
RT3 R0 444m

Fig. 40: PSpice Simulation Schematic
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Fig. 41: PSpice Line-to-Line Voltage, v,, . (@r)
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Fig. 42: Harmonic Spectrum of v, ;. (ax)

Fig. 43 shows the PSpice simulation line current, 7, , (ax).

BoeA

RTL]

—hilin

as 5ns 10ws 15-|'E 28ns 25ms 2i0ors a5ns 4@ns HEmS Sans
{S1T{Ru}
- Timp

Fig. 43: PSpice Line Current, I, ,, (ax)

Fig. 44 shows the input dc bus current and its harmonic spectrum is shown in

Fig. 45.
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Fig. 44: PSpice DC Current, I, ,, (a¥)
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Fig. 45: Harmonic Spectrum of 7, ;. (ax)

The harmonics of v

Section.

ab,sim

(ar) and 1 de.sim (ax) are listed in the overall Comparison
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2.5 Space Vector Switching Function Approach
With space vector modulation (SVM), a set of three-phase ac voltages yields a
single voltage vector,v, . in the d-q plane [10]. This is achieved through using Park’s
Transformation as seen in Equation 4. The instantaneous output voltages are

determined by the state of the six inverter switches. There are eight possible switching

states, which are shown in Fig. 46 (includes two zero states) [10].

Vas /f /ﬁ v,

R 0 _f/ f/ :

S

Vi V& Vi

Y7 Vi

Fig. 46: Eight Possible Switching States
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Each one of these states represents a vector in the d-q plane; and these vectors are

shown in Fig. 47. Note that the states V7 and V8 are null states and are represented in

the origin of Fig. 47.

V3 Yo

Fig. 47: Switching Voltage Vectors

When the desired voltage vector, v, , is in the position above (Fig. 47) over some time

interval, T, it can be defined in terms of the adjacent voltage vector components (V1,

V2, V7, V8) by equating voltage-time intervals:

t t
VB VI, 4 V2R £ VTR =y, T

a’

t t
where V8, V1, V2, and V7 are selected for times E‘), t,,t,,and 30 , respectively.

The time durations can be solved as follows [11]:

I .
t, = %VSTS [COSOK——SH’I aj

7 3
63

V.T, (sin)

1, =

t() :Tv _ta _tb
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where V. is the desired line voltage magnitude normalized to 0.61*V, and « is the

s

angle between v, and the switching voltage vector Va. The pulse pattern generated by

this is shown in Fig. 48 [12].

t% to/
t% topi b 2, t%: t, i I 2

- f—a— Lol

Fig. 48: SVM Pulse Pattern

It is important to note that there are other switching algorithms that could be used;
however, this is what is used for the following simulation.

In this approach, the same methodology as for the SPWM switching function
approach is used based on the SVM gating signals generated. Also, the same
parameters are used here as in the analytical solution. The gating signals are generated
using Matlab, and then they are inserted into Simulink to generate the dc input current.

Fig. 49 shows the Simulink block diagram of the SVM approach.
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SUM Gating Signals

L{V

S
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>
Y oa S AC Gating Signals

SinfS

a
Froductt

Froductz

L
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Fig. 49: Block Diagram of SVM

gating
signal
gain

Switching
Current

SV DC current

SWM AC Currents pulsed

Pavvergui
-Dizcrete,
Ts=0.521e-007 5

Fig. 50 shows the line-to-line gating signal and harmonic spectrum for switch one to

switch three, which are listed in Table 26.



Mag (% of Fundamental)

FFT window: 3 of 3 cycles of selected signal

-1
0 00os 001 0015 002 0025 003 0035 004 0045

Time (s)

Fundamental (B0Hz) = 0.6843 | THD= 83.57 %
1DD [ T T T T I_
80 R
B0 R
40 4
20F .
0 'i Il Jlll |||]
1] 0.2 1.95 257 3.596
Freguency (Hz) . 104

Fig. 50: SVM Gating Signal Voltage, v

gate,SV

Table 26: Harmonics of v

gate,SV
Order Freq (kHz) Magn (% of Fund)
FUND 0.060 100.00
161 9.66 11.6
163 9.78 16.4
167 10.02 16.5
169 10.14 12.2
325 19.5 8.3
329 19.74 44.5
331 19.86 43.9
335 20.1 8.5
491 29.46 13.7
493 29.58 17.8
497 29.82 17.6
499 29.94 13.5
653 39.18 6.7
655 39.3 10.4
659 39.54 17.2
661 39.66 17.2
665 39.9 10.2
667 40.02 6.8
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Fig. 51 shows phase a line current.

FFT window: 3 of 3 cycles of selected signal
1DDD T T T T T T T T

a00

-500

-1000

1 | | |
0.025 0.03 0.035 0.04 0.045
Tirme (=)

I I I 1
0 0.0058 0.01 0.015 0.0z

Fig. 51: SVM Line Current, /

a,sv

Fig. 52 shows the dc current which is the sum of the line currents multiplied by there
respective gating signals and the resulting harmonic spectrum, which is listed in Table

27.
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Fig. 52: SVM DC Current, 1, ,
Table 27: Harmonics of 1, 4,

Order Frequency (kHz) Magnitude (%of dc)
DC 0 100.00
162 9.72 60.8
168 10.08 62.4
324 19.44 24.4
330 19.8 88.4
336 20.16 25.0
486 29.16 10.2
492 29.52 68.2
498 29.88 67.4
504 30.24 11.2
654 39.24 37.2
660 39.6 34.6
666 39.96 37.0
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2.6 Experimental Verification

In this section, experimental data is provided from a SPWM controlled drive and
compared with simulation results using similar operating parameters; however there are
a few differences due to the specific dc bus filtering. This actual filtering information
(LC values) is not available with the current hardware. So, the first simulation is run
without any additional parameters added, then a second simulation is run with
approximated values for the dc bus filter. Fig. 53 shows the block diagram of the
experimental setup.

