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Abstract
The need for constant well-regulated voltage supply is of immense importance for 
proper functioning of electrical appliances. This work deals with the design of a 1KVA 
two-stage automatic voltage regulator with voltage input between 60-300V and an 
output voltage of 220V with a tolerance of plus or minus 8%. 

The design consist of a comparator circuit is designed to compare the 
incoming voltage. For voltages between 60-120V, the input voltage passes through 
the first stage and the second stage, while for voltage input between 121-300V, the 
first stage is by-passed and the input is fed directly to the second stage. The first stage 
is basically the booster stage with a step up transformer (1 to 2.0) for voltage input 
between 60-120V and output of 120-240V and the second stage basically an auto 
transformer with its input switching units for voltage input of 121-300V and an output 
of 220V. The first stage's output is fed to the input of the second stage with its 
switching units for voltages between 60-120V and the first stage is bypassed for input 
voltages between 121-300V to give a 220V output. A switch mode power supply 
(SMPS) was used to power the switching circuits. 

On completion of the design followed by implementation, the AVR was 
tested, MATLAB/Simulink was used to analyze the voltage output profile of the AVR 
with respect to varying input voltage. The plot indicated that the AVR performed 
satisfactorily within the voltage tolerance range as also obtained from the Simulink 
analysis.
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Nomenclatures:
Let:  S is the power rating of the 

transformer in KVA.
K =  transformer factor that depends on 

the type, material and labour cost, 
factory organization etc.

Φ =  main flux,  Wb.;m  

2B   =  maximum flux-density,  Wb./m ;m
2

J     =  current density, amperes per mm ;
2A =  core cross sectional area, m ;i    

K =  window space factor of window;w  

E  =  EMF per turn, volts/turn;t  

N , N   number of primary and p s =

secondary turns respectively;
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I , I =  primary and secondary currents p s 

respectively in amperes;
V , V  = primary and secondary p s

phase voltage respectively in volts;
a , a  =  primary and secondary conductor p s

cross sectional area respectively in 
2

mm ;
d , d  =  primary and secondary p s

conductor diameter respectively in 
mm.;  

W  =  window width, w

W  =  window heightH

COM = the common terminal of a relay
NC = the normally close terminal of a relay
NO = the normally open terminal of a relay.

Introduction:
An automatic voltage regulator (AVR) is a 
type of household mains voltage regulator 
which continuously uses an auto-
transformer to maintain an AC output that 
is as close to the standard or normal mains 
voltage as possible under conditions of 
voltage fluctuations (Alam et al, 2011). 
Fluctuations in input voltages are most 
times inevitable in ac power supplies 
especially in developing countries, where 
supply voltage from the public power 
supply can drop as low as 100V and even 
70-80V in some extreme conditions. 
Virtually every home in the urban parts of 
Nigeria has a voltage stabilizer. In 
developed countries, they are rarely found 
due to strict regulations on voltage supply 
variation and fluctuations (Onohaebi and 
Ike, 2002). AVRs as simply called are 
designed for specific input voltage ranges 
with a supposedly constant output voltage 
which also has a range depending on the 
designed tolerance. AVRs also have their 

power ratings usually in KVA which 
indicates the amount of load (current that 
can be drawn at a given voltage) that can be 
connected to it. It is worthy to know at this 
point that the output power that can be 
conveniently delivered by an AVR falls as 
the input voltage reduces also it is affected 
by the ambient temperature of its working 
environment (Alam et al, 2011; Onahasbi  
and  Ike, 2002).

Overview Of Existing Designs:
The existing AVR designs for domestic 
use, uses a single auto transformer, some 
relays, the conventional power supply 
circuit, and the switching control circuit 
that uses operational amplifiers as 
comparators (Nang et al, 2010). The power 
supply circuit of these designs is powered 
from a taping from the autotransformer 
that gives the computed design value. The 
use of a single autotransformer makes it 
very difficult to achieve a very wide vol-
tage range of voltage input. Even though it 
is theoretical and practically possible to 
have an auto transformer with a very high 
number of tapings, this will require the use 
of a lot of relays and makes the switching 
process more complicating.

