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Abstract:

Predictive direct power control (P-DPC) has beeggested as an effective alternative to the
conventional direct power control (DPC) appliedR@&/M converter such as active power filter
(APF) and PWM rectifier. It is characterized by mhhtransient dynamic, which makes it an
interesting alternative for conventional direct owontrol (DPC). Furthermore, in the existence of
a non-linear load, the source currents would bedoigigly distorted under perturbed and unbalanced
voltage grid conditions. In order to resolve thelpems mentioned above, the present paper
proposes an improved P-DPC control for APF basedistnrbance rejection principle, which is able
to operate under balanced, unbalanced and distatil voltages conditions and can attain
sinusoidal source currents with a respectable t@ahonic distortion (THD) meets with IEEE-519
standard. Simulation results and comparative samypresented to confirm the efficiency of the

proposed approaches.

Keywords:  Disturbance rejectionShunt Active Power Filter, Predictive Direct Power Coritro

Total Harmonic Distortion.



27  Nomenclature

AC: alternative current

DC: direct current

Pl: proportional-integral controller
Kp Proportional gain

Ki Integral gain

Tssimple time

DB: diode bridge

APF: active power filtering

DTC: direct torque control

DPC: direct power control

P-DPC: predictive direct power control

PLL: phase locked loop
C: DC buscapacitor

& : damping coefficient
on: natural frequency

0: angle phase

€123 grid voltages (V)

Is123 grid currents (A)

l4p: grid currents irup reference frame (A)

e.p: grid voltages inf reference frame (V)

Vap.c: inverter output voltages (V)

Ve, Vacrer. actual and reference DC bus voltage
Pref: Referencactive power (W)

Qe Reference reactive power (Var)

Ls1.2,3 source inductance (H)

Rs1.23 source resistanc€y]

Lt1,2,3 Output filter inductance (H)

THD: total harmonic distortion coefficientL¢; 2 35 Input DB inductance (H)

L.: load inductance (H)
R_.: load resistance)
Sa,Sb,Sc : switching state
g error

F: cost function

V)
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1. Introduction

The use of non-linear loads, such as switching pewpply, rectifiers with diodes or thyristors, .etc
causes an enormous quantity of current harmonidsetanjected into the distribution grids [1].
These harmonics cause distortions in the currem fif the source, which leads to additional losses
in line capacitances and transformers, and dysfumstof sensitive electronic equipment [2], [3].
As a solution, the parallel active power filter ®Hs recognized as a flexible solution for harnconi
compensation. It is connected in parallel with tméd, and injects to the grid currents equal
to those generated by the non-linear loads, buipiposite phases [3]. Active power filter (APF)
performance is dependent on its control strateguefl controls have been proposed in the
literature, among control methods existed, suclewasent hysteresis control [5], [6], [7], voltage
oriented control [8] and direct power control [8). recent years, researchers are more attentive in
direct power control (DPC) strategy in various &milons due to its noticeable skills: no internal
current loops, good dynamics and performances[i9]. This method coming from the famous
direct torque control (DTC) [11] is applied in diecal machine control. Nevertheless, this classic
DPC has a major drawback, related to the uncostiadiwitching control signals periodicity. To
remedy this problem, authors suggest associatiaddfC principle with space vector modulation
(DPC-SVM) [11], or with predictive approaches (P<DH4], [12], [13], [14], [15]. All the control
strategies that have been mentioned do not perfnmsoidal current when the line voltage is
distorted or unbalanced. Nowadays, only few paperse addressed the subject of control under
unbalanced or distorted grid voltage conditiong,[167], [18], [19]. This paper suggests a new P-
DPC configuration that aims to attain sinusoidalrse currents operation of shunt active power
filter (SAPF) under different source voltage coimfis. This control strategy is based on the
principle of disturbance rejection to eliminate #féect of any unbalanced or distorted grid volsage
The proposed P-DPC strategy was compared with dneentional P-DPC in simulation studies

proposed in [9], [10]. The results approve theceéfficy and the high performance of the proposed
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DPC controller compared to the conventional onee figst of the paper is organized as follows: in
section 2, the description of the system is giweije in section 3, all proposed control techniques
are detailed. To test the efficiency of these apghes, section 4 shows and comments the attained
results. Finally, section 5 concludes this study.