The experimental parameters are:

Reliance Electric AC — VS Drive: 5 hp 230 V

US Electric Induction Motor: 5 hp 230 V 60 Hz

Vigeep =330V Views =1472°V pf=0836 I, =1212A
f., =3.51kHz P, =3.00 kW@ m, =0.73
[
Source
{Load
Cortrol)
3 ph P 1-ph D
1)
Fph 230
_. n .
RE"agchE'ggD”EfSD US Electric Induction M otor D Mtor
—H Few= 3561kHz e R R R S (Used = load)
Was tl?3 GOHz pf = 0836
M easurerment; i easurerment; M easurermeant: M easurement:
Il easwrement:
Wile Yah Torque WT
Pover In Ide lalblc Speed Va

Fig. 53: Experimental Setup Block Diagram



Fig. 54 shows the harmonic spectrum of the line-to-line voltage, V/, ...,
the experimental setup and Table 28 lists the harmonics present.
Fig. 54: Harmonic Spectrum of Experimental Line-to-Line Voltage,V,, ...
Table 28: Harmonics of V,
Order Frequency (kHz) Magnitude (V) Magnitude (%of Fund)
FUND 0.060 147.2 100.00
56.5 3.39 39.6 26.9
60.5 3.63 41.6 28.3
116 6.96 68.6 46.6
117 7.08 65.6 44.6
171.5 10.29 16.4 11.1
173.5 10.41 37.4 25.4
177.5 10.65 36.4 24.7
179.5 10.77 16.8 11.4
Fig. 55 shows the harmonic spectrum of the dc bus current, / and its

harmonics are listed in Table 29.

dc,exp
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from



Fig. 55: Harmonic Spectrum Experimental DC Bus Current, /

Table 29: Harmonics of 1

dc,exp

dc,exp

Order Frequency (kHz) Magnitude (A) Magnitude (%of dc)
DC 0.06 7.81 100.00

4.5 0.27 0.31 3.9

55.5 3.33 0.99 12.6

61.5 3.69 1.1 14.1

117 7.02 4.1 52.5

172.5 10.35 0.7 8.9

178.5 10.71 0.85 10.9

75
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Simulink Simulation Verification

As stated above, this first simulation was performed without the specific dc bus

filtering. Fig. 56 shows the block diagram of the simulation.

DF2
e In
Phase = - n
|| R=1e3 Ohms DC Cumrent lin d comp

L=0.1mH

+ A
J 3] ? L
pulses c

Universal Bridge

PN Generator

+
Wde =330

T

f

Pulses

[ +
Weapd
Inverter L 4 ¥ = Wloadd 4>.
Voltage peakZims Load Current
R = 5.55065 Ohms phase o
Dizclaimer L = 96641654 mH RL_a RL_b RL_c Y woltage

Phase

¥
£
=
i
=
peaﬂrmﬂ%
Fowergui

-Discrete powerfador=0.838

Ts=3181e-006 5.
la phase D‘ |,—0| |3 Phasze Power

Fig. 56: Block Diagram of Experimental Verification Simulation

Fig. 57 shows the harmonic spectrum of the line-to-line voltage from the simulation,

V.1 vert » and Table 30 lists the harmonics present.
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Fig. 57: Harmonic Spectrum of Simulation Verification Line-to-Line Voltage, V,, .,

Table 30: Harmonics of V, .,

Order Frequency (kHz) Magnitude (V) Magnitude (%of Fund)
FUND 0.060 147.61 100.00

56.5 3.39 37.81 25.61

60.5 3.63 37.81 25.62

116 6.96 69.65 47.19

117 7.08 69.66 47.19

171.5 10.29 16.83 11.41

173.5 10.41 39.81 26.96

177.5 10.65 39.72 26.90

179.5 10.77 16.79 11.37

Fig. 58 shows the harmonic spectrum of the dc bus current, 1

harmonics are listed in Table 31.

dc,verl °

and its



Fig. 58: Harmonic Spectrum of Simulation Verification DC Current, /

GET
R La = M o =l (]

DC component = 7.856 | THD= 94 37 %

Table 31: Harmonics of 1

3510

020 10530

Frequency (Hz)

dc,verl

dc,verl

Order Frequency (kHz) Magnitude (A) Magnitude (%of dc)
DC 0.060 7.86 100.00

55.5 3.33 2.33 29.61

61.5 3.69 2.42 30.76

117 7.02 7.4 94.25

172.5 10.35 2.26 28.76

178.5 10.71 2.39 30.39
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As can be seen from the first simulation, the harmonics are approximately twice

the magnitude of the experimental data and there is no harmonic present at 270 Hz.

This is probably due to the specific dc bus filtering components not being included that

are incorporated in the particular adjustable speed drive used for these test. Since there

was no ready access to or documentation for these elements, an approximation was

made by adding an inductance of L. = 128 pH and a capacitance of C = 1200 uF across

the dc bus for the second simulation. The current was then measured between this

approximate filter and the main dc bus capacitor. As expected, adding the inductance

and capacitance values did not change the line-to-line voltage harmonic spectrum.
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Fig. 59 shows the harmonic spectrum of the dc bus current from the second

simulation and Table 32 listed the harmonics present.

