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Abstract  This paper presents simple and low 
cost AC voltage regulator that utilizes series 
boost technology.  The basic idea is to utilize 
adjustable ac voltage source in series with the 
supply voltage to make the sum of the source 
voltage and the series boost voltage constant as 
seen by the load.  The circuit does not require 
any kind of synchronization with the source 
mains. Voltage sags up to 30 percent have been 
accommodated for a line voltage of 120 volts 
and load up to 350 watts (a typical household 
appliance rating). Laboratory tests of a prototype 
are reported.  An innovative portion of this 
design is the magnitude and phase feedback 
control of the AC series voltage.  The basic 
components of the regulator design are a series 
boost and a control circuit for the series boost.  
The series boost voltage is developed from a 
transformer that is fed by the original supply.   
The device complies with ANSI standard C 84.1-
1989 for class A secondary distribution voltage 
regulation. 
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power quality; distribution engineering. 

 
1. Introduction 

This paper concerns the subset of power 
quality engineering that deals with voltage 
regulation.  The scope is limited to voltage sags:  
specifically voltage sags to -30% reduction of 
rated voltage at the secondary distribution level.   
The objective is to examine series voltage boost 
technologies for applications in the 350 W class 
for residential applications.  The concept of the 
phase controlled, series boost electronic voltage 
regulator is to use a voltage source in series with 
the supply voltage to make the sum relatively 
constant as seen by the load, 

 
Vload = Vsource + Vseries 

 
|Vload| = regulated quantity 

 

The series boost voltage is developed from a 
transformer that is fed by the original supply.  
The series boost transformer is a standard two 
winding transformer, in which the control circuit 
excites one winding.  The other winding is in 
series with the supply.  The objective is to sense 
voltage sag and vary the series boost voltage to 
achieve proper phase and magnitude.  The 
voltage regulator is divided into two principal 
parts: voltage sensing and series voltage control 
circuitries. The voltage sensing circuit 
determines when sag occurs and the magnitude 
of that sag.  It then sends a signal to the control 
circuit. The voltage applied to the primary side is 
therefore controlled by the triac switch through 
the delay of the firing instant (α) with respect to 
the ac cycle. By chopping part of the cycle, the 
rms primary voltage is then somehow smoothly 
controlled which adjusts the series boost 
configuration.   
 
2.  Voltage regulation 

Voltage regulation has become 
increasingly important for computers and 
computer-controlled loads.  Millions of dollars 
can be lost because of drop in voltage lasting a 
few cycles.  “Approximately 80 percent of 
electrical maintenance staff activity can be 
equated to treating the effects of transient 
phenomena on electronic equipment.  
Maintenance costs are a controlled item for all 
companies, and real efforts should be made by 
employees to reduce costs in their areas of 
concern.” [1] 

Traditional voltage regulators often 
used electromechanical and electromagnetic 
technologies.  As an example, the trip coil 
voltage regulator is designed to hold in relay 
contacts by maintaining a control voltage on the 
relay coil during voltage sag.  The device works 
similar to contemporary designs in that it 
maintains voltage for about 25 percent loss of 
input voltage.  The device works within a sub-
cycle response time and it can be designed for 
120, 240, and 480-volt AC systems [3].  
Alternatively, there is a range of voltage 
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regulator configurations that employ transformer 
tap changing or rotating generator excitation 
control.  These technologies have the advantage 
of high power convenience, but the 
disadvantages of slow speed, large size, and high 
maintenance requirements. 

Several regulator technologies are based on 
rectifier - inverter topologies.  A voltage dip 
proofing inverter uses a large storage capacitor to 
maintain voltage during voltage sag.  It supplies 
the load with a semi-sinusoidal wave voltage 
equal to the main power source.  It was 
originally designed for inductive loads with low 
power factor. The device can be manufactured 
for 120 or 240 volt AC systems [3].   

Constant voltage transformers (CVTs) 
utilize a resonant capacitor circuit in the 
secondary to maintain a constant voltage during 
voltage sags.  The device has a sub-cycle 
response time and can be used for a wide range 
of voltages and loads.  CVTs need to be 
oversized to approximately double the load value 
for appropriate voltage compensation.  The 
output of a CVT can collapse when the inrush 
current gets too high [3].   
 
3 Series voltage boost technology 

Series boost technology entails the use 
of a series transformer that is used to boost the 
supply bus voltage.  Figure (1) shows the basic 
concept.  This technology has been used in high 
power regulation applications in the form of a 
dynamic voltage restorer (DVR) and other types 
of regulators.  References [8-9] are a sampling of 
recent reports on series boost technology.   

