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Abstract—Energy coming from renewable sources has become
very important nowadays, mainly because of their negligible
contribution to greenhouse gas generation. A problem that then
arises is how to integrate these new sources into a traditional
power grid, in such a manner as to maximize the efficiency and
reliability of this new distributed generation (DG) system. The
hardware to do that is generally a voltage source inverter (VSI)
that supplies a common load, as in single-phase residential and
commercial applications. The optimizing process requires, of
course, the usual power analysis. This paper presents the de-
velopment and the experimental evaluation of a power control
system for a single-phase grid-connected VSI including the power
analysis using as processor for the control implementation a
field-programmable gate array (FPGA) circuit. New hardware
structures of adaptive linear neural networks (ADALINE) allow
the implementation of power control algorithms and have also
permitted the real-time analysis of the high-order harmonics
without increasing the implementation area of the FPGA circuit.
These features are ideal for novel DG power electronics interfaces
that could be used not only for active power dispatch but also
for harmonics and reactive power compensation. Simulation and
experimental results of the proposed fixed and variable frequency
schemes are included to confirm their validity.

Index Terms—Artificial neural networks (ANNs), distributed
power generation, harmonic analysis, programmable logic arrays,
power measurement, total harmonic distortion.

I. INTRODUCTION

OWADAYS, the massive utilization of distributed energy
N resources (DER) based on renewable resources has be-
come very important to mitigate problems related with green-
house gas emissions and to improve the reliability and capability
of actual and future power systems. The massive DER utiliza-
tion is then promoted by governments and industry all around
the world.
Developments on renewable energy systems and smart grid
technologies are necessary to allow the integration of DER with
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the conventional centralized power systems. These technolog-
ical advances will produce a high penetration of distributed gen-
eration (DG). New power electronics interfaces for grid-con-
nected operation are also needed to take into account the local
power control and additional functions including protections,
islanding detection, power quality monitoring, and self diag-
nostics as the new tendencies toward smart integration modules
(SIMs) [1]. This new approach must consider not only power
dispatch, but also complementary functions such as the com-
pensation of reactive power and harmonics and the embedded
real-time monitoring of the power quality, the frequency, the
voltage, and the active and reactive powers. Additionally de-
tailed harmonics information will not be a choice but an impor-
tant feature to be considered in the DG interfaces.

The harmonic content of electrical signals is commonly eval-
uated using the fast Fourier transform (FFT) [2] and recursive
techniques such as the recursive least square (RLS) and the
Kalman filter (KF) [3]-[6]. Artificial neural networks (ANN5)
such as the adaptive linear neuron (ADALINE) [7]-[9] and the
radial basis function neural network (RBFNN) [10] are also
used. In recent literature works, the tracking of frequency and
the estimation of a selected number of harmonics have been im-
plemented using the multiresonant second-order generalized in-
tegrator frequency-locked loop (MSOGI-FLL) in [11] and using
DFT implementation in [12]. The main drawbacks when ap-
plying the named methods are the high complexity for hardware
implementation and the long computational time when soft-
ware implementation is involved. Generally in literature, multi-
processor applications are used to meet real-time requirements
when control and power quality monitoring are necessary, but
the complexity and final cost will be consequently increased.

Lately, in many industrial sectors, the field-programmable
gate array (FPGA) has become an interesting target for em-
bedded applications, since its parallel structure reduces execu-
tion times [13]-[18]. This advantage is more evident when hard-
ware implementations are considered.

Taking into account all important named characteristics
needed to make possible the integration of DER in power sys-
tems, this paper presents the development and the experimental
validation of a FPGA-based power analysis and control of a
DG interface. The measurement and control algorithms use
pure hardware architectures of ADALINE, as proposed in [19]
and [20]. The proposed algorithms have been implemented
in an FPGA circuit using Xilinx-System Generator and ISE
Foundation for the Bitstream file generation and evaluated
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experimentally by using grid-connected IGBT VSI. The eval-
uated application includes the following embedded functions:
real-time tracking of the amplitude, the phase angle, and the
frequency of the utility voltage, synchronization and power
control of a single-phase grid-connected VSI, real-time estima-
tion and monitoring of active and reactive powers, and real-time
estimation and monitoring of voltage and current spectrums
and total harmonic distortion. All mentioned functions are
integrated into just one FPGA processor.

