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ABSTRACT

In the input power of single-phase rectifiers, there is a pulsating portion with twice the grid frequency. To prevent
the transferring of the pulsating power to the DC side, it should be filtered appropriately. For this purpose, a convenient
method is to install a high-capacitance capacitor at the DC side, which cannot be considered as a proper solution
due to its undesirable characteristics. This paper proposes an active method to eliminate the pulsating power, in
which the control system is based on Adaptive Network-based Fuzzy Inference System (ANFIS) architecture. To
improve the controller performance, an online supervisory learning algorithm based on the Error Back Propagation
(EBP) learning method is employed. This technique leads to the forming of a control system with minimal structure,
enhanced accuracy, and improved dynamics. Also, the proposed control strategy is implemented using a Proportional
Resonant (PR) compensator, and the performances of two controllers are compared with each other and with one of
the most outstanding previous works as well. Moreover, a superseded control method based on ANFIS architecture for
the conventional control system of single-phase PWM rectifiers is suggested. The efficiency of the proposed methods
is confirmed by extensive simulations in MATLAB/Simulink.

Keywords: Single phase PWM rectifier; pulsating power; active power decoupling; ANFIS controller; fuzzy
control; auxiliary energy storage.

INTRODUCTION

Single-phase Pulse Width Modulation (PWM) rectifier has several residential and industrial applications such
as DC power supplies, Uninterruptible Power Supplies (UPSs), and AC-fed railway traction drives. These rectifiers
can provide current with low harmonic distortions, and the unity power factor operation. However, one of their main
problems is a pulsating power with twice the grid frequency at the AC side; if the pulsating power is not effectively
eliminated, it will be transferred to the DC-Link and affect the DC loads’ performance. For example, when a battery is
used as the DC load, the pulsating power causes overheating and decreasing lifetime of the battery, or in the inverter-
mode of the converter, it has unpleasant effects on the Maximum Power Point Tracking (MPPT) performance of grid-
connected single-phase photovoltaic systems (Shimizu et al., 1997, & Tang et al., 2015).

A conventional method to filter the pulsating power is to install a large DC-link capacitor. Usually, the appropriate
capacitor for this purpose is a short lifetime and large size electrolytic capacitor, such as Aluminum Electrolytic
(AE) capacitor, which reduces the power density and reliability of the converter (Wang et al., 2011). So far, to solve
this problem, several active power decoupling methods have been suggested, in which the basic idea is transferring
the alternative section of the power to an auxiliary energy storage element (inductor or capacitor). Thereby, a small
capacitor with a long lifetime, such as film capacitor, can be used as the output filter instead of a large capacitor, reduce
the size and cost, and also increase the reliability of the converter (Su et al., 2014). In the active power decoupling
methods, the pulsating power can be transferred to the auxiliary energy storage element by two different techniques:
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1) By adding active elements (switches) to the rectifier circuit; for example, a third-leg can be added to the main
rectifier circuit for transferring the pulsating power to the auxiliary energy storage element. The advantage of this
case is that the rectifier’s main controller can remain unchanged and the rectifier can work properly with/without
the active power decoupling circuit.

2) Without adding active elements to the rectifier circuit; e.g., the auxiliary energy storage element can be placed
between the second-leg of the main circuit of the rectifier and the output filter, and by modifying the control system
of the rectifier, the second-leg can conduct the pulsating power to the energy storage element. The advantage of
this method is that the number of additional components is reduced. However, these methods usually have more
complexity in the control system and less flexibility in the modulation and controller design.

In the following, some of the active methods introduced in the previous works are mentioned. In (Wang et al., 2011
& Li et al., 2013), a third-leg (including two switches and two reverse-parallel diodes) is added to the main circuit,
which transfers the alternative power to the auxiliary energy storage element. In Su et al. (2014), a similar structure
is used, but the difference is that the additional leg has only one switch and one diode. As a merit of this work, the
number of elements is reduced, but the control system has become more complicated because the reference current for
the power decoupling is a rectified sinusoidal signal. Elimination of the pulsating power has been achieved by a buck-
boost converter that is placed between the rectifier circuit and the output capacitive filter in Zhong et al. (2012). Unlike
the other mentioned works, in Tang et al. (2015), a diode bridge is used as the rectifier and the fluctuating power is
absorbed by a half-bridge converter. In Tang & Blaabjerg (2015) and Qi et al. (2014), transferring the pulsating power
to the auxiliary energy storage element is realized without any additional active elements. In these methods, the
alternative power is filtered by changing the conventional control system and proper placement of the auxiliary energy
storage elements. It should be noted that the auxiliary energy storage can be inductive or capacitive. As a comparison
between them, although capacitors have higher power density and lower power losses, inductors are more reliable and
robust (Tang et al., 2015).