DC component = 7.848 | THD= 53.13%

Mag
ra ) = M o1~ o0
1

'l | L

1l 3510 020 10530
Frequency (Hz)

Fig. 59: Harmonic Spectrum of Simulation Verification DC Current, 1, .,,

Table 32: Harmonics of 1,,,,,,

Order Frequency (kHz) Magnitude (A) Magnitude (%of dc)
DC 0.060 7.85 100.00

4.5 0.27 1.39 17.66

55.5 3.33 1.46 18.60

61.5 3.69 1.51 19.21

117 7.02 4.16 52.98

172.5 10.35 0.87 11.13

178.5 10.71 0.84 10.72

As can be seen from Table 32, the harmonics correlate better with the added
approximated dc bus filter. There is now a harmonic component present at 270 Hz and
the magnitudes of the other harmonics match better. The harmonics of the experimental

data will be directly compared with the simulation results in the Comparison Section.
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3 Overall Comparison of Harmonics
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Table 34: Harmonic Spectra Comparison of 7, (at 60Hz fundamental)

SPWM SPWM SPWM SPWM SVM Switching
Analytical | Switching Func. Simulink PSpice Function”

Order | Freq (kHz) Magn (% of DC)

DC 0 100.00 100.00 100.00 100.00 100.00

162 9.72 29.92 29.80 29.45 29.21 60.80

168 10.08 29.92 29.87 29.84 29.60 62.40

324 19.44 1.81 1.67 1.77 - 24.40

330 19.80 37.95 78.30 77.03 82.13 88.40

336 20.16 1.81 1.87 2.00 - 25.00

492 29.52 19.22 19.10 18.10 19.47 68.20

498 29.88 19.22 19.10 18.76 19.85 67.40

654 39.24 10.31 10.40 10.30 9.54 37.20

660 39.60 12.65 20.06 26.30 25.61 34.60

666 39.96 10.31 10.20 10.02 9.80 37.00

"SVM is included for comparison purposes only, not for “correlation” with SPWM

It is shown above, in Table 33, that the line-to-line output voltage harmonics
correspond very well between the SPWM analytical, switching function, Simulink and
PSpice approaches. Looking at Table 34, it can be seen that small differences exist in

the analytical reflected dc current, namely at 2m, (330th harmonic) and 4m;, (660th

harmonic). This may be due to the fact that for the analytical approach, the output line-
to-line voltage harmonic magnitudes were used as specified in [7], however the phase
angles are not provided. Also, there is an added phase shift in the actual transfer
function as documented in [8]. It was found that by adding a phase shift of 60° to the
331" and 661* harmonics in the voltage corrected the magnitudes of the harmonics in
the dc current. The line-to-line output voltage harmonics are extremely similar for each
case (within 0.1% error). Table 35 lists the corrected harmonics of the dc bus current
and Table 36 shows the comparison of the dc bus current from the experimental

verification.
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Table 35: Corrected Harmonic Spectra Comparison of 7, (at 60Hz fundamental)

SPWM SPWM SPWM PSpice SVM Switching
Analytical | Switching Func. Simulink Function”

Order | Freq (kHz) Magn (% of DC)

DC 0 100.00 100.00 100.00 100.00 100.00

162 9.72 29.92 29.8 29.45 29.21 60.8

168 10.08 29.92 29.87 29.84 29.6 62.4

324 19.44 1.81 1.67 1.77 - 24.4

330 19.8 72.05 78.3 77.03 82.13 88.4

336 20.16 1.81 1.87 2.0 - 25.0

492 29.52 19.22 19.1 18.1 19.466 68.2

498 29.88 19.22 19.1 18.76 19.847 67.4

654 39.24 10.31 10.4 10.3 9.54 37.2

660 39.6 24.02 20.06 26.3 25.61 34.6

666 39.96 10.31 10.2 10.02 9.8 37.0

"SVM is included for comparison purposes only, not for “correlation” with SPWM

Table 36: Experimental Verification Harmonic Spectra Comparison of [,

Experimental Data Simulation 1 | Simulation 2

Order Freq (kHz) Magn (%of dc)

DC 0.06 100.00 100.00 100.00

4.5 0.27 39 ] e 17.66

55.5 3.33 12.6 29.61 18.60

61.5 3.69 14.1 30.76 19.21

117 7.02 52.5 94.25 52.98

172.5 10.35 8.9 28.76 11.13

178.5 10.71 10.9 30.39 10.72
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4 Conclusion

4.1 Conclusion

Since it is proposed that HEV’s will be used in applications that have high
performance requirements, investigations into the harmonics generated by converters
are very important. Several different approaches (Analytical, Switching Function,
Simulink, and PSpice) were used to investigate dc bus harmonics. The first approach
was to derive the dc bus current analytically using SPWM, which produced accurate
results for the output line-to-line voltages and all but two of the reflected dc bus

harmonics. The magnitudes of the harmonics at 2m, and 4m, were lower than what

was found in the Switching Function approach and the Simulink and PSpice simulations
due to a phase shift introduced by the transfer function. When this phase shift was
added to the analytical approach it produced more representative predictions of the
magnitudes of the 330™ and 660™ harmonics.