This paper is organized as follows. Section II presents some
considerations of hardware and software implementations for
real-time harmonics estimation. The development of ADALINE
schemes for harmonic estimation using an FPGA is presented
in Section III. The VSI synchronization and control, and the
evaluation of the FPGA resources utilization are presented
in Sections IV and V, respectively. Experimental results are
provided in Section VI, and concluding remarks are given in
Section VIIL.

II. HARDWARE AND SOFTWARE IMPLEMENTATIONS FOR
REAL-TIME HARMONICS ESTIMATION

FFT-, RLS-, and KF-based methods for harmonics estimation
are normally implemented using software applications in dig-
ital signal processors (DSPs) or personal computer (PC) targets.
These kinds of applications exhibit long computational time and
would be useful only when online power analysis is not required
or a small number of harmonics are analyzed. Consequently, the
long execution time of software implementations, for high-order
harmonics estimation, results in a reduction of the sampling rate
and of the estimation accuracy.

Learning algorithms based on ANNSs such as the ADALINE
are also employed for signal estimation and harmonics detec-
tion. The ADALINE technique has been used for envelope
tracking detection [5], [21], [22], harmonics estimation of
electrical signals [23]-[25], control applications [26], [27], and
active filters [28], [29]. Recent work using ANNs implementa-
tion for harmonics detection, such as RBFNN [10], shows that
this method produces more accurate results than ADALINE
and FFT methods. However, the implementation cost is higher
due to the increase in the use of multipliers when the number
of samples of the analyzed signal and as well as the harmonic
order of the estimation become higher.

Research publications indicate that most of the hardware
FPGA implementations for harmonics estimation use direct
or pipelined structures that offer very short execution times,
which is ideal for signal processing applications such as in
telecommunication systems. Direct implementation structures
require a high use of arithmetic blocks (adders and multipliers),
which are limited resources in FPGA systems. On the other
hand, hardware FPGA implementations of ANNs and digital
filters are more efficient than software implementations if the
algorithm speed is the main objective.

An important fact in power systems applications is that
the voltage and current signals, including their corresponding
harmonics, have much lower frequencies than the one of the
FPGA clock. In that case, direct or pipelined implementations
for voltage and current estimation in power systems results in
an unnecessary increase of the FPGA area utilization. This area
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increase is more important when high-order harmonics estima-
tion is required. Hence, a compromise between execution time
and implementation area must be realized in order to obtain the
most efficient cost-speed relation.

III. PROPOSED FPGA IMPLEMENTATION OF ADALINE

A periodic signal y(t) with angular frequency w may be cal-
culated in

y(t) = Ao+ Y _ [An cos(nwt) + By sin(nwt)] (1)

n=1

by using its Fourier series representation, and it may be rep-
resented according to the ADALINE linear combiner equation

(81, [9]

G(k) = Wo(k) + W (k)" - X (k) )

where (k) represents the estimated signal which is calculated
with the input pattern vector X containing the N harmonic com-
ponents sine and cosine, the weight vector W which represents
the Fourier coefficients, and W}, which is the estimated average
of the measured signal.

In this application, the Widrow—Hoff learning rule

W(k+1) = W(k)+ % ce(k) - X (k)
is employed to update the weight vector [8], [9], where « is a
learning factor typically chosen between 0 and 2, and e(%) is the
estimation error calculated at the & instant using the measured
and sampled signal y(k) and its estimated value (2).

The proposed implementation of ADALINE is composed of a
common block for the X vector generation function, and a mod-
ular block for each channel for sample and normalization, the W
vector updating and the signal estimation functions. In order to
calculate correctly the estimated signal and the estimation error
within the sampling period (Ts ), a common block has been cre-
ated to allow the synchronized sampling of the input ports, the
generation of the X vector and the W vector updating functions.