The Proposed Design:
In this work, the design and implemen-
tation of a two-stage Automatic Voltage 
Regulator (AVR) was carried out; this 
involves the use of two power trans-
formers. The first transformer is basically a 
step-up transformer while the second one 
is the usual auto-transformer. This work 
adopts the use of two switch mode power 
supplies (SMPS) to provide the DC power 
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Figure 1. Block Diagram Of The Two-stage AVR
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voltages between 60 to 119V, relays 1, 2, 
and 3 will not operate (since the control 
switching circuit 1 is set to operate at 120V 
or above), the voltage input goes through to 
transformer T , to power supply unit 1 1

(designed for input voltage range of 120 to 
240V and 12V dc output),  also the control 
switching circuit unit 3 senses constantly 
the output of T  and switch the output of T  1 1

to the appropriate auto transformer T  2

terminal (designed to take input voltages of 
120-300V and an output of 220V).

For input voltages between 120-
300V, relays 1, 2 and 3 operate, to by-pass 
transformer T  and feed the supply directly 1

to T  and gives an output of 220V. The 2

circuit configuration for the transformers, 
power supply units, control circuits and 
relays are shown in Figure 2.

for the switching/control circuit as well as 
the relays coils. The switching/control 
circuit uses the LM324 IC which has four 
comparators units. The incoming supply 
voltage is fed into the sensing terminals of 
switching control circuit 1 and 2. The 
sensing terminal of switching control 
circuit 3 is connected to the COM of relay 3 
as shown in Figure 1. Switching control 
unit 1 is set to operate relays 1, 2 and 3 
when the input voltage is 120V or above. 
Switching control unit 2 is set to operate 
only relays 4 when the input voltage is 
240V or above. Control circuit 3 is set to 
operate relays 6 to 14 at voltages greater 
than 140V to 300V. At voltages less than 
60V, the system will not operate which will 
indicate an extremely low voltage below 
60V. The power supply unit 1 is designed 
for input voltage range 120 to 240V and 
will not power the circuit since the output 
of transformer T  is less than 120V when 1

the input voltage is less than 60V. For input 



 

Output
220±8%

Relay 4

Relay 3

Relay 2

Relay 1

Transformer 1

Power Supply Unit 1

Control circuit for relays
5-14

Power Supply Unit 2

Relays 5-14

Transformer 2

Input
60 -300V

Figure 2. Input-to-Output voltage path of the AVR

Relay 4 only operates when the input 
voltage reaches 240V, which cuts off the 
supply to power supply unit 1 and allows 
only power supply unit 2 to power the 
switching circuit and the relays.

For voltages above 300V, the last 
relay 15 switches to cut off the supply to 
the auto-transformer T2 and the output 
goes to zero, indicating an over voltage. 
The output voltage range designed for this 
work is 220 ± 5%.

First Stage Transformer Design 
Rated Power = 1.2KVA (to account for 

some losses in the transformer)
Operating power factor = 0.85
Input voltage range = 60-120V
Output voltage range = 120-240V
Type of construction: Single phase shell 
type
The following are parameter notations used 
in this design:
K assumes values in the order given in the 
table below when rating is in KVA 
 From table 1, taking K=1.1 for single phase 

shell type transformer.
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Table 1 Typical values of K                             

Transformer  type K

Three phase  shell
 

1.3
 

Three phase core, power 0.6-0.7  

Three phase core distribution
 

0.45
 

Single phase shell

 

1.0-1.2

 Single phase core 0.75-0.85

Taking  S= 1.2KVA

  E = 1.1 √1.2                              (1)t 

  E = 1.205 volts/turn.t 

E = 4.44fΦ                          (2) t 

E  = 4.44fB A ,      (3)t m i

A  = E  / 4.44fB      (4)i t m     
2

B  ≈ 1.2 wb/m  for single phase transformers   [4,]m

−3 2The C.S.A of the core = 4.5233 × 10 m
Input voltage range = 60– 120V
Maximum input voltage = 120V
Number of turns for volt per turn not to be more than 1.2, N  = 120 / 1.2 = 100 turnsP

Number of turns in the primary N  = 100 turnsP

Maximum output secondary voltage = 240V
Volts per turn E  = 1.2t

Number of turns in secondary N  = 240 / 1.2 = 200 turnsS

Current in the primary windings for minimum voltage of 60V, I = P / V = 1200 /60 =20AP

For the secondary windings, minimum voltage = 150V, I  = P / V = 1200 / 120 = 10AS
2

With a current density of J = 3.5A/mm  [5]
Cross sectional area of primary conductor

2a = I  / J = 20 / 3.5, a =5.7142mmP P P 

Diameter of the primary conductor

-3 2
A  =                  =                             = 4.5233 x 10  mi

1.205
4.44 x 50 x 1.2

Et

4.44 fBm
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Checking the British standard wire gauge table, the primary conductor is of gauge 12.
2

