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In this paper, improved sonsorless direct power control (DPC) of three-phase
rectifiers is presented. The new system are based on virtual flux (VF) and
notch filter using Second Order Generalized Integrator frequency located
loop SOGI-FLL estimator. In order to improve the VF-DPC performance of
PWM rectifier, an improved observation method of virtual flux-linkage is
proposed. To avoid the relevant problems of pure integrator, and to achieve
the accurate observation of the grid voltage’s phase, (SOGI-FLL) are used to
displace the pure integrator. Theoretical principles of this method are
presented and discussed. These strategies are also investigated under
disturbed grid voltage. A theoretical analysis of active and reactive power
under a non-ideal source is clearly demonstrated. In order to calculate the
compensated powers, the extraction of positive, negative, and harmonic
sequences of voltage and current is needed and a multiple dual SOGI-FLL

Virtual flux estimation method is used for rapid and accurate extraction. It is shown that the VFDPC
with integrating notch filter exhibits several advantages, particularly
providing small ripple of DC-link voltage and sinusoidal line current when

the supply voltage is not ideal.
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1. INTRODUCTION

Research on three-phase (AC/DC) converters) has grown rapidly in recent years because of some
important advantages, such as power regeneration capabilities, DC link voltage control, bi-directional power
flow, low harmonic distortion of input currents and high power factor [1]. Recently, due to the strong
increase in renewable energy sources connected to the grid, more and more converters are used in wind
turbines and solar generator. At the same time, high power application in these renewable energy systems
requires converters to operate more effectively in improving power quality and the transient stability
[2].Therefore, advanced control techniques are very necessary to fulfill these standards.

Diverse control strategies have been proposed in recent work on the PWM rectifier, can be
classified, as cited in the literature as a vector oriented control (VOC) and direct power control (DPC) [3], the
vector control (VC) can be either based on grid voltage [4-6] or virtual flux (\VF) using proportional integral
(P1) controllers [7]. However, it has some drawbacks, such as its dependence on the variation of the
parameters of the system that its performance depends largely on the adjustment of Pl parameters [8].
advantageous control, namely the direct power control (DPC) has been developed in order to overcome the
complications due to current control loops [9]. The DPC is based on the instantaneous active and reactive
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power control loops has simple algorithm (no internal current control no rotating coordinates transformations
is required), excellent dynamic response ,high power factor, and so on [10-11]. In general, those control
techniques require three types of sensors (DC voltage sensor, ac current sensors for input current control,
AC voltage sensors for obtaining the current phase reference), which not only increases the volume of the
system device, improves the system cost, but also reduces the system reliability [11].

Direct power control without line voltage sensors is investigated. This sensorless method is based on
definition and estimation virtual flux ,The three-phase rectifier can be seen as a virtual AC motor, its virtual
flux-linkage can be used to estimate the voltage of rectifier , in the conventional virtual flux (\VF) estimation
of three-phase rectifier,But in the conventional (VF) estimation, there exists a pure integral link, and then the
estimation process of (VF) is automatically affected by the initial value and the cumulative deviation of the
integrator [11-17]. For solving pure integration problems, more researchers are focusing on replacing the
pure integrator by using low-pass filters (LPFs), in which case the pure integrator initial value problem can
be solved with success [11], [15-17] but, the problem of amplitude and phase deviation is caused. In order to
dominate the influence of its problems, several authors propose methods of estimation of the (VF)], diverse
authors propose technique of estimation of the (VF) such as [12], [18]. In summary, the key to a successful
operation of the DPC utilizing grid (VF) estimation is dependent on the effectiveness of the (VF) estimation
procedure and the selection of the converter switching states [19].

This paper presents a theoretical background study and simulation of DPC based on grid (VF)
estimation methods for the three-phase bidirectional PWM rectifier that is inherently capable of handling
these problems. The suggested method is based on utilizing the (SOGI) estimator reported in [15-17] and
improved switching table defined in [20], the method has the advantages (stable and smooth (VF) estimated,
sector detection with high precision, lowering sampling frequency, good performance under disturbed grid
voltage, no ac voltage sensors are needed, therefore the cost can be reduced). This paper is organized as
follows: mathematical model of three-phase PWM rectifier is described in Section 2. In section 3 presents the
VFDPC using Second Order Generalized Integrator frequency located loop (SOGI-FLL) system
configuration and gives basic relations of virtual flux and powers estimators and proposed modified virtual
flux direct power control (MVFDPC) with integrating notch DC-link output voltage filter when we have
under distrubed grid voltage, Section 4 presented simulation results and discussion, finally the conclusion are
provided in section 5.