The SPWM Switching Function approach utilizes the switching characteristics
of the inverter to construct the dc bus currents. More specifically, the dc current is
constructed from the contributions of each of the top switches while in the “on state”,
contributing the ac line current associated with each switch. The results from this
approach correlated very well with the Simulink and PSpice simulations. The
Simulations performed in Simulink modeled the system, including the inverter using
SPWM, a load calculated to meet the required power levels, and the components of the
dc bus. Since the results of this simulation matched extremely well with the SPWM

Switching Function approach (and PSpice, and correlated fairly well with the Analytical
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approach), Simulink was used to investigate fundamental frequency changes

including 2Hz, 60Hz, 500Hz, and 900Hz. For each case, the harmonics present in the
dc bus capacitor were noted and compared with the MIL-STD-461 distortion limits. In
the cases that didn’t meet the distortion limit (2 Hz and 60 Hz), the dc bus capacitor was

increased to 17,000 u F for mitigation. Next, PSpice was used to simulate the system

and the results correlated extremely well with both the SPWM Switching Function and
SPWM Simulink Simulation approaches.

For comparison, the SVM Switching Function approach was implemented.
Although SVM is a completely different switching scheme than SPWM, the resulting
harmonic orders correlated very well with the other approaches.

For further verification, an experimental test was setup and compared with a
Simulink simulation. Due to lack of information on the values of the dc bus filter used
in the adjustable speed drive for the experimental test, the comparison yielded close, but

not exact results.

4.2 Suggestions for Future Work

As can be seen from this research, there are significant harmonics reflected onto
the dc bus from a single converter. In large HEV applications, there may be several
converters connected to a single dc bus. Future work should involve investigating these
harmonics generated by multiple converters and relevant mitigation techniques. In
addition, future hardware implementation work will include actual drive design and

filter specifications for more accurate hardware vs. simulation comparison.
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It is suggested that Simulink be used as the platform for future work as it can

model the system(s) very well and has built in tools to view waveforms in both the time

domain and frequency domain.
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6 Appendix

Matlab Code for Analytical Closed Form Solution (pwm.m)

%DC Ripple Current Using Sine-Triangle Pulse Width Modulation Simulation
%Version 1.4 04/13/2004

%Waylon Bowers

J%0Motor Systems Research Facility
%O0Oregon State University
9%Corvallis, OR 97330

%This material is provided without any guarantee or warranty either
Joexpressed or implied, and no author or distributor of this material will
%be held responsible for any damage that might possibly result from the use
Joor misuse of this material. The user acknowledges and accepts sole
Joresponsibility for his/her usage of this material.

JoParameters

Vdc = 600.0; %DC Bus Voltage (assumed ripple free)
f=60.0; 9%0Fundamental Frequency (Hz)

w = 2.0*pi*f; 9%0Fundamental Frequency (rad/sec)

fsw = 9900.0; 9% Switching Frequency

fsamp = 2.0%123280.0; 9% Nyquist Sampling Frequency

t = [0.0:1/fsamp:1.0-1/fsamp]; %Time vector

Ma =0.8; 9% Amplitude Modulation Ratio

Mf = fsw/f; 9%Frequency Modulation Ratio

% Vharmonic/Vdc ratio from Ned Mohan - "Power Electronics"

Mah = sqrt(2.0)*[0.490 0.135 0.192 0.108 0.064 0.064 0.051 0.005 0.008 0.010];
Kh = [1 (Mf+2) (M£-2) (2*Mf+1) (2¥Mf-1) (3*Mf+2) (3*Mf-2) (3*Mf+d) (3*Mf-4)
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(4*Mf+1) (4*M1-1) (4*MIf45) (4*M1-5) (Mf+4) (Mf-4) (2*Mf+5) (2*MT-5) (4*Mf+7)

4*Mf-7)]; %0Order of harmonic

Pout = 250000.0; 9% Output Power

pf=0.9; %Power Factor

phase = 120.0*p1/180.0; %Phaseshift (rad)

phase30 = 30.0*p1/180.0;

theta_I = -acos(.9); 9%Reference Current phase angle (rad)
ms = length(t); %Scaling factor for fft magnitudes

format long g
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%Phase Voltages

Va = (1/sqrt(3))*Vdc*(Mah(1)*sin(Kh(1)*w*t) + Mah(2)*sin(Kh(2)*w*t) +
Mah(2)*sin(Kh(3)*w*t) + Mah(3)*sin(Kh(4)*w*t) + Mah(3)*sin(Kh(5)*w*t) +
Mah(4)*sin(Kh(6)*w*t) + Mah(4)*sin(Kh(7)*w*t)+ Mah(5)*sin(Kh(8)*w*t)+
Mah(5)*sin(Kh(9)*w*t)+ Mah(6)*sin(Kh(10)*w*t)+ Mah(6)*sin(Kh(11)*w*t)+
Mah(7)*sin(Kh(12)*w*t)+ Mah(7)*sin(Kh(13)*w*t)+
Mah(8)*sin(Kh(14)*w*t)+Mah(8)*sin(Kh(15)*w*t)+Mah(9)*sin(Kh(16)*w*t)+Mah(9)
*sin(Kh(17)*w*t)+Mah(10)*sin(Kh(18)*w*t)+Mah(10)*sin(Kh(19)*w*t));

