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Abstract: 
This paper proposes an AC voltage regulator for resistive loads using the 

PWM technique. The load voltage can be controlled using one switching 
element( MOSFET) and three limb magnetic circuit. 

The suggested regulator gives smooth variation of the load voltage and 
nearly sinusoidal current at the supply terminals with minimum harmonics. The 
power factor at the supply terminals is nearly unity over the control range of 
the load voltage. Equivalent circuit of the regulator is proposed. The computed 
results are compared with those obtained experimentally using a test model, 
where good agreement is achieved. 
I-List of symbols: 
RI, R 2, R.3, R4 coil resistance's from 1 to 4 respectively, 
L1, L 2, L3, L4 coil leakage inductance's from 1 to 4 respectively , 
R ,, R b, R equivalent iron losses resistance's of limb a, b, c 

respectively, 
L ,, L I,, L magnetizing inductance's of limb a, b, c respectively, . . .  
l a , l b , l c  magnetizing current's of limb a, b, c respectively, 
Ea,Eb,Ec induced E.M.F's of limb a, b, c respectively, . . .  . 
IS, 11, ISM,, 15 supply, load, switch and capacitor current respectively, 

RI load resistance. 
2-Introduction: 

AC voltage controllers have been widely used to obtain variable ac voltage 
fkom a fixed voltage ac source These controllers should respond to the 
requirements of the load rapidly and smoothly, preferably without causing 
noticeable distortion to the voltage waveform. 

The moving- coil voltage regulator [1,2,3], provides smooth voltage 
regulation at the output terminals without any distortion. However, this 
regulator is cumbersome and costly Also, a mechanical system is required for 
the moving coil. In reference[4], replacement of the moving coil by two multi- 
tapped windings such that the effect of mechanical movement can be done 
using triac switches between the taps In that way, the regulator becomes static 
and the voltage is regulated in a stepped manner. 

A controlled thyristor voltage regulator with sinusoidal output is introduced 
in reference [5]  The principle of operation of the moving-coil regulator is 
exploited, but a three limb magnetic circuit without air-gap is employed. This 
controller gives a sinusoidal output voltage. However the control circuit is 
complex, the output wltage changed in stepped manner and the sequence of 
switches operation will affect in the output voltage 
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The phase angle control of ac voltage controllers is extensively employed 
in many applications such as industrial heating, lighting control and for starting 
and voltage control of induction motors. This technique offers the advantages 
of simplicity and ability of controlling large amount of power economically. 
However, a delayed firing angle causes discontinuity and significant 
harmonics in load current, and lagging power factor. This occurs also, at the ac 
side even though the load is completely resistive [6]. These problems can be 
solved by introducing more advanced control techniques in ac chopper such as 
symmetrical angle control , asymmetrical angle control and modification of 
the power circuit with freewheeling path [7-111. 

This paper introduces an ac voltage controller using PWM technique with 
one MOSFET and three limb magnetic circuit. The proposed system gives 
nearly sinusoidal output voltage, minimum distortion at the supply terminals 
and higher power factor over the control range. The capacitance at theload 
terminals is used to improve the supply quality. A prototype for the proposed 
system with the driving circuit of MOSFET are built and tested in the 
laboratory. In order to compute the system performance, the equivalent circuit 
is developed and examined by comparing the simulation and experimental 
results. 
3-Description of the proposed system: 

The power circuit of an ac voltage regulator with PWM technique is 
shown in Fig.[l]. The three limbs of the magnetic circuit are of the same cross- 
sectional area, the coils in the same limb are separated. Coils1 and 2 are 
connected in series to the supply, such that the flux in the center limb is the 
sum of the flux in the two outer limbs as coils 3 and 4 are opened. The four 
coils are designed with equal turns and with suitable core flux level as the 
supply voltage is applied to any coil. 

Fig. [ 1 ] The proposed system 

C'oii 4. can be shorted via one MOSFET controlled with trjgger cnrcult 
according to PWlLl technique. Coil 3, is connected to the load and is shunted by 
a capacitor, to improve the load voltage waveform. 
The mechanism of load voltage regulation is based on flux division between 

the two outer limbs, which is affected by the MOSFET operation modes If the 
switch SI is off, the supply voltage applied to coils I and 2 h i l l  produce fluu 
,j L, nil1 be equal to the sum of fluxes in outer limbs L': ,and g; . The 



supply voltage is shared between the coils 3 (load) and coil 4 (switch) . Also, 
the voltage at the load terminals will depend on the equivalent impedance of 
the load and the capacitance. 

When switch S1 is on, the change in the total flux due to the supply voltage 
will flow in the limb a, as the flux in limb c will be nearly frozen. Hence, the 
load and capacitor voltages become nearly equal to the supply voltage. When 
the switch S1 is turned off most of the change in the total flux produced from 
the supply will flow in the limb c due to the effect of the load and capacitor 
equivalent impedance. During this period the capacitor will be discharged into 
the load. The load voltage and the supply current waveforms are affected by 
the capacitor value. 
4-Equivalent circuit and analysis: 

Considering Fig.[l], and the flux distribution in the magnetic circuit, an 
equivalent circuit which represents the system can be proposed as shown in 
Fig.[2]. The two outer limbs core can be represented by two equal impedance's 
2, and Z, , that represents the magnetizing components and iron loss 
components. Also, the core of the center limb can be represented by Zb . The 
flux in the center limb equals the flux in the two outer limbs, so Z, and Z, are 
connected in parallel with Zb . However, the effect of the coil resistance's, 
leakage inductance's, switch and load impedance can be represented as shown 
in Fig.[2]. The equivalent circuit parameters can be measured using the 
conventional short and open circuit tests. The system parameters are listed in 
the appendix. 