2. MODEL OF THREE-PHASE PWM CONVERTER

The basic block scheme of the VF based DPC system is shown in Figure 1, the three-phase PWM
rectifier is controlled using a VFDPC based SOGI-FLL flux estimation and improved switching table (IST)
developped in [20].
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Figure 1. Block diagram for three-phase PWM rectifier
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By assuming balance main grid voltage, the mathematical model of PWM rectifier represent by the
red color box in Figure 1 can be described by (1), (2) and (3) [10].

€q ia d ia VA
€p =Rlb +LE ib +VB (1)
eC ic ic VC
Vidc
Vy =225, — S, = S
14 C
Vp = Td (_Sa + 25, — Sc) (2)
[VC = e (=5, — S, +25,)
Coede = S i+ Spiy + Seip — i) @)

dt

Where: L and R are the inductance and resistance of the chokes, respectively ea,eb,ec,ia, ib and ic
are the electrical grid voltage and current ,V4,Vg,Vc are the AC side voltages of the rectifier, Vdc is the DC
bus voltage , Cq is the dc link capacitance, iL the load current Sa, Sb and Sc are the switching states of the
rectifier show in Figure 1.

3. THE CONTROL PRINCIPE OF THREE-PHASE PWM RECTIFIER BASED (DSOGI-FLL)
3.1. Virtual flux based direct power control (VFDPC)

The (VF) concept which relates the grid voltage and the ac-side inductors to a virtual ac motor
hence; R and L represent the stator resistance and the stator leakage resistance of the virtual motor. The line-
to-line grid voltages ean, €ne, €2 Would be induced by a virtual air gap flux. In other perspective, the
integration of the line voltages leads to a virtual line vector ¥ [5], [10-11].

The command active power ( P, )and reactive power(Q,) are compared with the estimated P and
Q values via active and reactive power hysteresis controllers, respectively. The digitized output signals (Sp)
and (Sq ) and the VF vector position (g,,) are used to select the appropriate voltage vector according to the

switching table defined in [20].The advantage of choosing this improved table because it gives the best
results, reducing the total harmonic distortion (THD) of line currents and switching losses [20].

3.1.1. Power estimation based on virtual flux
The VI components are calculated in stationary (o-p) coordinates system as [11].

diLU.

WL(Z = J(ucanm + L T}Z (4)
di

l//L/f = _l.(uc‘(7/1v/:r' + Ld_f}t (5)

Then, (6) and (7) are used to estimate the active and reactive power [10].

P= w(WLaiLﬁ - ‘//L/fiLa) (6)
Q=aw(y i, + V’LﬁiLﬂ) @)
The VF vector position:

gm —ran™? (WL(A
Yig

is used in VF-DPC scheme to select the appropriate converters voltage vector according to the improved
switching table defined in [20].
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3.1.2. SOGI-FLL flux estimation
a. Structure of SOGI

The structure of the SOGI is shown on Figure 2(a) the first output (u) of the SOGI is in phase and
with the same amplitude with the input (u), the second output (qu’) is shifted of 90° with the same amplitude,
(the letter ’q’ is for indicating that this output is in quadrature with (). The two output can then be used for
computing magnitude and phase of input (u). K is the damping Factor of the filter, a gain of great value gives
a quick response but can affect the accuracy of the filter and a gain of low value can cause a very long
transient response. Then, taking into account all these circumstances the value optimal of gain K is

(v2) [15-16].

b. Frequency locked loop (FLL)

The frequency-locked loop (FLL) structure, shown in Figure 2(b) can be used to measure the
angular frequency ® of the input signal v (in this case, ® ' is the output or estimated angular frequency of the
input signal (u) without using trigonometric functions and making easier its implementation in conventional
microcontrollers [21-22].

w

Figure 2. Block diagrams (a) SOGI-QSG scheme, (b) FLL block

The introduction of the FLL allows to adapt the input frequency of the SOGI with the frequency of
the signal is filtered. The SOGI account as a good solution for the estimation of the (VF) under a disturbed
network. As already seen previously, the second output of the SOGI is a signal of the same amplitude to that
of the input but shift of 90°, So we can use the SOGI to integrate (4),(5)and by consequence estimate the
virtual flux [14].

