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Abstract

This paper presents the control of the active filter by Duty Cycle Modulation
(DCM) for the harmonic pollution control of a three-phase electrical system.
Several research works have preceded this work, but most of them deal with
the control by pulse-width modulation and the differences lie around the
THD reduction performance, the quality of the wave obtained, the simplicity
of the scheme and the cost of the control. For this purpose, we propose a very
innovative approach to active filter control which aims at reducing the cur-
rent THD at a lower rate than pulse-width modulation techniques improving
at the same time the wave quality with a more simplified control scheme.
First we present the schematic diagram of the active filter, then we present the
design of the control of this active filter based on the real and imaginary in-
stantaneous power method which uses the algebraic “Clark” transformation.
The Duty Cycle Modulation controller is used to obtain the required control
commands to be injected to the inverter. We then developed a simulink
model of the active filter to validate this study. The simulations were per-
formed in the Matlab/Simulink environment. The results obtained show a
significant improvement on the harmonic current control techniques for the
THD of 1.02% which was 26.25%, the elimination of noise in the signal and
the simplicity of the control with an easier implementation than the pulse
width modulation (PWM) make the Duty Cycle Modulation (DCM) control a
very promising tool.
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1. Introduction

The quality of power in power grids is the subject of much research. These net-
works include power lines operated at different voltage levels, connected in sub-
stations, and the managers must ensure the dynamic management of the whole
production, transmission, consumption chain.

The incorporation of power electronic devices with non-linear characters in
these electrical networks is partly responsible for the disturbances observed in
the connection nodes of the networks which do not allow a better management
of the network. A frequency analysis of the wave taken from the network reveals
the presence of harmonic components and these are the cause of the malfunc-
tions observed when the THD no longer complies with the standards.

There are several approaches to combat these disturbances, the first called
load conditioning ensures equipment is less sensitive to energy disturbances. A
second solution proposed by [1] consists in confining the harmonics for specific
loads, by using special transformer couplings, and the third one consists in using
filtering techniques:

Passive filters prevent harmonic currents from propagating in power networks
and compensate for reactive power. However, they lack adaptability to changes
in network and load impedance. The use of active filters avoids the disadvan-
tages of passive filters. Three topologies are encountered in this respect, serial
active filter (FAS), parallel active filter (FAP) and hybrid active filter (FAH).
This during the parallel active filter (FAP) is the most used solution for the de-
contamination of harmonic currents. Several research works have been carried
out around the control of the filter from its medium model [2] or the direct and
hybrid control, the linear and non-linear control [3].

There are many strategies for controlling the parallel active filter (FAP) [4]
but the differences lie in the THD reduction performances, the quality of the
obtained wave, the simplicity of the scheme and the cost. The latter will be used
in our work.

In the control of active filters, pulse width modulators (PWMs) are the most
widely used and have proven performance due to their immunity to noise.
However, they are very complex to implement and filtering when recovering the
transmitted signal is not easy.

A new duty-cycle modulator (DCM) has been developed by [5] and is based
on the non-linear operation of an operational amplifier acting as a volt-
age-controlled oscillator in high frequencies. Its simplicity of implementation,
simple mathematical foundations and spectral poverty are real assets. Applica-
tions in the field of power electronics device control are still under development
[6] [7] and the results reflect these potentialities.

The objective of this article is to control a parallel active filter by Duty Cycle
Modulator while improving the quality of electrical power. To validate our re-
sults, we compare two active filter control strategies: pulse width modulation
(PWM) and duty-cycle modulator (DCM).
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To carry out this work, we first present the active filter and its principle
scheme, then we present a methodological approach to the control of the active
filter by Duty Cycle Modulation. The design of the control of this active filter is
based on the method of real and imaginary instantaneous powers and the DCM
controller is used to obtain the required control commands to be injected to the
inverter. We will then develop a simulink model of the active filter to validate
this study and present our results and a brief discussion will be made. The simu-

lations will be performed in the Matlab/Simulink environment.

2. Active Filter

The inverter is the essential part of the active filter. Depending on the type of
coupling filter that connects it to the grid and the passive element that serves as
its energy source, it will be a voltage or current inverter for this purpose. The
inverter can be voltage or current controlled and can therefore act as a voltage or
current source with respect to the external circuit. In practice, depending on the
type of correction to be made to the grid, one structure is preferred to the other
if it makes it easier and cheaper to build the inverter-control assembly.

