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ABSTRACT

#

In 1973, H.S.Patel and R.G. Hoft for the first time introduced the selective
" harmonic elimination technique. Since then, the problem of eliminating harmonicé in
switching converters has been given attention. For systems - where high switching
efficiency is of importance, it is desirable to keep the switching frequency lower. For this.
an approach is to choose the switching times (angles) such that a desired fundamehtal
| outpﬁt is generated and specifically chosen harmonics of the fundamental are suppressed.
Here, a computer program using NAG Library Routine EO4UCF is presented
which is used to solve the non-linear transcendental equations in order to get the
switching angles. By using this routine, two solutions to the switching angles have been
identified, one in 0-60 degree and other in 0-90 degree mode. The plots of these
switching angles for varying modulation indices are preseﬁt_ed. A digital l-ogic switching
- circuit is deigned to generate the firing pulses. to the pulse width modulated voltage
source inverter. Also, the total harmonic distortion is énalyzed for various cases. An
‘attempt has been made fo implemeht .the closed loop speed control of the voltage source
inverter (VSI) fed induction motor drive using the Selective Harmonic Elimination

~ technique:
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CHAPTER1
INTRODUCTION

1.1 GENERAL

For many years, variable speed control using AC motors has been given more -
attention becauée of the advantages it has when compared to the speed cdntrol using DC
.motors. The main advantages are ruggedness of motor and superiority of its modified
characteristics. The inverter which is the core element in the freqﬁency conversion
process is widely wused in variable frequency speed regulation system. Therefore, the
“research of an inverter has been giVen importance to in the electric power system field.

Inverters with \}ariety of topologies and control strategies exist, but the appearance of

| pulse width modulation (PWM) technology is superior of all [1]. Several kinds of on-off
control strategies of ‘the switching devices have been developed to meet different
applications and performance requests. The variable voltage variable frequency and the
~ harmonic elimination are the most basic requests in a Pulse width modulated inverter.

Since the advent of the thyristor family, there has been an increase in the inverter
technology, enabling the creation of most sophisticated inverter circuits for a wide variety
of industrial applications. The availability of SCRs in the hi_gh pbwer ratings with low
turn-off times of the order of microseéonds_ has increased the feasibility of achieving
practically sinusoidal waveforms by employing complex switching patterns in inverter
circuits. These optimal switching patterns can be obtained by the PWM methods.

Present-day available PWM schemes can be broadly él_assiﬁed as can"ier-
modulated PWM and pré-calcﬁlated programmed PWM schemes. Programmed PWM
techniques [2] optimize a particular objective function so as to obtain minimum losses,
reduced torque pulsations, selective elimination of harmonics, and therefore are thé most
~ effective means of obtaining good performance results. These objective functions are
chosen to generate a particular progMed PWM technique which essentially
constitutes the minimization of unwanted effects due to the harmonics present in the
“inverter output spectra. When significant numbers of low-order harmonics are eliminated,

a little difference is observed between each one of the programmed techniques is used.



Each one of these programmed PWM techniques is associated with the difficult
task of computing specific PWM switching instants to optimize a particular objective
function. This difficulty is particularly encountered at lower-output frequency range due
to the necessity of a large number of PWM switching instants. Also, in most cases only a
local minimum can be obtained after considerable computational effort. Inspite of these
difficulties, programmed PWM's exhibit several advantagés when compared to the
conventional carrier-modulated sine PWM schemes as given below.

1) About 50% reduction in the inverter switching frequency is achieved when compared

with the conventional catrier-modulated sine PWM scheme. |

2) High utilization of the dc voltage is possible due to higher voltage gain which is
possible through over modulation. '

3) A reduction in the size of the dc link filter components can be achieved. This is due to
reduced ripple in the dc link current because of the high quality of the output voltage
and current.

4) The reduction in switching frequenéy contributes to the reductioﬁ in switching losses

' of the inverter and permits the use of gate-turn-off devices for high-power converters.
5) The elimination of lower-order harmonics causes no harmonic interference such as

resohance with external line filtering networks typically employed in inverter power

supplies.

~ The elimination of specific chosen harmonics from a given voltage waveform

generated by a voltage-source inverter (VSI) using pulse-width modulation (PWM) has
been discussed by many authors. In the technical literature, these methods are known as
selective harmonic elimination (SHE) or programmed PWM techniques [3].These
methods provided solutions regarding the switching angles that eliminate a chosen
number of harmonics [4], [5]. The main challenge associated with these techniques is to
obtain the analytical solutions of nonlinear transcendental equations tﬁat contain
trigonometric terms which naturally exhibit multiple solutions.

The Selective harmonic elimination has received attention due to the following
reasons [6]. Fifstly, digital implementation has becorﬁe common. Secondly, many
solutions to the problem have been identified which were unknown earlier [7]. Each of

these solutions has different frequency spectrum, which provides the option for flattening
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three-phase and for singlhe‘phase and also depending on whether it is line to neutral or line
to line PWM waveform. The techniques were also divided into those that seek solutions
~ within 60" and 90 .He used the International mathematical and statistical library (IMSL)
for solving the non-linear equations. |

In 1995, Sidnéy R. Bowes and Paul R.Clarke developed the modified regular-
sampling techniques to generate the PWM strategies online in real time using a simple -
microprocessor algorithm without resorting to the offline mainframe computer harmonic
elimination numerical techniques. Using this technique, he achieved the
voltage/frequency range from PWM to Quasi-square wave operation. |

In 1996, AR. Bakhshai, H. Jin'and G. Joos proposed a technique for selective
~harmonic elimination in inverter fed induction machinés to reduce harmonic
concentration and acoustic noise. In 1999, Jose R. Espinoza, Geza Joos, J. Gunman
. presented a unified approach for generating the pulse-width modulated voltége source
and current source inverters. : | “

In 1999, T. Kato proposed an approach that makes it possible to solve the HE
problem based on a homotopy method which finds multiple solutions for a specific
degree of freedom N from those existing for N-1 sequentially by the matﬁematical
induction. of varying a fundamental component value as the homotopy parameter.
However, the method is long and cumbersome, and the paper makes no contribution
towards showing which set of solutions from the multiple available ones is optimum as
measured against overall harmonic performance. |

In 2004, J. Chiasson, L. M. Tolbert and Z. Du explained the method of resultants
to solve the harmonic elimination problem. In this, the transcendental equations that
| describe the HE problem he converted into an .equivalent set of polynomial equations
~using trigonometric identities. The theory of resultants is used to compute the resultant
polynomial and then work backwards to find all unknown switching angles. This method
also finds all possiBle sets of solutions for the given HE equation. However, the problem
in this method is the manfpulation of high-order polynomials, whose order increases as
the number of harmonics to be eliminated increases. Furtherm_ore,' the method has a
limited chance to work with a high-order of harmonics, and it can only be easily applied

when such a number is low.
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In 2005, Wenyi Zhang, Shaoping Qu at al explained the harmonic elimination
technique for a three-phase voltage source inverter. The Newton iterative method has .
~ been implemented to solve transcendental equations set. He gave four rules for choosing
the initial values of the switching angles. Using this technique obtained switching angles
of the order of 23 and 24.For these solutions; he plotted the total harmonic distortion
curves with respect to ﬁlodulation index.