Under a balanced and unbalanced grid voltage, the VVF can be estimated by SOGI-FLL as illustrated
in Figure 3(a) and 3(b). Where RVC: resistance voltage compensation , IFC: inductance flux compensation,
PNSC: The positive and negative sequence component devloped in [22]. Under unbalanced source voltages
and contains harmonics, the (VF) can be estimated by multiple second order generalized integrators
(MSOGI) as illustrated [22].
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Figure 3. (a) Virtual flux estimator under balanced grid voltage using SOGI-FLL (b) Virtual flux estimator
under unbalanced grid voltage using DSOGI-FLL
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3.2. Modified virtual flux direct power control MVFDPC

In stationary reference frames, when the grid voltage unbalanced and distorted, the voltage and
current of grid are expressed in (8), (9). The sum of the currents will always be zero (in this analysis assume
a three-wire connection system), as a result, the zero sequences of the currents will be zero. In this work, only
unbalance and 5th order harmonic components in the supply voltage are taken into account in modeling .

E,y =6, + e, =(e) +e, +¢2 )+ j(e; +e, +¢) ®)

|y =1, + i =(i7 +i +82 )+ (i +1, +85) )

Vg =W+ i, =(vs v, +05 )+ i (v +vy +05) (10)

After substituting the flux and current by their values shown in (9) and (10), the active and reactive
powers results can be regrouped in four term.

+ 5+ + 3+ - 1= - 5= 535 5 :5 + - + - - 3+ - 3+
p 3 w('/’La'Lp “Wiglhe TWi s ~Wisle TV LI _V/LﬂlLa)+w(V/La|Lﬂ Vil TVWip _V/LﬂlLa)+ (11)
) + 35 +i5 5 i+ 5 i+ 5 - 5 - -5 -5
2 w('//LalLﬂ —Wiglhe TV ~VWisla )+w(V/La|Lﬂ Wil TWL N _l//LﬂILa)
+ o+ + i+ - = - = 5 :5 5 :5 + - + - - i+ - i+
0 3 a)(‘//La'La Wil W Wl TV +'//L/3'Lﬂ)+a)('//La|La TWiphs TV +V/Lﬂ|Lﬂ)+ (12)
9 + 35 +i5 5 i+ 5 i+ 5 - 5 - -5 -5
2 w(‘//LalLa TWisls TV +‘/’Lﬂ'Lﬂ)+w(V/La|La TWisls VW, +'//Lﬂ||_ﬂ)

There are many control laws that can be applied in the proposed control, to obtain sinusoidal and
balanced line currents, the negative sequence component’s and 5th harmonic sequence must be eliminated.
Therefore, in order to:

ig,=i;,=0 (11) and (12) can be written as:

il:a=i2,/)':ILa_

3 + o + o4 - s+ - =+ s S (13)
P= Ew(l/lLalLﬂ Wil TWiip Vsl +l//EaILﬂ _WEﬁILa)
(14)

3 + i+ + i+ — 3+ - 3+ 5 i+ 5 1+
Q= Ea)(!//LalLa TWiplis TV TW sl T WL YW il )

Under the balanced and perfectly sinusoidal grid voltage supply, there only exists a positive sequence
component, and the powers can be described as:

3 G (15)
P= iw(‘//zahﬁ _‘//Lﬁll.a)

3 i (16)
Q= Ea)(l//LalLa Wil )
From (13) and (14) that we want to eliminate the effect of the negative sequence and 5th order harmonic

components of the grid; the terms of active and reactive power compensated can be obtained as:

3 . . 17)
Poom = _Ea)(l//LalLﬂ ~Wipl, Wi _V/Eﬂlm)
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. . . . 18
Qcomp = _gw(l//[alzp +l/ll:ﬁlljﬂ +WEaI:a +'//Eﬂllfﬂ) (18)

Several applications require (smooth, stable and small ripple) of DC-LINK voltage, to obtain
sinusoidal ,balanced line currents, and smooth DC- link voltage, the original referenced power (Pconst) iS
obtained through measured and filtered DC-link voltage with notch filter Figure 4. The integration of the
notch filter in the control scheme, improved the waveform of the DC-link voltage.

