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A Fuzzy-Controlled Active Front-End Redctifier with
Current Harmonic Filtering Characteristics and
Minimum Sensing Variables
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Abstract— A control strategy which allows conventional in large scale, the control is complicated [5], [6], and the cost
voltage-source current-controlled (VSCC) pulsewidth modulation g high.
_(PWM) rectifiers to work simultaneously as active power filters To reduce those drawbacks, the solution proposed in this
is presented. The proposed control strategy also allows is t fi I f drant volt
compensating the system power factor and compensating paper 1S 10 use a conventiona _our-qua ran_ voltage-source
unbalanced loads. The measurement and/or calculation of the current-controlled (VSCC) pulsewidth modulation (PWM) rec-
harmonics and reactive power are not required, making the tifier simultaneously as a shunt active power filter. This is
proposed control scheme very simple. The active front-end accomplished by simply connecting all the polluting loads
rectifier acts directly on the mains line currents, forcing them between this rectifier and their line current sensors. This

}%Sg:éntlﬁ]seogjﬂaﬁ% |cr)1f ?r?: Zf/s\?gtrz tPheergﬂgﬁtxggacﬂihsg gﬂlxe;—to solution reduces the cost of the filter to almost zero because

is controlled by a fuzzy system, which adjusts the dc-link voltage there is no need to install a specially dedicated power device
of the PWM rectifier. The strategy is based on connecting all for harmonic elimination. Besides, this approach presents

the polluting loads between the PWM rectifier and their input  the following particular characteristics: 1) the four-quadrant
current sensors. The main advantages of this approach are the o tifiar_inverter system can operate as an active filter and

following: 1) there is no need to install a specially dedicated active fact t imult v 2) it al
power filter; 2) it also works simultaneously as power factor as a power factor compensator simultaneously; 2) it also can

compensator; and 3) no special and complicated calculations are Operate to compensate unbalanced loads; and 3) the control
required for harmonic elimination. The viability of the proposed  block is quite simple because there is no need to evaluate

active front-end rectifier is proved by simulation and with and/or to sense the current waveforms of the polluting loads.
experimental results obtained from a 2-kVA PWM prototype.

l. INTRODUCTION Il. PRINCIPLES OF OPERATION

RADITIONALLY, passive LC filters have been used F9- 1(8) shows the schematic of the proposed control
T to eliminate line current harmonics and to improve thetrategy, whichis being applied to a conventional VSCC PWM
load power factor. However, in practical applications theggctlfler. The contrc_)l on!y needs to measure the dp-lmk voltage
passive second-order filters present many disadvantages o) and th? mains line c'urrent(sll\qMNs). As it can be
as aging and tuning problems, series and parallel resonar%s_e,rved' neither the polluting load currdidt.oan) nor the .
and the requirement to implement one filter per frequené?(:hf'_er (Irrcr) current need to be measured. This fact is
harmonics that needs to be eliminated. In order to overcofgY Important because almost any current-controlled PWM

these problems, different kinds of active power filters, bas&gctifier can be used as a shunt active power filter, without

on force-commutated devices, have been researched andtlag_need of additional electronic circuitry. All polluting loads

veloped [1], [2]. Particularly, shunt active power filters, usin%hree—pf}gse F’O”Ut;lng loads in Fig. 1) are connepted hbetwien
different control strategies, have been widely investigatedl® 'ectifier and their current sensors. By doing that, the
They have gradually been recognized as a viable solution'fftifier behaves as a shunt active power filter, but without
the problems created by high-power nonlinear loads [3], [4 osing its characterlsft_lcs as a four-quadrant rectn‘_ler_. The
These filters operate as current sources, connected in par Hﬂent-?ontrol:eddrecuﬂgr (ljoes not kdetecththe proximity of
with the nonlinear load, and generate the current harmorlit}:e nonfinear load. It simply try to keep the mains current.
components required by the load. In this form the mair%nusmdal because the current sensors are located at the mains
only needs to supply the fundamental, avoiding contaminatigifi€: @nd they follow a sinusoidal template. In this way, there
problems along the distribution lines. However, shunt activa no need to sense and/or calculate, neither the polluting load

filters present the disadvantages that are difficult to implemefifT€nt nor the filter current. In this way, the PWM converter
can operate as a four-quadrant rectifier, as a power factor
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Fig. 1. Active power filter proposed. (a) Physical implementation. (b) Block diagram with current sensor working as sinusoidal current source.

approach, a good dynamic response is required. For tkisingentin the dc bus of the rectifi€¥,.) because their input
reason, a fuzzy control in the dc link has been implementexijrrents are now contaminated. That means more dc capacitors
which allows more flexibility and better dynamic response. at the dc-link rectifier. However, the harmonics flowing into

