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Abstract— Three modulation techniques namely Sinusdal PWM, Space Vector PWM and Delta Modulation hae been applied
in cyclo-inverter for reducing harmonics in the ouput. It has been found that for Sine PWM, for moduétion index, m, around 0.5
to 1, the minimum total harmonic distortion factor (THD) obtained is 10 %. The harmonic contents in tb cyclo-inverter output
gradually increase when m is less than 0.5. Cycloverter output improves for delta modulation schene where the total harmonic
distortion is found to be 4% when modulation indexis lying from 0.75 to 1.5. Any further increase ordecrease in modulation
index increases the harmonics in cyclo-inverter. Siilarly, for Space Vector PWM, THD has been also fond to be as low as 5%.
Since Delta modulationcan be smoothly tuned to the designer's priorities and varying operating conditions by simple
parametric adjustments, without any modifications o f the timing structure it is recommended in cyclo-inverters as

compared to Sinusoidal PWM and Space vector PWM batin terms of switching losses as well as harmonieduction.
Keywords — Delta Modulation, Space Vector Modulatia, Cyclo-Inverter, Harmonic Reduction, Total harmonic distortion

I. INTRODUCTION

Cyclo-inverters are ideal for high frequeraguction
heating, arc welding and plasma generation, powaetof
correction, industrial laser drivers and so on [1E¥entual
applications could range from power grid stabikzéw ion
rocket drives.
cyclo-inverter [3] is that device-switching lossaminated
and therefore, the inverter can operate at higiuiacy with
high efficiency. One of the main disadvantages wiits
circuit is however, that high rating commutatingrgmnents
are required as they carry the load current coatisly. A
direct AC-to-AC converter has been designed in {ich
uses self-commutated devices and eliminates thd fee
external commutation circuit. The output of cychwérter is
however rich in harmonics.

The conventional methods of filter [5] canbetused for
reduction of harmonics in cyclo-inverter as the powt
frequency is varying and using tuned filter for edarmonic
is not feasible.
employed [6] to improve the quality of load voltag&hey
may be classified as i) Carrier Based PWM, andNipn

Carrier Based PWM. While Sinusoidal PWM and Delta

Modulation are typical examples of the former téghe [7],
Space Vector Modulation is the example of the taj8.
Although these techniques have been
implemented for a wide range of application but #tis not
clear which of these technique would be betterenmt of
control circuitry and for offering a sinusoidal put with
low harmonic contents when applied to cyclo-investdn

Various Modulation Techniques are

successfully

techniques to obtain the performance in termsad koltage
and total voltage distortion associated with fdter

. MODULATION TECHNIQUES

Fig. 1 shows the basic circuit of a cyclo-irtee
consisting of a positive converter PC and a negativ

A unique advantage of load-commeatat .qnyerter NC both connected in anti parallel. Tigpot is

obtained through proper conduction of IGBTs in the
input cycles. The output frequency of the converfigis f; x

N, where N is an integer and fs the source frequency. In
order to optimize the harmonics and to improvedbtput of
cyclo-inverter, gate pulses to different IGBTs aredulated
using three modulation techniques: 1) SinusoidalMRVY)
Space Vector PWM and 3) Delta Modulation and their
performance is compared in terms of total harmonic
distortion in the output.
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Fig. 1 IGBT Based Cyclo Inverter

this paper a comparative study has been madedeetthree A. Sinusoidal PWM
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In Sine PWM [9] the switching instants arecided by
the points of intersection of a high frequencyrtgalar wave
called as carrier wave and a reference sine wavtheat
frequency of the required fundamental output vatagating
signals are generated at the instants when siralsmidput is
high than triangular wave. The unidirectional tgatar
carrier wave consists of n triangular pulses inhehalf
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cycle, where n >= NThe relevant circuit is as shown in thesector equations for the positive and negative ecevs are
Fig. 2 given by (2 ) and (3) respectively

For positive converter
T 1 o U
ViV =2 Vae [y Jlat] (2)

o0 -1
Triangular wave PWM output

For negative converter

Sinusoidal wave

_— +
Comparator

4]
Jiaor ©)

vV T = e[ ]

TABLE 1: SWITCHING STATES OF CYCLO-INVERTER

Fig. 2. Circuit diagram to produce modulated aign

Positive Converter Negative Converter
The logical gating pulses for a particular t the four Space
IGBTs [4] of the proposed cyclo-inverter are ANDwith ON. Space | g | ON. Volta
the logical SPWM output and the resulting pulseftgral State | devi | Vou Voltage | devic | Vou ge
amplification to the required gating power levale ded to ces Vector es yeao
the respective IGBTs. The output voltage produogdhe
cyclo-inverter contains the fundamental componéntiuch V= Vi= -
the sine wave is a replica. In addition, it consairarmonic | © Ty (DO |0 T Va2 |10
components which are located in bands around niestipf Vo=- Vo=
the triangle frequency. ! Ta Vad2 [01] 1 T2 Vad2 [01]
2 - 0 [00] 2 - 0 [00]
B. Space Vector PWM
The space vector PWM (SVM) method is based on|tge | TT | Not el T |3 | BT Not b | 1111
space vector representation of the voltages intlfieplanes. ! possibe possibie

