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Abstract—A new family of three-phase AC voltage controllers 
has been presented in this paper. The proposed converters 
consisting of two three-phase modified bidirectional switches 
have supply and load side neutral connections either directly or 
indirectly which may be the requirements of three phase AC-AC 
switched mode voltage controllers in certain applications. Steady 
state analysis and simulation results are presented in this paper 
using the Boost topology as an example. Performance of the 
circuit has been found satisfactory with duty cycle variation. 
Because the proposed converters employ only two active devices, 
they can reduce cost and complexity with simple control and 
improve system reliability. 
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I.  INTRODUCTION 

Power utilities deliver AC power at a fixed voltage and 
frequency. Due to the nature of industrial, commercial, and 
domestic application requirements of electricity with variable 
amplitude and/or frequency power conversion is necessary in 
order to guarantee quality and energy efficient operation of 
equipment and appliances [1], [2]. The conversion of power 
may include AC-DC (rectifier), DC-DC (chopper), DC-AC 
(inverter), and AC-AC at the same (ac voltage controller) or 
different frequencies (matrix and cycloconverter) [1]-[3]. The 
AC-AC voltage converter, also known as AC voltage 
controller, is a kind of power converter that converts a 
constant voltage and constant frequency AC input supply to a 
variable voltage AC output delivered to a load through the use 
of power semiconductor devices. They can be used in light 
illumination control, industrial heating, power condition and 
flow control in flexible AC transmission systems, line/bus 
voltage control for variations in input voltage and load, soft 
start of AC motors (without v/f control) and their speed 
control by voltage variation only [4]-[13]. Comprehensive 
review on single and three phase AC voltage controllers are 
presented in [14]-[17]. AC voltage converters based on 
transformers are large and heavy, have sluggish response, 
include harmonics and need a great number of switches for 
better regulation [18]. Thyristor based converter topologies 
give rise to power quality problems and associated effects in 
supply/load side, machines, transformers, and cables and 
adversely affect the voltage at the end of common coupling 
[18], [19]. Bulky and large filters are required for reduction of 

harmonics and improvement of power factor at input side. The 
progress in power semiconductor devices and their use as 
high-power, low-loss and high frequency switching devices 
with high frequency control results in a variety of AC voltage 
controller topologies with fewer number of switches, 
reduction of overall circuit size and volume and improvement 
of power quality and transient response [20]-[28]. One of the 
early works available on direct multiple pulse width 
modulated (MPWM) three-phase AC voltage controller 
topology was by Mozdzer et al. in [20], where a three-phase 
AC load is supplied by using six switches, each one was 
composed of a pair of back to back connected npn transistors 
and a diode in series with each transistor, counting the total 
amount of transistors to 12 and also 12 number of diodes. P. 
D. Ziogas et al. in the 90's, suggested further improvement of 
AC voltage controller using six switches [21]. Another 
modification on AC voltage controller was cited by D. 
Vincenti et al. [22]. This modification substituted the three 
freewheeling switches in [21] with a unilateral controlled 
switch and a diode-bridge.  As a result the number of 
switching devices was reduced to four. In [23], S. Srinivasan 
et. al presented a group of three-phase switch mode AC-AC 
voltage converters with six AC bi-directional switches, 
namely – Buck, Boost, Buck-Boost and Ĉuk. In [24], F. Z. 
Peng et al. replaced the three main switches and the three 
freewheeling switches used in the AC voltage controllers 
presented in [23] by two three-phase semi bi-directional 
switches suggested by D. Vincenti et al. in [22]. Similar two 
semi bi-directional switch based three-phase Z-source AC 
voltage converter was proposed by X.P. Fang et. al [25]. The 
semi bidirectional switch based three phase AC voltage 
converters of [24], [25] require opening of neutral connection 
of source and load. They have the disadvantage that if the 
loads are not balanced, then there will be unbalanced currents 
which will change phase voltages due to absence of load and 
source neutral. This shortcoming was overcome in three phase 
rectifiers [26] and voltage controllers [27], [28] having 
modular structure in which the converter works on per phase 
basis. A new true three-phase AC bi-directional switch has 
been developed consisting of a unidirectional switch included 
in two three-phase diode bridges. This three-phase AC bi-
directional switch allows modular operation even if the 
converter neutrals (supply and load side) are not connected. 
As a result three phase output voltages remain same in case of 
load unbalance.   
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In certain applications, it may be necessary to use supply 
and load neutral points. Investigation has been made to obtain 
such topologies and in this paper a new group of three phase 
AC voltage controller topologies has been proposed using two 
modified three-phase AC bi-directional switches with neutral 
and less number of diodes. The modified bidirectional switch 
has been derived from the true three-phase bi-directional 
switch as shown in Fig. 1. This offers the proposed converters 
to have supply and load side neutral connections intact with 
even less utilization of semiconductor devices. Because the 
proposed converters have neutral connections and employ 
only two active devices, they can be less costly and can reduce 
complexity with simple control and enhance reliability of the 
system. 

