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Abstract: This paper proposes an adaptive voltage-orientedra (VOC) with online ac filter
parameters identification for three-phase voltamerce rectifier (VSR). A new method based on
adaptive linear neuron (ADALINE) is first designedidentify the ac filter parameters. For accurate
identification, the VSR nonlinearity are included the ADALINE structure. Thereafter, the
developed ADALINE is inserted in the VOC to realee adaptive VOC. Thus, the decoupled terms
and the proportional-integral current controlleingaare updated online. Finally, the ADALINE
ability to track properly the ac filter parametéssinvestigated by experimental analysis. It shows
that the VSR nonlinearity consideration has sigaifit influence on the resistance identification.
Compared to the VOC, the enhancement of the prapadaptive VOC is experimentally proved.
The originality of this paper is the building of MR model including VSR nonlinearity that is
suitable for implementation with ADALINE. This leadto ease implementation and accurate
identification.
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1 Introduction
Three-phase voltage-source rectifiers (VSRs) aringbe
increasingly used as high performance grid interfagpower
systems like distributed and renewable energy gdioer
(Rashid, 2003). VSR offers several advantages & it
operation such as bi-directional power flow, unpgwer
factor (UPF), low harmonic distortion of input cemts and
high quality dc voltage (Rashid, 2003; Kolar andeéi,
2013; Friedli et al., 2014).

The use of VSR requires incorporation of contradtegn
to achieve high performance. Voltage-oriented adntr
(VOC) is the most classical method for VSR con(Reéshid,
2003; Milasi et al., 2013; Antoniewicz and Kazminkki,
2008). This decoupled scheme, originally proposed i
(Schauder and Mehta, 1993), uses two proportioniagral
(PI) controllers in an inner loop to track curreeferences
and one PI controller in an outer loop to regutidevoltage.
Although the classical VOC has a simple structitserobust
performance to model uncertainties can be of concer
(Malinowski et al., 2003). For instance, if the &lter
parameters are not known exactly, theandg-axes current
dynamics are not fully decoupled. Hence, the Pkbas
control scheme can be driven into instability (SraR014).

Several methods have been proposed as alterndtives
classical VOC scheme. Researchers have developedt di
power control which leads to direct control of aetiand
reactive powers (Yan et al., 2014; Zhang et al.1320
Norniella et al., 2011; Kwak et al., 2014). Contatgorithms
based on predictive approaches (Antoniewicz
Kazmirkowski, 2008; Zhang et al., 2013; Kwak et aD14;
Xia et al. 2012; Ramirez et al., 2014; Korelic aleternik,
2013) and input-output feedback linearization apphes
(Gensior et al., 2009; Burgos et al., 2005) havenbalso

developed. Although the above-mentioned methods can

provide improved performances, they suffer fromirthe
complexity or ease of tuning. This paper improves t
classical VOC by means of an adaptive method fofiltec
parameters identification.

The proper identification of ac filter parameterasha
significant influence on correct operation of VSBntol.
However, this relevant subject has not let to gdamumber
of specific studies. Some works propose a methadedon
recursive least squares algorithm (Arriagada, 20886)
Lyapunov's function (Milasi et al., 2013) for indaace
identification. Analytic and iterative methods awmdso
presented in (Norniella et al., 2011) for inductnc
estimation. The two methods are based on the discities

andestimation (Liu et al.,

that appear in estimated grid voltage when theamisrror in
the inductance estimation. In (Antoniewicz and
Kazmirkowski, 2008), the inductance was estimatexinf
average absolute values of VSR ac-side voltagecament.
This method is simple, but second order low-pds=rdi are
required to dismiss the high frequency variatiogsoaiated
with those magnitudes. Hence, the dynamic method
relatively slow, which leads to high inductanceireation
error. Recently, a least square algorithm-basechadeis
proposed in (Kwak et al., 2014) for adaptive resise and
inductance identification. Although the mentione@thods
can provide acceptable results, some of them ledyl to
inductance estimation (Milasi et al., 2013; Antaviez and
Kazmirkowski, 2008; Norniella et al., 2011; Arriaa
2003) and, in low-power VSRs, the ac filter resisg@cannot
be neglected (Kwak et al., 2014). On the other htreused
VSR terminal voltages in the identification proceasnot be
directly measured. They are usually estimated fiutput
voltages of PI controllers and measured dc volt&jace
VSR nonlinearity due to the dead time and voltags éxist
in the used insulated-gate-bipolar-transistors (T&B(Liu et
al., 2012; Choi and Sul, 1996; Kim et al., 2008) hd Zhu,
2014), the mentioned methods (Milasi et al.,, 2013;
Antoniewicz and Kazmirkowski, 2008; Norniella et, &011;
Kwak et al., 2014; Arriagada, 2003) should opewmithout
considering the VSR nonlinearity. Hence, the idaui
parameters may suffer from negligence of the VSR
nonlinearity. Some authors have already studiednthgence

of voltage-source inverter nonlinearity on paramete
2012), and rotor flux lige
estimation (Liu and Zhu, 2014) in permanent-magnet
synchronous machines. However, there is still terdiure
proposing a method for ac filter parameters idiatifon of a
VSR with VSR nonlinearity consideration.