Figure 4 show the modified DPC strategy, this schem based on the idea of injecting the active and
reactive power compensated components in the original referenced power (Pconst and Qgonsy t0 achieve
sinusoidal, symmetric ligne current and smooth DC-link voltage.

The notch filter on the DC link voltage is there in order to remove (100 Hz and 300 Hz) oscillations
that arise during disturbed voltages conditions. Therefore, these filters ameliorate technique of conventional
DPC. A filter that removes the (100 Hz and 300 Hz) oscillations can be made by using a SOGI tuned to
(100 Hz and 300Hz) instead of 50 Hz. One can subtract the input signal with the filtered signal from the
SOGI [23].

P_ref = Pconst + P<:0mp (19)
Q_ ref — Qconst + Qcomp (20)

Vgcref
ref
PSNC and Harmonic | j Power
Detection based L:/! * compensation CTOtDFIJIC
DSOGI-FLL Wi (17),(18) mep Q ontrollers
,+<% _
i v,
= “ Qconst

Figure 4. Control strategy under unbalance and predistortedsupply voltage

4.  SIMULATION RESULTS

In order to verify and the validation of the proposed DPC strategy, the system has been modeled and
built in MATLAB/SIMULINK software environment and tested under various conditions. The reference dc
link voltage is set at 600 V. The control of three phase rectifier aims to maintain a constant dc-link voltage,
and it is controlled using VFDPC method based SOGI-FLL virtual flux estimator. Starting procedure is not
relevant to this paper and not shown in the results. The main electrical parameters of the system are
given in [10].
Parameters of DSOGI-FLL:
I'=100 (gain to the settling time of the FLL block)

k= ~/2 (gain of the SOGI)
The system is analysed during steady-state and transients conditions at three case presented in Table 1.

Table 1. Case Simulation Study of VFDPC and M-VFDPC

Case Power suply Duration (s) Applied method
Balanced Otols VFDPC
1 Distorsed (15 % of 5™ harmonic and 10 % of 7" harmonic ) 1st01.08s VF-DPC
Distorsed (15% of 5" harmonic and 10 % of 7" harmonic ) 1.08st0 1.2s M-VFDPC
Balanced Otols VFDPC (with and without) notch filtter
i 0, 0, th
) Unbalanced distorsed aig"rsquopnﬁ?’)"o'tages and 20 % of 5 1st01.08s  VFDPC (with and without) notch filter
Unbalanced distorsed 15% supply voltages) and 20 % of 5" M-VFDPC (with and without) notch
: 1.08sto1.2 "
harmonic ) filter

Improved virtual flux direct power control of three phase PWM rectifier using SOGI-FLL ... (A Rahab)
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4.1. Simulation result case 1
The presence of the (5th and 7th) harmonics order in the grid voltage at (t=1 to 1.2 s) Figure 5(a)

creates less pulsation terms in output DC-link voltage, the frequency of the resulting oscillations is (300 Hz)
as shown in Figure 5f. VFDPC an MVFDPC control strategy introduced very good performance under
balanced or distorted voltage condition where the active power is set to their rated value without oscillation
envisaged and at the same time the reactive power is maintained at zero (Q=0 VAR) without oscillation
envisaged figure 5(d), the grid currents and estimated virtual flux takes a sinusoidal form under distorsed grid
voltage conditions see Figure 5(b) &5(e). The VFDPC based SOGI estimated scheme with improved
switching table developed in [20] is able to produce almost sinusoidal phase currents with unity power factor

(without using power compensation methods).

sabe (V)
Flux (We)

0.93 1 (b) 105 11
= = |
= = 4000
> < 2000
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o - = 0
o
0.93 1 (cf) 1.05 1.1
eo2
=< =
= o ©oo M
=} 2
508 |
0.95 1 (o) 1.05 1.1 0.0 1 N 1os 1.9
Time (s) Time (s)

Figure 5. Simulation results from case 1 (a) Three phase voltage supply, (b) Estimated virtual flux (v j, and
Y 1), (c) 1st phase voltage and current, (d) active power ( blue color) reactive power ( red color), (e) Grid
currents, (f) DC link voltage in blue, reference DC voltage in red.