3)

A. Generation of the Input Pattern Vector

The direct digital synthesis (DDS) technique [30], [31] is
commonly employed to generate periodic signals using a dis-
crete time phase generator and a phase-to-waveform converter.
An FPGA implementation of a fixed-frequency DDS (FF-DDS)
has been proposed in previous work [19]. A new structure which
works at variable frequency (VF-DDS) is also proposed to gen-
erate the X vector [20]. The novelty of the proposed implemen-
tation structures of DDS (FF-DDS and VF-DDS) consist of gen-
erating the 2N signals of the X vector using only one precalcu-
lated sine table, which is read sequentially by means of a time
division multiplexing scheme to obtain the N considered har-
monics within a base period (7p). The implementation diagram
of the proposed VF-DDS for N harmonics generation is pre-
sented in Fig. 1(a).

The VF-DDS generates the harmonic reference signals of
sinus and cosine for the number of harmonics defined by V,
using just one ROM memory with depth equal to 2F. All har-
monic signals (2N are generated and sent sequentially using a
time-division multiplexing structure. The multiplexing process
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Fig. 1. Simplified diagram of (a) VF-DDS and (b) weight vector updating func-
tion (WVU=T,), where T is the updating period.

is coordinated by two free-running counters BC1 and BC2. BC1
is a 3-b counter which generates the period necessary to produce
the address and to access the ROM memory to obtain the infor-
mation of each harmonic. BC2 is a CH-bits counter which is
employed to generate the address information corresponding to
each harmonic signal (sine and cosine). Since CH is defined as
ceil{log,(2N)}, then the output of BC2 varies from 0 to 2N —1.
Additional logic is employed to produce the proper addressing
of the ROM memory for the sine and cosine signals generation.
A SLICE LSB block is used to extract the LSB bit of its input
which is related to the phase for the sine or cosine signal (0 for
sine and 2% /4 for cosine), and an SR (shift right one bit) block
is used to obtain the harmonic order.

B. Weight Vector Updating (WVU)

Normally, the signal sampling period (T's) and the DDS base
period (7T}) are different depending on the characteristics of the
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Fig. 2. Simplified circuit of grid-connected VSI.

analog-to-digital converter (ADC) employed in the measure-
ment system, then the weight vector can be updated by means
of two different WVU schemes as proposed in [19], using T’s or
Ty as the updating period. It has been demonstrated in [19] and
[20] that the more efficient structure for FPGA implementation
concerning the used area is the WVU—T,, which employs the
DDS base period as updating period. In this case, the updating
function including the learning rule and the signal estimation
are implemented according to Fig. 1(b).

IV. PROPOSED IMPLEMENTATION OF VSI CONTROL

A simplified circuit of a grid-connected VSI system, as used
for validation, is presented in Fig. 2, where Lg is the grid induc-
tance, Lp and C are respectively the inductor and capacitor of
the LC output filter of the VSI, and PCC is the point of common
coupling.

The Fourier decomposition of the load voltage (vpcc) and
the output current of the VSI (iysr) can be obtained by using the
ADALINE implementation presented in the previous section.
These time-domain representations of voltage and current can
be expressed according to

vpcc(t) = Vecco

+ \/§ Z [Vpcc An COS(’I’Lwt)
n=1

+ Vpcc Bn sin(nwt)] [V] 4)

ivsi(t) = Ivsio + V2 Y [Tvst an cos(nwt)

n=1

+ IVSI Bn sin(nwt)] [A] (5)

The estimated fundamental voltage at the % instant can be ob-
tained from the ADALINE using

vpccr(k) = X(0,k) - W(0,k) + X(1,k) - W(1,k) [V]
(6)

and its amplitude can be computed using

lvpcct| = VW(0,k)2 + W(1,k)2  [V]. (7

Taking into account the estimated fundamental of vpcc as the
reference signal for the power control system, the orthogonal
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reference signals for synchronization of the VSI are obtained
using

REF.; (k) = Lk WL E) + X(0.k) WO.k) o)
e VW0, k)2 + W(L, k)2
REF (k) = LK) WOK) - XO8) WOLE)

VW(0,k)2 + W(1,k)?

