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Grid Voltages Estimation for Three-Phase PWM
Rectifiers Control Without AC Voltage Sensors

Adel Rahoui, Ali Bechouche, Hamid Seddiki, and E§afOuld AbdeslamSenior Member, IEEE

operation with reduced number of sensors providest c

Abstract—This paper proposes a new AC voltage sensorlesssavings. Indeed, for mid-low power systems, thesgencost

control scheme for three-phase pulse-width modulatin rectifier.
A new startup process to ensure a smooth startingf the system
is also proposed. The sensorless control scheme sis@ adaptive
neural (AN) estimator inserted in voltage-oriented control to
eliminate the grid voltage sensors. The developedNAestimator
combines an adaptive neural network in series witlan adaptive
neural filter. The AN estimator structure leads to simple,
accurate and fast grid voltages estimation, and mads it ideal for
low cost digital signal processor implementation. japunov
based stability and parameters tuning of the AN esnhator are
performed. Simulation and experimental tests are aaied out to
verify the feasibility and effectiveness of the ANestimator.
Obtained results show that; the proposed AN estimat presented
faster convergence and better accuracy than the smud order
generalized integrator based estimator; the new stap
procedure avoided the over-current and reduced thesettling
time; the AN estimator presented high performancegven under
distorted and unbalanced grid voltages.

Index Terms—AC voltage sensorless control, adaptive neural
(AN) estimator, grid voltages estimation, neural nevorks (NNs),
pulse-width modulation (PWM) rectifier, startup process,
voltage-oriented control (VOC).

|I. INTRODUCTION
OWADAYS,

covers a significant portion of the entire systeostc[12],
[13]. For high power systems, the sensors costess |
significant since the overall system cost is hiybvertheless,
even if sensors are installed, control scheme wagthsorless
operation ability is relevant [4], [12]. This ensar
uninterrupted operation in case of sensors faillBesides
obvious benefits of sensors reduction, there averaé other
additional advantages like [4], [8], [11], [13]4] elimination
of noise, resolution limitations, offset and vasalisturbances
related to sensors, and decrease of hardware ceitypl&C-
line current sensors and DC-link voltage sensoreasential
for proper operation of the control system sinoe AC-line
currents and DC-link voltage are the controlledmiiti@s [9].
In addition, these sensors are employed for ovezatirand
overvoltage protections [4], [9]. On the other hamptid
voltage sensors are mainly used for synchronizaiioposes.
So, they can be replaced by software sensors. Wario
strategies for grid voltages sensorless control PAWM
rectifiers have been developed. Some of them a@ugsed in
what follow.

Sensorless control algorithm based on instantangowsr
theory has been initially proposed in [15]. Gridtages are

renewable energy sources such astimated by adding the input voltages to the geltdrop on

photovoltaic and wind power generation systems difge AC filter. Despite its simplicity, the AC-lineurrents

commonly connected to the grid through three-phadse-
width modulation (PWM) rectifier [1], [2]. This ceerter

derivative is required. Since this solution presdmrigh noise
sensitivity, other methods have been developedgusiirtual

topology has such advantages as low harmonic mmilut flux (VF) concept [9], [10], [16]-[21], Kalman firs [22],

adjustable DC-link voltage, bidirectional energyvil and
operation at unity power factor (UPF) [3]. In rerable

energy generation systems, cost reduction is easeor

increasing their attractiveness compared to otbawentional
energy sources [1], [4]. So, decreasing the coakgitost can
leads to improve their competitiveness.

Usually, control scheme of the three-phase gricheoted
PWM rectifier consist of two control loops; one fivacking
AC-line currents, and another to regulate the DR-loltage
[5]. To perform this, at least five sensors are egalty
required; two grid voltage sensors, one DC-link tagé
sensor, and two AC-line current sensors [6]-[11dwidver,
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[23], disturbance observers [14], [24], hybrid pieata
observers [25] and Luenberger observers [26]. Adegtll-
order observers [12], [27] have been also propdeedyrid
voltage sensorless control. This strategy has bestad under
unbalanced conditions by exploiting the filteringpabilities

of reduced-order generalized integrators (ROGIm).[11],
ROGI based control scheme has been modified toeeehi
sensorless operation. One cycle control designeithgus
hardware circuits instead of a digital algorithmshbeen
presented in [8]. Recent algorithms based on \irtua
impedance emulation [4] and mathematical optimixafi6],

[7] have been investigated. Other alternatives gisieural
networks (NNs) have been proposed for grid voltages
estimation [28], [29]. In [28], the authors haveveleped a
sensorless deadbeat current control strategy baseda
multilayer NN estimator. Accordingly, an uncertgiftinction
containing the AC filter parameters variation, hanics
disturbances and grid voltages information, is uded



synchronization and control purposes. Separatenatitin of
the AC filter parameters and grid voltages usingaaallel
NNSs structure has been achieved in [29].