It is important to explain how the rectifier can manage thibhe system have been eliminated, and the power factor has
filtering and compensation requirements without measuribhgen compensated, without the need of a specially dedicated
the load harmonics. First, with the help of current sensoastive power filter.
connected in the mains lines, the line currefltg sins) are
being forced to follow a sinusoidal reference template. This IIl. POWER CIRCUIT IMPLEMENTATION
template is followed using a current-hysteresis controller (or The proposed front-end rectifier prototype was implemented
other current control method), which is driving the transistossith a 2-kVA four-quadrant current-hysteresis-controlled insu-
of the PWM rectifier. In this way, if a nonlinear load islated gate bipolar transistor (IGBT) converter. As a polluting
connected after the point where the current sensors are locatedd, a three-phase diode rectifier with an input inductance and
their harmonics will not be allowed to go through the powesin “RL” dc load was connected. The block called fuzzy control
distribution system. This situation happens because the currienFig. 1 generates the three sinusoidal templates to control the
sensors force the lines to behave as sinusoidal current sourc@gnitude of the mains curref;ans. These magnitudes are
connected in series to the mains, as shown in Fig. 1(b). Theontrolled by adjusting the error between the dc-link voltage
the mains behaves as a high-impedance circuit for harmonis, of the PWM rectifier and a preestablished reference
and hence these currents are forced to flow through the PWiltage V;.; as shown in Fig. 1. The sinusoidal template is
rectifier. This behavior is similar to that of a series active filtesynchronized with the phase to neutral mains voltage, and can
which presents a very high-impedance path for the harmontos adjusted to be “in phase” with the mains voltage supply. In
going to the power system. In other words, the control stratetjyis way, the mains will see a noncontaminated and balanced
proposed not only make the PWM rectifier work as a shufdad, operating at unity power factor.
active filter, but also as a series active filter simultaneously.In the first experiments after the hardware was finished, a
The fact that the harmonic currents are forced to flow througinoportional-integral (PI) control was implemented. Despite
the PWM rectifier makes the filtering requirements morthis control, it worked fine, but the dynamics were not as
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Fig. 3. (a) Fuzzy control block. (b) Unitary discussion universe. +
. . Defuzzyty
good as required. For this reason, a fuzzy controller was tested, DI yams
which showed to be superior in performance than Pl control, +
even considering that until now only a few characteristics of -
this controller have been investigated. This means that there Tuams () =1 yans (k-1) + DI s ()
is a lot of room for research in this option waiting for better *
results, and then this is a very good reason to adopt the fuzzy
. . X . Putl mamns 8
system in this proposed scheme. Even more, a final adjustment MSB on
can been reached using dedicated hardware for the fuzzy sets, Port4
such as EPROM’s or PLA’s. |

The fuzzy controller has been implemented with a microF-_ 4 Flowchart of the f |
computer called “Freedom16,” v2.1 from Intec Inoventures,> TN art of the fuzzy control.
Inc. [8]. This board is built around Motorola’s 16-b 68HC16

microcontroller. This device not only has more computdfreedom16 can be programed in a ROM for a stand alone
capabilities than a PC-AT, but also features digital signaperation.

processing (DSP) capabilities, and a host of specific featureespite the F16 has eight A/D converters, the control was
such as pulse counting, high-speed inputs and outputs, amglemented with an external 8-b converter. In this form,
eight channels of ten analog—digital (A/D) conversion. Theas possible to increase the conversion time and produce
board has the advantage that it can be programmed in “@"faster response in the control loop. As the F16 does not
language through a PC serial interface and can be debuggagport digital-analog (D/A) conversion, the output was also
through the parallel port. Once the program is finished, tlmplemented with an external 8-b D/A converter. The Fig. 2(a)
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Y Py N - . *‘\“‘J“—" Fig. 8. In-phase operation of the system. (a) Phase-to-neutral source voltage
; [50 V/div]. (b) Source currenfyains [4 A/div]. (c) Current through the
va ol aeine "‘/, nonlinear loadlt,oap. (d) Current through the active power filtégrcr.
= 250V
% T . R is the amplitude of the mains curreli,.ins(k). In order
° To 20 36 4o so co 7o so sy t0 cOmpensate the ac system power factor (power factor
(a) compensator), the mains currents are kept in phase with the
respective phase to neutral mains voltage. Fig. 3(a) shows the
4 ] fuzzy control scheme implemented.
Y T ‘wala‘“""“‘” The main characteristics of the fuzzy control are the fol-
lowing:
A —MJ"—\\-mw# T SRRy 1) seven fuzzy sets for each of the two inputs;
)\ WTM-W.“:;;;;:m«’fm—;ms(zonia;;i 2) seven fuzzy sets for.the output;
| 3) triangular membership functions;
e 2m0v _.ﬁ[:‘ o VS (SV/ddv) 4) fuzzyfication using continuous universe of discourse;
Jr-__-.,_ o { 5) implication using the min" operator;
b 110 o e — — — — = s 6) inference mechanism based on fuzzy implication;
®) 7) defuzzyfication using thecentroid method.