This approximation is only possible if the harmonics and the
dc components of voltage at the point of common coupling are
negligible. The DG interfaces, as recommended by IEEE stan-
dards [32], must be operated with low total harmonic distortion
(THD). Under this restriction, the fundamental instantaneous
power can be written using

p(k) = Voco(k) - Iyst B1V2REF g, (k)

+ Voco(k) - Ivst a1V2REFos(k)  [VA]  (10)

and the fundamental active and reactive powers (p; and q1) can
be computed using

1
- T W
P1 7 lvpcc] - Ivst 1 [W]

1

-1 = 7z lvpcct] - Ivst a1 [VAR]. (11)

The fundamental output current of VSI (ivs1irer) can be written
as a function of vpcc and the active and reactive power set
points (p1rer and qpyef) USing

2D vef
 |vpccl

_2 re:
+< et |y |UP001|>REFCOS(/€) [A].

|'UPCCI|
(12)

ivsii ref(k) REF (k)

This expression is used to generate the reference current for
the VSI current control. It also includes the current which cor-
responds to the reactive power of the filter capacitor (Cp). A
hysteresis current control (HCC) modulator is employed to pro-
duce the gating pulses for the power electronics converter. The
two different schemes of the ADALINE synchronization have
been implemented and evaluated in this paper: ADALINE with
FF-DDS and ADALINE with VF-DDS using a feedback loop
with the mean frequency of the generated in-phase reference
signal (REF sin(k)).

V. IMPLEMENTATION AND COST EVALUATION OF THE
PROPOSED ADALINE AND POWER CONTROL SCHEMES

The proposed structures have been implemented for a single-
phase VSI with a two-channel scheme (voltage and current mea-
surements) by using Xilinx—System Generator and ISE Foun-
dation for the Xilinx xc2vp30-7{f896 FPGA target [33], [34].
The implementation cost or device utilization after placing and
routing of the proposed schemes (FF and VF-ADALINE) has
been evaluated for different harmonic orders using T as the
weight updating period. According to the results for 4, 8, 16, 32,
and 50 harmonics detection using the WVU — T scheme, the
slices utilization is always under 35% (4 920 slices for N = 50)
of the maximum available in the FPGA device (13 696) [33],
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Fig. 4. Simplified structure of test bench used for the validation of voltage es-
timation and reference signals generation.

[34]. The used slices, when increasing N from 4 to 50, are in-
creased from 4365 to 4920 slices, which means by 12.7%.

In order to verify the applicability of the proposed hardware
implementation for multiphase systems, the device utilization
for the implementation of the sampling and input buffers, the
DDS, the WVU—T and the fundamental signal restoring func-
tions for different number of input channels and different har-
monic order has been evaluated. As a result, for N = 32, the
slices utilization for the six-channels ADALINE is increased
by 54.7% (5933) compared with the two-inputs ADALINE one
(3835), and only 43% (5933/13696) of available resources in the
FPGA are used. This means that, even if the number of chan-
nels is increased three times, the free FPGA area is superior to
50%, then the remaining resources could be used for the im-
plementation of control and other complementary functions in
single-phase or multiphase systems. Those results are gathered
and presented in Fig. 3.

VI. EXPERIMENTAL RESULTS

A. Voltage Estimation and Reference Signals Generation

The voltage estimation and the reference signals generation
have been evaluated experimentally using a programmable ac
source to generate a 120-V voltage signal with variable fre-
quency. The frequency of the test signal is varied within the
IEEE recommended limits [32] (within 59.3 and 60.5 Hz). The
variations have been introduced in steps of 0.1 Hz. The two pro-
posed synchronization methods have been implemented in par-
allel in the same FPGA. The structure of the test bench used for
frequency tracking is presented in Fig. 4.

