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REZUMAT. Partea de instrumentaţie ocupă un loc important în orice domeniu. Lucrarea prezintă un instrument pentru
măsurarea simultană a puterii active, reactive şi aparente implementat pe un circuit de tip arie logică programabilă.
Implementarea fără optimizare a acestui instrument ocupă aproximativ 76% dintr-o arie logică de tip FLEX10K. Pentru a
micşora spaţiul ocupat se încearcă o optimizare a blocurilor de filtrare. Metoda propusă se bazează pe scrierea
coeficienţilor filtrelor ca sumă de puteri ale lui doi. Se obţine astfel o micşorare cu 10 % a spaţiului total ocupat.
Cuvinte cheie: instrumentaţie, arii logice, filtrare, calcul puteri
ABSTRACT. Instrumentation is essential in any domain. The paper presents an instrument for simultaneous active, reactive
and apparent power measurement. The instrument is implemented on a field programmable gate array (FPGA) device. The
instrument is fitting on 76% of total area of a FELX10K device if implemented without any optimization algorithm. To
minimize the occupied area, an optimization for the filtering blocks is performed. The method consists in coding the
filtering coefficients like sum-of-power-of-two (SOPOT) terms. The total area is with 10% less than the initial case.
Keywords: instrumentation, FPGA, FIR filtering, power computing

1. INTRODUCTION
Electric power monitoring is a very important task in
many industrial applications. An efficient power
management is the key to industrial progress.
Traditional power measurements have been performed
in both time and frequency domains. The time domain
approach is the most efficient and the most accurate
when root mean square (rms) and real power as well as
their dependent quantities are computed. This is
because the starting point for all digital methods are the
voltage and current waveforms concurrently sampled at
uniform intervals over one or more cycles [1]. The
frequency domain can offer better results for distortion
and harmonic influences but suffers when it deals with
non-stationary signals.
There are classical instruments in which the power
value results from physical phenomena or are computed
by software algorithms using specialized signal
processors. The power analyzer described here is based
on a method that differs from those implemented in
electrodynamic, electrostatic, thermal and Hall effect
wattmeter’s. The presented instrument offers better
performances compared with software solutions with
lower clock speeds (digital signal processor or
microprocessor).
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FPGAs are very powerful, relatively inexpensive
and adaptable devices because their configuration is
specified by an abstract description language. As their
size, capabilities, and speed increased, they began to
take over larger and larger functions, needed in modern
instrumentation. By simultaneously performing all of
the operations, FPGAs are also widely used for digital
signal processing functions. Taking advantage of the reconfigurability during system operation, an FPGA
based design can become an In-System Programmable
(ISP) [2] system. FPGAs are being used often instead of
Application Specific Integrated Circuits (ASIC) and
microprocessor because they offer higher performance,
lower power consumption, short development time and
reduced risk [3].
In [4] an analog-to-digital converter (ADC) using an
intermediary conversion into Pulse Width Modulation
(PWM) signal is presented. The digital part of the ADC
has been economically implemented in Altera's Flex
10K device. Using this ADC, an instrument for
simultaneous measurement of active, reactive and
apparent power has been developed and presented in
[5].
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2. THEORY OF CALCULATION

assigned to an ac signal is the amount of dc required to
produce an equivalent amount of heat in the same load.
Mathematically, the rms value of a continuous signal
V(t) is defined as:
1 T 2
(5)
Vrms 
V ( t )dt
T 0
For time sampling signals, the rms calculation
presumes squaring the signal, taking the average, and
obtaining the square root:

This section describes the theory of real, reactive
and apparent power, rms and power factor calculation.
Definitions of various types of powers are found in the
IEEE Standard Dictionary of Electrical and Electronics
Terms [IEEE Std. 100-88] [6].
If vt and it are periodic signals with period T, then
the real power P is given as follows:
1 T
(1)
P   i t v t dt
T 0
Reactive power is defined as a “quantity measured
by a perfect watt-hour meter which carries the current
of a single-phase circuit and a voltage equal in
magnitude to the voltage across the single-phase but in
quadrature therewith” [7]. At each frequency over its
range, the voltage vt leads the voltage in quadrate vt-90°
by 90°. If vt-90° and it are periodic signals with period T,
then the reactive power Q is given by:
1 T
(2)
Q   it vt 90 dt
T 0
In this paper, the reactive power will be computed
from the power triangle:

1 N 2
(6)
V ( i )
N i 1
The power factor (PF) registers the ratio between the
real power and the apparent power consumed by a load:
P
(7)
PF 
S
Vrms 

3. POWER PARAMETERS COMPUTING
INSTRUMENT
The arithmetical blocks are implemented into a
Flex10k70 device using Quartus II development
software. Figure 1 presents the architecture of this
implementation. Digital components of the ADC are
not presented here. Each voltage and current sample is
sent to a Finite Impulse Response filter (FIR) for a
primary filtration. The filter coefficients, generated
using a FIR Compiler Software (MATLAB, GNU
Octave or Scilab), are read from a ROM memory using
a serial interface. This makes the filter programmable
regarding the frequency response and its type.