In this paper, a new control approach based on Adaptive Network-based Fuzzy Inference System (ANFIS) and
Proportional Resonant (PR) control structures for active power decoupling is proposed. Due to the advantages of the
inductive filters, in the proposed method, an inductive auxiliary energy storage is used. Also, in the proposed control
method, the current of the auxiliary inductor has a sinusoidal reference signal that makes its tracking simpler than
non-sinusoidal signals, which have been chosen as the reference signal in some other papers. Moreover, in this paper,
to transfer the fluctuating power to the auxiliary energy storage element, the mentioned method “1” is applied; it
means that the proposed method does not need to change the conventional PWM control method of the single-phase
rectifier, so the rectifier will have an appropriate performance with/without the power decoupling circuit. The basic
structure of the control system proposed in this work is simpler than other previous methods and the ANFIS controller
is designed in such a way that it has the least possible amount of calculations.

In this paper, the ANFIS controller is used for utilization of parallel processing, learning, and adaptation abilities
of Neural Network (NN) and inference capability of Fuzzy Logic (FL), simultaneously. The controller is adaptive with
variation in the system conditions and has minimum fuzzy rules for inference engine that provides a control system
that requires the minimum amount of calculations. The obtained results demonstrate that the suggested controller is
able to track the reference signal with adequate correctness and very fast transient. This controller is based on the IF-
THEN rules of fuzzy logic, which are based on an ordinary engineering knowledge about the converter performance.
To train the suggested controller, one approach of the Error Back Propagation (EBP) learning method is used with the
minimum amount of calculations. The architecture of ANFIS is a five-layer NN with 6-9-9-9-1 nodes to implement
the five parts of the ANFIS controller. The efficiency of the suggested controller is investigated by system simulation
in various situations.

In the following of this paper, first, single-phase PWM AC/DC converters are studied and the basis of the suggested
method to eliminate the pulsating power is described. Then, the proposed control technique is presented, and the
design and performance of PR and ANFIS controllers are discussed. Finally, the effectiveness of the superseded
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control method for single-phase PWM rectifiers and the proposed methods for the power decoupling are verified by
system simulation in various conditions. Also, the results obtained in simulations are compared with those of another
paper, in the simulation results section.

SINGLE-PHASE PWM RECTIFIER WITH PULSATING POWER
DECOUPLING CAPABILITY

Figure 1 presents a typical topology of a single-phase PWM rectifier. Suppose the voltage of the AC source is
as (1).

v, (H=Vsin(wt) (D

Figure 1. A typical topology of a single-phase PWM rectifier.

By assuming operating at the unity power factor, the source current should be as follows:
ig(t)=Isin(wt) 2
The input power can be obtained from (3).

P =v,(0)ig(t)= % - % cos(2mt) 3)

By multiplying the current and voltage of L, its instantaneous power can be calculated as

dig . 1 .
P =L, d_ts xig=2 L Losin(2ot) 4)

So, the input power of the rectifier can be obtained by (5).
P, =P 'PL1 %)
By substituting (3) and (4) in (5), (6) will be achieved.

VI, VI 1 .
=55 _ % cos(2t)- 3 L, LosinQot)=P,_ +P. (6)

where o is the angular frequency of the AC source, and Is and Vg represent the amplitude of the input current and
voltage, respectively.

According to (6), there is a pulsating section with twice the grid frequency in the input power of rectifier,
which should be eliminated effectively. In this work, to diminish the capacitance required for the output filter, the
alternative power is absorbed by an auxiliary inductor. Figure 2 represents the proposed topology; it is composed
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of the single-phase PWM rectifier and an additional leg that conducts the pulsating power to the auxiliary energy
storage element (L;). It should be noted that the used topology in this work has already been used in Shimizu et
al. (2000), but the structure of the control systems is utterly different. In Shimizu et al. (2000), the current of the
inductor is controlled based on the sensing the ripple of the output current, and it has a complicated controller. But,
in the proposed method, the reference current of the auxiliary inductor is calculated based on the power decoupling
calculation. The proposed control method requires less amount of calculations and also is designed based on a
simpler concept in comparison to the method employed in Shimizu et al. (2000).