Vb = (1/sqrt(3))*Vdc*(Mah(1)*sin(Kh(1)*(w*t-phase)) + Mah(2)*sin(Kh(2)*(w*t-
phase)) + Mah(2)*sin(Kh(3)*(w*t-phase)) + Mah(3)*sin(Kh(4)*(w*t-phase)) +
Mah(3)*sin(Kh(5)*(w*t-phase))+ Mah(4)*sin(Kh(6)*(w*t-phase)) +
Mah(4)*sin(Kh(7)*(w*t-phase)) + Mah(5)*sin(Kh(8)*(w*t-phase)) +
Mah(5)*sin(Kh(9)*(w*t-phase)) + Mah(6)*sin(Kh(10)*(w*t-phase)) +
Mah(6)*sin(Kh(11)*(w*t-phase)) + Mah(7)*sin(Kh(12)*(w*t-phase)) +
Mabh(7)*sin(Kh(13)*(w*t-phase))+Mah(8)*sin(Kh(14)*(w*t-
phase))+Mah(8)*sin(Kh(15)*(w*t-phase))+Mah(9)*sin(Kh(16)*(w*t-
phase))+Mah(9)*sin(Kh(17)*(w*t-phase))+Mah(10)*sin(Kh(18)*(w*t-
phase))+Mah(10)*sin(Kh(19)*(w*t-phase)));

Ve = (1/sqrt(3))*Vdc*(Mah(1)*sin(Kh(1)*(w*t+phase)) +
Mah(2)*sin(Kh(2)*(w*t+phase)) + Mah(2)*sin(Kh(3)*(w*t+phase)) +
Mah(3)*sin(Kh(4)*(w*t+phase)) + Mah(3)*sin(Kh(5)*(w*t+phase))+
Mah(4)*sin(Kh(6)*(w*t+phase)) + Mah(4)*sin(Kh(7)*(w*t+phase)) +
Mabh(5)*sin(Kh(8)*(w*t+phase)) + Mah(5)*sin(Kh(9)*(w*t+phase)) +
Mah(6)*sin(Kh(10)*(w*t+phase)) + Mah(6)*sin(Kh(11)*(w*t+phase)) +
Mah(7)*sin(Kh(12)*(w*t+phase)) +
Mah(7)*sin(Kh(13)*(w*t+phase))+Mah(8)*sin(Kh(14)*(w*t+phase))+Mah(8)*sin(Kh(
15)*(w*t+phase))+Mah(9)*sin(Kh(16)*(w*t+phase))+Mah(9)*sin(Kh(17)*(w*t+phase
))+Mah(10)*sin(Kh(18)*(w*t+phase))+Mah(10)*sin(Kh(19)*(w*t+phase)));

%Line-to-Line Voltages

Vab = Vdc*(Mah(1)*sin(Kh(1)*(w*t+phase30)) + Mah(2)*sin(Kh(2)*(w*t+phase30))
+ Mah(2)*sin(Kh(3)*(w*t+phase30)) + Mah(3)*sin(Kh(4)*(w*t+phase30)) +
Mah(3)*sin(Kh(5)*(w*t+phase30)) + Mah(4)*sin(Kh(6)*(w*t+phase30)) +
Mah(4)*sin(Kh(7)*(w*t+phase30))+ Mah(5)*sin(Kh(8)*(w*t+phase30))+
Mah(5)*sin(Kh(9)*(w*t+phase30))+ Mah(6)*sin(Kh(10)*(w*t+phase30))+
Mah(6)*sin(Kh(11)*(w*t+phase30))+ Mah(7)*sin(Kh(12)*(w*t+phase30))+
Mah(7)*sin(Kh(13)*(w*t+phase30))+
Mah(8)*sin(Kh(14)*(w*t+phase30))+Mah(8)*sin(Kh(15)*(w*t+phase30))+Mah(9)*sin
(Kh(16)*(w*t+phase30))+Mah(9)*sin(Kh(17)*(w*t+phase30))+Mah(10)*sin(Kh(18)*(
w*t+phase30))+Mah(10)*sin(Kh(19)*(w*t+phase30)));
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Vbce = Vdc*(Mah(1)*sin(Kh(1)*(w*t-phase+phase30)) + Mah(2)*sin(Kh(2)*(w*t-
phase+phase30)) + Mah(2)*sin(Kh(3)*(w*t-phase+phase30)) +
Mah(3)*sin(Kh(4)*(w*t-phase+phase30)) + Mah(3)*sin(Kh(5)*(w*t-phase+phase30))+
Mah(4)*sin(Kh(6)*(w*t-phase+phase30)) + Mah(4)*sin(Kh(7)*(w*t-phase+phase30))
+ Mah(5)*sin(Kh(8)*(w*t-phase+phase30)) + Mah(5)*sin(Kh(9)*(w*t-
phase+phase30)) + Mah(6)*sin(Kh(10)*(w*t-phase+phase30)) +
Mah(6)*sin(Kh(11)*(w*t-phase+phase30)) + Mah(7)*sin(Kh(12)*(w*t-
phase+phase30)) + Mah(7)*sin(Kh(13)*(w*t-
phase+phase30))+Mah(8)*sin(Kh(14)*(w*t-
phase+phase30))+Mah(8)*sin(Kh(15)*(w*t-
phase+phase30))+Mah(9)*sin(Kh(16)*(w*t-
phase+phase30))+Mah(9)*sin(Kh(17)*(w*t-
phase+phase30))+Mah(10)*sin(Kh(18)*(w*t-
phase+phase30))+Mah(10)*sin(Kh(19)*(w*t-phase+phase30)));