In this paper, the proposed adaptive VOC maint#ies
simplicity of the classical VOC while providing rost
performance to uncertainty in system parametersneiv
method based on adaptive linear neuron (ADALINE) do
filter parameters identification is first develop€the main
advantage of this method is its simple structupzed and
ability to be trained online (Bechouche et al.,, 201
Bechouche et al., 2014; Du et al., 2015). For ateur
identification, the VSR nonlinearity is included ithe
ADALINE structure. Hence, correct ac filter parasrstcan
be easily estimated online from the ADALINE weight®
guarantee the ADALINE's convergence, a discretetim
Lyapunov stability analysis (Romdhane et al.,, 2014)

presented. The proposed ADALINE identifier is



experimented and the influence of VSR nonlinearitythe ac
filter parameters identification is investigatedhefeafter, the
identified parameters are used to perform an adapioC

where the decoupled terms and PI current contrghiérs are
updated online. Finally, a comparative study showleel

superiority of the proposed adaptive VOC schemepzoed

to the classical one under parameter uncertainties.

The paper is organized as follows. Section 2 ptesie
classical VOC of a VSR. The VSR nonlinearity is lsped
in Section 3. Section 4 presents the developed ADNAL
identifier. Experimentation of the proposed adapf¥OC is
given in Section 5. Finally, Section 6 concludds gaper.

2 Classical VOC of a three-phase VSR

2.1 Three-phase VSR modeling
The power circuit of the three-phase VSR is deplidie

Figure 1. The VSR is connected to the grid through

inductanceL and its serial resistanée e, g, ande; are the
balanced source voltages with their maximum anmbditd
and angular frequenay; i,, ip, andic are the input currents;
Van Von @ndvg, are the VSR terminal voltageg;. andC are,
respectively, the dc-link voltage and capacitarRejs the
load resistance.,SS,, and $ stand for the switching state of

each phase leg,< (i=a,b,c) means that the upper switch of

phasei is turned on, and the lower switch is turned wffjle
S=0 denotes the opposite meaning. In this pap€i=8,b,c)
are generated by a sinusoidal
(SPWM) scheme. SPWM is based on comparing a trlangu
carrier wave with a three-phase modulation signéls
(i=a,b,c). The phases ¢f (i=a,b,c) are shifted byn23 and
by ¢ relative to the ac source. For three-phase VSRagee
model, $=(1+4)/2 (i=a,b,c) (Rashid, 2003). The modulation
signals can be considered as a control inputs dosyistem
and they are directly related to the amplitude thiedphase of
the VSR terminal voltages. The neutral of the agrses is
not connected. The resistance and the inductancéheof
feeder cables are neglected.

Figure 1 Topological structure of a three-phase VSR

+A

pulse-width modurdatio

dv 1, . . . V,
C—E==(gi +Li + -t 2
dt 2(:Baa Bbb IBJ c) R_ ( )
where
V., v 2 -1 -1} 8,
Von =f -1 2 -1)| 5 (3)
V., -1 -1 2|4

The VSR model (1) can be described in stationgty
frame, using Clark’s transformation, as

MR M

In Park’s dg frame, the model (4) can be reasonably
represented by the following equations:

alal e W

where ey, €&, iqg andiq are, respectively, thd- and g-axis
components of the ac source voltages and the V$Rt in
currents;vyq, andvg, are thed- andg-axis components of the
VSR terminal voltages.

The dc voltage dynamics can be expressed by
c Ve ; Ve _ 3

d R 4

(4)

()

(i3, +i8,) 6)

where g4 and g, are thed- and g-axis components of the
modulation signals.

The active P and reactiveQ powers of the VSR are
calculated as

3/ . . 3/ . .
P=>(ai+rql) @=5(ai-ai) (7.2)
By setting the grid voltage vector according to thaxis
(i.e.,e=E ande;=0), the equations (7.a) become

3_. 3_.

P=—Ei; =—E 7.b

5 Q > Bl (7.b)
Under UPF operation=0), and according to (7.b), it can be
deduced thai; is null (4=0).

2.2 Currents control

In dg frame, the currents controller controls the acesid
currents to achieve UPF operation and constantottege.
As currents controller, the Pl-type is usually ugB@shid,
2003; Malinowski et al., 2003). However, Pl coneolhas
no satisfactory tracking performance, especiallyy the
coupled system described in (5). So, for high perémce

In abc coordinates, the three-phase VSR average modehpplication with accuracy current tracking, decedpl

(Rashid, 2003) can be described as

q iy -R 0 O ||i,| [e,=V,,
La ib|=| 0 -R 0 ||i, |+ &V, 1)
i 0 0 -Rjli,| |e.~Vg

currents control scheme for VSR should be appliEe
decoupled scheme is shown in Figure 2. From Figurie
expression (8) can be deduced whétg and K;. are,
respectively, proportional and integral gains of ti®l
controllers. (-)denotes a desired reference value.