Several configurations have been presented in the literature, the most studied
being:
o Parallel active filter with voltage structure.

e Parallel active filter with current structure.

Active Parallel Filter and Operating Principle

Figure 1 shows the synoptic diagram and the operating principle of a parallel
active filter.

In the configuration of Figure 1, the load absorbs the harmonically disturbed
currents i, (t) which the filter must compensate by injecting the currents
ig (), so that the source only provides the active currents i (t). We write for
the load:

ili (t): ili,a (t)+ili,rh (t) (1)

_E

iSa,b,c ila,b,c
YYYL S S Non Linear
7 . 7
Load
Tva,b,c
V1,23
Ligp,e Active filter
voltage inverter |
ifa,b,c C

Figure 1. Schematic diagram of the parallel active filter.
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With, i=a,b,c, i;,(t) is the active part of the load current, i, (t) is the
reactive and harmonic part of the load current.

And for the source, considering that the desired currents are active, i, (t),
and correspond mostly to the active part necessary for the load i, (t) nexttoa
small current ... (t) which will be absorbed by the filter to compensate for

these losses. We will have:
i (1) =g o (1) + i griee (1) ()
The law of nodes at Pcc in Figure 1 implies:
ig (t)+ig (1) =1, (t) (3)
Replacing (1) and (2) in (3) gives:
igi 0 (1) Fiperies (1) i () =i, (1) i (1) (4)

However, the active current supplied by the source i, (t) corresponds to

the active part i, (t) requested by the load,
ifi (t) = iIi,rh (t)_ ipertes,i (t) (5)

Equation (5) summarizes the principle of compensation expected by the active
filter.

3. Methodological Approach to Active Filter Control by Duty
Cycle Modulation

We propose an architecture in which the control strategy of the duty-cycle
modulator (DCM) voltage inverter is based on the identification and determina-
tion of reference currents using the method of real and imaginary instantaneous
powers using the algebraic “Clark” transformation. These reference currents are
then injected into the duty-cycle modulator which generates the control com-
mands for the inverter, then demodulated by an LC filter and injected into the
grid in phase opposition. The PI regulator is applied to regulate the DC bus

voltage.

3.1. Identification and Calculation of Harmonic Currents

The current absorbed by the pollutant load is composed of a fundamental and
harmonics. The active filter is used to generate harmonic currents of the same
amplitude but in phase opposition to those existing in the load. To do this, the
harmonic currents of the load must be identified. Several identification methods
exist [3] [4]:
e The first is based on the spectral analysis of the pollutant current.
o The second uses a bandpass filter to filter the fundamental.
e The third uses the notions of instantaneous real and imaginary powers.

The latter is the most widely used in most active filters because it achieves the
best match between static and dynamic performance.

This method uses the “Clark” algebraic transformation to transform the

three-phase current and voltage systems presented in the a, b, c benchmark to a
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new benchmark a, Bas follows:

Voltage components:

ita< Q<
1
1]
T
=
ool e
o
< < m<
©)

Current components:

1 L1 I,
e |_ |2 2 2, @)
] N3l V3 VB
0 — —|| I,
2 2
In a marker a, b, ¢ the instantaneous active power is given by:
P3(t):Va|a+Vb|b+Vc|c (8)
Similarly, in the tag a, £
Ps(t)=V, 1, +V,l, ©)

where,

The actual instantaneous power:

P=V,l,+V,l, =P, +P, (10)

One of the advantages resulting from this transformation is the separation of
homopolar current or voltage sequences.

[8] proposes the following definition of the instantaneous imaginary power:
q=V,1,-1V, (11)

This power can be written in the a, b, c marker as follows:
1
q(t) = _ﬁ[(va _Vb)' Ic +(Vb _Vc)' Ia +(Vc _Va)' |b:| (12)

This expression is well known for the measurement of conventional reactive
power in the three-phase system.

