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Abstract 

In electrical installation and building services engineering the power factor is a major consideration in
efficient building or system operation. It is the measure of how effectively your equipment is converting electric
current from power generation network to useful power output. Your industry can save money and gain other
benefits when your power factor is high enough to avoid power factor surcharges on your electricity bills. For this
purpose, this work presents an electronic circuit for the measurement of electrical energy. The design is based on
a sample and hold method, which generates two DC signals. The first signal is proportional to the peak value of
the line voltage, Vm and the second signal is proportional to the instantaneous value of the line current at the
instant of peak voltage, Vm., i.e. Im cos F, where F is the phase angle between the line voltage and line current
signals. Multiplication of the two signals over a predetermined period of time will provide an output proportional
to the electrical energy consumed by the load. A voltage to frequency converter, VFC, is used to digitize the
electrical energy signal. This signal is then digitally displayed through suitable circuitry. Results are presented to
show the effect of a changing power factor on the power available at a constant current and the annual cost
savings that can be made. 
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1. Introduction

Of particular attention to society is the effi-
cient use of electrical energy. An electrical engi-
neer is in a place to improve the efficiency of a
system using electrical energy conservation.

Power systems engineers generally use a capaci-
tor or synchronous motor to generate a leading
reactive power to cancel the lagging reactive
power due to inductance [1]. This concept is
very logical, for a capacitor or synchronous
motor drawing negative Q in parallel with an
inductive load reduces the Q which would
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otherwise have to be supplied by the system to
the inductive load. 

In other word, the capacitance supplies the Q
required by the inductive load. This is the same
as considering a capacitor as a device that deliv-
ers a lagging current rather than as a device
which draws a leading current. Therefore, the
power factor of the power system utilities can
result to: cos φR = cos (tan−1 QR/PR) [1]. 

This formula can be implemented graphi-
cally to obtain the overall P, Q and phase angle
φ for several loads in the power system network.
For several loads in parallel the total P will be
the sum of the average powers of the individual
loads, which should be plotted along the hori-
zontal axis for a graphical analysis. 

Fig. 1 illustrates the power triangle com-
posed of P1, Q1 and S1 for a lagging power fac-
tor cos φ1 combined with the power triangle
composed of P2, Q2 and S2, which is for a
capacitive load with a power factor cos φR. 

In this paper, the results of an investigation are
presented in the design of a simple instrument for
the measurement of electrical energy. This is not
a new idea; in fact, considerable effort has been
made in this field because of its special impor-
tance to remote monitoring. Thus, there are many
designs based on different techniques [1–5,10]. 

These designs use microprocessors, linear
or non-linear analog to digital converters, A/D
and binary rate multiplication, etc., and some of
them are available in the electronics market.
However, all the designs, including the one
presented in this work have their advantages and
disadvantages. 

The approach presented in this paper is
based on sampling both the line voltage, VL

and the line current, IL signals, holding them
at the instant of peak voltage Vm, thus two
DC levels proportional to Vm and Im cos Φ are
provided [6–9]. 

The product of these signals, when averaged
over time, will yield a DC. level proportional to
the electrical energy consumed by the load. This
signal is then digitized and displayed accordingly. 

2. Principal of operation 

Consider a normal three-wire system, where
the line voltage, VL and line current, IL signals
under steady state conditions are sinusoidal, as
shown in Fig. 2. 

The instantaneous voltage V(t) and current
I(t) are given as: 

 (1)

 (2)

where Vm is the peak value of line voltage, Im is
the peak value of line current, and f is the phase
angle between the line voltage and line current. 

From Fig. 2: at w t = p/2, then 

 (3)
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Fig. 1. Power triangle for combined loads. Fig. 2. Voltage and current signals. 
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(4)

Thus multiplication of Eqs. (3) and (4) will
give: 

 (5)

Which is the instantaneous value of con-
sumed power P. Averaging this power over a
number of time increments Ti, will give the total
electrical energy E in kWh: 

 (6)

where i = 1,2,3 . . . n 

3. The electronic meter 

The block diagram of the hardware is shown
in Fig. 3 and the timing waveforms are shown in
Fig. 4. 

