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Bu makale, tek fazli bir AA (TFAA) gerilim kontrotterinde guc¢ faktort ile harmonik bozulma arasiridak
ili skinin belirlenmesi ile ilgilidir. Bu ¢cabmanin amaci, farkli faz tetikleme acilari (FTA)asinda gic faktori
(GF) ve toplam harmonik bozulmanin (THB)gg@mini arastirmaktir.ilk olarak, yuksek frekanslarda gan tek
fazli AA gerilim denetleyicilerde triyak yerine $tidr kullanmanin avantajlarindan bahsedtmiikinci olarak,
tek fazli AA gerilim denetleyicileri icin gu¢ fakid ve toplam harmonik bozulmalar teorik olarak iecenistir.
Son olarak, gug faktéri ve toplam harmonik bozulresindaki ikki hem benzetim hem de deneysel gahlar

ile gosterilmgtir. Bununla birlikte, d§ik cikis gerilimlerinde, guc¢ faktériniin (GF) oldukca azgldie toplam
harmonik bozulmasinin (THB) 6nemli 6l¢clide @ntgdzlenmgtir.
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An Experimental Study to Determine the RelationshipBetween
Power Factor and Harmonic Distortion in Single-Phas AC
Voltage Controller

ABSTRACT

This paper deals with the determination of theti@hship between the power factor and the harmdisiortion
in a single-phase AC (SPAC) voltage controller. Eim of this study is to investigate the changepaiver
factor (PF) and total harmonic distortion (THD) iehgr different phase triggering angles (PTA). Firsthe
advantages of using thyristor instead of triacimgle-phase AC voltage controllers operating ahHigquencies
are mentioned. Secondly, the power factor and t@ahonic distortions for single-phase AC voltagatomllers
are theoretically examined. Finally, the relatiapshetween power factor and total harmonic disbortare
demonstrated by both simulation and experimentadiss. However, it is monitored that, at lower aitp
voltages, the power factor (PF) is pretty much ceduand total harmonic distortion (THD) is sigrafidly
increased.

Keywords Single-Phase AC (SPAC) Voltage Controller, Phaseighering Control (PTC), Power Factor
(PF), Total Harmonic Distortion (THD), Matlab-SIMULNK.
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I INTRODUCTION

The main advantage of the SPAC voltage controlipology is the fact that it can generate an output
AC voltage lower than the input AC voltage, depegddn the phase triggering angle (PTA). In AC systeit
is desired that both the input voltage and the leallage pure sine. In addition, due to the noedin
semiconductor elements and non-linear loads, the \mltage is generally not in the form of pureesiRor this
reason, occur distortions on both the load voltage the grid voltage. These distortions producenbaics. On
the other hand, harmonics distort the shape o$itie signal and adversely affect both the powenfaand the
power quality. In this study, the power factor dradmonic analysis of the single-phase voltage ofiatrwith
phase triggering control were realized both simoiraand experimentally. It can be said that poveetdr and
harmonic distortion are two important parametee Hffect the efficient operation of AC systemsfols to
obtain different levels of voltage or current haleel researchers to develop different energy coiwers
topologies. Obtaining the desired level of voltageas important as generating and transmittingViany
electrical devices, especially in industrial apglions, require different voltage or current levidsoperate.
Instead of producing these current and voltageldesgecifically for each device, it is much mor&cént to
adjust the value of a constant source to the dkswerent and voltage levels by means of a voltageroller.
Single-phase AC voltage controllers, which haveiraportant place in rapidly developing power elenics
circuit topologies, provide power flow by adjustiige effective value of the output voltage betwdba
effective value of the input voltage and zero. mngmnductor switch/switches is placed between tkeidput
source and the load, capable of switching at higlgufency. This switch can be thyristor or triac.r Fo
applications up to 400Hz, triacs are used as lanipey meet the power requirements, but at higlegiuencies,
the use of thyristors is more common [1]. As is\Wnpa triac equivalent can be obtained by conngdtie two
thyristors anti-parallel. SPAC voltage controllare widely used in lighting control, induction hegt domestic
heating, tap changeover of load transformers apédgontrol of single-phase induction motors [2thdugh
phase triggering control is simple in design, ttashnique suffers from harmonic distortion and Ipawer
factor problems. In order to eliminate these protdedifferent PWM techniques have been developgdi3
[4], the power quality analysis of the AC choppeed in heating systems in chemical tests and mdsear
laboratories at variable phase angles were examindf], speed control of a single-phase inductiastor with
AC chopper was performed. They examined both phasePWM controlled AC choppers and indicated that
PWM control is more appropriate in terms of harneadistortion and power factor. In [6], the AC cheppvas
designed using IGBT instead of a thyristor or triand the differences of the study from the cladsikC
chopper circuit were demonstrated.