The trajectories of the measured voltage (sampled with 10-1
s period), the generated in-phase reference signal, and the fre-
quency of the generated synchronization signal have been plotted
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by using the MATLAB/Simulink-Xilinx user interface to com-
pare the performance of each method. The convergence of the
frequency of the generated signals and the steady-state error of
the voltage estimation have been plotted in Fig. 5 using the infor-
mation of the measured voltage, the estimated voltage, the gen-
erated synchronization signals, and the computed frequency of
generated synchronization signals. Also, the experimental re-
sults of frequency tracking are presented in Fig. 6.
Experimental results of Figs. 5 and 6 show that FF-ADALINE
offers the best steady-state estimation error for frequencies
below its reference frequency (f < 60 Hz), and the worst one
for frequencies above its reference frequency. VF-ADALINE
offers good steady-state estimation error. The convergence
time of frequency tracking is longer than the one obtained with
FF-ADALINE. The frequency tracking error remains under
£0.01 Hz in both schemes (inset of Fig. 6), so any of them can
be used for synchronization with good transient response and
accurate estimation, even for sudden frequency variations.
Additional experimental results show that FF or VF schemes
can be used for synchronization with the following limitations:
estimation error with FF-ADALINE increases over 3% when
the frequency deviation is superior to =2 Hz; the learning factor
of VF-ADALINE must be set below to 0.3 in order to keep stable
orthogonal signals generation. A learning factor higher than 0.3
improves the convergence time, but it may also introduce unde-
sirable overshoot in the frequency estimation and distortion in
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TABLE 1
FF-ADALINE PERFORMANCE UNDER DIFFERENT THD

THD of test signal
1.5% 2% 3% 4% 5%
Convergence time (ms) 110 115 108 114 112
Stead}; state estimation 13 135 127 131 133
error (%)
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Fig. 7. Convergence time for different learning factors. Transient of amplitude
(from 115 to 118 V), frequency (from 60.4 to 59.4 Hz) and phase angle (from
30° to 45°). FF-ADALINE scheme with N = 32.
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Fig. 8. Experimental results of the tracking of utility frequency with the two
proposed methods.

the synchronization signals when important transients in mea-
sured signal are observed. Taking into account that it is expected
that the THD of the measured signals could produce more im-
portant effects on the performance of estimation when using the
FF-ADALINE scheme, it has been then evaluated under dif-
ferent voltage THD (from 1.5% to 5%) without important ef-
fects on the frequency tracking and the voltage estimation as
reported in Table I. According to these results, the estimation
error remains under 2% and the convergence time of generated
signals under 120 ms.

The convergence time of the signal estimation, the frequency
tracking, and the synchronization signals generation using
FF-ADALINE with N = 32 have been also evaluated con-
sidering a transient of frequency, phase, and amplitude. The
results for different learning factors have been plotted in Fig. 7.
According to these results, the synchronization signals genera-
tion and the frequency tracking can be improved by using a low
learning factor. The convergence time of the frequency tracking
is comparable or better than the one of the classic PLL and the
MSOGI-FLL proposed in [11], even if high-order harmonics
estimation is considered here. A low-order harmonic imple-
mentation offers a better convergence time. The experimental
results of frequency tracking of the utility voltage during 350 s
are presented in Fig. 8.
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Fig. 9. (a) Functional diagram and (b) real view of test bench used for power
control and power analysis of grid-connected VSI.

These results confirm that the two methods offer good fre-
quency tracking in this more realistic evaluation considering the
utility voltage variations in frequency, in amplitude, and in har-
monic content. The estimated mean frequency of the utility is
within 60£0.1 Hz. This is well within the range of the Hydro-
Québec frequency target values for normal conditions without
disturbances that are established among 60+£0.6 Hz [35]. Ac-
cording to the Hydro-Québec statistics, in normal conditions,
frequency is within 60+0.2 Hz, in frequent disturbed condi-
tions, frequency may be within 60+0.5 Hz and in rare disturbed
conditions frequency may be within 60+1 Hz.

B. Power Control of Grid-Connected VSI

A functional diagram and a real view of the proposed and de-
veloped test bench used to validate the power control algorithms
are presented in Fig. 9. Hall-effect sensors (LEM LV-25 and
LAH-50P) are used to measure the vpcc(t) and iysi(t) signals
which are digitized with a 12-b ADC (AD1674) using a 10-us
sampling period. The digitized signals vpcc (k) and iys1(k) are
sent to the FPGA circuit as the input of the two-channels ADA-
LINE to be used in the synchronization and control algorithms.
VSI characteristics are presented in the Appendix.

