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Abstract

A data logger has been built to record, for a mpttle power consumption of various equipment ara
temperature at different points inside and outsifla rmdio communication base station operated by Voa
Portugal. Here we show how the concerns with measent uncertainty led us to choose an analog systel
a digital one for AC power measurement.
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1. Introduction

The introduction of analog-to-digital convertersO®s) and microprocessors, including
digital signal processors (DSP) and microcontrs|léas brought a new realm of possibilities
for measurement systems. In [1], for instance, lathlog-to-digital and digital-to-analog
converters are used, together with a microprocessgprecisely measure RMS voltage. In
some cases multiple microprocessors are used tov athore flexibility and real time
operation of measurement systems [2].

Physical quantities are inherently analog. Befonal@g-to-digital conversion they are
generally filtered to remove noise and unwantednagy amplified to increase the
signal-to-noise ratio, adjusted in order to haVieear relation between output voltage and the
measured quantity and mathematically transformedoonbined in order to estimate same
derived quantity. These benefits can also be obdthin the digital domain with digital signal
processing. It is not always clear, however, ifsth@perations are more advantageously
carried out in the analog or in the digital domahaturally the finite ADC resolution,
sampling frequency and number of acquired samphoduce additional sources of
uncertainty that play to degrade the measuremeatsemAliasing, for instance, is another
example of the problems that the use of ADCs engaitl which the designer should be aware
of [3].

This paper focuses exactly on this kind of chomamely in the case of active power
measurement. Active power is a derived quantityaioled from voltage and current
measurements. It can be measured in the analogtioe idigital domain:

— Analog — Multiply the voltage and current with amaéog multiplier, use a low-pass filter
to extract the mean of the result and acquire tevDItage at the filter output with the

ADC of a microcontroller. This voltage is proportad to the active power.
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- Digital — Acquire the two waveforms (voltage andrremt) with a microcontroller
containing an ADC, multiply by software, point bwipt, the two sample arrays and
compute the average value.

We seek to determine to what extent it should lmgexhout in the analog or in the digital
domain. To that effect we derive theoretical expi@ss for the standard deviation (precision)
of the active power measurements made in the araidgn the digital domain in order to
compare the two approaches.

In this paper we give an example of a data logget for a specific purpose namely to
measure the energy consumption of different ragkqtfency equipment used in a Vodafone
radio communication base station (BTS) [4]. It m&as, among other things, three phase AC
active power in the analog domain. The ultimateppse of this data logger is to use the
gathered information, together with data aboutrtheber of calls made in a given period of
time, to study how the operation of the base gstatan be optimized in order to reduce
operational costs.

In Section 2 we present briefly the data loggeidtbiore detailed information can be
found in [4]. In Section 3 we describe the anald@ power measurement circuit that was
built and used. As demonstrated in Sections 4 atidsSs the solution that leads to a lower
uncertainty. Finally, in Section 6 we present sameclusions.

2. Data logger

Inside a BTS there is various radio communicatiguigment (RBS) for second- (2G) and
third- (3G) generation networks. The equipment see®C supply and thus the BTS also has
a rectifier to convert the AC voltage supplied be B8BTS (250 V, 50 Hz) to a DC voltage
(50 V). To keep the BTS working in case of powegpy failure, it is equipped with a set of
batteries for energy storage. It also has an aiditioning unit to keep the temperature inside
the BTS low enough for proper operation of the sadommunication equipment and
batteries.

To study the efficiency of the base station, we tedrto analyze the efficiency of the
rectifiers, the distribution of the energy consummptamong the different equipment inside
the base station and to measure the individual ggneonsumption of each radio
communication equipment so that it could be coteeldo the voice and data traffic going
through the BTS.

Another important concern was the optimizationhaf &ir conditioning unit operation. The
less time it operated the less energy it would gores It is also important that the
temperature of the batteries be kept between 2&RLC 27 °C so as not to diminish their
lifetime.