L L di, _. V., N
Dy = Ko (g =) + [ K (71 o)t =Lt R (8a) V=4V, (when §1) (10.a)
T - di, .
AVq = Kpc(lq_lq)+IK ic(l q—l q)dt =L d—:+R| o (8b) v, = _V_;c_'_vce (When §__0) (lOb)

According to (8), under ideal decoupling betwekrand  \yhereV,, and\V; are, respectively, the voltage drops of the
g-axes, the two axis currents can be independeatiralled.  active switch and freewheeling diode.idfflows from load
For K, andK;. synthesis, a pole compensation method can be(ia<0), the actual phase to center voltaggs calculated as
applied. Therefore, Pl gains are designedKas3L/t, and

Kic=3R/t;, wheret, is the desired time response.
= “ P v, = V—; -V,  (when 1) (11.3)
Figure 2 Decoupled currents control of three-phase VSR vV
Vv, = —% -V, (when $=0) (11.b)

Thereforey,, can be represented in a general form as

Vi = (Vi = Vot vd)[sa —%}%Sign( )(Vet V) (12)

where, sign(i, ) ={+1ifi, > 0;- 1ifi ,< G .
In many cases, the voltage drops in the IGBT irsgea

with current. Thus, they can be represented asvisli(Choi
and Sul, 1996):

Ve=V+rdil, V=Ve+rlil (13)

whereV,.q andVy are, respectively, the threshold voltages of
active switch and freewheeling diode.,, and ry are,
respectively, the equivalent resistances of activiich and
freewheeling diode.

By substituting (13) in (12),, is rewritten as follows:

2.3 dc voltage regulation

In designing the controller of the dc voltage dyi@nit is
assumed that dc voltage varies on a time scaléfisamtly
slower than thad-axis current. Hence, the curregttracks
perfectly its referencé, . The dc voltage control scheme is
reported in Figure 3 wheri,, and K;, are, respectively,

proportional and integral gains of the voltage Bhteooller. _ _ 1y 1
From Figure 3, the equation (9) can be deduced. gEies Vao = (Vao = Ve + Vo) | S, 2 +ES'gr( i) (Voo * Vi)

Koy andK;, are designed using a pole placement method as (14)
Kov=220,Cwo, and K, =Cao,” Wherez, is the damping ratio +=(r+ry)i,
and wg, is the undamped natural frequency of the contlolle
system in closed-loop. From (14), the average phase to center voltagebean
qv. derived as
I:: = K pv (V;c _Vdc) +I K iv(vdc_ Vdg dt: C_dc (9) T 1 1
dt — _ T4y 1. .
Vo = (Ve = Vi + V) o 2S|gn(|a)(voe+v‘,)
Once the VSR model and classical VOC are presetited, w (15.a)

following section will analyze the VSR nonlinearitiie to +E(r +r )i
voltage drop and dead time effects in the used ISBT AR

whereT, andTy, are, respectively, the effective time duration

Figure 3 dc voltage regulation of three-phase VSR and the SPWM carrier period. Similarly, the averphase to
. i center voltage of other phases can be obtaineallaw/$:
Vdc* 1 ic* idc* T 1 1
K, +K,= p— - _ _ (i
5 L x P . 2] Qg Voo = (Vdc Veet Vd)[T_b §J+—25|gn( 'b)(vce + VG)
v . S sw (15.b)
de | g’ 3] 1
- +§(rce+rd)ib
3 Nonlinearity analysis of three-phase VSR Yy = (Vo — Vi + Vd)(L_}]Jrisign( )V + V)
co c ce ce
Figure 4 shows the nonlinearity for one leg of éhphase sw 2 (15.¢)
VSR, including two IGBTs. As can be seen in thigife, ifi, +E(r +r )i
ce d/'c

flows to load {z>0), the actual phase to center voltaggs



where T, and T, are the effective time duration of phases
andc, respectively.

Figure 4 Nonlinearity for one leg of three-phase VSR

If .0

If i,<0

On the other hand, to turn on and turn off the vacti
switches in the VSR, the gate drive signals aralegeThe
ideal switching states are shown in Figure 5(a).e Th
commanded time duratiof, is the area between andt,.
The practical switching states including a deadetifpare
represented in Figure 5(b). These signals are eéelayth T,
from the ideal switching states. The actual phaseenter
voltagev,,, considering the dead time, turn-on delay tifpe
and turn-off delay timél,# of the switches, is illustrated in
Figure 5(c) foriz>0 and in Figure 5(d) far<0. The effective
time durationT, is the area betweefs andtg for i,>0 or
betweent; andt, for i,<0. From Figures 5(a)—(d), the time
error Teer (Kim et al., 2006) can be deduced as