From relations (10) and (11), we can establish the following matrix relation:

P Vo, Vil 13
ql |-V, V. |1, (13)
The instantaneous real and imaginary powers, respectively p and g, are given
by the generalized terms:
P=P+P (14)
q=0+0 (15)
P is the DC part related to the fundamental active component of the current

and @ is the DC part related to the fundamental reactive component of the
current.
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What we are interested in is to extract the components P, §, fluctuating
parts related to the sum of the disturbance components of current and voltage.
To achieve this, we apply the second order Butterworth filter.

To calculate the compensation currents of the reference in the coordinates a,

p, the expression (13) is inverted and becomes:

. vV, -V
I’i =%{ : ﬁ}{P} (16)
| VE+VELY, V. Lg

Thanks to the Concordia Inverse Transformation (TCI), the alternating parts
ofthe P and §, power ratings reduce three-phase disturbance currents. These
currents represent the disturbances and become the reference currents that are
to be injected in phase opposition into the power grid to eliminate harmonics.

Relationship (7) therefore gives:

- 1 0
a I*
ly 2| 1 N (17)
NI
° 1B
2 2

The principle of Determination of the reference currents of the active filter by
the classical method of the instantaneous active and reactive powers is described

in Figure 2.

3.2. DC Voltage Regulation

Figure 3 shows the block diagram of V. control with the proportional controller.

V o
abc
Vab P
e ap Vg FPB Calcul
5 —> -
de ap iype
iy igetip —>
abc —> abc
tabc —> ,
i
af B Q /I\
* +
V
de 9@_ ?9 Regulator [~
Vac
Figure 2. Reference current extraction algorithm.
2 2
Vie + Vic

K(s G(s)

Figure 3. Block diagram of Vdc control with proportional controller.
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We have chosen the following PI regulator to regulate the capacitor voltage

Va to its set value Vg [1]:

K(S)=—1+Tcr(s) (16)

With: K, : Regulator gain; 7,: Time constant.
The term G{(s) stands for:

G(s)=—— (17)

After calculation, the closed-loop transfer function is of the form:

F(s)=op—2 (18)

S?+2¢,0S + 0’

) 2K 1 C
With: o= Coet g, =——
Cr, 22\ K, -z,

To achieve a good compromise between dynamic and static performance, we

will choose a value of &, between 0.4 and 0.8 i.e. 0.7.

3.3. Optimal Duty-Cycle Modulation Current Control

Duty Cycle Modulation (DCM) is a modulation technique that consists of vary-
ing the duty cycle as a function of the signal to be modulated. As the duty cycle
is a non-linear function for the control of the signal, it is sufficient to develop an
excellent linear approximation of the signal during the digital analysis by cor-
rectly setting the parameters of the circuit. In low frequency the Duty-Cycle
Modulation controls the signal to be modulated. It is built around an operational
amplifier operating in switching mode, ie. it delivers an on/off signal at the
output.

For this paper, we use the non-inverting Duty-Cycle Modulation (DCM).The
principle of Duty Cycle Modulation Control is described in Figure 4.

The input signal | =U_ is transformed into a periodic switching wave-
form.

> . _
We're posing U, =1

Iref R2 R1

<>l
UC1 /I\_—I: C1 Ton Tor

Figure 4. Current control by Duty-Cycle Modulation (DCM).

DOI: 10.4236/jpee.2020.87001

7 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2020.87001

T.P.N.Nnaetal.

22
+ _ 1 2
U'=—r— (19)
7+7
R Ry
U (t)R
Syt = (DR (20)
R+R, R+R
With:
a= R (21)
R +R,
1-q=—Fe =a, (22)
R+R,
The AOP operating in switching mode we have:
E siu >u
IO
-E siu<u
aE+aU, siUg(t)=E
=Sut = . (23)
—aE+aU, siU (t)=-E
The capacitor voltage variation is defined by:
du,(t
RC &()+Uc0)=USU) (24)
Where
_t
U, (t)=(u—u; Je * +u, (25)
With 7=RC

The charging and discharging time of the capacitor are included respectively
in: O0<t<T et T, <t<T,.