In 2005, Nguyen Van Nho, Myung J. Youn proposed a simple online SHE pulse
width modulation in two-level inverters method with linear control of fundamental
voltage ,including over modulation range 'using the principle control between limit angle
trajectories. In 2005, Jason R. Wells, B. M. Nee, Patrick L. Chapman gave the selective
harmonic elimination schemes for the two-level and three-level case with all the
harmonics controlled upto the 23rd. |

In 2007, Jason R. Wells, Xin‘ Greg, Patrick L. Chapman proposed a modulation-
based method for generating pulse waveforms with selective harmonic elimination
achieved. In this method, the desired output waveform through modulation rather than

solving the transcendental equations has been obtained.

1.3 ORGANIZATION OF THE REPORT

e Chapter 2 defines harmonics, the sources of harmonics, the need to eliminate the
harmonics. Also, the comparison between the fréditional PWM methods and the
proposed selective harmonic elimination scheme is discussed

e Chapter 3 presents the basic operation of a Voltage source inverter fed induction
motor drive and the harmonic elimination switching schemes.

. Chapter' 4 discusses the methods available for solving non-linear transcendental
equations and. about the NAG routine EO4ucf. Also the natufe of switching
trajectories for the variation of modulatioﬁ index which are obtained through the
NAG routine is plotted.

e Chapter 5 presents the simulation model of the voltage source inverter fed
induction motor drive for the proposed sélective har_mohic elimination.

e Chapter 6 discusses the simulation results.

e Chapter 7 gives the conclusions and the Scdpe for further work.
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1.4 SCOPE OF THE WORK

The present work describes the VSI fed induction motor drive using selective
harmonic elimination. For this purpose three-phase induction motor is modeled and
simulated in the stationary reference frame and a logic switching circuit has been
developed to obtain the pulse patterns to the switching devices of the three-phase
inverter. The switching angles needed to generate this pulse pattern are obtained by
solving the non-linear transcendental equations using the nag routine EO4UCF. These
optimal switching .angles which are computed offline through the computer program
are stored in the look-up tables. Also, the Speed control of the voltage source inverter
fed induction motor drive has been obtained using the selective harmonic elimination

technique.
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© CHAPTER 2
HARMONICS AND THE NEED OF ELIMINATION

2.1 HARMONICS
| A Harmonic is a component frequency of a harmonic motion of an

electromagnetic wave that is an integral multiple of the fundamental frequency. When a
'signal passes through a non-linear device, additional content is added at the harmonics of
the original frequencies. Total Harmonic distortion is used to measure the extent of that
distortion. | 4
In India, fundamental frequency is 50 Hertz

— 3rd Harmonic frequency is 3 x 50Hz or /150Hz

— 5th Harmonic frequency is 5 x 50Hz or 250Hz, etc.

2.2 SOURCES OF HARMONICS

With the increased use of the statib power converters, the problems of power
system harmonics have increased considerably. Static power converters make use of
~ power semiconductor devices as electronic switches to transfer and convert power from
one form to another. The switching actions of the power devices result in a distorted
- current waveform. Harmonic pollution problems on the powér system have long been .
bothering power companies, manufacturers and customers [8]. Non-linear loads
generally do not cause reactive power to flow at the fundamental line frequency. They
can, however, draw higher RMS currents and hence add to distribution system losses
~for a given load.- The non-linear nature of these loads draws non-pure sine wave
currents thus causing harmonics of the fundamental current to be present. Since
harmonic distortion is caused by nonlinear elements connected to the power system,
any device that has non-linear characteristics results in harmonic distortion. Examples
of common sources of power system harmonics, some of which may not cause serious

problems; are: .

1. Solid State Electronic Devices which contain a poor power supply: Computers
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(PCs/CPUs), Laser Printers, Copy Machines.

2. Solid State UPS Units

3. Solid State Devices (Fluorescent lighting ballasts)

4. Rectifiers (AC-DC Converters in Variable frequency drives)

5. Welding Units, Arc Furnaces
6. Inverters |

‘7. MMF distribution in AC rotating machines.

8. Transformer saturation and inrush, Transformer neutral connections.

Harmonics cause distortion on the output voltage. Lower order harmonics (3", 5% 7%
etc) are very difficult to filter, due to the filter size and high filter order. They can

cause serious voltage distortion.

Why need to consider harmonics?
- Power Quality issue.
- Harmonics may cause degradation of equipment. Equipment need to be derated.
Harmonic distortion is: '
- Typically generated within a facility, not a distribution issue
- Utilities does not protect for this condition
Total Harmonic Distortion (THD) is a measure to determine the “quality” of a given

waveform.

2.3 NEED OF'HARMONIC ELIMINATION

The selective harmonic elimination switching scheme provides the opportunity to
eliininate certain higher order harmonics by varying the times at which éertain switches
are turned “on” and turned “off” (i.e. varying the switching angles). Before doing so, one
might ask: Why perform harmonic elimination?

One of the reason concerns the Electromagnetic Interference (EMI). Quite simply,
- harmonics are a source of EMI which creates voltage and current surges. Withbut
harmonic elimination, designed circuits would need more protection in the form of

snubbers and EMI filters resulting, in excessive cost. EMI can also interfere with other
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message signals, such as the control signals used to control power electronics devices and
radio signals [9]. '

HMomcs can create losses in power equipment such as harmonic currents in an
~electrical induction motor will dissipate power in the motor stator and rotor windings.
Additional core losses also occur due to harmonic frequency eddy currents [9].

Harmonics can also lower the power factor of a load. The power factor of a load
is proportional to the ratio of the magnitude of the fundamental of the load current to the
magnitude of the load current. Increased harmonic content may decrease the magnitude
of the fundamental relative to the mag_nitude of the entire current. As a result, the power
factor would decrease.

Eliminating harmonic content upto some order makes it easier to filter the
‘.remaining harmonic content. As a result, filters will be easier to design, build. And will

be smaller and cheaper.

2.3.1 Effect of Harmonics on Rotating Machines

Non-sinusoidal voltages containing harmonics when applied to electrical
machines may cause overheating. So long as the harmonic distortion remains within the
5% normally recommended by the reguletions, motors are not normally derated. Above
that specified limit they will often experience excessive heating problems. On the
positive side, motors contribute to the damping of the system harmonic content .b_y virtue
of the relatively high X/R ratio of their blocked rotor circuit.

Harmonic voltages or currents give rise to add1t1onal losses i in the stator and rotor
winding circuits, and stator and rotor lammatlons The losses in the stator and rotor
- conductors are greater than those associated with the dc resistances because of eddy
currents and skin éffect.