The cross sectional area of the secondary conductor, a  = I  / J = 10 / 3.5 = 2.8571mms S

Checking the standard wire gauge table, a copper of gauge 15 was choosen.
Power of a single phase transformer is expressed as: 

-3 2
A  = 2.7315 x 10  mw

Choosing a window height to window with of
2

A  = W  × W  Since W ≈ 2×W , A = 2W  [6].w w H H w w w

Window height W = 2×0.037 = 0.074mH 

The laminations after calculations of the 
window area and the core cross sectional 
area were chosen to fit into the design value 

d  =            =                       = 2.6973 mmp

4ap

π
4 x 5.7143

π

d  =            =                       = 1.3882 mmp

4as

π
4 x 2.8751

π

K  = 0.25, A  =w w

S
-32.22 x fB  A JK  x 10m i w

W  =           =                          = 0.0370 mW

Aw

2

-32.7315 x 10

2

of the core cross sectional area. Each metal 
sheet (lamination) is 25mm thick. The E 
and I of the transformer are shown in 
Figure 3.
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Figure 3. Dimensions of laminations used

Second Stage Transformer Design
Input voltage range 140 – 300V
Output voltage  220V
Rated power   1.5KW, Operating Power factor of 0.8

Volt per turn E  = K√ST

S = 1.2KVA, K = 1.1

E   = 1.1√1.2 = 1.205 volts/turnT

-3 2
Cross sectional area of core = 4.5233 × 10 m
 With E  = 1.205 volts/turnT

Number of turns for each tapping (Input voltage ranges):

5.9in

0.8in

1.6in

4.3in

3.1in

3.9in

Ai = 
4.44fBm

1.205ET

4.44 x 50 x 1.2

-3 2= 4.5233 x 10  m
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Maximum current in the transformer, 

From the British standard wire gauge table, a copper of gauge 14 is selected. The 
arrangement of the winding tapping is shown in Figure 4.

Design Of The Frame
Assuming the core has a rectangular cross sectional area 
 A  = Li x Bi, and Bi is choose base on shell type lamination available,i

For 141 - 160V,                        = 125 turns
1.2

150

For 161 - 180V,                        = 142 turns
1.2

170

For 181 - 200V,                        = 159 turns
1.2

170

For 201 - 220V,                        = 175 turns
1.2

210

For 221 - 240V,                        = 192 turns
1.2

230

For 241 - 260V,                        = 209 turns
1.2

250

For 261 - 280V,                        = 225 turns
1.2

270

For 281 - 300V,                        = 242 turns
1.2

290

For 220V Output,                     = 184 turns
1.2

220

minimum  voltage

power
I =

120
1200

=            = 10A

2Taking a current density J = 3.5 A/mm
Cross sectional area of copper conductor = 

3.5
10

2
A  = 2.857 mm , d  =              =                        = 1.9073mmC c π

4AC

π
4 x 2.857

Ai
Then Li =        ,

Bi
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Taking the window height W  is approx. twice the window width WH w
2A  = W × W W  ≈ 2W , A  = 2Ww H w, H w w w

Window Height = 2x0.0370 = 0.074m.
The same frame sizing is used for the auto-transformer as the first stage transformer.

and

Area of window A  =W -32.22 x f B A K J x 10m i W

S (KVA)

=
-3 6 -32.22 x 50 x 1.2 x 4.5233 x 10  x 0.25 x 3.5 x 10 x 10

1.2

-3 2
= 2.7315 x 10 m

2

-32.7315 x 10
W  =           =                         , W  = 0.0370mW W2

AW
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Figure 4. Auto-Transformer Winding diagram

Switching Control Circuit Design
All the switching control circuit for all the 
relays is based on the same design as also 
depicted in Figure 4. The op-amp compares 
a reference or set value at one terminal with 
a varying value at the other terminal and 
produces an out at certain predefined 
condition (Steve, 2003). A reference 
voltage is set across the inverting input of 
the op-amp using the 5 kΩ variable resistor 
for each value of the ac input. This is done 

such that when the ac input gets to the 
reference set value and above, the output 
from the op-amp is High, the transistor BC 
547 is turned on (LOW) allowing the 
negative terminal of the relay coil to be 
connected to the ground, thereby causing 
the relay COM terminal to move from the 
NC position to NO position (www.kpse. 
com.freenk.com). This is depicted in 
circuit diagram of Figure 5.