In the series boost configuration, the 
excitation of the series transformer is obtained 
from a number of alternative controllable voltage 
sources.  For purposes of the proposed design, a 
triac chopped wave is obtained from the supply 
bus, and the chopped wave is applied to the 
excitation winding of a series transformer.  By 
varying the triac control, the series boost 
obtained is controllable.  Feedback control is 
used to render the circuit operable as a voltage 
regulator.    

 
 

 
 
 
 
 
 
 
 
 

Figure (1) Basic series boost voltage regulation 
technology Phase Coordinated Waveforms. 

The premise of this design project is to 
maintain a constant voltage to a load during 
voltage sag.  During a voltage sag condition, this 
design utilizes voltage-sensing circuitry that will 
control the gate firing instant of the triac.   
 The control circuit is designed to sense 
the voltage sag of the ac supply. The sensed 
signal rectified and is compared with a reference 
voltage that is set to present 120 V. The output 
voltage of the comparator is then amplified and 
integrated to minimize sudden change 
overshooting. The output is then compared with 
unity triangular waveform synchronized to mains 
supply half cycle. The result of the two 
waveforms crossing is pulse width modulated 
voltage signal in synchronism with the supply. 
As the sensing voltage drops, so the error 
increase, decreasing the delay angle allowing 
much of the ac portion to be applied across the 
boost primary windings. The boost level depends 
on the phase and rms amplitude of the boost 
transformer primary voltage.  Phase is important 
in this stage of the control circuit, and the phase 
and amplitude of the triac voltage is controlled in 
a feedback arrangement to regulate the load 
voltage [5-6]. The transformer primary voltage 
as a function of the gate delay angle is given by 
equation (1). 
V(α) = kVp  [1/(2π). (π - α + ½ sin (2α)]½      (1) 
Where, 
 k is the step down transformer ratio. 
Figure (2) shows the rms triac output voltage for 
various DC control voltage inputs in a typical 
phase controlled configuration.  The portion 
of this graph that is most important for the 
design is the linear region between 3 and 8 Vdc 
control voltage for the selected phase controller 
circuit.  The voltage sensing circuit is designed 
to operate in this linear region.  
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Figures (3) and (4) show the output 

wave shapes of the phase controlled triac circuit.  
These wave shapes help illustrate the operation 
of the triac as phase controlled bilateral switch in 
which the typical voltage waveform are as shown 
in figures (3) and (4). These figures are included 
to appreciate the wave shape distortion of the 
triac chopped voltage:  a clear disadvantage of 
this voltage regulation method is the high level 
of bus voltage distortion at the load. The primary 
voltage waveform is assumed to follow the same 
pattern at the secondary side of the transformer. 
However, as the secondary side voltage is in 
series with the supply and at a fraction of the 
primary injected voltage, the overall distortion to 
the load voltage is acceptable. 

 

16 .7  m s

58 V

 
Figure (3)  Triac voltage waveform at 3 Vdc 

control voltage (α≤π/2) 
 

16.7 m s
165 V

 
Figure (4)  Triac voltage waveform at 6 Vdc 

control voltage (α≥π/2) 
In the series boost configuration, the 

regulated voltage is given by the following 
equations: 
For α o < conduction period < 180 o,  then  
Vo(ωt)  = Vs(ωt) + Vo(α)                  (2) 
And for  0o < conduction period < α o,  then 
Vo(ωt)  = Vs(ωt)   = Vp . sin(ωt)  (3) 
 
4 Voltage sensing configuration 

The source unregulated voltage is sensed through 
voltage sensory circuit that convert the ac value  
to dc level allowing detection of voltage sags of  
both the positive and negative half cycles. 
The output of the sensing part of the control 
varied from –9 to –6.5 Vdc for input voltages of 
120 to 90 Vac.  Amplification of the control 
signal by a factor of two is needed to 
accommodate the proper feedback gain enough 
to cover 80% of the control range.  The control 
and power circuit designed is shown in fig. (5). 
 Figures (6) and (7) shows the Pspice 
simulation response of sensing part of the circuit 
for line voltages between 90 and 120 Vac.  This 
illustrates linear control. 

 

 
 

Figure (5)  Schematic of voltage sensing circuit  
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Figure (6) PSpice response of the voltage 
sensing circuit 
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5 Design boundaries 
 
 An objective of the design of this 
regulator was potential application for residential 
loads.  The 350 W design specification 
corresponds to 2.91 A at 120 Vac.  The load side 
of the transformer had to be designed for the 
proper boost voltage under worst-case 
conditions.   