(3)
Q  S 2  P2
where S is the apparent power, being calculated as
product between the rms voltage V and the rms current
I. The above equation (3) is true only for sinusoidal
waveforms.
(4)
S  Vrms I rms
The rms value is a basic measurement for an ac
signal magnitude. It can be defined under practical or
mathematical aspects. Practically, the rms value
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Fig. 1. Computing algorithm implemented in FPGA.
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After the filtering stage, a binary code conversion is
made (BCC). The ADC samples values are in offset
binary code and for digital processing the data must be
in two's complement format. To convert the format, the
MSB of the each sample is inverted.
Next, the samples are multiplied and accumulated by
a MAC (multiply and accumulate) block. These
operations are synchronized with the other operations,
on the basis of two general signals: clock and clear
(Figure 2). The counter (C) detects the signal period
generating the “clear” signal and the number of samples
per period (N). Before clearing the MAC registers, the
values are loaded into dividing blocks registers.
clear

X

+

clk

MAC1 computes the ΣV2, MAC2 is computing the
ΣVI and MAC3 is computing the ΣI2. A MAC entity for
a 12 bits data occupies around 190 logical cells. This
represents about 7% from the total number of
Flex10k50 logic cells.
The square root operation is implemented in VHDL
(VHSIC hardware description language) using a nonrestoring algorithm [8]. This block occupies less than
100 logic cells from a total number of 2880. The
computing time is around 1 µs.
Using other digital blocks (multiplying, dividing,
subtracting) power factor, real, reactive and apparent
powers are computed. These values can be directly
displayed or used for controlling a process and/or sent
to another device via a Serial Peripheral Interface Bus
(SPI).
The presented instrument was implemented on an
Altera’s Flex10k50 FPGA device for single phase
measurements. It fits 76% of logic cells without any
resource sharing algorithm. A study for different Altera
FPGA devices was performed and results are presented
in Table 1.

Fig. 2. Multiply and Accumulate Diagram.
Table 1
Fitting results for different Altera FPGA devices
Family

FLEX10KE

Cyclone II

Stratix II

Device

EPF10K50SQC208

EP2C5T144C6

EP2S15F484C3

2197/2880 (76%)

323/4,608 (7%)

2%

-

227

99

36/147 (24%)

36/89 (40%)

36/343 (10%)

128/40,960 (< 1%)

128/119,808 (< 1%)

128/419,328 (< 1%)

Embedded Multiplier 9-bit elements

-

16/26 (62%)

16/96 (17%)

Total PLLs

-

0/2 (0%)

0/6 (0%)

Total logic elements
Total registers
Total pins
Total memory bits

4. OPTIMIZING THE INSTRUMENT

filter of order or length L, to an input time-series x[n],
is given by a finite version of the convolution sum,
namely:
L 1

In the previous implementation, the FIR filtering
blocks are occupying about 50% of the total area on
chip. In case of extending the instrument for three phase
measurements, an optimization is required. The most
valuable space-on-chip can be achieved by minimizing
the filtering FIR blocks.
A FIR filter with constant coefficients is a linear
time-invariant (LTI) digital filter. The output of a FIR
Buletinul AGIR nr. 3/2012 ● iunie-august

yn xn  f n   f k xn  k 

(8)

k 0

where: f[0]≠0 through f[L−1]≠0 are the filter’s L
coefficients.
The Lth-order LTI FIR filter is graphically
interpreted in Figure 3. It can be seen that this filter
consists of a collection of a “tapped delay line”, adders,
3
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and multipliers. One of the operands presented to each
multiplier is a FIR coefficient, often referred to as a
“tap weight” for obvious reasons. Historically, the FIR
filter is also known by the name “transversal filter,”
suggesting its “tapped delay line” structure.

Based on the above algorithm, we carried out a
study upon SOPOT approximation. Major differences
were found between the performances obtained using
the sum of three-power-of-two with respect to the sum
of two power-of-two. Table 2 presents some examples
and corresponding approximation errors.
Table 2

x[n]
f[0]

z

-1

z

f[1]

-1

z

f[2]

-1

Example of two and three SOPOT terms

Integer

f[L-1]

+

22

2 +21+20=11 (0%)
24+22+21=22 (0%)

76

26+24=80 (5%)

26+24-22=76 (0%)

y[n]