After analyzing some typical base stations theofeihg list of required measurements was
compiled:

— The energy consumed by the entire station (ACliese);

— The energy consumed by the rectifiers (AC tri-phase

— The energy consumed by the air conditioner (A@lase);

— The energy consumed by 3 radio communication egaipmnits (DC);
— Temperature at several points around the baserstati

Also a list of desirable features was put togetimarsisting of the following abilities:

— Be able to store the results for posterior analysis

— Be able to monitor the measurements made withdetrupting the measuring system
operation;
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— Be able to install the system in a BTS without rintpting the DC power supply to the
radio-frequency equipment;

— Be able to keep track of time even if the powermpsypf the measuring system was briefly
interrupted;

— Do not occupy a large space inside the BTS;

— Be light so that it could be easily moved from Bi6BTS;

— Be inexpensive.
In Fig. 1 a block diagram is presented containiregdomponents of the system.
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Fig. 1. Block diagram of the measurement system.

The measurement system was built around a micromtart One from Microchip, model
PIC18LF8722 [5], was chosen since it is a low aostrocontroller which has 16 analog
inputs as well has SPI antClinterfaces needed to communicate with a SecugéabiCard
which would store the measurement results andldimeaclock to keep track of time.

The microcontroller (PIC) used is powered with 8.&and needs an external 20 MHz
clock. The 16 available 10-bit analog inputs weseduas follows:

— Two, three-phase, power measurement modules: @sinpu
— Three DC power measurement modules (common voltdgeputs;
- Six-point temperature measurement module: 6 inputs.

3. Analog AC power measurement

The rectifier and the air conditioning unit worktiwia 230 V three-phase system. The
energy consumed by those systems is determinedelaguming the active power drawn and
integrating it through time. To measure the acpegver we use the three-wattmeter method
that consists in measuring the active power in gdiase separately [6]. The active power (
is determined from the measured voltageafid currentij. By definition it is the mean value
of the product of voltage and current:

P:%ﬂVMKOm, i

where the mean is taken over one peribdof the signal.
In the case where the voltage and current are Gighaissignals:
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v(t) =Vcog wt+ g, ) 2)
and

i(t)=1coqa +9¢), (3)

respectively, wher& and| are their amplitudes ang, and ¢, are their initial phases, the
active power is given by:

P:%vnmqa,—m). (4)

Two Hall Effect sensors are used to convert theh higltage and current to small
proportional voltages. We thus have:

W (t) = Kyv(t) = KyVeodwt+gy) and vi(f)= Ki(t)= K/ I cdsut+g,)  (5)

The Hall effect transducers used to sample theageltand current were the LV25-P [7]
and the LA25-NP [8] respectively from LEM USA. Th&'25-P is a Hall effect closed cycle
transducer which works with DC or AC signals upb@® V. It has galvanic isolation between
the primary circuit (high voltage) and the secogydane (electronics) and a theoretical
conversion factor of 2500:1000. It needs a powpplubetweert 12 andt15V.

The LA25-NP is also a Hall effect closed cycle s@dumncer which works with DC or AC
signals up to 25A. It also has a galvanic isolattmtween the primary circuit and the
secondary one. The power supply is also betwdeénV and+15V. It is accurate and linear
such as the LV 25 P.
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Fig. 2. Electric circuit for the analog AC power aserement solution.

In Fig. 2 we show how to connect the current traneds to the rest of the circuit. Note
that the current transducer is placed in serieb thié phase whose current is to be measured.
The output of the current sensor is the currentoduerminal “M” with a nominal value of
25 mA when the primary current has an effectivaigalf 25 A. Other nominal values may be
used if the connections between pins 1 through d® changed as indicated in the
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manufacturer data sheet. In order to produce age]ta measuring resistance of IDWas
used which leads to a nominal voltage of 2.5 V whginside the range of the multiplier to
which it is connected. The constditin (5) is thus 0.1 V/A.