4.2. Simulation result case 2

a. VFDPC and MFVDPC without notch filter
Figure 6 shows the behavior of the three phase PWM rectifier controlled by the proposed strategy

under totally unbalanced distorted voltage supply. At (t=0 to t=1 s) the line currents are very sinusoidal
Figure 6(e) and the total harmonic distortion (THD) is only 3.36% Figure 8(a), due to the excellent control
ability of the VFDPC control method. However, the line currents are seriously distorted when the grid
voltage is unbalanced and distorted at (t=1 s to t=1.08 s), the THD is 15.65% with prominent (3th, 5th, 7th,
9th) order harmonic component, as shown in Figure 8(b). After integrating the power compensation schemes
into the VFDPC method, the THD of the line current is reduced considerably to only 4.28%, as shown in
Figure 8 ().

This demonstrates the effectiveness of the proposed MVFDPC scheme for power quality
improvement. As show in Figure 6(d) at (t=0 s to t=1.08s), all waveforms of active and reactive power are
constant at, no signified ripples. However, after integrating MVFDPC compensation method without notch
filter, there are many oscillations in active and reactive power. these instantaneous power oscillates at twice
the grid frequency. The presence of both an unbalance and a 5th harmonic in the voltage supply creates

pulsation terms in the output DC-link voltage show Figure 6(f).
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Figure 6. Simulation results from Case2 (without notch filter), (a) three phase voltage supply, (b) Estimated
virtual flux (v f,andy },) 1st phase voltage and current, (d) active power ( red color) reactive power (blue
color), (e) Grid currents, (f) DC link voltage in blue, reference DC voltage in red.

b. VFDPC and MFVDPC without notch filter

In this case simulated, the notch filter gives a very good improvement in view of energy quality, less
ocilation, smooth DC-link voltage and lower THD of grid currents as shown in Figure 7(c) and Figure 8(A-
C) respectively.

oabe (V)

eaia(VA)

95 1 (d) 1.05 1.1

a A A\ \ A N ~
- > \/ e N =
g 5
10 601
< = Mhl ”
o o 800
s g
10

095 1 (e) 108 1.1 0.9 1 1.9 (n 1.2 1.2 1.4
Time (s) Time (s)

Figure 7. Simulation results from case2 (with notch filter) (a) three phase voltage supply (b) Estimated virtual
flux ( f,andy {,), (c) 1st phase voltage and current, (d) active power ( red color) reactive power ( blue
color), (e) Grid currents, (f) DC link voltage in blue, reference DC voltage in red.
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Harmonic order Harmonic order

Figure 8. Spectra of grid currents in Case 2. (a) Under balanced grid voltage condition using VFDPC without
notch filter, (b) Under unbalanced grid voltage condition using VFDPC without notch filter, (c) Under
unbalanced grid voltage condition using MVFDPC without notch filter, (A) Under balanced grid voltage
condition using VFDPC with notch filter, (B) Under unbalanced grid voltage condition using VFDPC with
notch filter, (C) Under unbalanced grid voltage condition using MVFDPC with notch filter.

5. CONCLUSION

This paper has proposed a modified VFDPC strategy for a 3-phase PWM rectifier supplied by an
disturbed voltage source. In order to obtain balanced and sinusoidal grid currents under inappropriate voltage
conditions, compensated powers are calculated and added to the original reference power to achieve balanced
and high quality input current.

The phase, positive, negative, harmonic sequences for voltages and currents,estimated virtual flux
and notch filter scheme, are based on the SOGI-FLL technique. The proposed strategy is verified by
simulation for tho cases, which are balanced/distorted voltage, and simultaneously unbalanced and distorted
voltage. It proves its capability of yielding sinusoidal and balanced grid current with unity power factor under
disturbed source condition. VFDPC approach in combination with a DSOGI estimator and improved
switching table can address perfectly balanced/distorted grid voltage condition because this estimator is a
natural filter for harmonocs; meanwhile it suffers and gives unsatisfied performance during unbalanced
power supply condition.In order to overcome this disadvantage, we have proposed an MVVFDPC and notch
DC-link voltage filter approach with compensated powers with integrating notch DC-link voltage filter,

Improved virtual flux direct power control of three phase PWM rectifier using SOGI-FLL ... (A Rahab)
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obtaining a very good power quality with a satisfactory power factor , smooth and accurate DC-link voltage
and a low THD factor for the input current within the standard limits whatever the power grid.
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