Although the cited strategies provide satisfactmgults,
some of them require specific control schemes|[d]], [14],
[24], [28]. Others are sensitive to load variatif#], need
initialization [7] and present instability undeiidjvoltages sag
[8] which deteriorate their robustness. The VF reation
through open loop integrators has limitations esatto
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control strategy are described in Section Ill. kct®n IV, a
comparison between the proposed estimation methatl a
second order generalized integrator (SOGI) basetthodeis
performed. In Section V, experimental and simulatiests are
conducted to verify the feasibility and effectiveaeof the
proposed AN estimator. Section VI concludes thisepa

Il. NNS-BASED GRID VOLTAGESESTIMATION
Accurate estimation of grid voltages is requiredr fo

stability [9]. The observers based approaches ptede jmplementing a robust AC voltage sensorless corsttheme.

difficulty of tuning and high computational burdeviultilayer
NNs estimators proposed in [28] and [29] have aplarated
structure where over ten weights are online updafédte

Accordingly, this section presents a novel estiomastrategy
based on NNs. This strategy permits to estimaterthe
grid voltages with low computational burden and hhig

authors in [29] have presented only real time samoh 5ccyracy.

results; therefore, the proposal has not been empatally Fig. 1 describes the proposed AN estimator, whittre a
validated. Furthermore, several strategies haveoeen tested g|igple solution to online grid voltages estimatitt includes
for unbalanced or distorted grid voltages [6]-[E1], [13]- (o simple NNs simultaneously working in seriestsEian
[15], [19]-{22], [24]-[26], [29]. On the other hancomplexity ANN is used to estimate the grid voltages. SecandANF is
and high computational burden are the major drakéatthe 5qded in series for extracting fundamental compisnehthe
strategies tested under non-ideal conditions. Henkeir octimated grid voltages.
implementation requires e_xpensive digital signhabcpssors In this paper, the steepest descent and least sware
(DSPs). The cost reduction aspect is then lost. thhero (LMS) algorithms are used for adaptive adjustmehtthe
important consideration of sensorless operatiothésstartup ANN and ANF weights, respectively. Their main acheayes
process that guaranties smooth starting of the r@ontye |ow complexity, low computational demand, arghh
algorithm. At the best of our knowledge, the SRrprocess gpeeq convergence. Other online updating technitikeshe
has not been considered in the majority of the iphel (qa) |east squares EXIN neuron [32] or recursiast square
works. algorithm [33] have been proposed to enhance NNmeon
To address the previously cited issues, this pREEIOSES |earning capabilities. However, the use of theselatipg
a new sens_o_rless control scheme of grid connebtee-phase technics causes a significant increase of the oexitgl and
PWM rectifier that offers acceptable tradeoff betwe computational demand of the estimator. Because phjer
estimation accuracy and system complexity. The @sep aims to propose a simple sensorless control scheteepest

sensorless control scheme is composed with an i@daplescent and LMS are selected as updating algorithms
neural (AN) estimator for grid voltages estimati@eding a

voltage-oriented control (VOC) algorithm. The ANtiggtor
combines an adaptive neural network (ANN) to edtintae
grid voltages in series with an adaptive neuratififANF) to
improve its harmonic rejection. The simple struetwf the
AN estimator offers low computational burden whemry

+y

la.es (K)
implementation in low cost DSPs [5], [30]. In adioli, its
online adaptation and filtering properties ensubustness
against periodic and time-varying disturbancestedldo the
grid voltages. The AN estimator does not dependthan i
control structure; therefore it can be easily addpo different ! Leg;an?Sr)UIe !
control schemes [31]. Guidelines for optimal tunafghe AN I't_ANN ' O
estimator's parameters are also given here in.h&scontrol !
scheme needs initialization in case of sensorlessation, a
new startup process is introduced to perform a k@&meous
starting of the DC-link voltage and AC-line currerdontrol
loops with minimum overcurrent and reduced settliimge.
The evaluation of the proposed estimator is peréattirough
simulation and experimental tests. Several workiogditions i
are considered including unbalanced and distorted g | Teaming raie | s (K)
voltages. | Equ. 13) [*

This paper is organized as follows. Section Il prgs the e = |
design of the proposed AN estimator. The startweess and \
overall structure of the proposed AC voltage sdeser

€os (1KTy) _,

sin @iKT) i

Fig. 1. Architecture of the proposed AN estimator.
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A. ANN-Based Grid Voltages Estimation Thus, a discrete-type quadratic error function dan
The ANN topology is built from the model of the gyri deduced as follows:

connected three-phase PWM rectifier shown in Fig. @ndR o, (k)2 +55(k)2

are, respectively, the inductanemd resistance of the AC E(k):f- (6)

filter. C is the DC-link capacitanc#/,. is the DC-link voltage
andR,_is the load resistancg, vi, andeg (i=a,b,c) refer to the
phaser AC-line current, input voltage and grid voltage

The grid voltages are adaptively estimated by miiimy
E(K). For this purpose, the following Jacobian is édesed

34]:
respectively.§ (i=a,b,c) are the switching states of threé | P
converter legs. oE _aE la e . .
J - aea,ANN - ala,est aea, ANN - _B Ia ( k) - Iu,est(k) (7)
PWM rectifier |7, i, L OE 0E  0iy e iy (K)=ies(K) |

Cabe L R Vaber

i
. y ¢
M' Y +lc 985 an 0 st 985 ann
— el o R

According to the steepest descent algorithm, thighteat
time (k + 1) is calculated as

Su {ea,ANN(kﬂ)} {e,,,w( k)HA ¢ E a}

Fig. 2. Schematic diagram of the controlled thpbase PWM rectifier. €5, ANN ( k+1) %,ANN( @ A & ann l) (8)
In the stationaryw—f reference frame, the PWM rectifier _ ea,ANN(k) +uB i (k) _ L,est(k)
can be modeled as foIIow§: . €5 am (K) iy (k) iﬁ,est( K)
Gl Al gl || Ver (1) Whereu is a leaming rate. Therefore, the simple iteeativ
€ dt| i, ig Vin gradient algorithm (8) is used for minimizing (7hlioe. It

components of the AC-line currents and the gridagesy,, Sufficient for accurate grid voltages estimatiorowkéver, in
andv, are thes- andg-axis components of the rectifier inputcasé of non-ideal conditions, an additional filgristage