II. NEW THREE PHASE AC-AC CONVERTER TOPOLOGIES  

Using the novel three-phase modified bi-directional switch 
with neutral new three-phase switch mode AC voltage 
controllers, namely - Buck, Boost, Buck-Boost, Ĉuk and 
SEPIC converters, are presented as shown in Figs. 2 - 6 
respectively. The proposed converters have only two 
bidirectional switches - one act as the main switch and the 
other operates as freewheeling path across the load. Both 
supply and load sides are connected with neutral either 
directly or indirectly through the switches. Due to less number 
of active devices, control becomes easier. Easy control, 
decreased number of switches and the associated gate drive 
circuits, availability of source and load side neutral 
connections make the topologies potential candidates for AC-
AC voltage control applications.  

 
 

Fig. 1. Three-phase modified bidirectional switch obtained from three phase 
true bidirectional switch.  

 
 

Fig. 2. Three-phase modified Buck AC voltage controller based on two 
three-phase bi-directional switches with neutral.  

 
Fig. 3. Three-phase modified Boost AC voltage controller based on two 
three-phase bi-directional switches with neutral.  

 
Fig. 4. Three-phase modified Buck-Boost AC voltage controller based on 
two three-phase bi-directional switches with neutral.  

 
Fig. 6. Three-phase modified SEPIC AC voltage controller based on two 
three-phase bi-directional switches with neutral.  

 
Fig. 5. Three-phase modified Ĉuk AC voltage controller based on two 
three-phase bi-directional switches with neutral.  
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III. ANALYSIS OF BOOST AC-AC CONVERTER: AN EXAMPLE 

To justify the new three-phase modified AC voltage 
controller topologies of Figs. 2-6, the three-phase Boost AC 
voltage controller is analyzed in this paper. Boost converters 
permits the output voltage to be higher than the input voltage 
depending on the duty-ratio of the gate signal. As given in Fig. 
3, the proposed three-phase Boost AC-AC voltage converter 
have two three-phase modified bi-directional switches 1S  and 

2S  with neutral each consist of a unidirectional switch and 8 
number of diodes, three boost inductors aL , bL , cL , output 

filter capacitors cofbofaof C,C,C  and load resistances 

cba R,R,R . Here the sources have neutral connection and the 
loads are placed individually in each phase and connected to 
neutral through the bidirectional switch 2S . The two switches 
act on alternate switching intervals by high frequency pulses at 
each gate. As the switching frequency is much higher than the 
AC line frequency of the supply, in a switching period, line 
frequency variables, such as, input voltage can be considered 
as constant. Then two equivalent circuits of the two states can 
be obtained, as shown in Figs. 7 and 8. Suppose the line-
frequency input and output voltages of the balanced three-
phase Boost AC voltage controller with resistive load are 
defined as, 
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In state 1, both in +ve and -ve half cycles of the supply 
voltage, turning the switch S1 ON while S2 is turned OFF 
during the time SDT , take apart the input stage from the 
output. Input provides energy to the boost inductors. Here D  
is the duty ratio of switch S1 and ST is the switching period. 
Voltage across the inductor can be expressed as, 
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In state 2, when the switch S1 is OFF and S2 turns ON 
during the time ( ) STD−1 , the load gets energy from the supply 
and the boost inductors. Voltage across the inductor can be 
expressed as, 
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In the generalized switching cycle, the inductor volt-
second is, 
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In AC-AC switching converters, in steady state, total volt-
second of an inductor over one line frequency AC-cycle 
should be equal to zero. From volt-second balance, 
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Which implies,  
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Where, 
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From equation (6) it is possible to get equation (7),  
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Fig. 7. State 1: switch S1 is ON and S2 is OFF.  