Additional losses are produced because of the leakage fields set up by harmonic
currents in the stator and rotor end—wmdlngs Substantial iron loss is produced in the case
of induction motors with skewed rotors because of the flux changes in both stator and
| rotor at high frequency. The magnitude of this loss depends upon the amount of skew,

. and the iron-loss characteristics of the laminations.
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2.4 SELECTIVE HARMONIC ELIMINATION VS TRADITIONAL PWM

' When considering the application of the selective harmonic elimination switching
- scheme, a question might arise: Why use this switching schéme when traditional PWM.
schemes c'ah be used? [6]. An answer to this question refers to the switching frequencies
employed by these schernes. Traditional PWM methods employ switching frequencies of
the order of several kHz whereas the selective harmonic elimination switching écheme
employs switching frequencies of the order of 50 Hz. One benefit of traditional PWM
methods employing higher switching frequencies concerns harmonics. Undesirable
harmonics occur at higher frequencies. Thus, filtering is easier and less expensivé. Also,
the generated harmonics might be above the bandwidth of some actual systems, which
- means there is less power dissipation due to these harmonics. ‘

Switch conduction losses are approximately independent of -switching frequency
- [9] for a specified switch duty ratio. Therefore, the selective harmonic elimination
switching scheme will lead to switch conduction losses comparable to typical PWM
schemes. However, switching losses increase as the switching frequency increases. As a
result, it is ‘desirable to make the switching frequency as low as possible. In this case,
switching at the desired fundaméntal frequency seems to make the most sense. In other
words, the selective harmonic elimination scheme will lead to lower switching lossés.
Therefore, using the selective harmonic elimination éwitching scheme will result in
~ increased efficiency.

Traditional PWM schemes have the inherent problems of producing

Electromagnetic Interference (EMI). Rapid changes in voltages (dv/dt) are a source of
EMI. The presence of a high dv/dt can cause damage to electrical motors. For example,

a high dv/dt produces common-mode voltages across the motor windings. Furthermore,
high switching frequencies can make this problem worse due to the increased number of
times these common-mode voltages are applied to the motor during each fundamental
cycle; Problems such as motor bearing failure and motor winding insulation breakdown
can result due to circulating currents and voltage surges. Also, long current—carryi_ng
conductors connecting equipment can result in a considerable amount of EMI.

. Therefore, switching at the fundamental frequency will result in decreasing the

‘number of times these voltage changes occur per fundamental cycle.
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the high frequency spectrum for noise reduction or optimizing efficiency. Third reason is
some applications like high-speed motor drives used in electric vehicles for reducing
mass require low switching-to-fundamental ratios. In SHE technique, the mathematical
model of output waveform is constructed based on the characteristic of the output
waveform of the man-made inverter, the amplitude of the fundamental wave of desired
- output voltage and the order and number of harmonics to be eliminated, and then solves
the switching anglés from the mathematical model to obtain the hoped output waveform.
Thus the selected order and number of harmonics are not present in the output waveform
of the inverter. The SHE technique is a PWM technology which has the advantages of
lowering the switching frequency of the power device, eliminating the low order
harmonic, etc. '

The selective harmonic elimination technique is applied to obtain the output
voltage control of a three-phase voltage-source SHE inverter to reduce the harmonic
_content of the output voltage in power electronic devices consisting of inverters, and

improve the dynamic performance of variable voltage variable frequency drive.

1.2 LITERATURE REVIEW

In 1973, H.S.Patel and R.G. Hoft for -the first time introduced the selective
harmonic elimination technique. In this, he discussed the harmonic elimination technique
for the single phase half-bridge and full-bridge inverters with the generalized method for
eliminating up to five harmonics. He used a Linearization technique of numerical method
to solve the non-linear transcendental equations.

In 1987, P. N.Enjeti and J.F.Lindsay proposed an algorithm based on two straight
lines with positive and negative slopes that closely approximate the exact solution pattern
of the nonlinear equations. In this, the starting values for obtaining exact solutions using
numerical techhiques can be found even for large numbers of harmonics to be eliminated.
~ Moreover, the close proximity of the starting values to the exact solutions ensures
convergence.

In 1990, Prasad N. ‘Enjeti, Phoivos D. Ziogas, F. Lindsay discussed the various
programmed PWM techniques to eliminate the harmonics. He gave a general

classification for various techniques depending on the inverter configuration that is
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. CHAPTER3
BASIC CONFIGURATION OF A VSI FED

INDUCTION MOTOR DRIVE

e e—— e ]
e ——————

3.1 VSIFED INDUCTION MOTOR DRIVE
Inverter is a device which converts DC to AC power by switching the DC input
~ voltage (or current) in a pre-determined sequence so as to generate AC voltage (or

current) output.

General block diagram:
Inc Tac
+ - > +
Vbe Va

Fig. 3.1 Basic Inverter Circuit

Applications: Un-interruptible power supply (UPS), Industrial (induction motor) drives,
Traction, HVDC. -

The basic c_onﬁguré.tion of a VSI fed Induction Motor drive is shown in fig
3.2.Here the input is a constant voltage D.C. sﬁpply [1]. It consists of six identical
switching devices with anti-parallel diodes connected across them. The voltage source
inverter (VSI) produces a relatively well-defined switched voltage waveform at the input
terminals of thev A.C. motor. A switching device conducts when the firing pulse is given
to it and the switch is forward biased. For the six-step inverter operation, the various
waveforms are as shown in fig 3.3. The line voltage Vas, the pole voltages and the six-

- step phase v_bltagc Van are shown. The line'voltages Vsc and Vca will lag behind Vas
| by 120° and 240° respectively. The pole voltage waveform for the phase A of the three

phase inverter is a quasi-square wave consisting of one half-cycle with a magnitude of

half the dc voltage and the second half cycle with a magnitude of half the dc voltage with
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negative sign as shown in fig.3.3.
Three transistors remain on at any instant of time. Each switching device of the
' inverter is made to conduct for half cycle of the period, which is 180 degrees. Hence the
pole voltage waveform of phase A of the inverter is a quasi-square wave. When S1 is
turned on, terminal A isconnected to the positive terminal of the D.C. supply source.
When transistor S4 is switched on, the terminal A is connected to the negative side of the
D. C. supply. The pole voltage waveform of phase A is obtained by switching the devices -

S1 and S4 in a complementary manner. The pole voltage waveforms of phase B and

31’ Dlzg i@ ngsi@> DSZS
= |

| [
i | e\
) N R N

+
Vdc M

Fig. 3.2 Three Phase Voltage Source Inverter Fed Induction Motor Drive

| phase C are obtained by phase-shifting them with respect to phase A by 120" and 240"
‘respectively, which results in a balanced three-phdse supply. For this, the six switching
devices of .the inverter S1 through S6 are fired sequentially one after the other in a
60’ interval. The frequéncy of the pole voltage waveform depends on the switching
- frequency of the inverter devices S1 and S4 whiéh are controlled by adjusting the firing
pulses to the inverter. The voltage control can be achieved by changing the quasi-square
wave operation to PWM operation [5]. The line voltage across the output terminals is

obtained by the difference of the corresponding pole voltages.
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Fig. 3.3 Waveforms of a Three-Phase Six-step Voltage Source Inverter
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As the firing instants of the switching devices coincide with the zero-crossing points of
- the quasi-square waveform, it can be said that the pole voltage waveform represents the
firing pulses pattern of the inverter switches. The line voltage Var and the phase voltage

Van are given by the fouries series expansion as:

Vas J—Vd sm(ait+7r/6)+ sin(Swt — 7:/6)+ sin(7at + 7/6)...... } 3.1
2 | . 1 . 1 .