2. Modeling System

The proposed system is made up of three main hltie&dirst is the three-phase grid. The second is
the active power filter APF controlled by P-DPC é@don disturbance rejection principle. Finally,
DC bus controller, the PI regulator is used to car®C bus voltage and generate the active power

reference for the power control strategy as shofigime 1.

Voltage ifl if2 l‘f3
sensors

Current
sensors

1

1

: Disturbance
1 rejection

: PDPC
1

1

1

1

1

1

shunt active filter

Figure 1: Synoptic description of the studied sys

3. Control approaches

3.1. DC busregulator

In order to minimize the voltage fluctuations ands@re the best operation of P-DPC, it is
appropriate to maintain the DC bus voltage to d-determined value. A PI controller with an anti-

windup compensation is proposed to adjust the D€ vmltage [10], [20] and also to estimate the
maximum current Imax, which is used to calculae sference power [21]. Its general structure is

illustrated in Figure 2 below:



Vde-ref K 1 Vde

S % Ki z‘
T Vdc-refT T

(b) Pl scheme with aanti-windupreturn

1/Tu|

(a) Simplified scheme
Figure 2: Schemes for regulating the DC bus voltage PI controller

From the simplified scheme of figure 2.a, the tfan$unction of the closed loop system can be

written:

Vo9 _ Kgstk _ K/C(st K/ K)
Vou(® C8+Ks K & K G+ K C

(1)

From equation (1), the relation betwe‘eé@ andV,. . is a second order transfer function:

Vel 24w, st )
Vdc—ref(s) §+2£‘a)n's+wn ( )
After matching between the two relations (1) andl\(Z get:

K,=2{).C 3)
K =C.@’ @)
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Where &) is the natural frequency argis the damping coefficient. FQr = 0.0707,Kp and K can be

determinate.

3.2. Phase-locked loop

PLL is one of the circuits frequently used in elentc power control, as in active power filters.
Its main role in electronic applications; is tontié the frequency or angular position of a perod
signal, for generating another signal synchronizdgth the last [22]. However, many power
applications require a phase of an ideal sinusasdsaial locked to the operating voltages. Since
the public service voltages are not always sinwdomhd balanced, PLL is used to extract
the fundamental component. The basic form of the &intaining a phase detector PD (coordinate
transformation), a corrector (loop filter LF) andvaltage controlled oscillator VCO (integrator)

as show in figure 3 [23].
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Figure 3: basic structure of a three-phase PLL

In figure 4, a robust solution based on a multiaale filter (MVF), which is the most important par
of this PLL is proposed. This filter is developeg blong-seok Song [24]. Thereby making
it insensitive to disturbances, and to properliefing the currents in the-p axis, which provides

very good results in distorted voltage. The stradttorm MVF filter is given by figure 5:

va*:o—>@ SLPE—2 s 1/S N l - .
| > e
Vd L g
Wis sin "@—T
Vi ¢ < [engl
< 1 UPle < o>
I—I/\/?: Y \ AF <08 >
' % 1 Vg
e SO S
PIMVF b_>sm -271/3)
Vs3——} /4P Y _&_’ C— sin(0-47/3) T

Figure 4: Diagram structure of the PLL with MVF  Figure 5 : Circuit diagram of MVF

The transfer function of MVF filter expressed by flollowing expression:

Vap(9 _ | (s+ R+ i,
Vaﬂ(s) (S+ |§2 + a)cz

H(s) = (5)

From the previous expression (5) and according-fioaxes,expressions binding componedgﬁ

output MVF to the input component; are the following:

[v(s) V(9] V(¥
6)

\'

’ =§[v,3<s)— 0s(9]-

olf o |oe

V(3
where:

V.5 The input voltage along thef axes.
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v*aﬁ: The component of the voltage through the filtey i

K: dynamic constant determined by the Bode diagramh,,_ the cut-off frequency

To check the strength of the proposed PLL, a sirtggeis achieved; it is based on the visualization

of the voltage source signals at the input andwwpPLL as viewing in figure 6.