The user interface is configured to generate the set point of
VSI control (p1rer and qi,0f), and to visualize the real-time in-
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Fig. 11. Estimated VSI powers, frequency of generated signals and THD of
Vpoc and Iysr when signal estimation, synchronization, and power control of
VSI use FF-ADALINE scheme with Frpr = 60 Hz.

formation of rms values of voltage and current, the estimated
active and reactive powers, the measured frequency of the gen-
erated signals, the THD of voltage and current, the waveforms
of the measured voltage and current, and the estimated spectrum
of voltage and current (Vpcc and Iygsr). In the two evaluated
cases (FF-ADALINE and VF-ADALINE), the power setup of
load and VSI presented in Table II has been employed.

The experimental results for the VSI synchornization and
control using FF-ADALINE scheme are plotted in Figs. 10-12.
Fig. 10 shows the trajectories of rms values of Vpcc and 2ysr,
for the different conditions of VSI output power. Notice that the
measured voltage remains close to 120 V before the load is con-
nected (no-load voltage). At load connection the voltage falls to
its minimum (t = 162 s), and it rises with the increase of VSI
output power (t = 209 s). As expected, when the VSI output
power is close to the load power the voltage becomes also close
to the no-load voltage.

Fig. 11 shows the estimation of active and reactive powers,
the frequency of synchronization signals, and the THD of the
Vpoc and 2ysr. According to these results, the estimated active
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Fig. 12. Vpcc and Iysy waveforms when signal estimation, synchronization
and power control of VSI uses FF-ADALINE scheme with Fy i = 60 Hz.
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signal estimation, synchronization, and power control of VSIuse VF-ADALINE
scheme.

TABLE II
POWER SETUP OF LOAD AND VSI

Setup 1 2 3 4 5 6 7

Fig. 13.

Estimated rms values of Vpcc and Iy s; when signal estimation, syn-

chronization, and power control of VSI uses VF-ADALINE scheme.

power of VSI corresponds to the set points, the frequency of the
generated signals remains close to the frequency of the utility
voltage (60 Hz), the THD of the voltage remains quite constant
at between 2% and 3%, the THD of the current varies with the
output power of VSI, and the minimum THD current is obtained
when the output power of VSI is close to the load power. Fig. 12
shows the voltage and current trajectories at the start of VSI op-
eration with active power set point p1,.f = 300 W. The current
wave has an important distortion because the hysteresis band
of the current control is intentionally set to & 350mA, and the
output power of the VSI is low.

The experimental results for the VSI synchronization and
control using VF-ADALINE scheme are plotted in Figs. 13—15.
The trajectories of rms values of Vpcc and 2ygr (as in Fig. 10
for FF-ADALINE), for the different conditions of VSI output
power are shown in Fig. 13.

Similar results are obtained concerning the voltage variations
in relation with the output power of VSI and the load power.
Fig. 14 shows the estimation of active and reactive powers, the
frequency of the synchronization signals, and the THD of the
Vpcce and iygr for the conditions of power already presented
in Table II. Fig. 15 shows the voltage and current trajectories at
the start of VSI operation with active power set point pi.of =
300 W.
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Fig. 15. Vpce and Iyvs; waveforms when signal estimation, synchronization,
and power control of VSI uses VF-ADALINE scheme.

The results obtained by using the FF-ADALINE or VF-ADA-
LINE methods for power control are similar; however, more sta-
bility is observed in the voltage and frequency tracking when
FF-ADALINE is employed, mainly because the frequency of
the utility voltage remains close to the nominal frequency. On
the other hand, if FF-ADALINE is employed and the frequency
of the utility voltage is not close to its nominal value, then the
estimation error increases, in that case it would be more advan-
tageous to use VF-ADALINE.