The voltage sensor needs a resistance in seriésthet “+HT” terminal to produce a
current which should be in the order of 10 mA. 8ititce phase effective voltage is 230 V, a
resistance of 22 was used. The sensor output is also a currendfoigrminal “M” (with
25 mA nominal value) which is converted to a vodtagith the help of another 10Q
resistance. The constafy in (5) is thus 4.545x1d

For the multiplier we consider using model AD633détn Analog Devices [9]. Its output
voltage is given by:

Vinuit (1) = K (X1 = X2) (M- %)+ Z (6)

whereX; », Y12 andZ are inputs of the multiplier. Connecting inpig Y, andZ to ground
and using inputX; andY; for the voltages output from the Hall Effect tsdacers, leads to:

1 1
Vinute (1) :EVIKVK,KM +EVIKVK,KM coy 2t + @y + @)+ Npy(t) @)

wherenm IS the voltage noise introduced by the multipligéth a spectral density ofmur
ConstantKy in this instance is 0.1 ¥ According to the manufacturer specifications the

spectral density of the noise introduced by thetipliér is 0.8uV/+Hz .
This signal is then low-pass filtered to remove $hmisoidal component and keep €
value. The result is:

Veir (1) :%vm\, Ky Ky G+ filt (e (1)) + filt (mye (t)), )

whereG is the filter gain aDC and filt is the noise transfer function of the lpass filter.
The ADC acquiresV samples of this signal adding its own noisgn€). If we consider
this noise to be equivalent to an additive voltagthe ADC input, we have:

\mmiﬂzvm(0+mmﬂﬂzévmv&KMG+ﬁquﬂﬂykmqmmU»+mmdQ%%

Finally, in software, the average value is computed divided byKy KKy G to obtain
the active power.

P:;xi%VADC(iT ) (10)
KyK\KyG M& S

Inserting (9) into (10) leads to:

P=P

M
+m ;%ult(iTs)JE+ Mot (IT)~ B+ napd i) |. (11)

Since the noise terms have a null mean, it isyeasin that this estimator is unbiased, that
Is:
E{R=P (12)

From (11) we can compute the variance of the estin@nsidering that the 3 noise terms
are independent and that each sample is not ctedehdth the other samples. We have thus:
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1
(KyK KnG)

VAR B =

2 2 2
2 M ><(I7mult B+,7Ipf B+an)' (13)

where ¢, is the ADC noise standard deviatidd,is the low pass filter equivalent noise
bandwidth.
The standard deviation of the estimated active pdseomes, from (13),

_ 1 2 2 2
Tp = KVK|K|\/|GN x\/”mU'tB-'-l?'pf Bra. (14)

It is observed that the three noise terms add wgath other in contributing the precision
of the active power estimation and that this prenian be improved by increasing the
number of samples. We can also conclude that narrditer bandwidths lead to more
precise estimates (lower standard deviation).

4. Digital measurement

In the Digital Solution, the two voltages that comé of the Hall effect transducers are
immediately digitized using the ADC inside the mimontroller (Fig. 3).
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Fig. 3. Electric circuit for the digital AC powergasurement solution.

The ADC adds random noise given loy,. and Napc, for the voltage and current
channel respectively:
Vapg, (t) = VKy cos(wt+¢y,) + nADq(t)

Vac, (1) = 1K cos{at + ¢, ) +napc, (1) (15)

Each of these signals is sampled and digitizedingath vapg; and vapc,; Which are
then multiplied numerically leading to:
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1 1 .
Vapg,i X VADG, :EVIKVchos(;bV—¢|)+EVIKVK| co§ Ri+dy +4,)+Napg i* Napc, i + )
+Napc,i XVKy  CEQi+ @y )+ napg i K, cf@i+g))

The power is estimated by taking the average & Weictor and dividing by the factor
KvK.