Fig. 3. Direct form FIR filter.
In order to implement a FIR filter into an FPGA
device is necessary to scale the coefficients to integer
values. If the coefficient values are integer’s power-oftwo, or a sum of power-of-two (SOPOT) with two or
three terms, the multipliers can be replaced by shifters.
In [9] and [10] are presented efficient FIR architectures
based on theory of sums of two powers-of-two. Because
of the errors introduced by the approximation of the
filter’s coefficients like a sum of two power-of-two
terms, the purpose is to extend the algorithm to a sum
of three power-of-two terms and to evaluate the
resultant errors. The multiplier block from the Figure 3
can be replaced by shifters, as presented in Figure 4.
In this case each filter coefficient f[k] (1) can be
implemented with SOPOT terms:
2

f [ k ]   a i ,k  2

bi ,k

(9)

1

Three SOPOT

2 +2 =10 (10%)
24+22=20 (10%)

11
+

+

Two SOPOT
3

3

Some simulations have been performed using the
Matlab software. Figure 5 shows the magnitude
response of a 15 taps high-pass FIR filter. The
coefficient set is scaled to integer with 8 bits resolution.
The graph presents three magnitude responses, for three
coefficient sets. It can be observed that for the two
SOPOT terms, the rejection band is very different than
the rejection band of real floating coefficient set.
There are situations when the codification of the
coefficients by two SOPOT terms is more accurate in
terms of filter’s magnitude response, whereas the three
SOPOT terms codification might be more efficient in
terms of area occupied into FPGA.
Figure 6 presents a magnitude response of a 13 taps
low-pass FIR filter. It can be observed that the rejection
of the two SOPOT terms is better only in 0.8-0.85
normalized frequency band.

i 0

Magnitude response of FIR

where: ai,kϵ{-1,1} and bi,kϵ{-t,…,0,…,u}; t and u
determine the word length dynamic range of each filter
coefficient. The larger the numbers t and u, the closer
the SOPOT approximation will be to the original real
number.
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Fig. 4. Arithmetic unit of FIR filter with SOPOT type
coefficient.
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Fig. 5. Magnitude response for a high-pas FIR filter
with different coefficient codification
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requirements. The presented optimization method is
reducing the area with 25%.

Magnitude response of FIR
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Fig. 6. Magnitude response for a low-pass FIR filter
with different coefficient codification
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Figure 7 shows a block diagram for a FIR filter
using SOPOT type coefficients. The architecture
proposed is appropriate for FPGA implementation with
the remark that only minor modifications need to be
accomplished in order to change this three SOPOT
terms structure to a two SOPOT terms structure.
In the diagram, D represents a delay by one clock
cycle block designed with D-type flip flops. LSR is a
left shifting register designed from a parameterized
combinational logic shifter mega-function provided by
Quartus software tool. This register shifts the input bus
with three different values. These values are represented
by bi,k numbers. The inputs “sign” are “logic zero” if ai,k
= +1 and “logic high” if ai,k= -1. This input represents
the sign of the shifted output value. In case of a zero
coefficient, this direction it is not important because the
result of the shifting operation will be zero in any case.
The block “+” represents a bus signed adder.
The block diagram depicted in Figure 7 was
implemented on an Altera’s Flex10k device using
Quartus II software. A seven tap 12 bits FIR filter using
the present method and a traditional multiplier-based
method were designed to evaluate the hardware

+
output

Fig. 7. Block diagram of FIR filter with three SOPOT
terms type coefficient

5. CONCLUSIONS
This instrument can be used for power monitoring
and can be easy interconnected with any other
instrument or software tool that uses a digital interface.
It provides real time information about power
components like real power, reactive power, apparent
power and power factor. The main advantages are
related to small occupied area, fast computation and to
the possibility of expanding to three phase systems.
A method for optimizing occupied area for a FIR
type filter was presented. The optimizing results are
presented in Table 3. If compared with the values
presented in Table 1, some improvements regarding the
total logic elements can be observed.

Table 3
Fitting results for different Altera FPGA devices
Family

FLEX10KE

Cyclone II

Stratix II

Device

EPF10K50SQC208

EP2C5T144C6

EP2S15F484C3

1948/2880 (67%)

276/4,608 (5%)

2%

Total logic elements
Total registers
Total pins

-

208

91

36/147 (24%)

36/89 (40%)

36/343 (10%)

128/40,960 (< 1%)

128/119,808 (< 1%)

128/419,328 (< 1%)

Embedded Multiplier 9-bit elements

-

14/26 (54%)

14/96 (15%)

Total PLLs

-

0/2 (0%)

0/6 (0%)

Total memory bits

Buletinul AGIR nr. 3/2012 ● iunie-august

5

WORLD ENERGY SYSTEM CONFERENCE – WESC 2012 (Name of Conference)
The optimization is using a SOPOT algorithm. If the
coefficient values are integer’s power-of-two, or a sum
of power-of-two with two or three terms, the multipliers
can be replaced by shifters. For two SOPOT terms, the
integer numbers can be coded with 10% errors and in
case of coding with three SOPOT terms the errors can
be minimized to zero.
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