|
0.255 0.26

t(S)
a b

Figure 6: Simulation result of voltage source ie thput (a) and the output(b) of PLL

by comparing the signals at the input and the dutpthe PLL, one can see that, the output signals
are smooth and purely sinusoidal, howetee, input signals are polluted and disturbed. Tioeee
this result demonstrated that the proposed PLLveeljuality signals in the case of distorted source
voltage. Therefore, this PLL structure with MVF péts filtering the stationary reference frame
components of the main voltages at the networkuieeqy (50 Hz), without introducing neither a
phase shift nor a voltage change amplitude.

3.3. Predictive direct power control strategy

Predictive direct control power P-DPC is proposedntiprove the direct control power DPC, this
strategy was presented in [25] to control the tplease rectifier with two levels and three levels.
The main idea is to minimize a cost function; thisiction is based on the sum of quadratic
differences of active and reactive power and tpeddicted values. In order to develop predictive
direct control algorithm P-DPC, it is necessargtfio establish a predictive model of the threespha

voltage inverter controlled using active and reacinstantaneous power. The figure 7 shows the
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synoptic of the P-DPC strategy, where the approalith leads to this aim is explained in the

following steps [26]:

es PLL % Vde
I
s eup

I Lo li ‘ APi cost function Minimization¢>

Calculating APi (k) and - and Sh
Aqi(K),i=0,..,6 A4 s

optimum vector selection | >¢

AP | A%qi
P=ia.ea+ip.ep '(g )

q=ia.ep - if.ea

P*(k+1) q*(k+1)

reference prediction

Vdc_ref

Figure 7:Synoptic of the P-DPC strategy
If assuming that the sampling period Ts is suffidie small relative to the period of the mains

voltage (Ts << T), network components of the vadtagctor, g can be regarded as constant during

the sampling period. This assumption gives:

o k)y=e B (k+1) (7

The variations in active and reactive power betwanconsecutive sampling instants are given by

the following formula:

|:P(k+ 1)- P(k)ilz e e W[ il D= i o

Qk+1)-Qkl | % () B (k) é (k+ 1)_Bi ()

Furthermore, the evolution of the current vectosabed by the voltage inverter is governed by the

differential equation of the first order:

d {ia(t)} {ea (t)} {va (t)} {iaa)}
L, —|. = - -r.| . 9)
f I(t e (t v (t it
dt B() B() B() B()
By neglecting the effect of the series resistantehe coupling inductance, rthe equation (9)

becomes as the following form:
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dli 1 Y

Y N & | | Vo (10)
Al L \L%] L

By using a discretization of the first order of ajan (10) over a sampling period Ts, then we obtai

the variation of the vector of currents betweentéih@ successive sampling instants "k" and "(k +1)

which is expressed by the equation below:

gk +D)-ig(0) | T (| e® | | Va® 11
ipte 0 =ig00 | " {Law ] Lvsw D)
By substituting the expression of the equation (b19 (8) we obtain the predictive model of the

voltage inverter, based on the instantaneous aatidereactive powers, below:

Pt |_[Pw], 5| %% G Wk .
Qk+1)] QK : eﬁ(k) 8 () § (ky y (K (12)

From the equation (12), it is notable that the @iogpinductance Lf, and the sampling period Ts are
the only parameters involved in this predictive elcystem.
Ideally, the convergence of controlled active agattive powers to their instructions is reachdatef

following condition is verified:

O
P (k+1)- P(k+ 1)= 0

O (13)
Q (k+1)-Q(k+1)= 10

The condition in equation (13) cannot be satistiatll changes in active and reactive power during

the switching period, take the following values:

0 0
AP (k) = P (k+ 1) - P(k)

(14)
g g
AQ (k) = Q (k+1) - Q(Kk)
The eImors; | (k) andz, (9 are defined as follows:
ep(K) = APD(k) - AR
(15)

= i=0,1....6
SQ(k)_AQ (k)_AQI
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Where AP, and AQ, are the points of variation of the instantaneouw/gye active and reactive

distribute on the four quadrants of the plaftB,AQ).