 

Fig. 8. State 2: switch S1 is OFF and S2 is ON.  
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Simplifying we get, 
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This can be written as, 
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with 0→sT or ∞→n , we can write  
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Thus bearing in mind that the switching period is 
extremely small compared to the supply line period,  the 
voltage gain expression of the proposed three phase Boost AC 
voltage controller can be expressed as, 
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The above input/output relationship indicates that ideally 
the instantaneous output voltages of the Boost AC voltage 
controller will be greater than the input voltages. The output 
voltage can be controlled by duty cycle variation. In practice, 
switching loss, inductor/capacitor non-idealities, diode/switch 
conduction losses will cause deviation of ideal gain 
relationship, which eventually will not allow the circuit to 
work at high efficiencies at all duty cycles. Almost ideal gain 
characteristics will be followed near high efficiency operation. 
A similar analysis applies to other AC-AC converters.  

IV. SIMULATION RESULTS 

The proposed three-phase Boost AC voltage controller has 
been simulated using the application software PSIM version 
9.0. The input is a balanced three-phase AC source with peak 
voltage amplitude of 300V at supply frequency of 50 Hz. The 
two bi-directional switches are operated in complement by 
high frequency pulses of 10 KHz. Each Boost inductances has 
been selected as 7mH, filter capacitances at output are 1μF 
each and load resistances of 100Ω each. Fig. 9 illustrates the 
sample three-phase input and output voltages and input 
currents waveforms of the proposed Boost AC voltage 
controller with resistive load in open loop control. The wave 
shapes in the Fig. depicts that the proposed circuit can 
maintain good power quality by keeping the input currents 
almost sinusoidal and in phase with input voltage. 

A. Power Quality with Variation of Duty Cycle  

In open loop condition by varying the duty-ratio of the 
gate signals of the two bi-directional switches the performance 
of the proposed three-phase Boost AC voltage controller has 
been measured in terms of power quality indices such as 
efficiency(Eff(%)), input power factor (PF), percent Total 
Harmonic Distortion (THD (%)) of input current, and voltage 
gain (Vgain). The outcomes of this observation are given in 
Table I and in Figs. 10 - 13. 

TABLE I.  PERFORMANCE OF BOOST AC VOLTAGE CONTROLLER UNDER 
DUTY CYCLE VARIATIONS 

Duty Cycle, D Eff (%) PF THD (%) Vgain

0.2 99.94 1.00 5.86 1.24 

0.3 99.61 1.00 6.21 1.41 

0.4 99.31 1.00 6.50 1.64 

0.5 98.46 1.00 5.34 1.95 

0.6 97.67 0.99 4.43 2.39 

0.7 95.01 0.98 2.89 3.09 

0.8 90.12 0.91 1.67 4.05 

 
 

Fig. 9. Typical input and output voltages and input current wave shapes of 
three-phase modified Boost AC voltage controller at duty cycle D=0.6.
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In open loop condition with duty-cycle variation the 
proposed modified Boost AC voltage converter circuit gives 
high efficiency of more than 90%. The input power factor is 
almost unity all over the range of duty cycle. The maximum 
value of input current THD is below 7% at 40% duty-ratio. 
With duty-cycle variation the voltage at output is always 
found higher than the input voltage as expected. 

V. CONCLUSION 

A novel design of three-phase modified bi-directional 
switch with neutral has been proposed in this research. The 
modified bi-directional switch consists of a unidirectional 
controlled switch enclosed by a three-phase diode bridge the 
three legs of which are connected to three individual phases 
and an additional leg of two diodes connected to the 
source/load side neutral. Based on two new three-phase 
modified bi-directional switches a new family of three-phase 
AC voltage controller topologies has been proposed. The 
proposed converters have supply and load side neutral 
connections intact and contain less number of diodes. Current 
ratings of the unidirectional controlled switches (such as 
IGBTs) used in the proposed converters can be less compare 
to those employed in the AC voltage controllers having 
modular structure in which the converters work on per phase 
basis. Thus overall switching and conduction losses reduce 
significantly and efficiency of the converters increases. The 
modified bidirectional switch based converters also give 
design advantages like simple control, reliable operation, 
reduction in cost and complexity. The three-phase Boost AC 
voltage controller circuit has been investigated as an example. 
Reasonable performance of the converter in terms of power 
quality has been observed with duty cycle variation. The 
research outcome is expected to result in a family of simple, 
cheap, less weight and compact with better power quality AC 
voltage controller topologies suitable for AC-AC applications. 
Experimental verification will be conducted in future both in 
open and closed control to justify the validation of the 
proposed converter.   
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