= Kle| ;VADQ (iTs) Vapg, (1T9 (17)

Inserting (16) and considering that the acquisit®rdone during an integer number of
periods, leads to:

M
P= KleI x —VIKVK| cogdh, — ¢|)+—Zn/_\Dcl.><nADCZ|+—ZnADc2 icodQi+gy) + _IZ Mo CokQi+¢) |
(18)
The expected value of the estimated active power is
E{ }——Vlcos(¢\, )= P, (19)

which shows that the estimator is unbiased. Th&arnee of the estimator is obtained from
(18) considering that the additive noise termsimdependent of the signals:

_%VAR{é Mog i X rlxoqi}*
i) |l it vl
| (l:\(ﬂ ] VAR{Z Mooy COSQ |+¢|)}

var{ 3 =

The variance of the first summation in (20) is:

VAR{iM;l Thog i X rl\Dozi}: E{LM; Mog; i ¥ rADCgi:IZ}_ ‘%{IM; Ao, ¥ fADozi}:

M=

M M 2
ZE{nADCliX Nabc,i ¥ Mabg, ¥ Mabc, j}—[Z E{ Mpg, i* moq}} = (21)
i i=1

1
=

=1
{nADCliZ} E{ nADCQiz} - MJ%ADcl UnZADCg'

||[\”4§

Regarding the other two variances, which are edgiNabut which relate to different
variables, we have, using the definition of varenc

=1

VAR{Z ncog(Q i+ ¢ } {[Z n co§Q i+ ¢ T}— EZ{M; n cof 'r+¢)} : (22)

The expected value of the summation is zero becdugsaoise is considered a null mean
random variable:



www.czasopisma.pan.pl N www journals.pan.pl
Y
S~
M

F. Corréa Alegria, F. Martins Travassos: THE CHOIBETWEEN ANALOGUE OR DIGITAL AC POWER MEASUREMENT.|

E{én cos(Qi+¢)}:éE{ n} cogQi+g)= 0 (23)

The expected value of the square of the summagigiven by:

i=1j=1 i=1j=1

E{l:ir]cos(QHg))} }:E{%%nq cogQ i+ ¢) co@g}j+¢)}:%%E{r}q} cqQ i+ ) cfQj+¢)=
. (24)

=

E{r?} @c(ﬂi+¢):%E{n2}

1

Considering that the noise has a null mean, theagd value of its square is just its
variance. We thus have:

. (25)

VAR{% ncog(Q i+ ¢)} .

i=1

N|§

Inserting (21) and (25) into (20) leads to:

2 2 2
B S I O SV S N VL. V2 LD SN (L U
VAR{ F} _[KVKIJ XI:MZ lvb-nADC]_ JnADCZ +( M ) 2 a-nADCZ +( M 2 UnADC]_ ' (26)
With some algebraic manipulation we can also write:
o2 2 122 2 1 2
VAR = KS K2M { "woc, Taoc, T2 ¥ VMoo, T 1 K%”ADQ} 7)

Finally the standard deviation of the estimatedvagbower is just:

iLVZKZJ2 I K 202 (28)

Op =————, |0, g
P KK I\/I\/ Mapc; "ADC, 2 MhoCy oG °

If the noise standard deviation is the same imileeADC channelsd), one has:

Op = KUK, \/_\/a + V K —IZKIZ. (29)

Also, if the noise in the channels is much smdhan the input signal at the channels then
we have:

o, V K2 K . for high SNR
PR, J_\/ g (30)

5. Numeric comparison

For the analog solution the estimated active pataardard deviation is given by (14). The
noise equivalent bandwidth for a low p&sSfilter, is, from [10]:

B= . (31)
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and 77 is the spectral density of the voltage noise phiiced by the low-pass filter which, in
case of a first orddRCfilter, is given by:

Mpt =+ 4KsTR, (32)

whereks is the Boltzman constank,is the temperature arrlis the resistor value.
In our implementation we chose the valuesRef 300 K2 andC = 470 nF to achieve a
bandwidth B) of 1.77 Hz and a DC gain of IG(= 1). The spectral density of the thermal

noise at ambient temperature (25 °C) is thus 2381V Hz .
According to the values presented for our impleragon, one has, for the 1000 samples
acquired:

1 6\2 2 a2
= 0.8x10°) x 1.77( 2.33¢ 18 1.7%( 1.861 = 1295
7P T 4545 10°x 0.x 04 14 1006[( " ) " ( ) " ( fg) }
(33)
We used a 10-bADC with a full-scale of 3.3 V. The ideal quantizatistep is thus:
2FS 2x3.3
Q= FRE T 6.445mV. (34)

Here we have considered that the noise introdugedhb ADC is only due to the
quantization error. Its standard deviation is thwen by:

0, =—2 =1.861mV. (35)

V12

In the case of the digital solution the standardat®n of the active power estimation is
given by (28). Considering the nominal operatingditons ofV = 325 V and = 3 A and the
rest of the parameters the same as in the analaigoso we have:

oo = 1.861x 10°
P 4545¢ 103 % 0.%+/ 100

J(l.SGlx 103)2+51323( 4.54% I6)2+—21 B CPE  0.138(36)

This value is substantially smaller than the vatfiel.295 W obtained with the analog
solution. This has to do with the fact that in #re@logue solution the product of the voltage
and current had to be input into the ADC channeiciwirequired it to be scaled, in the
multiplier, by a factoiKy which was 0.1 in the presented case. This lowsrsignal to noise
ratio increasing the measurement uncertainty.

The digital solution, on the other hand, has tlsadivantage of seeing the noise from one
channel multiplied, in the digital domain, by thgreal on the other channel (besides the
product of the two signals and the two noises).sTihcreases the variance of the noise
proportionally to the square of the signal inpubithe ADC.

To compare the two solutions solely based on thesdactors consider that in the analog
solution there is no noise input by the multipligp,,; = 0) or by the filter ¢z, =0) and that

the filter has a DC gain of 1. Eq. (14) becomes:
Un

TRy K Ky M (37)

Op

Consider also that in the digital domain the sigeahuch higher than the noise and that
the signal effective value in the two ADC chanrislshe same, that i3/K, = IK, =S. Eq.

(30) becomes:
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Op :LS’ (38)
Ky KM

Eqgs (37) with (38) one concludes that the precisibthe active power estimation is the
same for the two solutions, in the special casagoeonsidered, if the ADC input signal of
the digital solution (S) is the same as the recar@f the multiplier scaling factor in the
analog solution (Kiy).

It has also the disadvantage of requiring more adatinal power to carry out the
multiplications. The analog solution, on the otlkeed, has the disadvantage of being more
expensive and requiring more discrete componentstiptier and filter) which leads to a
larger circuit.

6. Conclusions

We analysed, from the point of view of measurementertainty, two solutions for AC
power measurement: analog and digital. We congidiégnee sources of uncertainty, namely,
the noise introduced by the multiplier, the thermailse introduced by the RC low-pass filter
and the additive noise introduced by the ADC. Tgkimat into account we derived analytical
expressions for the standard deviation of the actewer estimation using both methods.
These expressions, by themselves, can be usddstance, to compute the minimum number
of samples that should be acquired in order totlthe measurement uncertainty to a given
bound.

Comparing the two measurement solutions one caclwda that both have advantages
and disadvantages as listed in Table 1 and Table 2.

Table 1. Advantages and disadvantages of the asalagon.

Less computational power required  More area required for the circuit
Noise introduced by the analog multiplier
Noise introduced by the low-pass filter
Signal scaled down before going into the ADC
which degradethe signal-to-noise ratio

Table 2. Advantages and disadvantages of the Hagitation.

Less area required for the circuit More computational power required
More flexible in terms of software Noise digitally multiplied by the signal which
algorithm used to estimate power increases its variance

Two ADC channels required

Furthermore, we presented the actual electronguité for the AC power measurement
and with real figures computed the precision ohboieasurement methods. The conclusion
was that, for the conditions of the applicationhanhd (data logging in a Vodafone radio
communication base station), the digital solutias h better precision.

All in all we conclude that the digital solution more flexible allows for a smaller
implementation area and can have a better estimptecision.
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