T

wer =L =T-(L-t) (16)
When i, is positive, Taer = Ty + Ton — Tor @and wheni, is
negative, Taer = — (Tyg + Ton — Toir ). The time error can be
represented as

Toer =sigN(i, ) (T + T, = Toe)

aerr

(17)

From (16) and (17), the effective time duration dan
deduced as

T, =T, +sign(i,) M (18.a)
whereM = Ty + Ton — Tog-

Similarly, the effective time duration of phadeandc can
be deduced as follows:

T, =T, +sign(i,) M (18.b)

T, =T, +sign(i,) M (18.c)

5

To calculate the VSR average terminal voltageautioly
the nonlinearity, the knowledge of the relationshgtween
the terminal voltage and the phase to center veltey
required. This relationship can be written as foio

Vao Van Vno
Vbo = Vbn + Vno (19)
Vco Vcn Vno

The absence of a neutral connection in the ac sdiarces

the constraint that
i, +i, +i,=0 (20)

For any balanced ac filter parameters and gridagels, the

terminal voltages are constrained such that
Van + Vbn + Vcn = 0 (21)

From (19) and (21), the neutral to center voltageoes
Vno = %(Vao + Vb0+ Vco) (22)

Therefore, the relationship between the termindtage and
the phase to centre voltage can be deduced aw$ollo

Van 1 2 -1 -1 Vao
Vi ::—% -1 2 -1 v, (23)
w | Jl1 -1 o2y,

For phasen, the average terminal voltage including VSR
nonlinearity can be calculated from (15), (18) é28) as

1 o T T
Van = é(vdc - Vce+ Vd) [aT—bc]

sw

+%((Vdc _Vce + Vd)-zl—_M + Vce + Vd)] (24)

x(2sign(i,) - sigr(i,) - sigl(ic))+%(r o ) s

In (24), the termV, — Vq is neglected becaudg. is much
greater tharV, — Vg4 (Choi and Sul, 1996). Hence, (24) is

simplified as
)i Ao

sw

an [

vy, = (o707, - T
3T

sw

(25)
x(2sign(i, ) - sigr(i,) - sigl(ic))+%(rce+r J s

Similarly, the average terminal voltage includingsR
nonlinearity of phasé andc can be easily deduced. Hence,
the average terminal voltage vector is represeirtethe
following matrix form:

Van V;n Da ia

. 1 .
Voo | =] Von |+ Vaist| Do +E( let rd) Iy (26)
\Y i D i

cn cn c c



where

Vo, v 2 -1 -1|T,

Voo |[==2|-1 2 -1]| T, (27.a)
3T, .

V., -1 -1 2|7

Vit = %[ MVee +Voeo + VdOJ (27.)

D, |2sign(i,) - sigr(i,) - sigfi.)

D, |= | -sign(i,) + 2sigrli,) - sigfi ) (27.0)

D, | | -sign(i,)- sign(i,)+ 2sigfi.)

Therefore, the VSR model including nonlinearity is
derived by substituting (26) in (1). In the nexttsen, the
VSR nonlinearity will be included in the ADALINE sttture
for accurately identifyindgR andL values.

Figure 5 VSR input voltage and IGBT drive signals: (a) idea
IGBT drive signal, (b) actual drive signal with dea
time, (c) actual output voltage with dead time and
switch-on/switch-off times fori,>0, (d) actual output
voltage with dead time and switch-on/switch-off en

fori,<0
h s t3 Lt
| T. |
Sa! 0 1 0 |
_ (@)
S | 1 0 1 1
l Ta |
Sa 0 1 0 |
o I, ®)
S 1 0 R
| ] T. :
Vao i Toft <> Ta+Ton E (c)
(|a>0) ! 1
| y T |
Vao . Ta+Ton Tof < :(d)
(ia<0)1 |
| I
| Tow |

Y

4 Adaptive VOC of three-phase VSR

In this section, the ADALINE is first designed fBrandL
identification. Then, stability condition of the gposed
ADALINE identifier is established. At last, overatructure
of the developed adaptive VOC of a VSR is illusidatand
discussed.

4.1 ADALINE for R and L identification

where
|:Da:| :{Zsign(ia) - sigr(i,) - sigffi ;)
V3sign(i, ) -/ 3sigri,.)

D,
By substituting (28.a) in (4), the-axis dynamic model of
the VSR can be selected as follows:

(28.b)

ea: Ldi+Ri7+\ZJn+\éistD1+l( Ee+ rd)ia (29)
dt 2
and (29) can be rewritten under the following form:
di, .
Za = LE-}' R!J +\/dist Da (3pa
where
1
Za = ea ~Vin _E( I::e+ rd) l (30b)

Using the Euler approximation with a sampling pefg,
the derivative of, is approximated as

di, 1o (k+2) -, (k)
dt T,

S

(31)

Then,i, is represented in the discrete-time domain as

i, (k)=ALz,(k-1)+B0, (k-1)+ CID, (k-1 (32.a)

where

z, (k-1)= g (k=1)- v, ( k—J)—%( L) i(k9,

A=ts p=1-RE co_Toy (32.b)
L L L

Therefore, the quantitieR, L and Vs can be deduced
from (32) in the following way:
L:_S; R:Q, \/dist :—E_