voltages. should be added in order to extract their fundaalent
In the synchronoud—q frame, the model (1) is written as components. This latter will be discussed in wh#ofvs.
{eﬂ _ Li{id} _{ R —wL}{id} _{Vdn} @ B. ANF for Filtering the Estimated Grid Voltages
&, dt| i, wl R |, Vi In this section, the estimated grid voltageg . are

where iq, iq, & and &, are, respectively, the- and g-axis filtered. The time-varying magnitude and.phasehaa‘e;w,ANN
components of the AC-line currents and the gridagss. is fundamental component are extracted using an ANBrder
the grid angular frequencyg, and vy, are thed- and g-axis to formulate this estimation problem, a suitableateposition

components of the rectifier input voltages. of eaﬂ,ANN.is performed. This decomposition is given in a
Using the forward Euler method, the discrete-timerf of discrete-time as follows:
(1) is obtained as follows: & (K] & |:En Cos(wnk-|—5+¢n):|
I:'a(k)}: Al:ia(k‘l)}r B[I:ea(k‘ )}_I:\{m( k—l)D @) ean (K| (| E,sin(wkT,+¢,)
i (k) i (k-1) & (k=1 [V (k-1) {El cos(wkT, +¢1):| i[l: E, cogw, k1;+¢n):|]
= +
with A :1—TIS_R andB :lLS. Tsis the sampling period. Els'n(wlkTs +¢1) =2\ & sm(a)n k-I;+¢")
9)

An ANN for estimating the grid voltagese,( €) iS it E, is the magnitude of the™ term, g, its initial phase
d('e5|gned using the following input/output combioati angle andy, its pulsation. From equation (9), the fundamental

e (K)] I:'a (k ‘1)}_ |:Van (k‘l):|+ &aw(K=1)|  component o€, sy ande; au can be obtained as

i 5.0st (K) i, (k-1) Vs (k=1) & (K=1) {ea,ANN ( k)} _ l:El cos(wkT, + ¢1)}

4) | Essin(wkT, +,) 19

, , , , & (K)
where €,awn €ann luest @nd iges are the estimated grid This can be expressed yet in the following deveddpem:

voltages and the ANN outputs, respectively. As banseen
from the ANN architecture presented in Fig. 1, thmlated . .
weight is the estimated grid voltages. & (K) _ E,cos{¢,) cogeskT,) - E sifg,) sifw,KT) _
The weighte,; a is adaptively adjusted using the steepese; o (K) | | E sin(¢,) co{wkT,) + E co$p,) sifiw,kT)
decent algorithm by exploiting the following estitoa error: (11)
l:&a(k):l_[ia(k)} {iam(k)} ) Form equation (11), the following vectorial notatids
ACIRCIRCO) ovtained



€ypan (9= X (4 12) {Ma(k)H@(m)} 2k

where x =| E20s(#) ~Esig) | D(K) = [cos(:KT) 80 (k)] [0 (k)] [ (K
E sin(¢,) E cog¢,) 94, (k)
sin(kTI]" e, o, (¥
Equation (12) is a linear combination that candseried by = (18)
one ANF with the adaptive weighV = [w,s W,4]. The vector 99, (k) Ae (k)
D(K) is represented by two generated sine waves which 0€; ann p A
constitutes the ANF inputs (see Fig. 1). During kbarning PY) (k) oi (k)
process, the weightV is adaptively updated to converge a LA, (K)
toward X. The weightW is updated using the LMS algorithm _ 1 %% 08 aw
with the learning rate [5], [30], [34] in the following way: —H a9, (k) iz pnn (k) 5,(K)
W( k+1) = W( I§+M (13) 08 s 0 ann g
€+D (k) D(k) By replacing (18) in (17)AV;(K) is calculated as follows:

whereg is a sufficiently small and positive value usedtoid _ 1 ) )
division by zero IfDT(ID(RI=0. Zuy = Eupun — e is the LK) =[8d (K3, (K+28, (Ko, (R]+ 5[ o (B + o ( ¥']

estimation error. The vect®@sest = [€est (K) €gest K] is the 3. (K) di . (k 35.(k) i (K
output of the AN estimator. It is obtained aftere th Zﬂ{ae”( ) a";‘( )5(k)2+a‘_§( ) ;;SI( )Jﬂ(k)z}
o, ANN , ANN , ANN , ANN

convergence of the ANF weight (see Fig. 1) as ¥adlo

20 .. 2
ea,est(k) EICOS(a)_LkTS +¢1) +£ M Lﬂ(k) ) (k)2
€pea(K) = = - - (14 2 |||oe de, “
&ex(K)| | BSin(wKT+4))
20 . 2
C. Convergence Investigation of the AN Estimatat a + 99 ()| 1 9izex(K) 5/?(k)2
Learning Rates Tuning 05 | || 98, ann
The stability of the proposed AN estimator is irtigeted (19)

in this section regarding the ANN and ANF Iegrn'rrages_y wherell-ll is the Euclidian norm irid". From (5) and (6), the
andy. Thus, Lyapunov’s convergence criterion is exgldito following equality can be assumed:
establish the limits of andz that ensuring the AN estimator '

stability. The selected valuesofindy are then justified. aia,est(k) 99, (k)
First, the ANN stability is analyzed. A positive foiite 08, s | | 98 ann
Lyapunov function candidate for (5) is chosen arpressed ai, (k) - adﬁ(k) ’ (20)
,est
as
ae,6’,ANN i aeﬂ,ANN

3, (k) +3, (k)?
V, (k) =~ (15) The expression oAVy(K) is obtained by replacing (20) in