Thea, p components are found by park transform, where the

total power, as well as the impedances, remainsanmged.  The space vector diagrams shown in Fig. 3 showsgiaee
The control concept of SVM for a single-phase case vector representations for the Positive Convert&tes

much similar to that for three phases. In threespeaPark vectors and the Negative Converter state vectors

transformation is used to transfer the interactffiects of V,(10)

B
different phases on each other to the fixeahdp stationary
reference frame. However in the single phase chse t
analysis can be done in the sammandp stationary reference 2 !
frame with out the need for any special transforomat This
N

method is generally used for PWM modulation of imees
[10].

Equation (1) gives the space voltage vectors for an
inverter, using the space vector modulation teanig 1]

V,(01)

(a) Positive converter

1 -1
MV =) U bl ®

V,'(10)

B
Where [V; V5]T = voltage space vector
4. = Thedc link voltage ) .
[aB]= switching state vector,

Here each a and b can have values as either ‘Q".0A
zero value denotes that the switchesTT ; are conducting
whereas one value denotes that the switchean@l T, are
conducting. In case of a cyclo-inverter, there #&over V,(01)
switches arranged in pairs of two as shown in Fig. (b) Negative converter

During the positive half cycle the switcheg dnhd T, are
forward biased and [Tgives positive output during positive

half cycle and T gives negative output. During the negativg s it is apparent that there are only two actine two
half cycle, similarly, switchessland T3 are forward biased,Zero voltage space vectors. The adjacent spacerseate
T, giving positive output and sTgiving negative output. compined with appropriate timing in order to pravidn
Thus at any given time during the operation of €§elo-  gyerage output voltage during each switching perdtch
inverter at the most one switch can be ON. Duriaghe f5|io\s the reference voltage ¢ The output voltage is

cycle, there are periods when no switch is condgcThus  .reated through the addition of two vectorgtdt Vi and
the switching states can be summarized in tablehé. state (t/ty) Vo where § = % *,and £ is the switching frequency.

Fig. 3 Space Vector representation of cyclo-irerert
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Fig. 4 shows a schematic timing sequence requioed f  The reference signalkVs compared with carrier signal
switching the IGBTs in the positive half cycle. ldetl Vg obtained by integrating the comparator output aligo
denotes the time for which the IGBT, & ON, t4 denotes produce an error signal, e. The error signals ejuantized
the time for which the IGBT fis ON and tO is the time into one of two possible levetsE depending on its polarity,
when no switch is ON. whereas the slope of reference signal determinedtithe

duration between two successive levels. The corpara

output is regularly sampled by the signaltd produce the
output binary pulses. Fig. 6(a), 6(b) and 6(c) shie

: t1/2 TH0/3 1 t4 o ! U2 waveforms at various nodes in the modulator bldagmm.
. . . . . . fC l
. . . . 't sH Vo
) ) ) ) -
Fig. 4. Timing sequence of switching state for pesihalf cycle +V Comparator
. K/S
Thus, t1 + t4 + t0 = positive %2 cycle of the outpdtthe Filter
desired output frequency. Similarly in the negativalf
cycle Fig. 5. Block Diagram of Delta Modulator
t2 + t3 + t0 = negative % cycle of the outputheg desired B A

output frequency.

Thus integrating over half a switching period tlmet
durations for each voltage state is calculated allews:
(taking t4 = k1)

t t u ud
o Vier dt= jol vidt + juf Vodt + [ vyt ()
Where
ul =tx/3 +t1/6 — k.t1/3
u2 =ul +ktl
u3 = u2 + tx/3 — (1+k).t1/3
ud =u3 +tl1/2

Solving (4) (for say, output frequency = 150 Hz ),

1/2
2](;" 124 2sin(30@t dt:ZI; 12/ 2sin(10@t gt

i =
+qu —12J2sin(10@t it + _r 2 12+/2 sin100zt.dt (5) (a) Reference signal and Carrier signal
ul . (b) Delta Modulated Switching functions
(c) Error signal with hytersis banrdH.
Thus, t1 for this particular case can be obtaingddiving