Fig.(2) The proposed system equivalent circuit 

From the equivalent circuit. the system equations are : 

and 

Where. 
l h  = ih, + i,,: (3)  

In the outer limbs, the EMF'S depend on the flux distribution When switch S, 
is open, a higher part of the tlux produced from the supply will flow in the limb 



c, and the minimum part will flow in the limb a, this depend on the equivalent 
impedance of the load and capacitance. As the equivalent impedance of the 
load and capacitance is increased the flux in limb a is decreased: When switch 
S1 is on, the flux in limb c will be minimum, and nearly all the flux produced 
from the supply voltage will flow in limb a. In general case: 

Eh = E, +E, (4) 

Where. 

and 

The magnetizing currents in these limb's are given as follows 
= 1n1 + ' 0 2  (7) 

1, = I, ,  + I C 2  (8) 
In limb a, the voltage applied to the load and capacitor can be calculated from 

the following equation. 

Where i~ is the capacitor current, the capacitor voltage will equal to the load 
voltage so; 

and 
di, 5 = R , . i , + L , . -  
L i t  

The supply current, load voltage and current depend on the switch St operation. 
When switch Slis on,  the supply current is . 

where I,, is the switch current. 
In this case the voltage at coil 4 terminals is given by: 

As switch &is off, 
i,, = 0.0 (14) 

and the supply current is : 
I.? = Ih + 1', + l5  + 1, (15) 

The difl'erential equation describing the different modes of operation of the 
system are solved using simulink program with fourth order Rung-Kutta 
method. Calculations are carried out assuming zero initial conditions of 
magnetic circuit flux. Also, there is no saturation in the magnetic circuit. 
5-Simulation and experimental results: 



The experimental results is carried out to verify the feasibility and to 
investigate the validity of the computed results for the PWM technique of 
magnetic circuit flux control. Fig.[3-a-b] shows the supply current waveform at 
switching frequency of 1000 Hz. Fig [4-a-b] shows the load current at the same 
conditions. Fig.[5-a-b] shows the capacitor current. It is observed that the 
experimental waveforms are in good agreement with the computed waveforms. 
Also, it is noticed that during off period of the switch, the capacitor discharge 
in the load to improve the load. - current waveforms, thus it will effect in the 

'4 - supply current waveform. - 

Ch2 is 2amp/div, t = Srnsec/div 
a- simulation waveform b- Experimental waveform 

Fig.[3] The supply current waveform at a switching frequency of 1000 Hz 
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Ch2 is 0.2 amp/div, t = 51nsec/div 
a- Simulation wavef~rm b- Experimental waveform 
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a- Simularion wavefcxrn b- Experimental waveform 
Fias [!]The capacitor- currcnt iia\-eform at a switching frequency of 1000 Hz 
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Figs.[6-7-81 shows the supply current, load current and capacitor current 
at switching frequency equals:to 2500 Hz. The result shows that as the 
switching frequency increases the inductance ofthe coils will increase, thus. 
decreases the load voltage.. Hence, the capacitor value must increases to 
incr 

E y e  4 

4 -2-  Ch2 is 2amp/div, t = Smsecldiv 
a-*simulation waveforms b- Experimental waveforms 

Fig .[6]Thc supply current waveforms at 
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*! ch i  is 0.2 ampldiv, t =5msec/div 
a- Sidulation waveforms b- Experimental waveforms 

~ ie . l71~ 'he  load current waveforms at switching frequency 2500 Hz, C=50 pf 

Ch2 is lampldiv, t =Smsec/div 
a- thei!p$cai waveforms b- experimental waveforms 

fig, [S] cq&!or current u a\  elbrnlr at switching Frequencv 2500 Hz. C=50 p 1% 



The harmonic analysis of the supply current and load current are carried 
out. Also, the power factor at the supply terminals is obtained. Fig.[9] shows 
the supply current harmonic spectrum at switching frequency 1000 Hz with 
capacitor value equal to 50 p f .Fig.[] 0] shows the variation of the power factor 
at the supply terminals as function of the switching frequency at different 
values of capacitance( 25, 30, 50 pf ). It is noticed that as the capacitor value 
increase the power factor at the supply will increased. Also, the power factor 
decreased as the switching frequency-increased. 

Frequency VedNrn . , 

Frequency m ti? Frequency n I+ 

a- at switching frequency 500 Hz b- at switching frequency 1000 Hz 
Fig.[9] The supply current harmonic spectrum ( c= 50 pf) 

Fig.(lO) Computed power factor at the supply terminals 

6-Conclusion: 
The ac voltage regulator .for resistive loads using PWM technique 

proposed in this paper avoids the main demerits of moving coil voltage 
regulator such as the mechanical system. Alsc, it avoids the poor power factor 
at the supply terminals of the conventional thyristor voltage regulators. The 
proposed regulator gives smooth variation of the load voltage as the duty cycle 
of MOSFET operation is varied. Also, it gives sinusoidal supply current and 
improvement power factor at the supply terminals that in range 0.92 to 0.989 . 
The suitable value of capacitance at the load terminals gives improvement in 

the power factor and the supply current waveforms. Equivalent circuit of the 
proposed regulator has been obtained and justified by comparing the computed 
and experimental results that are in good agreement 
7- appendix: 

Parameters of the esperimental set up given as follo\ts: 
' 220 



R1=2.0 ohm, R 2 = 2 . 0  ohm, R3= 2.0 ohm, R g =  2.0 ohm, 
L1=0.2 mH, L2=0.2 mH, L3=0.2 mH, L4=0.2mH, 
R 3 730 ohm, R 1,=1085 ohm, R , = 730 ohm, 
L a =  13.7mH, Lb=28.0 mH, L C  =13.7 mH, 
Rl= 50.0 ohm. 
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