2 _(19) in the following way:
The Lyapunov’'s convergence criterion must be satisf ' ) ' 4
such that AVl ( k) =—u ala,est(k) _E ala,est(k) 50 (k)2
V1 ( k) AVl( k) <0 (16) aea,ANN 2 aez,ANN
where the Lyapunov function variatidV, (k) is given by i (k) 2 i (k) 4 (21)
[ i
AV1(k):V1(5a(k+1)’5ﬁ( k+l))—\{(50( @’JB( B)< 0. - U B.est _ﬂ B, est o—ﬂ(k)z
(17) aeﬂ,ANN 2 a%,ANN

As Vi(k) is a positive definite function, the stability The ANN convergence is guaranteed when the stabilit
criterion in (16) is satisfied whenV,;(k)<0. Since the grid condition in (16) is satisfied. Hence, the learnimateu must
voltages can be considered as continuous signalsttair be selected according to the following inequality:

period is much higher than the estimation perit &rror 2
variation Ad,(K), Adg(k)) due to the learning rate of the ANN O<p< ) 2 (| 27" 22)
is given as Oy oet (K) [0 est (k)

aea,ANN a%3,ANN

Secondly, the ANF stability is investigated. As thieight
W computed by the ANF algorithm is an estimateXpfa
positive definite Lyapunov function candidate fdretANF
estimation error can be defined as

v, (K) =W ()W (K (23)
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where W (k) is the ANF estimation error , defined as the over current can be reduced and stability ef ¢ontrol
B scheme is guaranteed.
W(k) = X(k) _W( k)- (24) Few startup algorithms have been proposed in theature
The Lyapunov’'s convergence criterion must be datisf [19], [24], [25], [35], [36]. A common method based the
such that application of short zero-voltage-vector pulseshat rectifier
Vz(k)A\/z( k) <0 (25) input is proposed in [19], [24], [35]. The grid t@fjes angle is

then deduced from the AC currents variation. Howesech a
technic short circuit the converters AC side. Thane an
important over current is occurred. Extracting itigal value

where AV,(k) is the Lyapunov function variation. As
illustrated in (23), Vo(K) is a positive definite function.

It:)er_?];]or(i, the stab;llty criterion (?5) 'S Sat'%f:w:;:gAVZ(k) of ¢ during the diode rectifier operation mode has balso
- 1ne Lyapunov unc~t|on variation |~s establis proposed in recent papers. In [36], the signs ®A currents
AV, (k) :Vz(W(k+1))‘V2(W( k))< 0. (26) flowing during the diode rectifier operation arepkited to
By using the ANF estimation error dynamics, obtdinededuce an approximated value @fusing a look up table.

from (24), with the update law (1%V2(k) can be assessed asCurrent signs detection based method is also pegpws[25]
. - to detect the zero crossing interval 6f However, both
D" (k-1) D' (k-1) W(K)[’

AV, (k) =l ( ) strategies start with an imprecise grid voltagesitjpm, which
e+D’ (k 1) k 1 || lead to an increased settling time. The diode frectperation
—WT(k)\fV(k) mode (when all the IGBTs are switched off) is eipeld in
this paper to propose a new strategy for initialuea
n[Ww

k) D(k‘l)T nD" (k-1) D(k-1) estimation off, g; ande, at the startup. Indeed, the proposed
I:— +£+ DT(k—]) D( k—:I) AN estimator is applied to estimate the grid vodtsgby
exploiting the similarity between the PWM rectifiand the
(27) diode rectifier models. Since the AN estimator rsetba input

where ||| is the Euclidian norm ia". Sincee >0, the Vvoltagesv,,, three Heaviside functions are then used to their
stability condition in (26) is satisfied if the luketed term in computation in diode rectifier operation mode. Heaviside
(27) is negative which means that the learning satesfy the functions determine if the diodes are conductingdalocking

inequality given below: state [37]. Assuming ideal diode bridge switchém input
0<n<?2 (28) Vvoltagesv,g, are expressed as
The following convergence properties are also fatis 11 g
V a
W)~ (k-2) - s () w121 Mol I PY I
(29.a) n 0 73 _73 ]
W (k) D (k-1
I|m ( ) ( ) =0 (29.b) whereg, = {+1 if i; > 0; 0 ifi; < 0} for i=a,b,c. It should be
\/£+ D(k-2)" D(k-1) noticed that, by replacing (30) in (1), the diodetifier model

where W is obtained at perfect convergence of the ANEan be obtained. Fig. 3 presents the AC-line ctsrand the
According to (28), the augmented error is monotalhjonon- reconstructed input voltages from (30) during diodetifier
increasing, hence, the convergence is guaranteed. Epgganon mode. ' '

If the learning rateg: andz are chosen according to theﬁ ‘ Wt
intervals given by (22) and (28), respectively, thAd 50[-~ [_
estimator stability is guaranteed. Theand 5 values affect X i ‘ X
directly the accuracy, convergence speed and iyabfl the oY T / T N
AN estimator [32]. Indeed, low values @f and » lead to 50\—1_ ANy~
increase the accuracy and the stability at costslofver "o v, 7
convergence speed. On the other hand, high valuesiedy, 100y 1005 L0l 1015 102 1025 103 103 104
lead to high convergence speed but with less acguaad . Time ($) .