VAN = — V4| sin ot + gsm5 wt + 7sm7 ot....... (3.2)
ﬂ" .

From the above equations it can be seen that the triplen harmonics are absent. in
both of them. And the harmonic content with respect to the fundamental is same in both
phase and line voltages. The six-step iﬁverter has six steps in the output line-to-neutral
- voltage (fig 3.3). In this configuration, the harmonics of the order 6n+1 are present.
From the Fourier analysis, it can be observed that the line-to-line and the line-to-neutral
waveforms both contain1/5® of the 5% harmonic,1/7" of the 7t harmonic, 1/11% of the'
11" harmonic and so on. That is 20% of 5™ harmonic, 14.28% of 7" harmonic, 9.09% of

11™ harmonic and so on which are quite high. The harmonic spectrum is as shown below.

Fundamentat (S0Mz)y = 5984 | THD= 29.24%

i b i - Ld

=] N 3 ) [} 8
T T T T T Y

i) 1 1 i ] 1

Hay (% of Fundamentz)

()
v
1

g - 4
X i

D . X.
a 5 ‘10 15 20 25 s |
Harmonic order

Fig 3.4 Harmonic Spectra of voltage of a six step Inverter.
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The harmonic spectrum reveals that the Harmonic content decreases with a factor of 1/n.
- Even and triplen harmonics are absent. Also due to the presence of harmonics near to the
fundamental, the low-pass filter circuit dgsign is difficult. So, the major concern is over
the elimination of fche odd non-triplen low-order harmonics which can be done with the |

elimination techniques mentioned in the below section.

3.2 HARMONIC ELIMINATION SWITCHING SCHEMES
This section presents some switching schemes employing harmonic elimination

such as Bipolar Programmed PWM and Unipolar Programmed PWM.

‘3.2.1Bipolar Programmed PWM

Bipolar Programmed PWM is fhe switching scheme involving harmonic
~ elimination that has been around for years. In this method, control of fundamental voltage
with the simﬁltaneous elimination of undesirable harmonics is obtained. The bipolér
waveform of fig 3.5 can be obtained by firing the inverter switches Siand Ss4 at the
predetermined. angles oi1,az,...... on during the period 0-7/2.During the period
n/2—7 , the switching devices are fired such that the waveform is symmetrical around
z/2 For N-1 harmonics to be eliminated the number of switching angles should be
" N[2],[3]. In Bipolar Programmed PWM, the output pole voltage is either + Vic/2
. or—Va/2 . Figure 3.4 illustrates the Bipolar Programmed PWM switching scheme using

N switching angles and a dc voltage Vac/2 .

- The Fourier series representation of the waveform is given by:

v(ot) = i [an sih(nwt) + bn cos(na)t)] _ (3_ 1 |

n=1

2z
where  dn=—L [v(@t)sin(nart)d(et)
2 .

2r
bn= 1 v(wt) cos(nawt)d(wt)
T

Substituting for v(wt ) and using the half and quarter wave symmetry properties [10], we
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have a»=0 for evenn and b»=0 for all n. So, the Fourier series term on evaluating

the integral becomes

N

an =2V {1 +2> (-DF cosnak} (.2)
nz k=1

Also, O<a1<aa.....<oa<7wf2 _ (3.3)

In the above equation, N represents the no of switching angles per quarter cycle to
. eliminate N-1 harmonics. So, a total of N simultaneous equations are to be solved to get
the values of a1, a2 ..o such that0 < a1 < @2.......< an . These equations are obtair;ed
by assigning the required value to the fundamental and zero value to the (N-1) harmonics
to be eliminated [11]. So, N equations are obtained one is for the fundamental and the

remaining for the elimination of N-1 harmonics. This method of eliminating harmonics is

called the Selecti_ve ) Harmonic Elimination.
Vad)
Vdc
+ » -——— -—— -
2
I .
O 2 v 72 AAoN |\ A 7 wt
T—ON-1 n—a
_Vdc
2

Fig. 3.5 Generalized Bipolar waveform for N switching angles

As can be séen from the figure, Bipolar Programmed PWM uses predetermined

switching angles to-cut notches into the square-wave output. These notches take the

SELECTIVE HARMONIC ELIMINATION IN VSI FED INDUCTION MOTOR DRIVE 16



| voltage ranging betwe_én + Vae/2 to— Vd;/ 2 . The number of notches cut per fundamental
cycle is equal to twice the number of switching angles used [12].
For example, three switching angles can be used to eliminate the fifth and seventh
order harmonics while at the same time controlling the value of the fundamental. One of
theé main advantages of using Bipolar Programmed PWM concerns its applicability when

low modulation indices are used.
In section 3.1, it has been discussed about the quasi-square wave operation with its

maximum voltage ranging between +Va/2 to—Vea/2.In that waveform; notches are

* introduced such that the effective pulse width is varied. This results in the control of the
output voltage from the inverter. With the notches introduced as shown in fig 3.6, the

maximum voltage is still+ Vu/2, but the effective width changes resulting in reduced

voltage as compared to the quasi-square wave with the elimination of the selected

harmonics.

Vao A

Vdc/ 2 —] ] 1 [

o~ Fundan)eng / \

¢ N -

gﬂ .

< 0 % o7

—Ve/2 gr a2 a3 | & — ]

Ao T2 T—au
—_— wt(radians)

Fig. 3. 6 Bipolar Programmed PWM using three switching angles.