A A

According to (32.a), the coefficients A, B, C candnsily
identified online by three weights WW, and W of the
ADALINE. Indeed, by choosing the ADALINE with three
inputsZ,(k — 1),i,(k — 1) andD,(k — 1), the estimated-axis
current dynamics, (k) can be computed as

(33)

i, (k) =W, Z, (k-1)+ W, [0, (k-1) + W,[D, (k-1 (34.a)

or in vectorial form

i, (k) =W(k)X, (k-1) (3p.b
whereX,(k— 1) = Z,(k— 1) i (k — 1) D,(k — 1) and WK) =
[W(K) Wo(k) W3(K)] are, respectively, the input vector and
the weights vector of the ADALINE. (*) indicateseth

In stationaryap frame, the equation (26) can be expressed as,stimated quantities.

follows:

|:Van:| _ Van
Vﬂn V,Bn

+V D +i(r + (28.a)
dist Dﬁ 2 ce .

Wheni,(K) is well estimated, the equality given by (35) is
satisfied, withY(k) = [A(K) B(k) C(K)].

W (k) = Y(K). (35)



Hence, from (33) and (35), the parameterd and Vs
are finally identified in the following way:

~ T ~ 1-W, -~ W,
L=—: R= 2. \/dist:__3 (36)
Wl Wl Wl
Figure 6 ADALINE structure for ac filter parameters
identification
4—-Vdc
Z(k=1) Eq. [+ ~1)
(32.b) le——— Van (k _1)
i (k=1) 4—1 — io(K) -
; >\ Wi |
e . +]
! i (k |
|V O
ia(k-1) : |
e 1 4 JK) |
i(k-1) | Eq. D, (k=1); m !
(k1) (28.b) | :
i - iy Learning :
| Algorithm | |
| Eq. (37) |
L R
Eq. 36) > L
Vdis\

7

The topology shown in Figure 6 represents the
identification process oR, L and Vg using ADALINE
techniqgue. This topology has the natural dynamic
characteristics of the curremy dynamics. Therefore, the
stability of the proposed method can be verifiedhwan
appropriate weight vector adaptation using themedton
error (Romdhane et al., 2014). This method has high
immunity to measurement noise, because the feedisack
used only in the weight adaptation algorithm (Beatie et
al., 2012; Du et al., 2015). In this pap¥§i is identified just
for the validation of identification algorithm ardbes not

used in VOC. IndeedVys can indicate the convergence
quality of ADALINE weights.
Using (34), the current estimation error

3, (k) =i, (k) -1, (k) will be produced due to any mismatch

between the estimated current and the actual dmis. €Fror

is produced namely by parameter variation. Accaylginit

can be used to adaptively adjust the weight vedigk) =
[W1(K) Wa(k) W5(K)] in @ manner that minimizes the error.
To achieve this objective, a least mean squareitigowith
learning ratey is used for the weights updating (Bechouche et
al., 2012; Du et al.,, 2015). Then, the ADALINE waig
vector W() is recursively updated as follows:

19, (K) X, (k-1)
e+ X, (k=-1) X, (k-1)

wherey is the learning rate andis a small value to avoid
division by zero ifX," (k-1)X,(k—-1)=0.

W (k+1) = W(k)+

(37)

Figure 7 Proposed scheme for adaptive VOC of a VSR witinerdc filter parameters identification
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4.2 Stability analysis of the ADALINE identifier

To prove the stability of the ADALINE identifier drto give
the guideline in tuning the learning rate parameger
Lyapunov function candidate for the parameter iifient(37)
is used (Romdhane et al., 2014). This functioreiected as

v (K) =W (KW (K (38)

whereW(k) is the ADALINE estimation error, defined as

W (K)=Y(K-W(K (39)

The Lyapunov’s convergence criterion must be satisf
such that
V(k)AV(K <0 (40)
where AV(K) is the change in the Lyapunov function. As
AV(K) is defined positive as shown in (38), the stapili
condition (40) is satisfied wheAV(k) < 0. The change in
Lyapunov function is given by

AV (K) = V(W (k+1)) - V(W( K) <0 (41)

By using the parameters identifier error dynamvesich
can be derived from (39), with the update law (AR)(k) can
be evaluated as

2

AV (K) = \iv(k)—’721()"(;(1)'()_‘”1)()"(;(1?(‘1"1()@ W (K)W(K)
_ W)X, (k)] [ pxE (k=1 X, (k-1
Terx (kDX (k| e (k0 (K
(42)
where ||-]| is the Euclidian norm in". Assuming that >0

and O<p <2, the bracketed term in (42) is negative and
consequently the stability condition in (41) isisféd. The
following convergence properties are also satisfied

W (K) = Wy < [W (k=1) - Wy | W(0) - W, k=1 (43.a)

i W (k) X, (k-1)

o JeH X, (k=0T X, (k-1) -

(43.b)

where W is the vector obtained at perfect convergencéef t
estimator. According to (43), the augmented errer i
monotonically non-increasing, hence, the convergeix
guaranteed.