- . . . Fig. 3. Sensed AC-line currents, {, andic) and computed input voltages.{
stability. Therefore, correct choice of the leagirates is a 5ngy,) during diode rectifier operation mode (experiment
tradeoff between the convergence speed and syabilithe
AN estimator. The overall sensorless control scheme is depictédg. 4.
It consists of a control unit and an estimatiort.ufhe control
Ill. STARTUP PROCESS OF THFAC VOLTAGE SENSORLESS unit based on VOC maintains a constant DC-link agst
CONTROL SCHEME under a UPF operation [5]. The estimated parameéters, s

Startup procedure of control algorithms is a comma@nde,esare obtained from the AN estimator through a phase
problem in case of grid voltages sensorless operati PWM locked loop (PLL). The estimation unit ensures gradtages
rectifiers [10]. During the startup, the initiallua of the grid estimation and a smooth starting of the VOC. Theatign
voltages phase anglé is needed. In case of VOC, initial(30) is used to compute the input voltages durimg diode
values ofey ande, are also required. With these satisfactionsgctifier operation mode. The obtained input voitmgare

:
I
¥
1"\\
>, 7

‘\ ’I ~ \\ I’ A \\ ’I
X X X

Voltage (V); Current (0.0
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injected in the AN estimator. Thus, the grid voeiagare switched to the actual input voltages (see FigN#éYe that, in
accurately estimated under diode rectifier opematioPWM operation mode, the actual input voltages drained
Thereafter, the estimated grid voltages are useal RLL to from the current controller outputs. This leadsawwiding
obtain initial values ob, &; ande,. The VOC is finally started direct measurements that are affected by the mbdoland
and initialized by the PLL outputsfg, €jest and g;es). acquisition noise [7], [28].

Simultaneously, the input voltages obtained from) (are

Grid voltages abdap | [ Equ. (30)

L estmaton :

Van ref Vbn ref Vcn ref Vd(

R
- Vdc iL
___________________________________________________ e
[ ] —
i : C
| ! idc
1 1
! Ve ref ! -
) ; > PWM rectifiel
1 1 Van ref g
: gL |2 o
1 ) Il >
E g EVbnref g Sa
1 1 % bg
1 + »
— O current V. >
E iqrer=0 X) controller | _. X T E Venrer | | Vaben
| id |
1 . | ——
: VOC | abadg O Oes E
e S S S a iabe
T : .
: i I‘e“'es [ AN estimat 1 :
' conventional[™® estimator '
: PLL | (Fig. D i oy
i eﬁ,est \ B ] L
V |
1 an 1
o blen | A
: startupy QS | :
! switcher, ' i €abc
______________ 1
: {J :
! |
| | \
1
! |
1
1

Fig. 4. Overall structure of the developed AC ag# sensorless control.

frequencyw. The SOGI transfer function is given by
S
F(S):%/?nf()_ kea)s

To prove the superiority of the proposed AC voltage %ﬂn(s) §+kwsro’
sensorless control algorithm, comparative studyvbeh the whereg, s is the filtered quantity of,s, andk. is a parameter
AN estimator and the recently developed SOGI bastuht influences the SOGI filter speed convergemNate that
estimation method [9], [10] has been performedstFithe since no grid voltages information is availablenfrthe SOGI
SOGI method is presented. Thereafter, simulatimistare method, the estimated VF is utilized to derive éstimated

IV. COMPARISONBETWEEN THEPROPOSEDESTIMATION

METHOD AND SOGIBASED ESTIMATION METHOD (32)

carried out in MATLAB/Simulink environment. grid voltages used in VOC control scheme [20]. This
The SOGI based estimation method uses the VF concegrformed in the following way:
where a virtual AC motor is assumed from the bebraof the €, et -y,
grid voltages and the AC filter. Then, the grid tages are l:e }:{ w0 } (33)
B est (4

induced by a virtual magnetic flux [9], [10], [17In a—f

reference frame, the VR,; can be estimated from the In the present comparative study is optimally tuned

integration of the grid voltages as follows:
Gp = Iea/}' dt= Li, + @,

where @5, = [(V,g, + Riyg ) dt.

The integration in (31) induces saturation and DiGeb in
the estimated VF. To overcome this, the authorf9]nand
[10] proposed a SOGI based adaptive filter with waoft

(31)

according to [38] and the AN estimator learningesaf:, #)
are tuned according to the criterions establishe8ection II-
C. Thus, both the AN estimator and the SOGI baséthator
are tuned to their best. To perform the comparisba,two
estimation methods are simulated in the same dondit
where two tests are carried out. The simulatiompaters are
summarized in Table I.
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o
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Performances comparison between the control methods
based on AN estimator and SOGI estimator unggr.s step
change is given in Fig. 7. In this teR, is set to 58. At time
t=1s, a step change of 20V W (er is applied Vqc ref passes
from 190V to 210V). The actual grid voltage and the
estimated voltages, ane @and €, soc are shown in Fig. 7(a).
The corresponding estimation errors are illustratedrig.
7(b). From these figures, it is clear that the Adtlreator is not
affected byVy. e Step change unlike the SOGI estimator

Voltage (V)
o

i
o
o

i
o
o

Estimation error (V)
o

i

o

o
T

0.2)2 0.2)4 0.2)6 ] 0.2)8 0.1 0.I12 0.;L4 ( . =
Time (s) where an estimation error has occurred. This isipalue to

Fig. 5. Comparison between the AN estimator ared 3OGI estimator at the SOGI filter which is not applied to the wholstimated
startup (simulation): (a) actual grid voltage and estimated grid voltages flyx. As shown in (31) and (32), the current thrbugis not

o

(B @s0c), (b) estimation errors. filtered. Indeed, in transient phase, the SOGInesibr may

lose information ofLi,; being not sinusoidal or having a
different frequency thanw. However, in our proposed
estimation method, all the quantities used in gtaration are
processed by the AN estimator. This leads to robsttnation
, . . . . 4 during Vg ref Step change. Controlled DC-Link voltages
005 e N 025 %% corresponding to each estimation strategy are ptegén Fig.
Fig. 6. Actual AC-line currents, ae andissoci When the control methods 7(c). It can be observed that the DC-Link voltadekow
based on the AN estimator and the SOGI estimatoused (simulation). correctlyVyc ret
cre

From the obtained results, the AN estimator presknt
ster convergence and better accuracy compargt8OGI
based estimator. In order to verify the feasihjlitybustness
nd accuracy of the proposed AC voltage sensodessol
cheme, experimental and simulation tests areechwut in
the following section.