Relay 5

Relay 6

Relay 7

Relay 8

Relay 9

Relay 10

Relay 11

Relay 12

Relay 13

Relay 14

Overvoltage

281-300V
(242 Turns)

261-280V
(225 Turns)

241-260V
(209 Turns)

221-240V
(192 Turns)

201-220V
(175 Turns)

181-200V
(159 Turns)

161-180V
(142 Turns)

141-160V
(125 Turns)

121-140V
(109 Turns)Input

(Live)

Neutral

220V Output
(184 Turns)

Neutral
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Figure 5. A single unit of the switching control circuit

The COM terminal of the relays goes back to its initial position once the input voltage 
decreases below the set value. The PCB layout for the switching circuit is shown in Figure 6.

Figure 6. A PCB layout for the switching circuit

Power Supplies Using Smps.
An SMPS was designed for the AVR power 
supply rather than linear power supply 
because for same power rating, SMPS is 
smaller, cheaper and lighter than linear 
power supply especially transformer [9]. 
The high frequency switching transformer 

that is used in SMPS is smaller and lighter 
than the transformer that is used in linear 
power supply. SMPS also have better 
efficiency than linear power supply [10]. 
This design used an SMPS with a flyback 
converter topology. This flyback converter 
topology is chosen because it affords to 
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carry power till 150 watts and simple 
components are used to construct the 
circuit. The basic difference in the power 
supply designs of the two power supply 

Figure 7. Schematic diagram for the 120-240V SMPS

Results And Analysis Of Results.
The results of the tests carried out as shown 
in Table 2, shows that the output voltages 
are within the tolerance designed for in this 
work. The precision in this output voltages 
boils down to the fact that the auto trans-
former switching was design for the inter-
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units is the design of the ferrite-cored 
transformers and their windings. The 
circuit diagram of the 120-240V SMPS is 
shown in Figure 7.

vals of 20V. Applying voltages in steps of 
10V, with the use of a variac gave the 
following voltage output as shown in Table 
2. Plots of the input-output results for the 
designed and implemented AVR as well as 
the percentage output variation is shown in 
Figures 8, 9 and 10.



INPUT 
VOLTAGE 

(V)  

EXPECTED 
OUTPUT 

VOLTAGE 
(V)

 

ACTUAL 
OUTPUT 

VOLTAGE (V)  

% DIFFERENCE IN 

OUTPUT 
VOLTAGE (220V 

Reference)

60
 

203
 

205
 

-6.8%
 

70
 

236
 

198
 

-10.0%
 80

 
236

 

210

 
-4.5%

 90

 

233

 

209

 

-5.0%

 100

 

231

 

227

 

+3.2%

 110

 

231

 

226

 

+2.7%

 120

 

230

 

215

 

-2.3%

 
130

 

229

 

231

 

+5.0%

 
140

 

229

 

208

 

-5.5%

 
150

 

228

 

210

 

-4.5%

 
160

 

236

 

223

 

+1.4%

 

170

 

220

 

209

 

-5.0%

 

180

 

233

 

222

 

+0.9%

 

190

 

220

 

208

 

-5.5%

 

200

 

231

 

220

 

0%

 

210

 

221

 

228

 

+3.6%

 

220

 

231

 

218

 

-0.9%

 

230

 

220

 

210

 

-4.5%

 

240

 

230

 

231

 

+5.0%

 

250

 

220

 

230

 

+4.5%

 

260

 

229

 

210

 

-4.5%

 

270

 

221

 

223

 

+1.4%

 

280 229 212 -3.6%

290 220 221 +0.5%

300 228 210 -4.5%

Table 2. Test Results
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Figure. 8. Plot of Input-Output voltage variation of the implemented AVR

Figure. 9. Plot of Input-Output voltage variation of the designed AVR

Figure. 10. Plot of %output voltage variation against input voltage
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The percentage difference in the output 
voltage was computed as shown in Table 2. 
The variations in the output voltage of the 
AVR showed that the output voltage is 
within the designed tolerance range of 
220±8% except when the input voltage is 
70V output voltage is 10% lower than the 
reference value of 220V.

Conclusion.
In this work, the design, implementation 
and testing of a two-stage AVR was 
successfully done. The idea was to achieve 
a wider input voltage range compared to 
the existing designs, and also achieve a 
reasonable voltage tolerance range. Two 
power transformers were deployed to 
achieve this aim. SMPS was used to 
provide power supply for the comparative 
circuits and to the relays in other to ensure a 
very reliable and effective switching. The 
basic draw back in this system will be a 
slight loss in efficiency, due to the use of 
two transformers in cascade for the 
extremely low voltage range. 
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