6. Transient ., ol Erom 0 10 20 (AT | All fuzzy variables have the same partition and membership
e (br;’“,‘:sr'oen'l ;gst%OBSFA]"‘foaduczﬂefft"” rol. (a) From 0 to 20 [A] loagy netions. The fuzzy control has seven membership functions
called from negative big (NB) to positive big (PB). The
shows the hardware implementation for the fuzzy control loopig. 3(b) shows a unitary discussion universe which can be
and Fig. 2(b) shows the PC interface for programing ardodified by simple gain on each variable. The idea of this

debugging in F16. partition is to simplify the number of calibration variables,
reducing them to one gain for each variab{@£' for error,
IV. SOFTWARE IMPLEMENTATION GD for error derivative (derror), and finallFU for DI, .ins.

To implement the fuzzy control strategy, a Pl fuzzy contralhe final output of the system is calculated Rs.ins(k) =
with 49 rules was selected [7], [9]. The inputs are the err€¥l/ * DI aine(k) + Lnains(k — 1). Fig. 4 shows the flowchart
voltagee(k) and its incremental variatiode(k). The output for the software implementation.
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Fig. 9. Comparison between PI control (upper signals) and fuzzy control (lower signals). (a) The dc-voltage dijod26 V/div]. (b) Source current
Imains [4 A/div]. (c) Nonlinear load current;,oap [4 A/div]. (d) Filter currentigpcp [4 A/div].

V. SIMULATION RESULTS (Vae) was adjusted to 150 V. The settings for the Pl and fuzzy

Simulated results were obtained using Pascal 7.0 Borlag@ntrol were adjusted to be almost the same as the simulations.
Some simulations were performed with a thyristor rectifier as F19- 7 shows the waveforms obtained for steady-state oper-
a nonlinear load, with different firing angles, and differer@tion: The first oscillogram [see (a)] shows the mains (source)
voltage and current levels. However, the simulations shownGHent. The second [see (b)] shows the current through the
this paper have been programmed to match with the ratir%%nlmear load (diode rectifier), and the third [see (c)] shows
and characteristics of the experimental prototype. Figs. 5 af current through the active power filter (four-quadrant PWM
6 show a comparison between simulated results obtained wiggtifier). It can be observed that the waveform of the mains
the PI control and fuzzy control. The nonlinear load is 8urrent is quite sinusoidal, proving the good performance of
diode rectifier, and the parameters of the simulated filter af€ Proposed control strategy.

Vie = 150 [V], L = 2.5 [mH], and C = 7,400 [uF]. In Fig. 8 shows the in-phase operation of the input current
1), a step change from 0 to 3 [A] in the load current (diodeespect to the mains voltage supply (unity power factor opera-
rectifier) is displayed. In 2) the opposite situation (from 3 to tion). The first oscillogram [see (a)] shows the source voltage.
[A]) has been simulated. It is clear that the transient responkge second [see (b)] shows the source current. The third
in the mains current and in the dc-link voltage is faster wittsee (C)] shows the current through the nonlinear load (diode
the fuzzy control scheme. With fuzzy logic, the dc voltage ifectifier), and the fourth [see (d)] shows the current through
the filter (V) is recovered in less than 40 [ms] (two cycles)the active power filter (four-quadrant PWM rectifier).
but with conventional P, the same situation takes more thanFig. 9 shows a comparison between PI control (upper sig-
60 [ms]. The parameters of the PI control weig = 6 and nals), and fuzzy control (lower signals). The first oscillogram
K; = 167. For the fuzzy system, the calibration variablesf each experiment [see (a)] shows the dc-voltage drop when
were adjusted to the following value&E = 3, GD = 40, Vier = 100 V. The callouts (b)—(d) show the source current
and GU = 1. (Imans), the nonlinear curreritfr.oap ), and the filter current
(IrrcT), respectively. In this experiment, two step changes
VI. EXPERIMENTAL RESULTS were generated. In the first step, a dc load at the diode rectifier

For the experiments, a 2-kVA four-quadrant curren®utput terminals is connected. This situation simulates the
controlled PWM rectifier, such as the one shown in Fig. sudden connection of aonlinear load In the second step,
was used. In order to prove that the four-quadrant rectifier candc load is directly connected at the dc link of the active
operate simultaneously as rectifier and as active power filterpawer filter (conventional PWM rectifier and active filter). The
resistor was connected Hj. (dc load). On the other hand, theoscillograms prove that the fuzzy control recovers the steady
“three-phase nonlinear load” of Fig. 1 was implemented witstate in a shorter time, which justifies the utilization of such a
a diode rectifier connected to the mains. The PWM rectifieontrol method. The scales ar®: = 25 V/div and I = 4
was implemented with IGBT's, and their main component#/div. The maximum switching frequency in the current-
were: C' = 7400 pF and L = 2.5 mH. The dc-link voltage hysteresis controller is 16 kHz. The source frequency is 50 Hz.
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