C. Harmonics Analysis

The estimation of harmonics and the transient response
of the two proposed implementations of ADALINE (FF and
VF) have been compared with the ones obtained by using
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TABLE III
TIMING CONFIGURATION OF TEST SIGNAL (13)
Time interval
0-0.3s 0.3-0.6s 0.6-0.9s 0.9-1.2s 1.2-1.5s
\4 120 120 115 118 123
f 60 60.4 60.4 59.45 60
0 45 45 45 30 30
Harmonic order

MSOGI-FLL

Estimation error (%0)

Estimation error (%)

g Hamonic ordet
& 3
=
g2
S [ e Y T s
g S m
2, 7
£ oout
b7
=
0
0 03 0.6 0.9 12 15
Time (s)

Fig. 16. Harmonics estimation error by using MSOGI-FLL, FF-ADALINE,
and VF-ADALINE.

the MSOGI-FLL [11]. These three structures have been im-
plemented in the same FPGA device and evaluated by using
hardware in the loop co-simulation.

The test signal is defined by

v(t) = Vsin(2r ft + 0) + 0.009V sin(67 ft + 6)
+0.017V sin(107 f£ + 6) + 0.016V sin(14x ft + 6)
+0.0064V sin(22r ft+6)+0.0028V sin(267 f£+6)
(13)

taking into account in Table III the timing configuration in order
to consider voltage, frequency and phase variations. The results
of the estimation error of the 3rd, 5th, 7th and 11th harmonics
are plotted in Fig. 16. In terms of accuracy, it is to be noticed
that the proposed methods (FF and VF-ADALINE) show better
performance than MSOGI-FLL. This accuracy is going to be re-
flected in the power quality evaluation, in the orthogonal signals
generation and consequently in the power control.

Figs. 17 and 18 present the time evolution of the estimated
amplitude of the harmonics of the vpcc and iysy signals,
from the second to the 32nd harmonic by using FF-ADALINE
and VF-ADALINE, respectively. Similar results are observed
concerning the distribution of the estimated voltage harmonics,
namely that, in both cases, they remain quite constant, and they
are important mainly for the low-order harmonics (third, fifth,
seventh, 11th, and 13th). The values of this harmonic distribu-
tion, as expected, are within the target values of Hydro-Québec
for the medium and low level distribution voltages [36].
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Fig. 17. Time evolution of estimated V¢ and Iy s; spectrums when signal es-
timation, synchronization, and power control of VSIuses FF-ADALINE scheme
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Fig. 18. Time evolution of estimated Vpcc and Iys; spectrums when signal
estimation, synchronization, and power control of VSI uses VF-ADALINE
scheme. (2 < N < 32).

The distribution of harmonics of the estimated VSI output
current in both cases is variable and more widely dispersed from
the second to the 20th harmonic. Low-order harmonics are ex-
pected to appear when a large hysteresis band is employed, as
in this case (£350 mA). One can also expect to reduce or to
eliminate some components of the harmonics by reducing the
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Fig. 20. Error of Vpcc estimation using FF-ADALINE, VF-ADALINE, and
commercial power analyzer compared with FFT computed by MATLAB. Only
the most significant voltage harmonics are plotted. Nominal utility voltage is
120 V/60 Hz. Full scale of measurement systems is £250 V.

hysteresis band or by using advanced pulsewidth modulation
(PWM) techniques.

The online power quality analysis including the tracking of
voltage and current spectrums, as proposed in this paper, is
very useful for the evaluation of power electronics converters
to verify if they meet the power quality standards for grid-con-
nected operation [32] and the particular requirements of the
local utility operator. Fig. 19 shows, as an example, the time
evolution of the normalized current spectrum of VSI according
to the variations of the output power.

The mean values within one second of the estimated har-
monics amplitude of the measured voltage have been computed
and compared with the ones obtained by means of commercial
power analyzer HIOKI 3196. The harmonics of the measured
signals have been also computed offline by means of the FFT
function available in MATLAB software.