50F T T T T T 3
/ ia,SOGI

N
1

Current (A)
o
T

N
1
T

&
=]
T

o

Performances comparison between the AN estimatdr 30
the SOGI based estimator in term of tracking spedtle grid
voltages is illustrated in Fig. 5. In this simutatj R_ is set to
55Q andVy. ef is fixed to 190 V. Both estimators are starteg
without initialization. Fig. 5(a) shows the actugaid voltage
e, and its estimationg, axg and €, soc provided by the AN
estimator and the SOGI based estimator, respegtilelFig.
5(b) the corresponding estimation errors are ptesehese
results show that, compared to the SOGI based attintne 1 he laboratory setup used for experimenting theeliped
AN estimator exhibits faster convergence and lotimeion AC voltage sensorless control algorithm, illustdaie Fig. 4,
error. Fig. 6 illustrates the actual AC-line cutei ane and is presented in Fig. 8. It consists of a three-phiasulate-
i.soc corresponding to the sensorless control methodsdbadate-bipolar-transistor based PWM rectifier with tian
on AN estimator and the SOGI based estimator, céisjedy. paralleling diodes. Two current sensors and ongagelsensor
From this result, it is clear that the control neettbased SOG| aré used to measure two input currenfsufdi,) and DC-link
estimator causes higher overshoots and longeinggtime. voltageVy,, respectively. It should be noted that, threeagst
Furthermore, this test shows the necessity of ugmtipl Sensors are used for measuring the grid voltagéser

values of the grid voltages at the startup. measured voltages are not used in the closed-looprad
scheme. Therefore, they are only used to performpesison

V. RESULTS

100 between the estimated grid voltages and the actes. The
> developed AC voltage sensorless control algorithen i
[} . . . . .

g 0 implemented in  MATLAB-Simulink environment and
s 100k | executed on a dSPACE DS1104 board using Eulerutsol
S 20 ; ; ; . ; - method. The experimental platform specifications dze
§ 10f ¢ ®1 found in Table I.
c P TABLE |
g / o~ SYSTEM PARAMETERS
E 101 ANE ] Parameter Simulation|  Experimen
i -20 . . . . . Nominal DC-link voltage (V) 190 190
< 2401 Vy /Vdc.SOGI (©)1 Ph_ase grid voltage rms ( 55 55
< 2207 yd b Grid voltages frequen f (Hz) 5C 5C
& 200} e i Nominal AC filter resistanck (Q2) 1 1
S g0k \V J Nominal AC filter resistanck (mH) 8 8
160 . deANE . . . DC-link capacitoiC (mF) 33 33
0.98 1 1.02 T.l.Oéz ) 1.06 1.08 11 Load resistancB. (Q) 55 55
ime (s A i .
Fig. 7. Performances comparison undgs s Step change (simulation): (a) gjvzrt?rwr]]% m:u(gﬁcy (kH ;Li :;15

actual grid voltagee, and estimated grid voltage®, fne €:.soc), (b)
estimation errors and (c) reference DC-link volt&ge. and measured DC- ) o ) .
link voltages Vacans Vacsoc)- The AN estimator is implemented with the learniages



pu=9520 andx=0.04 which are experimentally adjusted to 100}

ensure stability and optimal convergence speedrdicap to
the criterions established in section II-C. Thimese learning
rate values are both used in simulation and exmarintests.
During all tests, the PWM rectifier operates at Udpkce the
currentiq ¢is fixed to zero.

In the following subsections, experimental (frong.Fd to
Fig. 20) and simulation (Figs. 21 and 22) testscareied out.
The AN estimator is experimentally tested in didfetr
operating conditions such as diode rectifier openamode,
startup procesd/y. ref Variation,R_ variation, symmetrical grid
voltages sag and unbalanced grid voltages. Finttily, AN
estimator is simulated under distorted grid volaag&he
simulation test is done in a MATLAB-Simulink envinment
using the parameters listed in Table I.

Photograph of the implemented test berighthree-phase PWM

Fig. 8.
rectifier, 2) interconnecting inductances, 3) intemecting resistances, 4)
isolating transformer, 5) PC-Pentium + dSPACE boar€ontrolDesk, 6)
dSPACE input/output connectors, 7) load resista@readditional resistances,
9) current sensors, 10) voltage sensors.

A. Performances of the AN estimator in Diode Recti
Operation Mode

Experimental results of the grid voltages estimmatia
diode rectifier operation mode are presented irs.Fgand 10.
In this experiment, the load resistance is set3@5 So, the
DC-link voltage is around 117 V. Figs. 9(a) and)9(loistrate
the signals used as inputs of the AN estimator. Hpeait

0

Voltage (V

-100|

(=]

Current (A)

o

[N
o
[=]

Voltage (V)
o

-100

100

0

Voltage (V)

f

estimation error .
1.05

1

-100

Time (s)
Fig. 9. Steady-state performances of the AN estiman diode rectifier
operation mode (experiment): (a) computed inputagasv,, and vs,, (b)
actual AC-line currents, and i (c) actual grid voltages,, estimated grid
voltagee, .stand estimation error and (d) actual grid voltageestimated grid
voltagee;es;and estimation error.