In this study, single-phase AC voltage controlleith phase triggering control have been investigate

Firstly, mathematical expressions have been oldawi¢h the help of the electrical equivalent citcuihen,
these expressions are modelled in Matlab/Simulinkirenment and the output voltage is observed with
different phase triggering angles. The choppercdwi realized using two thyristors connected iti-parallel to
each other. The main advantage of this structutieaisit can be controlled more easily since a smahber of
switching elements are used compared to other A@ag® controller structures. In addition, the effecf the
change of the phase triggering angle on the poaetof of the system are investigated. The harmanadysis is
performed for the results obtained from the simalkatFinally, the experimental setup is prepared the output
voltage compared with the theoretical and simutat&sults.

Il. MATERIAL AND METHOD
A. Electrical and Mathematical Analysis

As mentioned previously, the triac has advantagedlsw frequencies due to the low number of legs.
But, generally at high frequencies, the thyristquigalent is preferred. This is because the thyrieas a high
switching frequency. Figure 1a, shows the structira triac and Figure 1b, shows the thyristor ealeint of
this structure.
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Figure 1. a.) Structure of a Triac b.) Thyristor equivaleftriac
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Figure 2. Switching characteristics of Thyristor (SCR) [7].

Furthermore, the dynamic switching characteristithe thyristor (SCR) is shown in Figure 2. When a
positive gate signal is applied to a forward-biaS&R, the transition of SCR from blocking statedmducting
state is called as turn-on region and the timerntdke SCR to traverse from the blocking state tadweting
state is called as turn-on time [8]. And turn-andidefined as given in Eq.1,

tyy =ty +t, +t, 1)

Wheretq is delay timet; is rising time and,is spread time. The thyristor turn-off operationaslized
in two ways. The first is reducing the anode curreelow its holding current level and the secondhis

309



I BSEU Fen Bilimleri Dergisi BSEU Journal of Science
I. 7(1), 306-318, 2020 DOI: 10.35193/bseufbd.647049

BILECIK SEYH EDEBALI

OMIVERSITESI e-ISSN2458-7575 (http://dergipark.gov.tr/bseufbd)

application of reverse voltage. When a reverseageltis applied to a thyristor in the conductiortestéhe
thyristor current decreases to zerdnaHowever, since the carriers are in the conducttate, the anode current
starts to flow in the opposite direction with threre slope and reaches its maximum value in timét the end

of time t3, this current is assumed to fall below the holdingrent. Thus, the thyristor is automatically tarfif
until the moment,. To realize the turn-off operation, a positivetagke must not be applied to the anode end
during the periodt,. tc is defined as the circuit switch-off time and mu greater tharg for reliable
commutation. Therefore, reverse recovery ttmend gate recovery tintg is are expressed as seen in Eq.2,

t. =t -t

trr _t3 _tl (2)

gr ~ ‘4 3

Thet, andty are two important parameters for semiconductomefes and determine the operating
frequency of semiconductor elements. Single-phaSevéltage controllers use thyristors at frequencie400
Hz and above because andty times are shorter than triacs. Two different cdninethods are available in
practice to control power flow with SPAC voltagentllers. The first one is On/Off control and thecond is
phase triggering control. In the On/Off control trad, the thyristors, which are connected betweenrput AC
source and the load, are electrically switched rwh @ff for several periods to provide power flovhi§ can be
similar to the operation of a contactor capablewatching at high speed. In the phase triggeringrod method,
the anti-parallel thyristors are connected betwienAC input and the load. However, for each halfiqgd of
the input, the thyristors are switched on and b# apecific switching frequency. In this case,\thkie between
the phase triggering angle and the half-periodhefinhput voltage is appearing on the load. By ditjgsthe
phase triggering angle, the effective value ofdhfput voltage is changed and thus the power floeontrolled.
The switch off of the thyristors is performed byethne since the input voltage is AGingé commutatioh
Therefore, since there is no extra commutationudiric the AC voltage controllers the circuit sttuies are
quite simple. The quality of the AC voltage conecd is measured by total harmonic distortion anever
factor. For an efficient operation, the total hanicodistortion should be as low as possible andrtpat power