The cost function is defined as follows:

2 2
F=s,00” +250 (16)

The P-DPC requires the prediction of the referemtdbe active and reactive instantaneous powers
with a step in advance, P * (k + 1) and Q * (k +The reference active power is calculated from the
output of the DC bus voltage regulator Vdc; agaihstreference of the reactive power is set to zero
to ensure a unit power factor. For this, the praaticof the references of the active and reactive
powers are given by the following relation:

P*(k+1) = 2.P* (K - P* (k-1)
17)
Q*(k+1) = Q* (K

The principle of prediction of active power is shou the figure 8 below. The tracking error of DC
bus voltage is assumed constant over two successmpling periods, so the active power command
at the next sampling instant (k+1) can be estimag#og a linear extrapolation.

Figure 8: Principle of prediction of the active paw reference
3.4. P-DPC control based on disturbance r g ection
In reference frame, active and reactive power ansoexchanged with the grid are given by:
P =&k, + €y
Q= €s iah - i/zh
From the principle diagram in Figure 9 we have:

(18)
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I o (19)

In the proposed P-DPC control, the amplitude ofdheents inputgax is provided from the output
of PI controller of Dc-bus voltage, as shown in.FAg Therefore, the fundamental of these currents

are is generated by using a robust PLL as showig.if:

g | [1mSin(at)

i, |=|1, ,Sin(a—2r/3) (20)
i | | maxSIN(et =477/ 3)

After submission (20) in (19), we have:

g | Tig ] [1,.sin(a)

s [= 1o |~| TmaSiN(@@ =277/ 3) (21)
i lig | | TnaSin(at — 47/ 3)

Since Ph* and Qh* are fixed to zero, tracking errors of controlleowers at samplénstant k

are given by:

{Aph(k) =-R(K 22)

AQh (k)= _Qh(k)
At the next control period, the predicted trackimgwver errors valued), (K+1) et A, (k+1) are

computed as follows withi=0, 1,...,6 :

{Aph(k +1) =4, (k)-AP(K) (23)

Bo, (K+1) =8 ()=AQ(K
The predictive model of the voltage inverter, basadhe instantaneous active and reactive power

below:
K K e (k) e (k) e (k)- v (k)
{Ph( i 1)} ) [Ph ( )} i Ts{ea(m . @ e - v, (24)
Q,(k +1) Q, (k) L B o B B
The optimum voltage vector, applied in the nexttodnperiod, is given by minimizing the cost
function:

F=0, (k+1)?+A, (k+1) (25)



160

161

162

163

164

165

166

167

168

169

170

171

172

Vs

Is Vde
Tsifis2]
CriL ] ‘
sin(6) ﬁ
sin(6-21/3) Isf T 7 APi_[¢ost function minimizati Sa
@ 1 ’ I cacule‘mon‘ APi(K) and| and Sh
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m .zo Vde_ref
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Figure 9: Synoptic of P-DPC based on disturban@etien
4. Simulation results
Several simulations were carried out to evaluate ghoposed control methods. The simulation
models were developed in Matlab\Simulink®. Tabjadsents the electrical parameters of modeled

power circuit.

Parameters Values
Sampling period 1.10s
Source voltage Vs 53V rms
Source resistance Rs 0.283
Source inductance 1.32mH
Load resistance ; R.» 12Q, 24Q
Load inductance L 0.56 mH
Input DB inductance Lc 1 mH
Output filter inductance 1 3mH
DC-bus Capacitor ( 110C puF
DC bus voltage reference Vdc 173V

Table I: Simulation parameters
4.1. Balanced grid voltages
Figures 10-13, illustration the simulation resulfshe SAPF for the both conventional P-DPC and
the proposed P-DPC scheme under balanced gridgeokanditions (Figure 10). Besides, both
control strategies achieve a purely sinusoidal s®wurrent with a good THDi, with a slight
superiority for the proposed P-DPC strategy (Figlitg Obviously, we can say that both control
strategies, conventional P-DPC and proposed figictien P- DPC can track there references of

active and reactive power. Whereas, the proposB®®-keeps both tracking errors of controlled



173 powers close to zero (Figure 13), the conventi6hBIPC keeps the active power at Pref = 1160 W

174  and the reactive power near zero (Figure 12).