4.3 Adaptive VOC of a VSR

In classical VOC, the current dynamics dy frame is
decoupled. The decoupling scheme requires an decura
knowledge ofL. Hence, ifL is not known, the current
dynamics will not be decoupled perfectly. Althougjne
integral term in the PI controller compensatessteady-state
coupling disturbances, the transient system pedooa will

be degraded (Milasi et al., 2013). In additionpsiy of the
inner currents control is mainly affected by partene
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uncertainties (Shaker, 2014). As shown in Sectidh R
and K. are directly designed from the identifié&l and L
values. Therefore, with uncertaintiesRrandL, the currents
control performances will be degraded and the sysi@n be
driven into instability (Milasi et al., 2013). Tovercome this,
an adaptive VOC scheme is proposed. Figure 7 shbevs
overall structure of the developed adaptive VOCGad¥SR
with online R andL identification. AsR andL are updated
online while the VSR runs, the proposed schemeagiiees
asymptotic decoupling of the current error dynamécsl
stability of the PI currents controllers. As VOQasegy
requires a phase-locked loop (PLL) for grid syndiwation,
an adaptive neural PLL is used (Bechouche et al4p
Note that the proposed adaptive VOC scheme can be
implemented without any additional sensors congbame
those already used in the classical scheme.

To validate in experiment the suggested ADALINE
identifier and adaptive VOC strategy, the followiggction
will present the experimental investigation.

5 Experimental investigation

The hardware platform of the three-phase VSR ist fir
introduced. Then, the developed ADALINE-based atbor
for R, L andVy identification is tested. At last, the identified
R andL are used to perform an adaptive VOC of the VSR.

Figure 8 Different parts of the experimental platform: hree-
phase VSR, 2) PC-Pentium + dSPACE board, 3)
dSPACE 1/0O connectors, 4) isolating transformer, 5)
interconnecting resistances and inductances, Gag®l
sensors, 7) current sensors, 8) load resistance

Table 1 Control and power circuit parameters of a VSR

PWM frequencyfs,, (kHz) 7.5
Nominal resistance of ac filt€t () 1
Nominal inductance of ac filtdr (mH) 10
dc-bus capacito€ (mF) 3.3
Nominal load resistand®_ (Q2) 40
Supply phase voltage RMS (V) 45
Supply voltage frequendy(Hz) 50
Nominal dc-bus voltag¥y. (V) 150

5.1 Experimental platform description

The developed adaptive VOC strategy is tested ihree-
phase VSR. The specifications of the experimengates



are given in Table 1 while the test bench is showhigure
8. It consists of a three-phase IGBT based VSR26f VA
(Mitsubishi)  with  anti-paralleling  diodes (module
CM100DY-24H). Three Hall-effect voltage sensord. uR25-

P type and three Hall-effect current sensors of &-A5type
are used to measure dc-bus voltsge two grid voltagese,,
and &), two input currentsi{ andi,) and load current,,
respectively.

Table 2 Typical electrical characteristics of the used TGB
modules (from Mitsubishi CM100DY-24H datasheet)

Turn-on delay tim&,, (1s) 0.1
Turn-off delay timeTy¢ (US) 0.3
Switching control dead timg&; (Us) 3.5
Threshold voltage of the active switehy (V) 0.8
Threshold voltage of the freewheeling diddg (V) 0.7
Equivalent resistance of the active switgh(mQ) 9.4
Equivalent resistance of the freewheeling dind@enQ) 15

To test experimentally the developed identificatiamd
control

MATLAB/Simulink environment and implemented using
Euler resolution method and sampling period of 260
Simulink’s Real-Time Workshop is used to build réahe
code and execute it on dSPACE hardware inserted RiC-
Pentium. Slave DSP three-phase PWM generation hikck
used to convert modulation signal, (6, andf;) provided
by SPWM to PWM signals ;SS, and . The ADALINE
identifier is implemented with a learning raje0.01. This
value is experimentally adjusted to ensure stgbifind
optimal speed of weights convergence.

Figure 9 Used signals in identification &, L andVg
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5.2 Online identification results of R, L and,V
The proposed ADALINE technique for online identimn

method, a DS1104 dSPACE board based on « | _
TMS320F240 is used. The algorithms are programmed i
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verify stability and accuracy of the identificationethod in
steady state conditions. Second test is performethow the
effect of VSR nonlinearity ifR andL identification. Two last
tests are realized to show tracking ability of ithentification
algorithm with respect to step changesLirand R. In this
paper,Vyis is identified to verify the good convergence df th
ADALINE weights.