For the waveform, shown in fig 3.6, where the no of switching angles per quarter

cycle are 3, the 3 transcendental equations for eliminating the fifth and seventh harmonics

while obtaining the desired fundamental voltage can be written as
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M= i[1+2(—cos a1+ cos az—cosas] - (3.4)
T

0 :i[1+2(—cos 5a1+0035a2—0035a3] (3.5)
T
4

0=— [1 +2(—cos7c1+ cos 7a2—cos 7a3] (3.6)
V4

In the above equations, the first equation is for the fundamental in which M is the
modulation index deﬁned as the ratio of the desired value of fundamental voltage to the
d.c.voltage (Vdc/2).The other two equations are for eliminating the two most dominant
‘harmonics which are ‘5™ and 7" .When the above three equations are solved
simultaneously, they provide the tﬁree switching angles which results in the elimination
- of the 5™ and 7™ harmonics while retaining the desired value of fundamental voltage. For
N Switching angles per quarter cycle, the highest harmonic that can be eliminated is (3N-
2) when N is odd and (3N-1) when N is even. '

By solving these non-linear equations for different values of fundamental
voltages, the variation of switching angles with respect to fundamental can be achieved.
The elimination of low-order harmonics is obtained at the expense of an increase in the
next significant low-order harmonics [13]. '

Bipolar Programmed PWM when used with a multilevel inverter for a low
modulation index, only one H-bridge is used. Therefore, one advantage is redundancy.
If one H-bridge fails, another H-bridge can be used to provide the necessary voltage.
Bipolar Programmed PWM can be used for a high range of modulation indices. Another
~ advantage of Bipolar Programmed PWM is that control is not as complicated as some
other switching schemes. Bipolar Programmed PWM also has some disadvantages. One
disadvantage concerns EMI. The line voltage in a Bipolar Programmed PWM produces .

voltage changes equal to 2V . Therefore, a large V 4 can produce a considerable amount

of EMI. Another disadvantage of Bipolar Programmed PWM concerns harmonic
distortion at lower modulation indices. For low modulation indices, using Bipolar
' 'Programmed PWM leads to a high amount of harmonic content in the output. In fact, the

Total Harmonic Distortion (THD) is over 100% for certain lower modulation indices.
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* 3.2.2 Unipolar Programmed PWM

Unipolar Programmed PWM is another switching scheme involving harmonic
elimination that has been in use for a long period. In Unipolar Programmed PWM, the
output voltage is+ Vae/2 ,—Va/2 or 0. Furthermore, a voltage change is from + Vac/2

"to 0 and vice versa. Fig 3.7 illustrates.the Unipolar Programmed PWM switching schenie
using three switclﬁng angles.

Unipolar Programmed PWM also uses predetermined switching angles to produce
an output consisting of multiple pulses of varying widths. For the positive half-cycle of

the fundamental period, these pulses have a voltage equal»to+Vdc/ 2. For the negative
half-cycle of the fundamental period,,fhese pulses have a voltage equal to— Va/2. The

number of pulses per fundamental cycle is equal to twice the number of switching angles
used.

Similar to Bipolar Programmed PWM, Fourier series theory can be used to
determine the switching angles such that certain harmonics are eliminated. In fact, these
“two switching schemes produce almost identical equations to solve. The only differences
between the two sets of equations are that the Bipolar Programmed PWM equations
- contain a few extra numerical constants. In the similar way as with the case of bipolar
waveform, by using the half and quarter wave symmetry propefties [4], the Fourier series

expansion gives

2V | S, '

Qn = - Z‘(—l)k COSnQk _ (3.7
nmw k=1

Unipolar Programmed PWM shares many of the advantages of Bipolar

Programmed PWM. For example, as mentioned earlier in the preceding section that

‘Bipolar Programmed PWM can be used with low modulation indices. This statement

holds true for Unipolar Programmed PWM as well.
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 Fig. 3.7 Unipolar Programmed PWM using three switching angles.

Like Bipolar Programmed PWM, one disadvantage of Unipolar Programmed
PWM concerns harmonic distortion for low modulation indices. For lower values, using
~ Unipolar Programmed PWM leads to a high output THD. However, Unipolar
Programmed PWM tends to produce a lower THD than Bipolar Programmed PWM. One
possible explanation can be given by referring to Fig 3.6 and Fig 3.7. From these two
figures, it can be seen that Unipolar Programmed PWM seems to provide a more natural

approximation to a sinusoidal waveform.
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CHAPTER 4
GENERATION OF OPTIMAL SWITCHING ANGLES

4.1 GENERAL

| It has been discussed that when switching schemes involving harmonic
elimination are used, the derived equations are nonlinear equations as discussed in
- chapter 3 As a result, many people have utilized numerical iterative techniques in order
to solve these equations.. For example, Cunnyngham used the Newton-Raphson
numerical technique in his research. Another ﬁumerical teohnique which can be used is
Gauss—Se-idel, although this particular numerical technique is not as robust as Newton-
- Raphson.

In [14], an algorithm based on two straight lines with positive and negative slopes
that closely approximate the exact solution pattern of the nonlinear equations has been
proposed. The starting values for obtaining exact solutions using numerical techniques
can be found even for large number of harmonics to be eliminated. Moreover, the close
proximity of the starting valués to the exact solutions ensures convergence. However,
although it feports the algorithm and discusses the case of multiple solutions for a three-
phase case, it does not report the performance of the said technique against its ability to
'ﬁnd all possible solutions. The algorithm seems to be a good .approximation for a
reiatively large number of harmonics to be eliminated. The performance of these
techniques was later analyzed in [4] where the techniques are studied with two systems in

" mind: the single-phase (line-to-neutral patterns) and three-phase (line-to-line patterns).
Specifically, it reported techniqués that seek switching angles within 60°.

’ A systerhatic method that makes it possible to solve the HE problem is proposed
in [15]. This method is based on a homotopy method which finds multiple solutions for a
specific degree of freedom N from those existing for N-1 sequentially by the
mathemaﬁcai induction by varying a fundamental component value as the homotopy
parameter. However, the method is long and cumbersome and does not about which set
of solutions from the multiple available ones is optimum against overall harmonic

performance and presents no experimental results to confirm the analysis.
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_ Recehtly, a new method to the problem has been reported in [16], where the theory
of resultants has been employed to get the solutions for the problem. Specifically, the -
‘transcendental equationsfthat describe the harmonic elimination problem are converted
into an equivalent set of polynomial eqﬁations; using trigonometric identities. The theory
- of resultants is then used to compute the resultant polynomial and then work backWard in
~ order to find all unkhown, i.e., switching angles. This method also finds all possible sets
of solutions. However, the method introduces another step into the ‘problem through the
manipuiation ‘of high order polynomials that their order increases as the number of
harmonics to be eliminated also increases. Furthermore, it has limited chance to work for
a high order of harmonics and it is easy to apply only when such number is low.
Moreover, it treats the bipolar waveform and reports the switching angles to minimize the |
fifth and seventh harmonics only.

Here, the objective is to eliminate the harmonics from the Voltage source inverter

-fed induction Aniotor drive. That is given a desired fundamental output voltage; the |
problem is to find the switching times '(angles) that produce the fundamental while not

~ generating the Speciﬁcally chosen harmonics. Unfortunately, Numerical iterative
fechniques have their drawbacks. One drawback is that these techniques require an initial
guess in order to work. However, if the initial guess is not good enough, a solution will
not be found. Another drawback is that numerical iterative techniques will only find one
solution, if one exists. The obvious drawback here is that more than one solution might
exist to the problem at hand. So, the Numerical Algorithms Group (NAG) Library
Routine EO4UCF [17] has been used to find the optimum switching angles such that the
desired fundamental voltage is achieved by eliminatiﬁg the harmonics.