Vca = Vdc*(Mah(1)*sin(Kh(1)*(w*t+phase+phase30)) +
Mah(2)*sin(Kh(2)*(w*t+phase+phase30)) + Mah(2)*sin(Kh(3)*(w*t+phase+phase30))
+ Mah(3)*sin(Kh(4)*(w*t+phase+phase30)) +
Mah(3)*sin(Kh(5)*(w*t+phase+phase30))+ Mah(4)*sin(Kh(6)*(w*t+phase+phase30))
+ Mah(4)*sin(Kh(7)*(w*t+phase+phase30)) +
Mabh(5)*sin(Kh(8)*(w*t+phase+phase30)) + Mah(5)*sin(Kh(9)*(w*t+phase+phase30))
+ Mah(6)*sin(Kh(10)*(w*t+phase+phase30)) +
Mabh(6)*sin(Kh(11)*(w*t+phase+phase30)) +
Mabh(7)*sin(Kh(12)*(w*t+phase+phase30)) +
Mabh(7)*sin(Kh(13)*(w*t+phase+phase30))+Mah(8)*sin(Kh(14)*(w*t+phase+phase30)
)+Mah(8)*sin(Kh(15)*(w*t+phase+phase30))+Mah(9)*sin(Kh(16)*(w*t+phase+phase
30))+Mah(9)*sin(Kh(17)*(w*t+phase+phase30))+Mah(10)*sin(Kh(18)*(w*t+phase+p
hase30))+Mah(10)*sin(Kh(19)*(w*t+phase+phase30)));

%Plots of Line-to-line voltages

figure

plot(t*1073,Vab)

axis ([0 70 1.1*min(Vab) 1.1*max(Vab)])
xlabel('Time (ms)')

ylabel('Voltage (V)"

title("Vab(wt)")

figure

plot(t*fsamp,2*abs(fft(Vab))/ms)

axis ([-100 4.05*%107 0 1.1*max(2*abs(fft(Vab))/ms)])
xlabel('Frequency (Hz)")

ylabel('Magnitude (V)')

title('Harmonic Spectrum of Vab(wt)')



%Phase Voltage Plots

figure

plot(t*1073,Va)

axis ([0 70 1.1*min(Va) 1.1*max(Va)])
xlabel('Time (ms)')

ylabel('Voltage (V)"

title("Va(wt)")

figure
plot(t*fsamp,2*abs(fft(Va))/ms)

axis ([0 4.05%107M 0 1.1*max(2*abs(fft(Va))/ms)])

xlabel('Frequency (Hz)")
ylabel('Magnitude (V)')
title('Harmonic Spectrum of Va(wt)")

% Transfer Function

Ha = Va/(Vdc);
Hb = Vb/(Vdc);
Hc = Vc/(Vdc);

%Line Currents

I1 =Pout/(sqrt(3) * (Vdc*Mah(1)/sqrt(2.0)) * pf);
current

Ia = sqrt(2.0)*I1 * sin(w*t+theta_I);
Ib = sqrt(2.0)*I1 * sin(w*t+theta_I-phase);
Ic = sqrt(2.0)*11 * sin(w*t+theta_I+phase);

figure
plot(t*1073,Ia,'b",t*1073,Ib,'g",t*10"3,1c,'c")
axis([0 25 1.1*min(Ia) 1.1*max(Ia)])
xlabel('Time (ms)")

ylabel('Line Current (A)')

title('la(wt), Ib(wt), Ic(wt)")
Legend('Ta(wt)','Tb(wt)',Tc(wt)")

%DC Input Current

Idc =Ia.*Ha + Ib.*Hb + Ic.*Hc;

9%0Magnitude of line



92
figure
plot(t*10”3,Idc)
axis([0 20 1.1*min(Idc) 1.1*max(Idc)])
xlabel('Time (ms)')
ylabel('DC Bus Current A')
title('Idc(wt)")

9%FFT of 1dc

Idc_fft = fft(Idc);

Idc_fft(1)=Idc_fft(1)/2; %DC component needs modified due to matlabs fft
algorithm

figure

plot(t*fsamp,2*abs(Idc_fft)/ms)

axis([-200 4.05*%1074 0 1.1*max(2*abs(Idc_fft)/ms)])
xlabel('Frequency (Hz)")

ylabel('Magnitude (A)")

title('Harmonic Spectrum of Idc(wt)")

Matlab Code for SVM Gating Signals (svm_switching_function.m)

%DC Ripple Current Using Space Vector Modulation Simulation
%Version 1.2 04/13/2004

%Waylon Bowers

J%0Motor Systems Research Facility
%O0regon State University
9%Corvallis, OR 97330

%This material is provided without any guarantee or warranty either
Joexpressed or implied, and no author or distributor of this material will
%be held responsible for any damage that might possibly result from the use
Joor misuse of this material. The user acknowledges and accepts sole
Joresponsibility for his/her usage of this material.

%'To be used in conjuncture with Simulink File <svm_sw_fund.mdl>
%Space Vector Approach
clear

format long

C=1; J%0Number of cycles
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Vm = 600*0.49*(sqrt(2.0)/sqrt(3.0)); %Phase Voltage (max)
Vdc = 600.0; %DC Bus Voltage
Im = 250e3/(0.9*sqrt(3.0)*(600.0%0.49/sqrt(2.0)));  %Phase Current (rms)
Im = Im*sqrt(2.0); 90Phase Current (max)
phasel = -acos(0.9); %Current phase shift
fmod= 60.0; 9%0Fundamental Frequency
fsw = 9900.0; 9% Switching Frequency
rt = 1.0e-7; 9%Rise time for switch
Vg=1; %Magnitude of gating signal
w=2.0*pi*fmod; %Frequency in radians
TsSVM = 1/60/(2*fsw); JoSample time for simulink
N = fsw/fmod; 9%Modulation ratio