Steady state performances of the ADALINE
identifier: (a) estimation error, (b) identified, (c)
identified L and (d) identified/ys;

Figure 10
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As analyzed in Section 4.1, identificationRfL and Vs
consists of implementing (37). This method uségk — 1),
i(k—1) andD,(k— 1) as inputs in order to estimai¢x). The
estimation errop,(K) is used in (37) for online updating WV
W, and W,. Therefore, these weights are exploited using (36)
to reconstitute in real tim&, L and Vg values. Figure 9
shows the used signals in identification processmRhis, it
can be observed that the VSR operates at UPF sjramadi,
are in phaseD, has the six-step waveform and peaks of +4,
and Vg is well regulated to 150 V. Figure 10 illustratbe
steady state performances of the proposed idattdic
method. As shown in Figure 10(a), the ADALINE opesa
properly with good accuracy singg is very small. This

of RandL is experimented. The VSR is controlled to achieve proves the stability of the ADALINE identifier. Riges

UPF operation using the classical VOC strategy. Fhgains

10(b)—(d) show, respectively, the identifi€&] L and Vg

Kpc and Kic are calculated using the rated values shown invalues. According to these results, the ADALINE atm

Table 1.V is regulated to 150 V arig is selected to 58.
Several experiments have been realized. Firstctesists to

stable, since the identified parameters converggaile and
constant values. The identified value is 1.0Q and the



identified L value is 10.45mH. Therefore, the identified
values are very close to the nominal values pralideTable

1. The identified value oV¥,s is also stable and close to
1.45V. On the other hand, the calculated typicileraf Vs
from Table 2 (from the Mitsubishi official dataskeis 1.4V.
Hence, the identifie¥; value stays realistic since it is close
the typical one.

Figure 11  Influence of VSR nonlinearity onR and L
identification values: (a) identifiedR and (b)
identified L
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To study the influence of the VSR nonlinearityRrandL
identification, tests with and without taking ind@count the
VSR nonlinearity in the ADALINE structure are peanfted.
The test without taking into account the VSR nogdirity
consists of implementing (37) with only two weightg and
W,, i.e., the input of Wis D, (k — 1) = O (see Figure 6).
Figure 11 illustrates the obtained experimentaliltss In
Figure 11(a), it can be seen that the effect of Y&R
nonlinearity inR identification is important. With taking into
consideration the VSR nonlinearity the identifirds 1.0X2,
and without taking into consideration the VSR noadirity,
the identifiedR value passes to 1.%6 Figure 11(b) shows
the influence of the VSR nonlinearity in identification.
Without taking into account the VSR nonlinearithet
identified L value passes to 11.07mH. Compared to the
results shown in Figure 11(a), the influence of W8R
nonlinearity inL identification is negligible. Consequently,
the ADALINE interprets the VSR nonlinearity as an
increased value iR.

Thereafter, two tests have been performed fortititisg
the performances of the ADALINE identifier with pest to
parameter variations.

Figure 12 presents the identifi®] L and Vg in case of
step change ih. At timet=3.47s, a three-phase inductance of
4.9mH has been connected in series with the aer.filn
Figure 12(b)L is identified within 0.09s after step change in
L. The identifiedL value is close to 15.35mH. A slight
deviation inR value is appeared and stabilized X Within
0.09s (Figure 12(a)). Figure 12(c) shows a slighiation of
Vst from its initial value and is stabilized within Q@€
Figure 13 presents the identifi®lL andVys in case of step
change inR. At time t=3.34s, a three-phase resistance of
0.4Q has been short-circuited in the interconnected
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resistances (see Figure 8). In Figure 13R)s identified
within 0.09s after step changeR The identifiedR value is
close to 0.61Q. In Figure 13(b), the identified. value
remains stable (about 10.45mH) and it seems nettaffl by
R variation. Figure 13(c) shows a slight deviatidrnvgs but
it tends to converge to its initial value.

Figure 12 Performances of the proposed method for step eéhang
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Figure 13  Performances of the proposed method for step eéhang
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Figures 10-13 reveal that the ADALINE identifier
guarantees precise identification. Therefore, thentified
parameters can be reliably used in different cotiacks of
VOC strategy.



5.3 Classical VOC of VSR with parameter
uncertainties

As has been seen in Section 2.2, VOC requires laune of
R and L for Ky and Kic computation. The termswiy and
Lwig are needed for decoupling; and i; dynamics,
respectively. Hence, any deviation Bf and L from their
nominal values affects the control performances.

Figure 14
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This subsection presents the performances of tHesichl
VOC of VSR with 60% mismatch in botR andL. The dc
voltage is regulated to 150V. The load resistaRcis varied
from 11Q2 to 552 at timet;=2.28s and from 53 to 112 at

time t,=6.45s.i, is set to zero to ensure a UPF operation.