This meant that a 90 Vac input to the 
control side would provide the 30 Vac boost to 
the supply voltage to maintain 120 Vac to the 
load.  Therefore, to regulate up to 30% of supply 
drop, the transformer primary to secondary turns 
must be, 

kmax > 4    (4)  
 
Another factor that was considered in 

the consideration of the boost transformer was 
the series reactance and its effect on the overall 
circuit. The transformer used in the prototype 
design had a leakage reactance of about 2.3 
ohms. 
 The limitations of the power 
transformer used as the series element are size 
and weight.  The larger the VA rating of the 
transformer, the larger and heavier the 
transformer will be.  A power transformer can be 
manufactured for almost any combination of 
voltage between the primary and the secondary 
windings.  The transformer chosen for this 
design was a 120/52 Vac transformer.  At a 
supply voltage magnitude of 90 Vac, this 
transformer produced a boost voltage of 38 Vac.  
This voltage accounted for any voltage drop due 
to the series reactance of the transformer and for 
the drop in supply voltage.   
 
5. Experimental results 
 The triac control circuit, the voltage 
sensing circuit and the series boost transformer 

were combined into a prototype for testing and 
debugging.  Figure (8) is a schematic 
representation of the entire circuit. 

The response of the regulator is 
illustrated by results of a series of partial load 
and full load tests.  The IEEE 141-1993 standard 
for minimum and maximum voltage is –4.0% 
and +9.5% for a 120 Vac supply.  The ANSI 
C84.1-1989 standard for the 120 Vac nominal 
voltage range is a maximum voltage of 126 Vac 
and a minimum voltage of 114 Vac.  Figures (9) 
to (11) shows the results of a 40 W,100W and 
320 W load test respectively.  
 The figures illustrates several key 
points.  The design maintains voltage within 
IEEE and ANSI standards down to a supply of 
80 Vac.  The second point that can be illustrated 
is the versatility of the gain adjustment on the 
voltage sensing system.  This adjustment is 
external to the device and can be adjusted at any 
time to obtain the desired voltage.  This could be 
part of regulating the load voltage feedback loop. 
Several test were made to debug the controller to 
ensure precise performance of the regulation as 
the source is reduced to –30%.  
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The experimental work indicated 
successful self-regulation through the control of 
the triac-firing instant with respect to the source 
voltage periodical half cycles. The circuit does 
not require any kind of synchronization.  The 
voltage across the load was maintained at 120V 
from 100% down to  70% of the source supply 
rms level.  
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Figure (9)  Output (load) voltage of a series 

boost voltage regulator for a 40 W load 
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Figure (10) Output (load) voltage of a series 

boost voltage regulator for a 100 W load 
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Figure (11) Output (load) voltage of a series 
boost voltage regulator for a 320 W load 

 
  A series of experiments was conducted 
to inspect the waveform of the prototype. The 
boost voltage however, is only a partial sine 
wave and when added to a full sign wave, creates 
an increase in peak voltage and a distorted wave 
shape. 
 

16.7 m s

240 V

 
Figure (12)  Output voltage waveshape (load 

voltage) of the prototype at 120 Vac supply with 
a 100 W load 

 
 

180 V

16.7 m s

 
Figure (13) Output voltage waveshape (load 

voltage) of the prototype at 90 Vac supply with a 
100 W load 

 

16.7 m s

162 V

 
Figure (14) Output voltage waveshape (load 

voltage) of the prototype at 80 Vac supply with a 
100 W load 
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The distorted wave particularly (α≥π/2) 

has the disadvantage of high crest factor which is 
defined; 
Crest factor = Vo-peak / Vrms,   (4) 
 The high factor as well as high harmonic 
distortion is basic disadvantages of the simple 
triac chopper design.  However, if voltage 
regulation is required for 15% of the source, the 
output-regulated voltage is almost sinusoidal. 
Figures (12)-(14) show the combination of the 
boost voltage and supply voltage sine waves 
delivered to a 100 watt load as the control 
voltage demand varies to maintain constant 
output.    
 
6.  Recommendations for future work 
 The main recommendations for future 
work and improvement of the proposed regulator 
design are: 
• 

• 

• 

• 

• 

The regulator transient response should be 
measured 
The response time of the regulator should be 
identified and compared to general 
residential needs 
Alternative filtering methods should be 
studied 
The present design shows some dependence 
of the regulation on the load level.  Adding a 
second, very low gain feedback loop could 
accommodate this. 
The response of inductive loads should be 
investigated (e.g., induction motor loads) 

 
7.  Conclusions 

The objective of this design project was to 
inexpensively build a phase controlled, series 
boost voltage regulator.   The regulator 
specification is in the 350 W class intended for 
residential applications.   Demonstrated in this 
paper is a series configuration that employs a 
simple triac chopper as the control element.  
Laboratory tests are included to illustrate the 
regulator response.  The main disadvantage of 
the design is the high level of voltage waveform 
distortion that is a function of the triac firing 
instant and the transformer step down ratio. The 
main advantages are low cost, simple design, and 
tight voltage control.  The laboratory prototype 
complied with ANSI C 84.1-1989 class A for 
supply voltage sags down to 90 Vac. 
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