100

Voltage (V)
ul
o

Angle (rad)
(=] N S o 00 O

[N

1.05

1.15
Time (s)

Fig. 10. Steady-state performances of the PLLigdel rectifier operation
mode (experiment): (a) computett] components &, ;) with actual grid
voltages and computedq components €jesi €qes) With estimated grid
voltages and (b) computed angteésnd 6.5 with actual and estimated grid
voltages, respectively.

B. Startup Process

Figs. 11 and 12 present obtained experimental teesil
the proposed sensorless control strategy at stattughis

voltages Yun, V) are obtained from (30). From Fig. 9(c) an@éxperimentVy fis fixed to 190 V andR_ is set to 5%2. The
9(d), the ap-axes components of the grid voltages aiaput voltagesv,, andvy, are shown in Fig. 11(a). The VOC

accurately estimated. After the estimation procegsy and
€est are inserted in the PLL (see Fig. 4). In Fig. 1ite

strategy is started at = 1.34s. Simultaneously, the input
voltages computed from (30) are switched d&pB-axes

estimatedig-axes component&qes € es) and the phase anglecomponents of the current controller outpwts fr andvn red

(Gesy Of the grid voltages are illustrated. Therefotae
estimated quantitie®{es; €,estaNdbes) Will be used as initial
values in order to achieve smooth startup of thesadess
control scheme.

(see Fig. 4). As illustrated in Figs. 11(b) and {bp proposed
startup process prevents the over-current tripraddces the
commissioning time of the controlled system. 8g, rapidly
follows its reference. It passes from 117V to 19@Vabout
0.1s. This settling time is due to the time constahthe
external control loop. The actual and estimated gdltages
are shown in Fig. 11(d) and (e). It is clear thw estimated
voltages are close to the actual ones and presenhienum
estimation error at startup. For comparison purptvee PLLs
are computed with actual and estimated grid vokadéne
obtained results are presented in Fig. 12. Redaseitlations
and noises are obtained from the PLL computed with



estimated grid voltages. The actual phase anglealss
accurately tracked. Consequently, this experimeavep that
the AN estimator can successfully estimates the gpltages.
The stability of the sensorless control strategy ailso

guaranteed at startup.

diode rectifier

operation | startup process |

PWM rectifier opration

>|

<€
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-
o
o
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o

S 200
()
& 150 Vdc\ ]
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100 1

L L L L

100F T T T e T nw
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_ 100f € pest e (e)q
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1.3 1.35 1.4 1.45
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Fig. 11. Performances of the AN estimator at s(experiment): (a) input
voltagesv,, and vz, (b) actual AC-line currents, andig, (c) reference and
measured DC-link voltaged/{: rs Vao), (d) actual grid voltage,, estimated
grid voltagee, estand estimation error and (d) actual grid voltageestimated

grid voltagee;es;and estimation error.
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Fig. 12. Performances of the PLL at startup (eixpent): (a) computediq
components g, &;) with actual grid voltages and computed components
(eyesi €qes) With estimated grid voltages and (b) computedles@ and Gest

with actual and estimated grid voltages, respelgtive

C. Robustness Analysis

To verify the robustness of the proposed sensodessol
strategy several tests have been conducted undferedt
working conditions. The results are given in Fit3-22.

1) Vi ref Variation: In this experimentRR_is set to 58. A
step change of 20V Wy ¢ is applied at = 1.287 s Vyc ref
passes from 190V to 210V). As shown in Fig. 13 &),

9

the actual and estimated grid voltages are supessth
During the step change Wi, the currents rise from 6A to
8A (see Fig. 13(c)). This increases the flowed pofrnen the

AC side to the DC side/y is given in Fig. 13(d). It follows
accurately its reference before and after the ci@mge. From
Fig. 14, the PLL gives great performances with ekmated
grid voltages where the computed quantities areaffected

by theVy. et Step change. The actual phase angle is also well
tracked.

Vdc ref variation —*

100f

EOAAAAAA AR AAAL
VYUV STV U Uy
?TAAAANnAAN AAA
BUANANNANN) vvv

-100p _ estimation error

N
o

Current (A)
o

1.35 1.4

1.25 13 1.45 15

Time (s)
Fig. 13. Transient performances of the AN estimatwlerVy. s Step change
(experiment): (a) actual grid voltage, estimated grid voltage, e and
estimation error, (b) actual grid voltagg estimated grid voltagesest and
estimation error, (c) actual AC-line currenfsandis and (d) reference and
measured DC-link voltages.
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0
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1.25 13 1.35 14 1.45 1.5
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Fig. 14. Transient performances of the PLL undiy . Step change

(experiment): (a) computedq componentse, &) with actual grid voltages
and computediq componentse s €y,es) With estimated grid voltages and (b)
computed angles and 6. with actual and estimated grid voltages,
respectively.