E04UCF is designed to minimize an' arbitrary smooth function subject to
constraints (which may include simple bounds on the variables, linear constr;lints and
| smooth nonlinear constraints) using a sequential quadratic programming (SQP) method.

| As many first derivatives as possible should be supplied by you; -any unspeciﬁed

derivatives are approximated by finite differences.
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4.2 SPECIFICATION FOR E04UCF
- SUBROUTINE E04UCF (N, NCLIN, NCNLN, LDA, LDCIJ, LDR, A, BL, BU,
CONFUN, OBJFUN, ITER, ISTATE, C, CJAC, CLAMDA, OBJF, OBJGRD, R, X,
IWORK, LIWORK, WORK, LWORK, IUSER, RUSER, IFAIL)
INTEGER N, NCLIN, NCNLN, LDA, LDCJ, LDR, ITER, 1 ISTATE
(N+NCLIN+NCNLN), IWORK (LIWORK), LIWORK, LWORK, 2 IUSER (*), IFAIL
Double precision A(LDA,*),BL(N+NCLIN+NCNLN), BU (N+NCLIN+NCNLN),' C ™),
'CJAC (LDCJ,*), CLAMDA (N+NCLIN+NCNLN), OBJF, OBJGRD (N), 2 R (LDR, Nj,
X (N), WORK (LWORK), RUSER (*) '
EXTERNAL CONFUN, OBJFUN .
E04UCEF is designed to solve the nonlinear programming problém — the minimization of
a smooth nonlinéar function subject to a set of constraints on the variables. The problem

is assumed to be stated in the following form:

x
Minimize £(x) Subjectto I<|Awx |<u 4.1)
xeRP o(x)

Where F(x) (the objective function) is a nonlinear function, Ay is a ny by n constant
matrix, and c(x) is an ”{N element vector of nonlinear constraint functions (The matrix
Ap and the vector c(x) may be empty). The objective function and the constraint
functions are assumed to be smooth, i.e., at least twice-continuously differentiable. (The
- method of EO4UCF will usually solve (4.1) if there are only isolated discontinuities away
from the solution). Note that although the bounds on the variables could be included in
the definition of the linear constraints, we prefer to distinguish between them for reasons
of computational efficiency. For the same reason, the linear constraints should not be
included in the definition of the nonlinear constraints. Upper and lower bounds are

specified for all the variables and for all the constraints. An equality constraint can be

specified by setting li = ui. If certain bounds are not present, the associated elements of 4
or ¥ can be set to special values that will be treated as = or+>.

An initial estimate of the solution to (4.1), together with subprograms that
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define F(x),c(x) and as many first partial derivatives as possible must be supplied; any
unspecified derivatives are approximated by finite differences. The objective function is
defined by subprogram OBJFUN, and the nonlinear constraints are defined by
~ subprogram CONFUN. On every call, these subprograms must return approp-riate; values

of the objective and nonlinear constraints.

The N equations which are involved in the selective harmonic elimination are

transcendental in nature which give rise to multiple (two) solutions .In one solution, the N

- switching angles lie in the 0- 60 range such that

0<a1<a2< A3 < 0 < 60° | (4.2)

In the other solution the N switching angles lie in the interval 0-90° range such that
O<ai<@2< @ <0 <90° | (4.3)

A Fortran program using the Nag routine EO4UCF has been used to find the optimal

switching angles In that program, the input parameters are the number of switching

angles in a quarter.cycles, the desired value of fundamental voltage, the highest harmonic

which can be optimized and the initial guess to the solution vector. The initial guess to
the solution vector be entered such that the linear constraint (4.2) for 0- 60" solution and

. (4.3) for the 0-90° solution be satisfied. This linear constraint determines the relationship
between the n variables. Total number of such constraints is nclin. The non-linear
constraints whose total number given by ncnin is specified in the subroutine CONFUN.,
These constraints are denoted by c(1), c(2).....etc. Their partial derivatives with respect to
each variable are also specified in the array »cjac. Finally the objective  function is
specified in the subroutine OBJFUN. Here, the objective function which is the 'total
~ harmonic distorﬁbn which is to be minimized has been specified. The partial derivatives
for both the constraint functions and the objective function are oi)tional. In the main
program, while calling the routine EO4ucf, these OBJFUN and CONFUN are supplied as
the arguments to that routine. '

In the abové program, the value of modulation index has been varied from 0.1-1.1
" and the optimal switching angles have been obtained for both odd and even values of N
with n varying from 2 to 16, The nature of the switching angles with respect to

Modulation index have plotted with M on the X-axis and Switching angles on the Y-axis.
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Also, the solution for 0-90° case has been obtained by changing the upper bound of the

constraint matrix to pi/2 in the computer program.
4.3 SWITCHING ANGLE TRAJECTORIES
Case 1: For Odd N

Switching Angles(dergrees)
5 ] 8 & 8
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1 1 L I I

-
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Fig. 4.1 Nature of switching angles for N=3
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Fig. 4.2 Nature of switching angles for N=5
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Fig. 4.4 Nature of switching angles for N=9
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The following observations can be made from the switching angle characteristics for

odd values of N.

1. At M=0,the angle a1 becomes equal to a2,a3 becomes equal to «4,and so on
fdr increasing n with a» becoming 60" and these equal pairs are separated by an
angle of 120/(N+1) at M=0.For0-90" solution, this patterh is different with a:
and an -1 taking the values 0 and 60’ at M=0.

2. They are almost linear in the modulation index range of 0.1 to 0.8 and after that

they deviate from the straight line approximation and become non-linear for both

the solutions.

3. All the odd switching angles have negative slopes with their values decreasing

with increasing M and even switching angles have positive slopes with their
values increasing with increasing M. In the case of 0-90° solution, this

characteristic is same except for the first-angle a1 which has a positive slope.

Case 2: For Even N
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Fig. 4.9 Nature of switching angles for N=2
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The following observations can be made from the switching angle characteristics for even
value of N.
| 1. At M=0, the angle &2 becomes equal toa3, a4 becomes equal to «s, and so on
for increasing n with a» becoming 60" and these equal pairs are separated by an
angle of 120/N at M=0.This pattern is different for 0- 90" solution.

2. They are almost linear in the modulation index range of 0.1 to approximately 0.9
and after that they deviate from the straight line approximation and become non-
linear. This pattern is almost non-linear over the entire range of M for the
90° solution. » |

3. All the odd switching angles have positive slopes with their values increasing
with increaéing M aﬁd the even switching angles have negative slopes with their

values decreasing with increasing M.
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CHAPTER 5

IMPLEMENTATION OF THE VOLTAGE SOURCE INVERTER
FED INDUCTION MOTOR DRIVE IN MATLAB

5.1 BLOCK DIAGRAM OF THE PROPOSED IMPLEMENTATION ‘_

The selective harmonic elimination in the voltage source inverter fed Induction
* Motor drive can be explained through the block diagram shown below. First the optimal
_switching angles can be obtained through the computer program using the NAG routine
E04UCF.The inputs to this program are the number of switching angles, the desired value
- of the fundamental, and the initial guess to the solution vector such that the linear
constraints defined in chapter 4 are satisfied. These optimal angles which are obtained
through the program are stored in lobk-up tables for varying fundamental voltage. These
angles are converted into the firing pulses to the inverter switches by a logic switching
circuit. The inverter then produces the desired voltages free from the specific. chosen

eliminated harmonics, which are fed to the three phase induction motor.