the following equation for t1: Fig.. 6. Delta Modulation Technique

1- cos(50rt 1) cos(10fu 2) cos(180 +1) cosE@o Th_e closed loop arrangement of the modulatour(en_sthat
" the integrated output faithfully tracks the referensignal
—cos(10Gru 4} (2/3)(1-cos(3G0, t =0 ®) within the upper and lower boundary level$d. It is
however, important to note that ag iMcreases in
Solving (6) the timings required for each vgésstate, for frequency, the component ofoVat that frequency also
a specified value of switching frequency and thestant k is jncreases in  amplitude. Thus the amplitude transfer
obtained and hence the switching sequence is iithplic characteristic of linear delta modulator demonssagtrong
knOWn. Next these SW|tCh|ng Sequences are used/&)ﬂgﬁ frequency dependence, [12] often undesirable in qDOW
exact duration pulses as gate signals to the IGBAaying electronic applications, where the demodulator, tmos
the values of k and switching frequencynfiay improve frequently, is a simple low pass filter. Furtheraening

harmonic reduction operation of the linear delta modulator it is sé®at in order
) _ to ensure that the feedback signag!, acks the reference, a
C Delta Modulation Technique slope overload condition must be satisfied. Thigiees that

Delta modulation, consisting of a fordmomparator gy / dt should never exceed the maximum rate of change
and a feedback filter, as shown in Fig. 5, utilizesine of V. . Let
[

reference wave ¥and a delta shaped carrier wave Vhe
carrier wave ¥ is allowed to oscillate within a defined
window extending equally above and below the refese Vr =VsSin(w,t) (7)
wave \k.
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popularly known as Sigma delta modulation [15]. For
at max=Vso, (8) single phase cyclo-inverter a sine wave havingrddsiutput
frequency, is the input to the modulator.

[di} max = K.\, ©) Il SIMULATION RESULTS

dt SIMULINK software and its facilities are usedmodel a
where o, is reference signal radian frequency, iK the c_yclo—in_verter loaded with inductive load. The nésuof
integrator gain and y/is output switching level. From (8) Simulation are reported for an output frequencyl50 Hz

and (9) without and with modulation techniques. Fig. 9whdhe
output waveforms and its total harmonic distortionwg =
Voo, < KV, (10) 150 without applying any modulation technique siciearly

seen that the output is rich in harmonics and THD i

From (10) it follows that a linear Delta modulatcannot approximately 50%, which is highly undesirable.
encode high frequency sinusoidal signal withouhimig into
a slope overload condition, unless the input annbdt is
restricted. : ; : :
This interdependence of amplitude and frequericyhe A I ST VT """"
reference signal in the slope overload conditiom ¢e ATty T SRR
eliminated [13] by integrating the reference aswshin Fig. ATt el f
7 Again for \f to track \k the maximum slope of ¥ < 1 Al

maximum slope ofVz . Now T A R

Vg = K, jvi dt = K, _st sin(w, t)dt Tirmsirns)
K.V
- _ 17S COS(Q)OD (11) ......... .......... .......... .......... .........

o EErL
Hence, from slope overload condition :

H H
; ; |
:
i .
Yo T R

HHM:UMMM

V<V, 12)

Time
The slope overload condition is now independsdnthe

reference frequency and amplitude transfer gageés to be Fig 9. Output & THD of un-modulated Cyclo-Imter

unity, a very desirable attribute [10]. The samgotive can

be achieved by replacing, two integrators, in Figvith one Fig. 10 shows the output waveforms of cyclo-inveet®ng

integrators placed after the summing junction. Teas to With its total harmonic distortion when SinusoiddVM is

unity feedback system with integrator [14] in tteward implemented and modulation index m are taken &5. 0t2s

path as shown in Fig. 8. observed that though the output contains harmonictte
f ' THD is reduced to approximately 20% in this case.
Cc
+V — +E y
2f ks H+ SH [ o
- -E—
+V
K/S

Fig. 7. Delta Modulator with integrator at Input

f. 1
+VR — +E ’
K/S SIH

Fig. 10: Output & THD of cyclo-inverter with SPWM
form=0.25 & f =300 Hz

Fig. 8 Block Diagram of Sigma Delta Modulator

. . . . With further increase in m, the THD is decreasamgl for
The integrator position results in substantiallyozsteady ., -1 it is only 10% (Fig. 11).

state error for any reference with a frequency msroialler
than sampling frequency,. fThis delta modulation scheme is
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Fig. 14 shows the modulated output with SVPWM when
= 1.5 kHz and k = 0.5. It is shown that now the ThiDthe
output of the cyclo-inverter is reduced to 8%. Witbrease
in switching frequency the THD may further be reellito 5
% as shown in Fig. 15 fog £ 2 kHz.

CH-E W]

L]
i
&
a1
£l

Fig. 11. Output & THD of cyclo-inverter with SPWM
form=1&f =300 Hz

It may also be pointed out that if the switchingguency
of the carrier wave is increased it affects the Tidid
reduces it. The frequency of the carrier wave isegally
taken as 5 to 7 times the output frequency of ciolerter.
Fig. 12 shows the output waveform with sine PWiklew
switching frequency is increased to 1200 Hz.