factor should be as high as possible [9].
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Figure 3. Electrical equivalent circuit of SPAC voltage cantiigr
The electrical equivalent circuit of the SPAC vgkacontroller is shown in Figure 3. In Figure 3& t
thyristorsT: andT, are connected in anti-parallel and placed betvieeroad and the AC source. In Figure 3b,

the switchT: is switched on, depending on the magnitude opttase triggering angle, and the load is connected
directly to the source. In Figure 3c, theswitch performs this operation. The phase triggeangle is varied

310



I BSEU Fen Bilimleri Dergisi BSEU Journal of Science
I. 7(1), 306-318, 2020 DOI: 10.35193/bseufbd.647049

BILECIK SEYH EDEBALI

ONIVERSITES] e-ISSN2458-7575 (http://dergipark.gov.tr/bseufbd)

betweerD and18(C to control the effective valugRMS)of the output voltage. The effective value of thaput
voltage can be expressed with EQ.3,

T 1/2
Vors :{Tl{ [V, sincoty d(a)t)ﬂ 3)
Eq. (3) can be expressed in terms of input voleagkphase triggering angle as given in Eq.4,

1 in 2\ 2
Vormg = Vin[;((ﬂ_ a)+ sz H (4)

Where, Vorus) represents the effective value of the output gaid/in the input voltages phase
triggering angle in radian, electrical periode angular velocity, respectively. As seen in Eq, (i effective
value of the output voltage is equal to the effextvalue of the input voltage for the zero valuetta phase
triggering angle. Hence, the SPAC voltage contrsllgerform power flow between the effective valdeths
input voltage and zero. In addition, the variatadrthe PF must be taken into account when realizing the powe
flow. The output effective power can be expressedigen in Eqg. (5).

Porvsy = 14 RM$2R L %)

PF is defined as the ratio of the output effectivevpoto the input effective power. AlsBF is one of
the two most important parameters limiting the agapion of AC voltage controllers and can be expeésas in
Eq. (6).

| R
PE = o(RM9 ML (6)

\/in(RMS) | i RMS

Where,PF represents the power factdyrus)the effective value of the output curreRt,load, Vinrus)
andlinrus)the effective values of the input voltage and inpurrent, respectively. The other parameter affigct
the performance of AC voltage controllers is T¢D. Harmonics are very important for the electriatyd. In
order to connect a system to the electricity gbidth thePF and theTHD must be at a certain level. Power
electronic circuits, which become widespread dayday, cause harmonic distortion in electrical netso In
addition, harmonic distortion is often caused by-finear loads. Photovoltaic systems, inductorsl eincuits
containing semiconductor elements are an exampthesle loads. When these loads are connected writhe
they cause harmonic currents and voltages.

Amplitude (V)

= Fundamental

3th Harmonic
5th Harmonic
Total

Frequency (Hz)
Figure 4. Harmonic distortion
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However, these loads do not change the grid freqyudfigure 4 shows the fundamental component of
a voltage signal, the third and fifth harmonics amains voltage signal consisting of their sum. Aa be seen,
harmonics have negative effects on the grid volt8geause of these effects, the grid voltage isllysnot in
the form of a pure sine. Therefore, oscillationsuran the grid voltage. These oscillations camxgressed as
given in Eq. 7 the sum of the components (harmgratshe fundamental frequency and other frequsnioie
means of Fourier analysis.

f(t)= %+Z[(ah cosnat) +( b, sinnwt) | 7
n=1
Where,ap represents the average valnghe harmonic coefficien, andb, the Fourier coefficient of thit),
respectively.

B. Design of Simulation Model

The simulation model of the SPAC voltage controliéth phase triggering contrdPTC) is shown in
Figure 5. This model realized by considering tleegical equivalent circuit in Figure 3, Egs. (4dg6).