- Conventionnel P-DPC * Proposed P-DPC

a b
Figure 10: Phase source current THDi under bathgae voltage

a b
Figure 11: Voltage and current source under bathgce voltage

Figure 12: Active and reactive power under Figure 13: Tracking errors of controlled active

balanced grid voltage and reactive power

175 4.2. Unbalanced grid Voltages

176  To test the robustness of the proposed controliysa fest based on unbalanced grid voltages

177 is performed. In this case, the amplitudes of ttevork voltage were changed as follows:

178 V$1=75V,V$=90V, Vg=60V.
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180

» Conventionnel P-DPC * Proposed P-DPC

a b
Figure 14: Voltage and current source under unicakgrid voltages

a b
Figure 15: Phase source current THDi under unbalthgcid voltage

Figure 16: Active and reactive power under Figure 17: Tracking errors of controlled active
unbalanced grid voltages and reactive power

181  The simulation results represented in Figures 14dkioborate that the proposed P-DPC can handle
182 the unbalance of voltage source phases. Sinussidate current is achieved (Figure 14-b) with a
183 good THDi = 0.62% (Fig. 15-b), which is better titae conventional P-DPC that cannot handle this

184 unbalance voltage. The current is disturbed (Fid4r@) with THDi = 11.99% due to the presence of
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the 3% harmonic (Figure 15-a). The power ripple (Figu® Is more important compared to the
proposed P-DPC (Figure 17), where active and nea@owers are close to their references which
guarantees the full rejection of grid voltage disance.

4.3. Distorted Grid Voltages

A 2" test, based on the distortion of the grid voltéageerformed to test the robustness of the
proposed P-DPC control. In this case, fifth harrnamltage is superposed on grid voltages.
» Conventionnel P-DPC * Proposed P-DPC

a b
Figure 18: Voltage and current source under distbgrid voltages

a b
Figure19: Source current THD under distorted grid volte

Figure2C: Active and reactive power und Figure 21: Tracking errors of controlled acti
distorted grid voltages and reactive power
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This test results shown in Figures 18-21, also iomsf the robustness of the proposed P-DPC
control, which is able to give a purely-sinusoidatrent source (Fig.18-b) under disturbed condition
with a good THDi = 1.20% (Fig. 19-b), unlike thensentional P-DPC which cannot keep up with
this distortion incident (Fig. 18-a) with a degrddeHD = 20.36% because of the presence of the 7
harmonic (Figure 19-a). The power ripple (Figurg 20 also more important compared to the
proposed P-DPC (Figure 21), where active and neagtowers are close to their references which
guarantees the full rejection of grid voltage disance as mentioned in the previous section.

To recapitulate the results, the following tablegants a comparison analysis based on source

current THDi between both strategy controls studietthis paper:

Voltage Conditions

balanced Unbalanced Distorted
Control
Conventional P-DPC (THDi) 0.63% 11.99% 20.36%
Proposed P-DPC (THDiI) 0.59% 0.62% 1.20%

Table I: Comparative analysis

According to this table, it is clear that the prepd P-DPC based on rejected perturbation principle
yields better results than the conventional P-DR@eu balanced or distorted grid voltage condition,

which confirms the robustness of this control siggt

Conclusion

In this paper, a simulation comparative study betwa conventional P-DPC and a proposed P-DPC
based on rejected perturbation principle is presknfor this purpose, active and reactive powers
provided by harmonic component are chosen as dedreariables. Both power commands, Ph*
and Qh* respectively, are given from the outsidehef controller and are set to zero to achieve full
rejection of any grid disturbance. The simulatiesults show that the proposed control is able to
handle all of balanced, unbalanced and distortédg® conditions incident in grid and give a purely
sinusoidal source current with a good THDi that teestandards IEEE-519, contrary to what is

found with the conventional P-DPC under the samkage conditions. Also, the validity and



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

efficiency of the proposed methodology have beesvgnt through exposed results. Thus, future

work can include a study of the influence of sangdeiod and parametric errors on energy quality

into the network system.
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