2) Load resistance variationtn this test, a variation of
35% inR_ is applied during 0.23%/4 r is fixed to 190V. In
Figs. 15(a) and (b), the actual grid voltages aedl tvacked
with low estimation errors. ThuR_variation seems not affect
the estimation algorithm. From Fig. 15(c), the euats vary
from 6A to 10A. Transient performances of the PLie a
shown in Fig. 16. Actually, the PLL provides good
performances with the estimated grid voltages. @btual
phase angle remains well tracked.
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Fig. 15. Transient performances of the AN estimatader load resistance

variation (experiment): (a) actual grid voltagg estimated grid voltage, est

and estimation error, (b) actual grid voltageestimated grid voltage;estand

estimation error and (c) actual AC-line currents.
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in Fig. 17, the AN estimator stability is ensuretiahe grid
voltages are rapidly estimated during the symmatrgrid
voltages sag. An increase in the AC-line currenis tb the
power flow variation is observed during the sag.Fig. 18,
transient performances of the PLL are presentederund
symmetrical grid voltages sag. THg-axes components of the
grid voltages and phase angle are well estimated.

| symmetrical grid voltages sag |

i
o
o

Voltage (V)
o
(=)

Angle (V)
o N S (2] o O

2.45 255 2.65
Time (s)

Fig. 18. Transient performances of the PLL undenrsetric grid voltages

sag (experiment): (a) computedh components €, €;) with actual grid

voltages and computedq components €esi €qes) With estimated grid

voltages and (b) computed anglsnd 6.5 with actual and estimated grid

voltages, respectively.

1 I
2.25 23 235 24 25 26

4) Unbalanced grid voltagedn this experimentVyc ref IS
maintained to 190V an&_is set to 58. Two-phase sag is
applied during 0.25s. As presented in Fig. 19(a) ), the
AN estimator is not affected by the grid voltagebalance.
The estimation error remains very close to zerg. EB(c)
shows the currents andi,. Although grid voltage unbalance
causes AC-line currents distortion, a stable operadf the
overall control strategy is guaranteed. Clearly tomputed
components with actual and estimated grid voltagdesvn in

and computediq componentsejes: €.5) With estimated grid voltages and (b) Fig. 20 are distorted. This is only due to limibatiof the used

computed angles) and 6. with actual and estimated grid voltages

respectively.

symmetrlcal grid voltages sag |
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Fig. 17. Transient performances of the AN estimateder symmetric grid
voltages sag (experiment): (a) actual grid voltegeestimated grid voltage
e.estand estimation error and (b) actual grid voltageestimated grid voltage
&estand estimation error and (c) actual AC-line cutsen

3) Symmetrical grid voltages salgt this experimentyyc ref
is fixed to 190V andR_ is set to 58. Symmetrical grid
voltages sag of 16% is applied during 0.25s by ragidihree-

PLL against unbalanced conditions. Therefore, itnca be

considered as an issue of the proposed estimatategy.

| grld voltages unbalance |
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Fig. 19. Transient performances of the AN estimamder grid voltages
unbalance (experiment): (a) actual grid voltageestimated grid voltage, est
and estimation error and (b) actual grid voltageestimated grid voltageyest
and estimation error and (c) actual AC-line cursent

phase resistance of 25n the AC side (see Fig. 8). As shown
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! grid voltages unbalance ! 100F T T T T T T T T T @7
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078 085 Time?g 098 105 Fig. 22. Transient performances of the PLL undetoded grid voltages
Fig. 20. Transient performances of the PLL undidl goltages unbalance (Simulation): computediq componentse, &) with actual grid voltages and
(experiment): computedq componentseg, &;) with actual grid voltages and computeddq components e €;es) With estimated grid voltages and (b)
computeddg CompPONeNtsees; €4.s) With estimated grid voltages  and (b comput_ed anglesd and 0., with actual and estimated grid voltages
computed angles) and fe with actual and estimated grid voltages eSpectively.
respectively.
VI. CONCLUSION

5) Distorted grid voltagesin this simulation,R_ is set to
55Q, V. refis fixed to 190V and the grid voltages contain t
5" and ' harmonic componeni% of the & harmonic and
5% of the ¥ harmonig. As can be seen from Figs. 21(a) an

(b), the estimated voltages are well filtered withaany

In this work, a new AN estimator for eliminatingetlyrid
h\‘?oltage sensors in VOC of three-phase PWM rectifias
Heen proposed. The developed AN estimator combines
estimation capability of the ANN and filtering preny of the
ANF. Lyapunov's theory based stability analysis Heesen

influence of the actual grid voltages distortion dine
estimation process. This is due to the ANF desigaiethe
fundamental grid voltages frequency. This leads
fundamental components estimation of the grid galtaeven
under distorted conditions. It should be mentiotieat the

exploited for optimal tuning of the AN estimator.ehte,
gimple, accurate and fast grid voltages estimalias been
obtained. To avoid current overshoot and to redeesettling
time at the startup, a new startup process has fre@osed to

distortions observed iy andi, (see Fig. 21(c)) are caused bynitialize the VOC. The effectiveness of the progas

the used current controllers (simple Pl controjlensd not by
the AN estimator. Fig. 22 shows performances of Rhé.

procedure has been experimentally demonstrated. A
comparison between the proposed AN estimator amd th

The computed quantitiegy( &, and §) using the actual grid recently developed SOGI based estimator has bestucted.
voltages present large ripples which are due tditieed PLL  This comparison has clearly indicated faster coysmece and
performances against harmonic distortions. As tltodions better accuracy of the proposed estimator. Finatlgustness
do not appear on the estimated grid voltages, tlantifies of the AN estimator regarding to step change in ID&-

(€q.est EestaNdbes) do not present significant oscillations.
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Fig. 21. Transient performances of the AN estimatoder distorted grid
voltages (simulation): (a) actual grid voltageand estimated grid voltage
e.ess (D) actual grid voltage; and estimated grid voltagg.s:and (c) actual
AC-line currents.
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voltage reference, load resistance variation andideal grid
voltages conditions (symmetrical sag, unbalancstorion)

has been investigated through simulation and exsrial
tests. The obtained results have demonstrated high
performances of the proposed AN estimator withire th
analyzed working conditions.
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