S PO - < [Vin]]
Jl_- v V.in
L V_in V_out D
P PA V_Out >
Pulse
PtoP Observer
Pulse
-T-| | Generator PA G1 P G1

;49 Vin G2 P G2 V- @_’ lo e
N l—a U i [ >—»{in  PFE—p B

. I

Phase Trigger Two anti-parallel !
I L Control Thyristor ey
- + Power Factor
; i R Load s i Observer
in
Continuous V_out
2 :

I powergui I RMS 22.69

*_-l: ":J:' *.:]:.‘ Vo_rms

Figure 5. Simulation model of SPAC voltage controller with®

In Figure 5, the phase trigger control block deiaen the zero-crossing points of the AC voltageaig
supplied from the input and generates the phageetring anglesG1, G2. Between these angles, there should
be al80° phase difference during an electrical period.ddition, phase triggering angles given from ingus t
block are converted to seconds using source frejd®]. Inside the two anti-parallel thyristor blq there are
two thyristors connected in anti-parallel to eatteo, which are supplied with the input voltagealPgalues of
the output voltage in positive and negative periwdse monitored with PtoP observer block. The pofaetor
observer block, which was designed with Eqg. (6)nind, was used to monitor the variation of the pofaetor
depending on the phase triggering angles.
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Figure 6. Internal structure of simulation blocks, a.) Phagggering control, b.) Two anti-parallel thyrist@.) Peak to peak observer, and
d.) Power factor observer

The internal structures of the blocks used in thaukation model are shown in Figure 6. In Figure 6a
the input voltage was saturated to obtain the eefeg voltage. Variable time delay block generatstipe
phase triggering angles, while variable transpelaylgenerates negative phase triggering angleseThust be
a 180° phase difference between the positive and negatiese triggering angles. On the other hand, the ga
block was used to convert the phase triggeringesnfybm the frequency to the seconds. Fig. 6b shibevsriac
equivalent obtained by connecting anti-parallel ttwristors. Thyristors are generally preferred A& voltage
controllers since the reverse recovery timg is shorter than triac. Fig. 6¢ shows the peagdak observer for
measuring the value of the output signal relatbvéhe phase triggering angle.

This block was used to control peak value at bbéhgositive and negative half periods of the output
signal. The power factor observer block is showrFigure 6d. This block was realized with the hefpao
mathematical expression of power factor. With thlisck, change of power factor according to phaiggering
angles was observed.

C. Experimental Setup

The experimental setup is shown in Figure 7. In éxperimental setup, the AC grid voltage of
220V/50Hz has been reduced to 55V/50Hz with the lodlthe transformer. A symmetrical 15V DC power
supply has been used to energize the referencageplsingle-phase control unit, and measuring nesddihis
DC voltage is generated by an AC/DC converter usheggrid voltage supplying the experimental setup.
order to control the effective value of the outpottage, two independent thyristor groups were ected in
anti-parallel. This connection can be assumed tedoal to a triac model.
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Figure 7. Experimental setup

The modules used in the experimental setup showigimre 7 are as follows,

1) 220/55 - 50 Hz Transformer,

2) Network analyzer for measuring phase voltage, pbasent and power factor,
3) AC/DC converter, symmetrical 15V,

4) Reference voltage module for the zero-crossingtpoiAC grid voltage,

5) Single phase control unit for the produce phaggriing angles,

6) and 9.) Measurement unit,

7) Load groups,

8) Two anti-parallel thyristor groups.

In the operation of the experimental setup, firsthe AC input voltage was applied to the singlegsh
control unit and the reference voltage was obtaili¢ith the help of a single-phase control unit, tcoinsignals
were generated which is proportional to the refegaroltage and based on the grid voltage zeroiog®ints.
These signals were applied to the thyristor grompnected in anti-parallel to control the effectixadue of the
output voltage under thE0QQ load. Since it is not possible to numerically atljthe phase triggering angles in
the experimental setup, reference triggering angge® been tried to be obtained by means of thentiometer.
Reference phase triggering angles were selected0at60° 90° and 120° The block diagram of the
experimental setup is shown in Figure 8.
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Figure 8. Block diagram of experimental setup

Ill. RESULTAND DISCUSSION

The simulation results of the designed model aoevshin Figure 9. In the results, input voltaggeen
line) and the output voltagéred line) were compared. The designed phase triggering aoniodel was
successful monitored the given reference phasessnisl Figure 9a, the phase triggering angle iscsed as
a=30°. As can be seen from Figure 9b, when the phaggetring angle is increasedde60° degrees, it is clear
that the effective value of the input voltage oe libad is reduced compared to the previous cased;l&eeping
small of the phase triggering angle is highly effexin increasing the output effective voltage.
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Figure 9. Change of output voltage with respect to inputagit in the designed simulation model,ce=30°, b.)o=60°, c.)a=90°, and d.)
0=120°