The obtained results are illustrated in Figure 4Figure
14(a), oscillations V4. are observed at timésandt,. As L
is mismatched, the termswiy and Lwiy are not exactly

Performances of the classical VOC of a VSR with
60% mismatch in botR andL: (a) dc voltage/y, (b)
d-axis currentiy, (C) g-axis currentig, (d) d-axis
modulation signgh, and (e)g-axis modulation signal

Pa
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computed gainsK,. and Ki. cannot achieve the desired
performances since the identifidg’l and L are not exact.
Figures 14(b) and (c) show thgtandi, are degraded and
present oscillations at transient states. This atiEg the
power factor of the system singgis not well maintained to
zero. From Figures 14(d) and (e), the modulatigmads 4
andp, present also oscillations in transient states andg to
be saturated.

Figure 15
voltageVy, (b) d-axis curreniy, (c) g-axis current,
(d) d-axis modulation signalgy and (e) g-axis
modulation signag,

Time (s)

Although the integral term in PI controller compates
the steady state error, oscillations in transieates are
appeared. These degrade the power factor and tem dhe
system into instability. To improve the classicalO®
performances, the PI current controller gains aecbdpling
terms must be updated. The following subsectiosgires the
validation results of the proposed scheme, repadrtdedgure

calculated foiig andigq dynamics decoupling. In addition, the 7, for adaptive VOC.

Performances of the adaptive VOC of a VSR: (a) dc



5.4 Adaptive VOC of three-phase VSR

As shown in Figure 15, the adaptive VOC achievesdgo
performances in transient and steady states wéiber toR_
variation. The dc voltage is regulated to 150V. Tbad

12

and ApplicationsVol. 7, No. 8, pp. 1110-1119.

Antoniewicz, P. and Kazmierkowski, M.P. (2008) ‘Wial-flux-

based predictive direct power control of ac/dc esters with
online inductance estimation’,|IEEE Transactions on
Industrial ElectronicsVol. 55, No. 12, pp. 4381-4390.

resistanceR_is varied from 110 to 552 at timet,=1.87S  gchayder, C. and Mehta, H. (1993) ‘Vector analgsi$ control of

and from 58 to 11@2 at timet2:6.31s.iq* is set to zero to
ensure a UPF operation. In Figure 15(a), transient

advanced static VAR compensatot€E Proceedings-CVol.
140, No. 4, pp. 299-306.

performance of the regulatéd. is fast and zero steady state \j5jinowski, M., Kazmierkowski, M.P. and Trzynadiokiis A.M.

error is achieved. From Figures 15(b)—(e), the psep
adaptive VOC is more stable since the oscillations
transient states are removed. Indeed, the propadaptive

(2003) ‘A comparative study of control techniques PWM
rectifiers in ac adjustable speed drivéEEE Transactions on
Power ElectronicsVol. 18, No. 6, pp. 1390-1396.

control method can stay stable at any valueR ahdL. This Shaker, H.R. (2014) ‘Stability analysis and outfaetdback control

is due to the self tuning feature, which enablesrédesign of
Pl gains and decoupling terms in real time at caffie
parameters. Therefore, in the proposed adaptiveuRkent

for a class of switched nonlinear systembifernational
Journal of Modelling)dentification and ContrglVol. 22, No.
4, pp. 328-333.

controllers, the stability of VOC strategy becomes Yan, X-G., Zhang, Q., Spurgeon, S.K., Zhu, Q. andrfan, L.M.

independent of system parameters.
The reported results indicate that the proposegtada
scheme results in stable and robust grid-conne#t8&

(2014) ‘Decentralised control for complex systemsar
invited survey’, International Journal of Modelling,
Identification and ContrglVol. 22, No. 4, pp. 285-297.

operation and favorable dc voltage regulation respo Zhang, Y., Xie, W., Li, Z. and Zhang, Y. (2013) ‘el predictive

6 Conclusion

direct power control of a PWM rectifier with dutyyde
optimization’, IEEE Transactions on Power Electronidgol.
28, No. 11, pp. 5343-5351.

In this paper, an adaptive VOC of a VSR with atefil Norniella, J.G., Cano, J. M., Orcajo, G.A., Gardia, Pedrayes,

parameters identification method was introduced.e Th
proposed identification method, based on ADALINE, i

robust and requires low computational cost. The VSR
nonlinearity has been analyzed and included in the

J.F., Cabanas, M. F. and Melero, M.G. (2011) ‘Atialgnd
iterative algorithms for online estimation of compgl
inductance in direct power control of three-phasgiva
rectifiers’, IEEE Transactions on Power Electronidgol. 26,
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ADALINE structure. Hence, accurate ac filter paréene Kwak, S., Moon, U.C. and Park, J.C. (2014) ‘Predéztontrol-

have been easily obtained from the ADALINE weights.
Thereafter, the identified parameters have beerd use
realize an adaptive VOC where the decoupled temmsRd
current controller gains have been updated onkieally,

the obtained experimental results have proved BDAIANE Xia
ability to track with accuracy th andL values. It has been
observed that the VSR nonlinearity consideratiors ha
significant influence on the identification Bfvalue and has
negligible influence on the identification df value. A

based direct power control with an adaptive paramet
identification technique for improved AFE perforncah
IEEE Transactions on Power Electroniéol. 29, No. 11, pp.
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