The results of the estimation error considering the FFT values
as the reference have been plotted in Fig. 20. Even if similar re-
sults are obtained by the three methods, VF-ADALINE offers
the best harmonics estimation with the lowest error. A better
performance could be obtained by improving the ADCs resolu-
tion (in this case, 12 b).
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TABLE IV
SUMMARY OF RECENT LITERATURE METHODS

Method/ plateform/ year/ T Ts

c .
[ref] N (us) (us Function
Multi-resonant
Frequency-locked Loop 7 selected 2% 100 HD, FD,
MSOGI-FLL/ DSP/ harmonics OSG
2011/[11]
Radial Basis Function 8 selected
Neural Network/Personal harmonics 123 1/(64/) HD
Computer/ 2010 /[10]
Algorithm based on DFT/ 3 selected
DSP-FPGA / 2009/ [12] _harmonics A 125 HD.FD
Hardware
implementation of 8 (for HD, FD,
ADA'IJJINE proposed in Up to 30 N=50) 10 0SG

this work

N: analyzed harmonics, T¢: computational time, Ts: signal sampling period, N.A. not
available, HD: harmonics detection, FD: frequency detection, OSG: orthogonal
signals generation.

D. Comparison With Some Recent Literature Works

A comparison of the proposition with some recent literature
works of harmonics detection with applications in power sys-
tems and with experimental validation [10]-[12] is summarized
in Table IV. Here, the proposed hardware implementation of
ADALINE shows important advantages concerning the short
computational and sample times, the high number of analyzed
harmonics, and the implemented functions. The implementa-
tions with selected harmonics normally reported in literature
show complexities and computational times that make possible
their utilization in real-time applications. However, the perfor-
mance of that kind of implementation can be affected when not
selected harmonics are present in the measured signal.

The proposed hardware implementation allows the estimation
of a high number of harmonics with a very low execution time,
in fact for N = 50 and a 10-ns FPGA clock period, the max-
imum sampling rate of measured signals is 125 kS/s. The exper-
imental sampling rate is 100 kS/s which is imposed by the char-
acteristics of the used ADC circuit. It is important to remark that
all information is updated and available for transmission within
the sampling period, and then the real-time performance is not
limited by the algorithm but by the data channel bandwidth. In
the implemented test bench, a USB link at 12 Mbps has been
employed to send the full information (real-time clock infor-
mation, harmonics, frequency, and power) of the two measured
channels to the user interface using a 10-ms sampling period.
Current and voltage waves are also sent to the user interface by
using a first-in first-out (FIFO) buffer.

VII. CONCLUSION

This paper presents a comparative evaluation of two real-time
power control and analysis schemes based on hardware imple-
mentation of ADALINE for FPGA. The proposed structures
allow the generation of the orthogonal signals which have been
successfully used for the synchronization of a grid-connected
VSI and the real-time analysis of the power quality.

The first method works at a fixed frequency and the second
one offers the possibility of variable-frequency harmonics es-
timation being more accurate in signal estimation even if the
frequency of the utility voltage is not at its nominal value. Both
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methods have been evaluated by experimentation with satisfac-
tory results for both signal estimation and power control of the
grid-connected VSI.

The proposed innovative and efficient hardware implemen-
tations show many advantages in contrast to software or co-
design solutions, allowing the implementation in only one
programming device and reducing the system complexity
and the processing time. Additionally, with the proposed
approaches, the saved area can be used for the embedded im-
plementation of multiple algorithms in the same device without
increasing the processing time.

These advantageous characteristics of the proposition are
ideal for use in future SIMs, which could be used not only for
power dispatch from DER to the utility grid but also for the
compensation of harmonics and reactive power, the monitoring
of power quality, and other complementary functions.

APPENDIX

A. Experimental Setup Parameters

* AC power source: 120 VAC/60 Hz.

¢ Signals sampling period: T = 10 us.

e Number of estimated harmonics: N < 50 (limited by
FPGA clock period).

e Learning factor: 0.125 < o < 1.0

* FPGA clock period: Tppga = 10 ns.

» ROM sine table length/resolution: 2F = 215 /18 b.

* Multipliers input/output resolution: 18 b/35 b.

B. Power Electronics Converter Characteristics

* Voltage source inverter.

16 A, 600 V IGBT full bridge IRAMX16UP60A).
e Output filter Lp = 17 mH, Cy, = 1 uF.

* DC source voltage: 195 V.
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