Three-phase Three-Phase
voltage source Induction
Inverter
Firing
Pulses
No of Harmonics | e
to be eliminated._ | NAG Routine Look-Up | Switching | o 2%
with desired E04UCF Tables Angles Ctrentt g
fundamental : : ircu

F1g 5.1 Block Diagram of the Voltage Source Inverter Fed Induction Motor Drive

with Selectlve Harmonic Elimination
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5.2 INDUCTION MACHINE MODEL

The inputs to a squirrel cage induction machine are the three phase voltages,
their fundamental frequency and the load torque. The outputs are the three-phase
cuﬁents, the electrical torque, and the rotor speed. The Induction machine has been
modeled in the d-q ﬁame to reduce the complexity and for the ease ‘o\f calculations. The
d-q model requires that all the three-phase variables be converted to two-phase d-q frame.
The fundamental equations needed for the development of these modeling equations are
~ given in [18]. These modeling equafions needed for developing the simulink model of the
squirrel cage induction motor are given in the state space form as follows:

The stator and rotor flux linkage modeling equations are:

qus . FV Rs{ Lm w +l 1= Lmi W
dt | ! Lls Llr ! Is r CRY
dl//ds —V - Rs{ Lm W 4 Lmi
= ds = dr ds
dt i Lls Llr W (5.2)
d War i R ( Lmi Lmi
=| -rYWdr - s+| 1— ¥
a | L\ ( Li )””" j (>3
dl//dr i R (Lml Lm i
=\ -WrYgr - +|1-— Iy
dt B Wq Llr \. Lls st [ Llr )l//d ]_‘ (5.4)

where
Yas » Wds are the d-axis and g-axis stator ﬂuxﬂinkages
War \War are the d-axis and g-axis rotor flux linkages
Vgs Vds are tﬁe q and d-axis stator voltages
Lis , Lir , L are the stator ;rotor leakage inductances and Mutual inductance

Rs R R are the stator and rotor resistances.
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The reference currents in the stationary reference frame which are in the two-phase d-q
frame are converted to three phase currents by using the transformation equations given
by:

la = l'dsv | | ;‘ (5.13)
iv=(~1/ 2)ids+(‘\/§ / 2)igs | (5.14)
ic = (—1/2)ias — (\/§/2)iqs (5.15)

= ’ +
> i
T add
P - ic
subtract

Fig. 5.2 dg-abc conversion

The Matlab Simulink model of the induction motor with the above modeling equations

implemented is as shown in fig. 5.3
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Fig. 5.3 Simulink Model of Induction Motor
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5.2 PWM INVERTER

The pulses to this inverter are obtained from the logic switching circuit as shown
in the next section. The output voltage from the iﬁvener is controlled by varying the:
width of the output pulses which is possible by the variation of the modulation index. The
terminal voltages in terms of the switching | pulses which are obtained from the logic
switching circuit are given by:

Va= Viac/3)(2Sa— Sb— Sc) (5.16)

Vo = (Vae/3)(Sa— 286 — S) (5.17)
Ve = Vic/3)(Sa—~ Sp—28c) (5.18)

where Sa, Sb, Sc are the switching pulses to the upper switching devices of the inverter.

p X >

Product

L"IM—».

Product1

L—»

Product2

- 3 Sb : 4: So

Fig. 5.4 PWM Inverter
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Fig. 5.7 Block diagfam of the VSI fed Induction Motor Drive
with Selective Harmonic Elimination

The switching angles which are obtained from the NAG routine EO4UCF are

| stored in the look up tables which gives the appropriate switching angles for the
respective modulatioﬁ index value. These switching angles are then applied to the logic
switching XOR gates as seen in the subsystem. It produces an output of the staircase type
with each raising edge corresponding to'the appropriate switching angle. These are
_generated for the full cycle by appropriate selection of the switching angles such that the
'half-wave and quarter wave symmetry are imbibed in the resulting output waveform. By

~ applying t'h-is‘ XOR gate output to thé multiport switch and with proper switch selection,

the resulting pulses to the inverter are obtained such that desired fundamental voltage is
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obtained and the selected number of harmonics is elixniné.ted. So, the output from the
inverter is free from the selected number of harmonics which results in the three phase
- PWM voltages, which are then fed to the three-phase induction motor. The Matlab
“simulink model of the selective harmonic eliminated VSI fed Induction Motor with all

these features incorporated is shown in fig. 5.7.

5.5 CLOSED LOOP SPEED CONTROL OF VOLTAGE SOURCE INVERTER
FED INDUCTION MOTOR DRIVE USING SELECTIVE HARMONIC
ELIMINATION TECHNIQUE

The closed loop speed control of this drive has been done with the r‘eference'speed
as its input. Here, the reference speed, which is the commanded value, is éompared with
the actual speed and the error is fed to a PI controller, which chooses the appropriate
-switching angles from the look-up table depending on the Modulation Index value such
that the desired fundamental voltage is applied to the induction motor to reach the desired
- speed. The other PI controller generates the required frequency such that the voltage and
frequency control is obtained. This process continues till the desired speed is obtained
from the Induction Motor. The simulink model showing the \;arious‘blocks used for this

implementation is as shown in fig 5.8.
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Selective Harmonic Elimination Technique.
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CHAPTER 6
RESULTS AND DISCUSSIONS

e ———eee—————eeei—

For the analysis of these results, an Induction Motor with the specifications as
given in Apﬁendix has been used. The selective harmonic elimination technique is
‘implemented in Matlab/Simulink, which is the. most popular and powerful tool for
simulation and the various waveforms are pl,otted which are shown in this chapter.
- Figures 6.1 to 6.16 show the waveforms related to the total harmonic distortion. Here N is
the number of swifching angles.

Elimination of 5% and 7" Harmonics for N = 3:

FFT window: 3 of 50 cycles of selected
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Fig. 6.1 Line voltage waveform

FFT window: 3 of 50 cycles of selected signal
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Fig. 6.2 Line current waveform and its harmonic spectra
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Elimination of 5,7® 11* 13" Harmonics for N = 5:

FFT window: 3 of 50 cycles of selected
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Fig. 6.3 Line voltage waveform

FFT window: 3 of 50 cycles of selected signal-
5 -1 N T T L T

5 ] 1 1 |
0.5 0.51 Q.52 0.53 0.54 0.55
Time (s)

Fundamental (50Hz) == 3.838 , THD= 11.67%

T T 1 T T T T
10 -1
) ]
£
5
©
5 6 i
£
5
g i
5
=
T l |
OL 1 Mmoo b L 1 . I\ 1 l 1 | 1
o 5 10 15 20 25 30 35

Harmonic order

Fig. 6.4 Line current waveform and its harmonic spectra
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Elimination of 5™,7%,11%,13%17% 19% 23 Harmonics for N = §8:

FFT window: 3 of 50 cycles of selected signal
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Fig. 6.5 Line voltage waveform

FFT window: 3 of 50 eycles of selected signal
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Elimination of 5*,7%,11%,13*,17%,19" 23" 25" 29" Harmonics for N = 10:

FFT window: 3 of 37.87 cycles of selected
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Fig. 6.7 Line voltage waveform

FET window: 3 of 32.87 cycles of selected signal
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_ Fig‘. 6.8 Line current waveform and its harmonic spectra
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Elimination of 5™,7%,11%,13%,17% 19% 234 25" 20% 31% 35% Harmonics for N = 12:

FFT window: 3 of 50 cycles of selected signal
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Fig. 6.9 Line voltage waveform and its harmonic spectra
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Fig. 6.10 Line current waveform and its harmonic spectra

SELECTIVE HARMONIC ELIMINATION IN VSI FED INDUCTION MOTOR DRIVE 49



From the plots of figures 6.1 to 6.10, it can be seen that the total current harmonic
distortion reduces with the increase in the number of harmonics eliminated, which can be

observed from the graph shown below (fig.6.11).
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Fig. 6.11 Line Current THD variation with number of switching angles

Fig. 6.12 Current harmonic distortion v/s M for N=8
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Fig. 6.14 Current harmonic distortion v/s M for N=12

SELECTIVE HARMONIC ELIMINATION IN VSI FED INDUCTION MOTOR DRIVE 51



25 T T T T T T

THD%

0
0.

Fig. 6. 15 Voltage harmonic distortion v/s M for N—12
From the graphs of figures 6.11 to 6.15, it can be observed that the total harmonic

distortion increases for lower values of the modulatlon index.
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Fig. 6.16 Line Current THD variation with Frequency (N=12)

' From the above graph (fig.6.16), which has been drawn for the total harmonic distortion
~ with varying frequency, it can be seen that the THD increases for lower vaiues of

'frequenc1es
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The waveforms shown below from figures 6.17 to 6.21 are for the closed loop
speed control of the induction motor drive using selective harmonic elimination for the
considered cases.'Figures 6.17 to 6.20 are the various waveforms of the drive for a
consfant speed of 1200rpm and a change in load torque from 1 to 2 N-m applied at one
second. Figure 6.17 shows the Speed and Tbrq‘ue responses for a éhange in load torque
from 1N-m to 2N-m.
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- Fig.6.17 Speed and Torque Response of the induction motor

SELECTIVE HARMONIC ELIMINATION IN VSI FED INDUCTION MOTOR DRIVE 53



| $

_______

[=]

=]
Q Q Q o Q o =] m

222222

mmmmmmmmm

SELECTIVE HARMONIC ELIMINATION IN VSI FE

D INDUCTION MOTOR DRIVE 54



N
o

~la(amperes)

)
S
o
o
oL
o
Y
o
w [
|
L

0.4 0.5 0.6 0.7 08
Time(s)

_ib(amperes)

Time(s)
20 T | | ! 3 I 1

ic{amperes)

ny
o
I
|

l L 1 l

0.1 0.2 03 04 0.5 0.6 0.7 0.8
‘ Time(s)

[ o]

Fig.6.20 Three Phase Currents (ia,ib,ic) of the Induction Motor

SELECTIVE HARMONIC ELIMINATION IN VSI FED INDUCTION MOTOR DRIVE 55



© 1400 -

Reference and actud speed(pm)

Fig 6.21 shows the Speed and Torque Response of the induction motor for a change in

speed from 1400 rpm to 1200rpm on no-load
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Fig.6.21 Speed and Torque Response for a sudden change in speed

It can be seen from the above figure that as the speed changes suddenly, there is an

increase in the torque value which can be avoided by giving a gradual change in speed.
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. o ' CHAPTER 7
CONCLUSIONS AND SCOPE FOR FURTHER WORK

In present work, the selective harmonic elimination for the voltage source inverter
fed induction motor drive has been done. Programmed PWM te.chniques provide
solutions regarding the switching angles that eliminate a chosen number of harmonics
while maintaining the desired fundamental voltage. The main challenge associated with
these techhique's is to obtain the analytical solutions of nonlinear transcendental equations
that contain trigonometric terms which exhibit multiple solutions. '

Here, NAG Library Routine EQ4UCF has been used to solve the non-linear
transcendental equations. A computer program in FORTRAN has been developed to
_solve these equations.It gives N switching angles needed to eliminate the N-1 harmonics.
The natﬁre of these switching angleé with varying modulation index has been plotted for
both (0-60) and (0-90) solutions for even as well as odd N. These switching angles which
are calculated offline for the bipolar PWM are stored in look-up tables. Using these look-
up tables, a digital switching circuit has been developed which supplies the firing pulses
to ‘the inverter switching devices. So, the inverter produces the desired voltages with
chosen harmonics eliminated which are fed to the three-phase induction motor drive.

By doing the FFT analysis, it has been observed that the specified harmonics are
eliminated from the voltage and cutrent waveforms. From the harmonic spectra of these
waveforms, -it has been observed that as the value of N increases the total current
harmonic distortion decreases. The plot of THD with varying modulation index has been
done whiéh shows an increasing THD for lower values of modulation index. Also, by
applying voltage to frequency control, it has been observed that the THD is increasing
with decreasing freﬁuency. The speed and torque responses for the closed loop control of
the induction motor drive are obtained.

Here, the selecﬁve harmonic elimination technique has been applied using off-line
solutions. Using the same technique, it is better to have the online control of the SHE, in
line with the research work of S.R.Bowes [20] to reduce the storage space required for
storing switching angles. The closed loop response of the drive has to be improved
especially in terms of torque ripple which can be extended in the future scope of work.

Further, Unipolar PWM generation should be explored for achieving better results.
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APPENDIX

Induction Motor specifications

Type: 3 Phase Star-connected Squirrel cage Induction Motor

Rated Power Input = 1.1 KW
Rated Current =2.77 Amps
Voltage (VL1 (ms)) = 415volts
| Frequency = 50Hz ,
Rated Speed=1415 RPM
Pairs of pole pairs, p = 2
Stator Resistance Rs = 6.03 ohms
Stator Leakage Inductance Lis = 29.9mH
Rotor Resistance Rr = 6.085 ohms
Rotor Leakage Inductance Lir = 29.9mH
Mutual Inductance L, = 489.3mH
"Moment of Inertia J = 0.00488Kg.m’\2.
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S.4 Design of Firing Clrcult

For the pulse generation the switching angles which are stored in the look-up
tables are used which by implementing through the logic circuit produces the switching
~ pulses to the three-phase inverter legs. The model below shows the pulse generation for

the first quarter cycle of the output waveform in the fundamental period.
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Subsystern.

Saturation
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y

\Fig. 5.5 Pulse generator for 0-90 degree interval

Rﬁ fatfon:
Qparator

Fig. 5.6 Subsystem to generate Switching Pulses
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