The line voltage signal V(t) is shifted by 90o

and then shaped to a T.T.L compatible square
wave which is then inverted, producing the sig-
nal “A” at point “a” on the schematic diagram.
The “A” signal is used to control the Sample/
Hold (S/H) circuits; thus, sampling of the input
signals by the S/H will start at logic “ONE” of
signal “A”. The input signal will be held until the negative edge of “A” and then the holding

process will terminate at the positive edge of .
This cycle will continue, producing at points “b”
and “c” on the schematic diagram, the wave-
forms “B” and “C”, “B” is proportional to Vm,
and “C” proportional to Im cos φ. 

These two signals are shaped to give the sig-
nals “D” and “E” at point’s “d” and “e” respec-
tively, after passing through the analogue switch
circuit of type DG201. 

Multiplication of the “D” signal by the “E”
signal will produce at point “f” the signal “F”.
This is proportional to the consumed power
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Fig. 3. Schematic diagram of electrical energy meter. 

Fig. 4. Timing waveforms. 
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P = VmIm cos φ. The analogue multiplier circuit
of type AD426A has achieved multiplication of
the two signals. The “F” signal is converted to
an equivalent frequency by a voltage to fre-
quency converter VFC, giving the final signal
“G”, which is counted and displayed using the
counters, latch, Binary Coded Decimal convert-
ers and display blocks. 

The divide by “N” counter blocks are used to
give the required units for measurement, i.e. in
(milliwatt-second, watt-minute, kilowatt-hour,
etc.), where N is the number by which “G” is
divided. 

4. Results and conclusion 

The technique presented in this work pro-
vides a very simple means for the digital mea-
surement of electrical energy, which may be
used over a wide range of energy measurement.
The results obtained exhibited linear behaviour
over the range used. The apparatus gave good
results under various loading conditions and
with a power factor ranging from low to high
values. The device was used over a range of
power factors from 0.5 up to 0.9 in steps of 0.2. 

Tables 1–3 show the experimental results
obtained with a supply voltage of 240 Vrms under
varying loads compared with the theoretical val-
ues. These are in good agreement with small
errors. These experimental results are summa-
rized in graphical form which exhibits a linear
response as is shown in Fig. 5. 

Most electrical plant exhibits inductance as
well as resistance this leads to the non-unity
power factor values. Electrical utilities do not
like this and consequently make surcharges to
their consumers based on the power factor that
the consumer presents to the power supplier. 

The Fig. 6 below shows a typical surcharge
schedule imposed by a utility company [11]. 

It can be seen that even a power factor of 0.7
attracts a surcharge of 24%, an unwelcome extra

cost that may be reduced by careful design of
suitable compensation circuitry to connect to the
inductive system. 

In practice one would use capacitance in the
system requiring compensation to at least par-
tially cancel out its inductiveness. 

For example even an improvement in power
factor from 0.7 to 0.9 will give significant gains
in power available at a given supply current.
Table 4 gives details of this. 

Consider the case of a load that operates with
a supply of 240 V, 20 A and a power factor of

Table 1
Power at power factor = 0.5 (lagging) 

Current 
(amps)

Calculated 
power (W)

Experimental 
power (W)

Error (%) 

2 240 237.8 0.92 
4 480 476.8 0.67 
6 720 715.8 0.58 

10 1200 1194 0.50 
12 1440 1433 0.49 
14 1680 1672 0.48 
16 1920 1911 0.47 
18 2160 2150 0.46 
20 2400 2389 0.46 

Table 2
Power at power factor = 0.7 (lagging) 

Current 
(amps)

Calculated 
power (W)

Experimental 
power (W)

Error (%) 

2 336 330.9 1.52 
4 672 666.2 0.86 
6 1008 1001 0.69 
8 1344 1337 0.52 

10 1680 1672 0.48 
12 2016 2007 0.45 
14 2352 2342 0.43 
16 2688 2677 0.41 
18 3024 3013 0.36 
20 3360 3348 0.36 
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0.7, if we apply power factor correction to a
power factor of 0.9 at the same power we can
reduce the current to just under 16 amps. The
saving is significant because under the new load
conditions we save the 24% penalty. So in
Brunei where the cost of electricity is 5 c per
Unit, over a 16 hour per day, 300 working day

year the savings are approximately $194. In
comparison to this saving the cost of the
required capacitor bank in fairly small both in
terms of its initial cost and any maintenance
costs involved. 

This example is for a small load, where larger
loads are used correspondingly larger savings
are obtained, possibly running into the many
thousands of dollars. Hence power factor
correction is an important aspect in electrical
engineering. 