fsw_act = N*fmod;
dt = (1.0/fsw_act);

tt = 0.0:dt: C*N*dt; %Time vector
wt = w¥tt;

delt = dt/2.0;
x=7; Jx,y = constants for gating vectors
y=12;

for i=1:C*(N),

% Angle Calculation
ang(i) = tt(i)*(1.0/(1.0/fmod))*2.0*pi;
q=1
if (ang(i) >= (2.0*pi/6.0) && ang(i) < 2.0%(2.0*pi/6.0))
ang(i) = ang(i) - 2.0*p1/6.0;

q=2;
end
if (ang(i) >= 2.0%(2.0*p1/6.0) && ang(i) < 3.0%(2.0*pi/6.0))
ang(i) = ang(i) - 2.0*(2.0*p1/6.0);
q=3;
end
if ( ang(i) >= 3.0%(2.0*p1/6.0) && ang(i) < 4.0*(2.0*pi/6.0))
ang(i) = ang(i) - 3.0%(2.0*p1/6.0);
q=4
end
if ( ang(i) >= 4.0%(2.0*p1/6.0) && ang(i) < 5.0%(2.0*pi/6.0))
ang(i) = ang(i) - 4.0*(2.0*p1/6.0);
q=>3;
end

if (ang(i) >= 5.0%(2.0*p1/6.0) && ang(i) < 6.0%(2.0%pi/6.0))
ang(i) = ang(1) - 5.0%(2.0*p1/6.0);
q="6;
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end

%Reference phase voltages
refa(i) = Vm*sin(wt(i));
refb(i) = Vm*sin(wt(i)-(2.0*p1/3.0));
refc(i) = Vm*sin(wt(i)+(2.0*p1/3.0));

%Transformation to dq domain using Parks
refd(i) = 2.0/3.0.*(refa(i)-0.5.*refb(i)-0.5.*refc(i));
refq(i) = 2.0/3.0.%(((sqrt(3.0))/2.0).*refb(i)-((sqrt(3.0))/2.0). *refc(i));
refm(i) = sqrt(refd(i). *refd(i) + refq(i).*refq(i));
U(@) = refm(i)./(0.61*Vdc);

%Time
t1(1) = (9.0/(pi*pi))*U(1)*delt*(cos(ang(i))-(1.0/(sqrt(3.0)))*sin(ang(1)));
t1(1) = abs(t1(i));
t2(1) = (6.0*(sqrt(3.0))/(pr*pi))*U(i)*delt*sin(ang(i));
t2(i) = abs(t2(i));
t0() = (delt - t1() - t2(1))/2.0;
t0(1) = abs(t0(1));

Y0Sector 1
if(q==1)
timeS11(1,:)= [tt(1) tt(1)+t0(1) tt(i)+tO(1)+rt tt(i)+2.0*delt-t03) tt(i)+2.0*delt-

tO(1)+rt tt(i)+2.0*delt];

timeS13(4,:)= [tt(1) tt(1)+t0(1)+t1(1) tt(1)+tO{)+t1(1)+rt tt(i)+delt+t0(1)+t2(i)
tt(i)+delt+t0(1)+t2(1)+rt tt(i)+2.0*delt];

timeS15(1,:)= [tt(1) tt(i)+delt-t0®) tt(i)+delt-tO()+rt tt(i)+delt+t0(i)
tt(i)+delt+t0(1)+rt tt(i)+2*delt];

else

timeS11(i,:) =[0 000 0 0];

timeS13(1,:) =[0 00 0 0 0];

timeS15(1,:) =[0 000 0 0];

end

Y0Sector 2
if (q==2)
timeS21(1,:)= [tt(1) tt(1)+t0(1)+t2(1) tt(1)+tO(1)+t2(1)+rt tt(i)+delt+t0(1)+t1(i)

tt(i)+delt+tO(1)+t1(1)+rt tt(i)+2.0*delt];

timeS23(1,:)= [tt(1) tt(1)+t0(1) tt(i)+tO(1)+rt tt(i)+2.0*delt-t03) tt(i)+2.0*delt-
tO(1)+rt tt(i)+2.0*delt];

timeS25(1,:)= [tt(1) tt(i)+delt-t0®) tt(i)+delt-tO()+rt tt(i)+delt+tO(i)
tt(i)+delt+tO(i)+rt tt(i)+2.0*delt];

else
timeS21(1,:)=[0 000 0 0];
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timeS23(1,:)=[0000 0 0];
timeS25(1,:)=[0000 0 0];

end
Y0Sector 3
if (q==3)
timeS31(1,:) = [tt(i) tt(i)+delt-t0>) tt(i)+delt-tO(1)+rt tt(i)+delt+tO(i)
tt(i)+delt+tO(i)+rt tt(i)+2.0*delt];
timeS33(1,:) = [tt(i) tt(1)+t0@1) tt(i)+t0(1)+rt tt(i)+2.0*delt-t031) tt(i)+2.0*delt-t0(1)+rt
tt(i)+2.0*delt];
timeS35(1,:) = [tt(i) tt(1)+t01)+t1(1) tt(1)+t01)+t1(i)+rt tt(i)+delt+t0(i)+t2(1)
tt(i)+delt+t0(1)+t2(1)+rt tt(i)+2.0*delt];
else
timeS31(1,:)=[0 000 0 0];
timeS33(1,:)=[0 000 0 0];
timeS35(1,:)=[0 000 0 0];