1
T, = —rin%n +(@71) (26)
U,-(1-«)E
Et
TZ:—rInM (27)
aU, +(1+a)E
T:rlnalum_(l+a) g %l +(1+a)E
au, +(a-1)E au, —(a-1)E
2
U E
L7 i (@) (@ 2)E) (28)

(alum)z _(( 1)E)

The exact compensation of the load current requires above all a good preci-
sion on the extraction of this current. However, the control strategy of a FAP,
shown in Figure 5, is based on 3 elementary blocks:

BLOCK 1, which is elementary for any control strategy. It is at this stage that
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Grid
Non-
linear
! load
Current
Sensors
Control signals for IGTBs Measuring
APF load
currents Voltage
I__‘ Sensors
Method of extracting et
Modulation harmonics d
©
BLOC 3 \ / BLOC 1
é Voltage
Ve_ref regulation
BLOC 2

Figure 5. FAP MRC control strategy.

the reference currents are determined;

BLOCK 2, allows to regulate the DC bus voltages and to determine, after-
wards, the losses in the filter that will be absorbed from the network;

BLOCK 3, generates the PWM signals necessary to control the IGBTs from
the reference signals already established and regulates the filter currents to their
reference currents.

The duty cycle R, (u)

aU, —(1+a)E
T(U,) N U+ (a-1)E
+ a—
R (Uy) =2 =R, = . G g (29)
T(Un) | (@U,) ~(1+a)E)
(el )" ~((a-1)E)
Modulator (DCM) whose optimal parameters are:
o =0.003081723734398 ou « = R
R +R,

We use an Optimal Duty-Cycle
7 =0.000486670905896s ou 7 =RC

The base frequency of our MRC modulator has been set at 166,690 Hz. Then
the AOP must be able to switch from 166,690 Hz. Then the AOP must be able to
switch from +V, a-V etde -V, a+Vg,.

With f_,, >166690 Hz which is the switching frequency.

Figure 6 is the simulink model of the duty-cycle modulated current counter,

which provides the control commands for the inverter’s IGBT switches.

DOI: 10.4236/jpee.2020.87001 9 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2020.87001

T.P.N.Nnaetal.

4. Results and Discussions

The MATLAB/SIMULINK software is used, the simulated electrical network is
3-phase balanced 3-wire 100 V, 50 Hz.

The pollutant load is represented by a conventional rectifier consisting of two
thyristor bridges connected in series in an electrical network.

Figure 7 shows the block diagram of the circuit simulation, it consists of the
three-phase mains voltage source, the non-linear load and the active filter.

The power circuit of a parallel active filter, based on an IGBT two-stage volt-
age inverter, placed between a three-phase grid and a non-linear graetz-bridge

polluting load, is shown in Figure 8.
Simulation studies are performed for the system parameters represented in Table

1 a=0.003081723734398; a,= 0.996918277; % = 20547766 or = RC.

The graphs of the source current before application of the parallel active filter
are given in Figure 9. The current is distorted with respect to the half-period
point, which means that harmonics multiple of 2 and 3 are non-existent in the

spectrum of the i, current and only two ranks (6 h £ 1) are present; this is con-

il
‘ al K
Lyer %6% N -]

firmed by the spectrum of i in Figure 10.

Control
Relay Signal

1
RC > S

Integrator

Figure 6. Duty-Cycle Modulation simulation scheme under Simulink.

GRID
_ A
N@:Q S i (Wp g ﬁc J g NonLinear
c C c Load
—s 1§ A
100V, 50 Hz B B_Load c
L Non Linear
- Load
= |A .
A
Ts=Tss. L——=|B ACTIV dc I_grid &5 >
i FILTER -r_ — Grid Current I:l
powergui o
c - B—T I_Load o5 Curent d
l—AF Filter Current >
Data Acquistion
Figure 7. Block diagram of the circuit simulation.
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{ I
o 5} o ]

D5
Al—e[A [ A A
N~ :)— Bl— BJ\M/—’ Wl'—B BW\JWILB
cl——lc I c
100 V, 50 Hz B B_Load

-+

I
S
: [
l ; NON LINEAIR LOAD
ACTIVE1 D2 Z:SE] D4 ZS] D6 Z:SE]
1 i I

i

Q
Coupling % Générateur des courants de reférence

Inductor Commande
<m0 . Pulse Ic Out1
Genera\torla'__,c

Discrete,
= 5e-005

powergui

Lgrid g cimen

vVY

I_Load e
I_AF Filter Current >
Data Acquistion
l 9 l 9 l 3
—|E TEETY lELY
e AN e
s1 s3 .
epefm T
s2 s4 s6
»lg J_ »(g J_ »>lg J_
@E i TYEP TiE
— = =

Figure 8. Circuit de puissance du filtre actif parallele.