Table 3
Power at power factor = 0.9 (lagging) 

Current 
(amps)

Calculated 
power (W)

Experimental 
power (W)

Error (%) 

2 432 427.2 1.11 
4 864 858.9 0.59 
6 1296 1291 0.39 
8 1728 1722 0.35 

10 2160 2154 0.28 
12 2592 2586 0.23 
14 3024 3017 0.23 
16 3456 3449 0.20 
18 3888 3881 0.18 
20 4320 4312 0.19 
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Fig. 5. Power available at various power factor values. 

Fig. 6. Power factor–surcharges [11].

Table 4
Power gained at power factors of 0.7 & 0.9 

Current 
(amps)

Power (W) 
pf = 0.7

Power (W) 
pf = 0.9

Power 
gain (W) 

2 336 432 96 
4 672 864 192 
6 1008 1296 288 
8 1344 1728 384 

10 1680 2160 480 
12 2016 2592 576 
14 2352 3024 672 
16 2688 3456 768 
18 3024 3888 864 
20 3360 4320 960 
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The digital circuit used permits measure-
ments of power consumption to be quickly per-
formed so that as the technician changes the
capacitive correction applied he can monitor
the power reading in real time to optimise the
load. 

A prototype of the proposed system has been
constructed and tested under various loads and
over a considerable period of time. It is believed
that the design is very simple, straightforward,
with a low cost, and it will have many applica-
tions in the electronics industry or education. 

Furthermore, the device can be considered
for replacing conventional energy meters used
in switchboards and for domestic use. The
device may be supplied with a standard battery
back-up module, and can therefore store the
consumed energy, in case of power failure dur-
ing operation. 

Further investigation of the method is under
consideration, in particular it is proposed to
redesign the circuit using a microcontroller. In
this system, the microcontroller will allow many
of the functions performed by hardware in the
original circuit to be implemented by software
and several of the components used in the origi-
nal design are already implemented in some
microcontrollers. The advantages of this
approach are; simplified circuitry with a conse-
quent improvement in reliability, and the possi-
bility of storing the data and uploading data to
some central controller such as a computer for
further processing. A possible disadvantage of
this new system is that there may be reduced
sampling rates although for practical systems
this is probably not a problem. 

References 

[1] J. John Grainger and W. Stevenson, Power System
Analysis, McGraw Hill Edition, 1994. 

[2] W. Banks and J.C. Mjithia, Microprocessors
Design and applications in digital instrumentation
and control, IEEE Trans. on Instrumentation and
Measurements, IM-25, No.3., 1976. 

[3] T. Saegusal, Y. Suzuki, et al., Digital phase meter
using relative counting A/D conversion system,
IEEE Trans. on Instrumentation and Measurements,
IM-27(4) (1978). 

[4] P. Filipski, A new approach to reactive current
and reactive measurements in non sinusoidal
systems, IEEE Trans. on Instrumentation and
Measurements, IM-29, No.4., 1980. 

[5] P.N. Miljanic, B. Stajanovic, et al., A novel
method for the measurement of power, power fac-
tor, rms and average value of voltage and current
of distorted power frequency waves, IEEE Trans-
actions on Instrumentation and Measurements,
IM-29, No.4, 1980. 

[6] K.M. Ibrahim and M.A.H. Abdul-Karim, Novel
phase measurement method, Int. J. Elec., 56(2)
(1984) 217–221 . 

[7] A.H. Karik, Y.J. Munther and Tarik Al-Khateeb,
Digital active and reactive power measurement
using sample and hold, Int. J. Elec., 56(2) (1988)
263–267. 

[8] N. Mohan, T.M. Undeland and W.P. Robins,
Power electronics: Converters, Applications, and
Design, John Wiley & Sons, New York, USA
1995. 

[9] D.W. Hard, Introduction to power electronics,
(New Jersey, USA: Prentice-Hall International,
Inc.), 1997. 

[10] B.W. Williams, Power electronics devices, driv-
ers, applications and passive components, 2nd,
edn, Macmillan, London, UK, 1992. 

[11] B.C. Hydro, Guides to energy management –
power factor, http://www.bchydro.com., 1999.

T. Al-Khateeb, M. Blundell / Desalination 209 (2007)  328–333 333



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