Fig. 13 shows the output of cyclo-inverter when SYA?
is implemented withsf= 1.2 kHz and k = 0.5. It is shown
that the THD in the output of the cyclo-inverter is
approximately 28%.

Fig. 14. Output & THD of cyclo-inverter with SVPWfor k = 0.5 &
switching frequency f =1.5 KHz

Fig.15. Output & THD of cyclo-inverter with SVPWHr k = 0.5 &
switching frequency f = 2 kHz

Fig. 16 and 17 show the results when switchinguesgy

Fig. 12. Output & THD of cyclo-inverter with SPWM
for m=1&%t=1.2kHz

Fig. 13. Simulated Results with SVPWM for k = 0.5®&itching frequency

fc=1.2 KHz

f =2 kHz and k is varied from 0.1 to 0.75. For 2KHz,
least harmonic output is obtained for k in the en§0.5 to
0.75. THD of the output also improves in this case
compared to SPWM with as minimum as 5% . Fig. 18sh
the output waveform along with its total harmonistarrtion

when Delta modulation is implemented and modulation

index m is taken as 0.5. THD in this case is nitbuo
approximately 25%.

Fig. 16. Output & THD of cyclo-inverter with SVPWfor k = 0.5 &
switching frequency.f= 2 kHz
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Fig. 17 Output & THD of cyclo-inverter with SVPWfér

L2 Fig.20. Output & THD of Cyclo-inverter with DM
k = 0.75 and switching frequency=f 2 kHz

for m=1 & fc= 2 kHz

Tirmermsa

Tirmedms)

Fig 18 Output & THD of Cyclo-inverter with DM Fig.21 Output & THD of Cyclo-inverter with
form=05&%=2kHz DMform=133&t=2kHz

When m is increased and say taken as 0.7%, tie
output though contain harmonic but the THD is rextlito
approximately 8% as shown in Fig. 19. With furtirarease
in m, THD decreases and it is 7% for m= 1 showfiin 20.
When m is increased beyond one that is for overutatidn
case, say, m =1.33, THD further reduces to appratdin
5% (Fig. 21). With further increase in m, say m ¥HD
again starts increasing and reaches to 12% (Fjg. 22

Fig. 22 Output & THD of Cyclo-inverter with
DMform=2 &fc=2kHz

,,,,,,,,,, SN O A A IV. CONCLUSIONS

_ : Three modulation techniques, Sine PWM, Statetdfec

""""" ke PWM and Delta modulation techniques have been

""""" implemented on cyclo-inverter in order to improvee t

; output of the cyclo-inverter. It has been found theet Sine

PWM, with increase in triangular carrier wave fregay,

Fig. 19 Output & THD of Cyclo-inverter with switching frequency increases, but the total hafmon
DM form = 0.75 & £ = 2 kHz distortion of the cyclo-inverter output does notduee

significantly. Switching losses increase propordibn with

the carrier frequency.

Tirmedmsa
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THD is low for modulation index around 0.5 for ctargt
carrier frequency. It increases abruptly at m ado0n75.
Harmonic content of the cyclo-inverter output graitiu
increases with a decrease in m below 0.5. The igoérof
SPWM fails for m > 1(i.e. over modulation is notsgible in
SPWM). Lowest THD obtained with this techniqud. ¢s%.

In state vector PWM, since the switching frequyecan
be specified in advance, therefore switching lossas be
controlled easily.  Cyclo-inverter output and itHD
improves with increase in frequency in the rangeKHz to
2.2 KHz and k =0.5. For f = 2 KHz, least harmonitput is
obtained for k in the range of 0.5 to 0.75. THDtd output
also improves in this case as compared to SPWM asth
minimum as 5%.

For delta modulation, with an increase in the earri
frequency above 2 KHZ, THD reduces but not sigaiiity.
THD is low for modulation index, m lying in the rg@ of
0.75 to 1.5 Any further increase or decrease iinoreases
the harmonics in cyclo-inverter. The minimum TH&uhd
in this case is 4% only.

Thus, out of these three techniques, Space vect
modulation and delta modulation technique both rbay
proposed for cyclo-inverter.
technigue enjoys the performance figures [16] Hratclose

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

or
[15]

Since delta modulation

[16]

to and in some regions even better than-the commonl

accepted SVPWM algorithm. A very valuable propesfy
Delta modulation not shared by the SVPWM is thagit be
smoothly tuned to the designer's priorities andyinar

operating conditions by simple parametric adjustsien

without any modifications of the timing structur®ther

assets include the freedom from minimum pulse widt

problems relaxed hardware requirements and reddead-
time distortion in the lower voltage range. Thuse Delta
modulation can prove very useful as a complemeritiest
for the control of cyclo-inverter.
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