Table 1. Simulation parameters.

Settings Numerical values
RMS voltage 100V
Frequency 50 Hz
Line resistance 0.1Q
Line inductance 0.15e - 3H
Load resistance 60 Q
Load inductance 20e - 3H
Filter inductance Lf 4e - 3H
Cf 15 pf
Vdc 440 V

The spectral analysis of the grid current presented in (Figure 9) shows the
presence of several ranks of harmonics disturbing the shape of the current

waveform, Ze. a THD of 26.25%.

DOI: 10.4236/jpee.2020.87001 11 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2020.87001

T.P.N.Nnaetal.

To validate our results, we apply to our active filter the pulse-width modula-
tion control and we obtain after filtering the signal in Figure 11 which shows an
improvement of the curve and whose spectrum in Figure 12 shows a clear de-
crease of the harmonics. Let THD = 1.78%.

We then apply the Duty Cycle Modulation control to our active filter and after
filtering we obtain the signal in Figure 13 which shows a significant improve-
ment in the curve and whose spectrum in Figure 14 shows a greater reduction in
harmonics. Let THD = 1.02%.

According to the simulation results obtained in Figure 12 and Figure 14, the
harmonic distortion rate (THD) of the current at the connection point (calcu-
lated on the first 20 harmonic ranks) is: THD = 1.78% for pulse width control
and THD = 1.02% for duty cycle control, which corresponds to the IEEE STD

o N

0

0.15

BN A AR AR AR LA A AR AR AR A
IJ AL o.;sj UL L UJ LU ,JIJ LJJ -

04

Figure 9. Current wave s before filtering.

100 . .

Fundamental (50Hz) = 2.914 . THD= 26.25%

80 -
60 -
40—

20+

Mag (% of Fundamental)

T T T T T T T

6 8 10 12 14 16 18 20
Harmonic order

Figure 10. Current spectrum in the network before filtering.

0.15 0.2 0.25

0.3 0.35 04
Time (s)

Figure 11. Current wave I, after filtering for pulse width modulation PWM control.

Fundamental (50Hz) = 2.885 . THD= 1.78%

60 -
40—

20

Mag (% ot Fundamental)

1 | 1 1 | L L

6 8 10 12 14 16 18 20
Harmonic order

Figure 12. Current spectrum I after filtering for pulse width modulation (PWM) control.
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A f/ \ / \% flf \ / \kt / "% /’1 \ ;‘ Vo ]\". \ /

0.15

\ / F A I\
\\_/"II \'\ /II | I\\ /"If I\U’[l \Jf |
03

0.2 0.25 0.35 04

Figure 13. Current wave Iy after filtering for the Duty-Cycle Modulation command.

Fundamental (50Hz) = 77.05 , THD= 1.02%

100 T T T T T T T T T

=

S 80 =
1S

©

2 60} i
3

-

5 40 -
<

o 20+ _
©

= 0 R 1 J 1 1 ] 1 1

6 8 10 12 14 16 18 20
Harmonic order

Figure 14. Current spectrum i after filtering for Duty-Cycle Modulation control.

519 standard and it can be seen that duty cycle control significantly improves the
THD.

It is also observed in Figure 11 and Figure 13 that the current wave iy, for
pulse-width control is noisier than that of Duty Cycle Modulation control, re-
sulting in a significant improvement in the waveform.

Furthermore, the Duty Cycle Modulation drive is built around an operational
amplifier (Figure 4), unlike the Pulse Width Modulation drive, which is built
around two operational amplifiers, thus making the pulse width control drive

more expensive.

5. Conclusion

In this paper, we have presented the operating principle of the active filter, given
the simulink model of this filter and designed our active filter control strategy by
Duty-Cycle Modulation capable of controlling the currents injected by this filter.
The results obtained show a significant improvement on the harmonic current
control techniques for the THD of 1.02% which was 26.25%, the elimination of
noise in the signal and the simplicity of the control with an easier implementation
than the pulse width modulation make the Duty-Cycle Modulation control a very
promising tool. The work in perspective is aimed at improving the inverter output

filter to improve the control signal demodulation and spectral quality.
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