Therefore, the amplitude of the phase triggeringl@manging fromO to 180 degreeds inversely
proportional to the effective value of the outpattage. At the moment when the phase triggerindesnared0°
and 120°, the time-dependent variation of the output aral itiput voltage is shown in Figures 9¢ and 9d,
respectively. The increase of the phase triggesingle meaning the reduction of the effective vabfighe
output voltage. This case adversely affects poaetiof and causes inefficiently run of the voltagatoller.
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Figure 10.a.) Change of power factor versus phase triggeximgie, and b.) Change of power factor versus timtbe designed simulation
model, c.) Change of power factor versus time éxdasigned experimental model

Figure 10a shows the variation of the power faétorthe single-phase AC voltage controller with
respect to the phase triggering angle. As can lea §®m Figure 10a, the controller power factoriemr
inversely proportional to the phase triggering angrhis is one of the biggest problems of AC vditag
controllers. Figure 10b and 10c shows the changpoefer factor versus reference phase triggeringeang
applied to the designed single-phase voltage clatrim O, 1, 2, 3 sec.simulation and experimental model,
respectively. As can be seen from Figure 10b, whenphase triggering angle is applied3@af (interval 0 -
1sec.) the power factor i6.97, and when the triggering angle is increaseti2@® (interval 3 - 4sec.the power
factor decrease ©.41
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Figure 11.Change of total harmonic distortion of the outpoitage, a.x=30°, b.)a=60°, c.)a=90°, and d.p=120°
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Figure 11, shows the results of the harmonic aismlyith the help of Simulink FFT analysis of the
designed single-phase voltage controller basedhensimulation results. Figures 1la, 11b, 11c, Hows
harmonic analysis of the output voltage for phaiggéring angles 080° 60°, 90° and120° respectively. In
Figure 11, the total harmonic distortighHD) is 15.20% when the phase triggering angle36€°, the total
harmonic distortion(THD) increases t0l05.17% when the phase triggering angle is increasedl26°.
Therefore, increasing phase triggering angle isitiegly affect both power factor and power quality.

a)

Vin, Vour (V)
Vin, Vout (V}

WIS 5,000 Tine 5.000ms Ov9.600ms

Time (seconds) Timne (seconds)
c.) d.)

g
£
>..
H
=2
[CHi= 5.00U | e s;m';. Time 5.000ms ©45.600ms
Time (seconds) Time (seconds)

Figure 12.Change of output voltage with respect to inputagydt in the designed experimental modelpa30°, b.)o=60°, c.)a=90°, and
d.)o=120°

The results obtained from the experimental setgpséwown in Figure 12. The power factor and the
effective values of the output voltage and curadttined from the simulation and experimental medelgiven
in Table 1.

Table 1.The effective values of the output voltage, outputent and power factor

Phase Phase Simulation Experimental
Triggering Trigoerin Output Output Power Output Output Power
Angle An g% (seg(]: ) Voltage Current Factor Voltage Current Factor
(degree) 9 ' M A (PF) M G (PP
30 0 53.95 0.539 0.970 55.1 0.55 0.974
60 1 48.81 0.488 0.873 49.4 0.49 0.876
90 2 38.45 0.384 0.684 39.3 0.39 0.687
120 3 2397 0.239 0.412 24.38 0.24 0.414

IV. CONCLUSION
In this study, single-phase AC voltage controlldthwphase angle controlled is examined both in

simulation and experimentally. The voltage coné&oltircuit is formed by connecting the two thyrist@nti-
parallel. The load is selected as pure resistihe. ghase triggering controller is designed to ashibe desired
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voltage level. The effective value of the outpultage is controlled by reference triggering angipplied to the
phase triggering controller. The effects of thend®of phase triggering angles on both power faatat total
harmonic distortion have been demonstrated. Bathstimulation and experimental results show thatptiese
triggering angle is inversely proportional to thewer factor of the system. Increasing the phagmédring
angles also significantly increased the total harimalistortion in the output voltage. Simulatiorsuéts are
verified with the experimental results. When theufes obtained are evaluated together, it can igetlsat phase
triggering control is still effective in controlignthe effective value of the output voltage. Howevaking into
account the power factor and total harmonic digiorof the system is very important for the effiti@peration
of the voltage controller.
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