end
Y Sector 4
if (q==4)

timeS41(1,:) = [tt(i) tt(i)+delt-t0>) tt(i)+delt-tO()+rt tt(i)+delt+t0(i)
tt(i)+delt+tO(i)+rt tt(i)+2.0*delt];
timeS43(1,:) = [tt(i) tt(1)+t01)+t2(1) tt(1)+t0(1)+t2(i)+rt tt(i)+delt+t0(i)+t1(1)
tt(i)+delt+t0(1)+t1(1)+rt tt(i)+2.0*delt];
timeS45(1,:) = [tt(i) tt(1)+t0@1) tt(i)+t0(1)+rt tt(i)+2.0*delt-t031) tt(i)+2.0*delt-t0()+rt
tt(i)+2.0*delt];
else
timeS41(1,:)=[0 000 0 0];
timeS43(1,:)=[0 000 0 0];
timeS45(1,:)=[0 000 0 0];
end

YSector 5
if (q==75)
timeS51(1,:) = [tt(i) tt(1)+t0@)+t1(1) tt(1)+t0@)+t1(i)+rt tt(i)+delt+t0(i)+t2(1)
tt(i)+delt+t0(1)+t2(1)+rt tt(i)+2.0*delt];
timeS53(1,:) = [tt(i) tt(i)+delt-t0>) tt(i)+delt-tO()+rt tt(i)+delt+tO(i)
tt(i)+delt+tO(i)+rt tt(i)+2.0*delt];
timeS55(1,:) = [tt(i) tt(1)+t0@1) tt(i)+t0(1)+rt tt(i)+2.0*delt-t03) tt(i)+2.0*delt-t0(1)+rt
tt(i)+2.0*delt];
else
timeS51(1,:)=[0 000 0 0];
timeS53(1,:)=[0 000 0 0];
timeS55(1,:)=[0 000 0 0];
end
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Y0Sector 6
if (q==06)
timeS61(1,:) = [tt(i) tt(1)+t0@1) tt(i)+t0(1)+rt tt(i)+2.0*delt-t03) tt(i)+2.0*delt-
tO(1)+rt tt(i)+2.0*delt];
timeS63(1,:) = [tt(i) tt(i)+delt-t0>i) tt(i)+delt-tO()+rt tt(i)+delt+tO(i)
tt(i)+delt+tO(i)+rt tt(i)+2.0*delt];
timeS65(1,:) = [tt(i) tt(1)+t0(1)+t2(1) tt(1)+t0(1)+t2(i)+rt tt(i)+delt+t0(i)+t1(1)
tt(i)+delt+t0(1)+t1(1)+rt tt(i)+2.0*delt];
else
timeS61(1,:)=[0 000 0 0];
timeS63(1,:)=[0 000 0 0];
timeS65(1,:)=[00 00 0 0];
end

9% Compiling time vectors into signal gating signal vector
gatel(1,1:6) = timeS11(1,:);

gate3(1,1:6) = timeS13(1,:);

gate5(1,1:6) = timeS15(1,:);

if (i>=2 && q==1)
gatel(1,x:y) = timeS11(1,:);
gate3(1,x:y) = timeS13(i,:);
gateS(1,x:y) = timeS15(1,:);
X=X+6;
y=y+0;

elseif (i>=2 && q==2)
gatel(1,x:y) = timeS21(i,:);
gate3(1,x:y) = timeS23(i,:);
gateS(1,x:y) = timeS25(1,:);
X=X+0;
y=y+0;

elseif (i>=2 && q==3)
gatel(1,x:y) = timeS31(i,:);
gate3(1,x:y) = timeS33(i,:);
gateS(1,x:y) = timeS35(1,:);
X=X+0;
y=y+0;

elseif (i>=2 && q==4)
gatel(1,x:y) = timeS41(i,:);
gate3(1,x:y) = timeS43(i,:);
gateS(1,x:y) = timeS45(1,:);
X=X+0;
y=y+6;

elseif (i>=2 && q==5)
gatel(1,x:y) = timeS51(1,:);



gate3(1,x:y) = timeS53(i,:);
gateS(1,x:y) = timeS55(1,:);
X=X+0;
y=y+0;
elseif (i>=2 && q==6)
gatel(1,x:y) = timeS61(i,:);
gate3(1,x:y) = timeS63(i,:);
gateS(1,x:y) = timeS65(1,:);
X=X+0;
y=y+0;

end
end

%Removing duplicates
for p=1:(length(gatel)-2)
if gatel(p)>=gatel(p+1)
gatel(p+1)=(gatel(p+2)+gatel(p))/(2.0);
end
if gate3(p)>=gate3(p+1)
gate3(p+1)=(gate3(p+2)+gate3(p))/(2.0);
end
if gateS(p)>=gateS(p+1)
gateS(p+1)=(gateS(p+2)+gatel(p))/(2.0);
end
end

gatel=gatel(1:length(gatel)-1);
gate3=gate3(1:length(gate3)-1);
gateS=gate5(1:length(gateS)-1);

9%0Magnitude vector for gating signals
magn = zeros(size(gatel));

v=73;

for I=1:length(gate1)/6,

magn(1,v:v+1)=1;
vV=v+0;
end

9%Phase Currents
tspace = 1/(fmod);
t = linspace(0,2*tspace,length(gatel));

Ia = Im * sin(w*t+phasel);
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Ib = Im * sin(w*t+phasel-(2.0*pi/3.0));
Ic = Im * sin(w*t+phasel+(2.0%p1/3.0));
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