4 <
C(;_ <>I{L

Figure 2. The topology used in the proposed pulsating power elimination method.

By neglecting the converter loss, the rectifier output and input power are equal. Therefore, to attain a successful
power decoupling, the fluctuating part of the power should be absorbed by L; and the constant part should feed the
load. Hence,

P=Pp_ (7

According to (6), and by using trigonometric equations, P, can be rewritten as follows:

1 2 :
P =-5\/ (Lllém) +( Vgl ) sinQot+a) ®)

T

where a=tan!(Vs/L, o Is). Due to the fact that P, pulsates at twice of the grid frequency and it must be equal to the
power of Ly, the reference current of Ly must have a sinusoidal waveform with the grid frequency. So, the current of the
auxiliary inductor should be as

i, ()=I,sin(wt+0) )

So, the power of L; can be expressed by

P =L, % xi = % L, Fwsin2ot+20) (10)
According to (7),
L) (Vi sin@ott L Fosin2at20) an

That can be rewritten as follows:

(L o) +(Vily) sinQot+a)-L, Fosin(ot+20+7) (12)
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From the above equation, the current amplitude of L, and the phase difference between i and the source voltage (0)
can be calculated as follows:

VI, ) +(L,ol2)
9:% (14)

The reference current of L; (if"), to suppress the fluctuating power, can be obtained by substituting (13) and (14)
into (9). Considering the aforementioned explanations, by using an appropriate controller, which is able to control
the current of Ly according to its calculated reference (i), the auxiliary inductor (L) can absorb the fluctuating power
effectively. Hence, there will be almost no second-order harmonic at the output voltage, and the DC-link capacitor
should just filter the higher-order harmonics that leads to significantly diminishing its required capacitance. It allows
the use of a small capacitor with a long lifetime as the output filter instead of a large capacitor with a short lifetime
and large size.

CONTROLLER DESIGN

In the proposed control strategy, transferring the alternative power to the auxiliary energy storage element is
performed through the mentioned method “1” in “INTRODUCTION”. In this method, there is no need to change the
conventional PWM control method of the single-phase rectifier, and it has a suitable performance with/without the
power decoupling circuit.

A suitable rectifier has three characteristics: 1) adjusting the output voltage according to its reference with the
minimum of oscillations, 2) providing an input current with the minimum of harmonic distortions, and 3) being able
to operate at the unity power factor.

The conventional controller of the single-phase PWM rectifier is presented in Figure 3, part i, which is composed
of two portions (Rezaei et al., 2015):

Figure 3. The schematic diagram of the control system.
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a) Voltage control outer-loop: In this part, the DC voltage error is given to a PI controller to get a quick response with
zero steady state error. By multiplying the output of the PI controller and a unit amplitude sinusoidal waveform,
which is synchronized with the source voltage, the reference input current is achieved. Synchronizing the reference
current with the source voltage provides the unity power factor operation. To generate a synchronized signal with
the source voltage, a Phase-Locked Loop (PLL) is used; a PLL is a closed-loop system, which provides an output
signal synchronized in phase and frequency with its input signal (Rezaie et al., 2016).

b) Current control inner-loop: The function of this part is controlling the input current according to the reference
signal and generating the modulation signal. In the conventional control method of single-phase PWM rectifier,
to regulate the input current, a PR controller is used. In this work, a new controller based on ANFIS architecture
is suggested for this purpose. In “ANFIS controller” section, the ANFIS controller design is expressed in detail.
In the simulation results section, by comparing the results obtained by two controllers, the effectiveness of the
suggested superseded controller is confirmed.

In the control system, the unipolar switching pattern is employed for two reasons:

1) reducing the output voltage ripple and 2) increasing the effective switching frequency (Mohan & Undeland,
2007).

Figure 3, part ii, represents the controller of the third-leg that conducts the fluctuating power into L. Because the
reference current in the proposed method is a sinusoidal waveform, its regulation can be appropriately performed by
using a PR controller that provides a simpler controller compared to other techniques, which have a non-sinusoidal
reference signal for the voltage or the current of the auxiliary energy storage element. In the next part, the PR controller
is explained, and its performance is analyzed by bode diagrams. Moreover, in this paper, the ANFIS controller is used
instead of the PR controller in the proposed method. In the simulation results section, the effectiveness of both proposed
control methods is confirmed by extensive simulations; also two controllers have been compared with each other in
different aspects. After current regulation, for determining the switching pattern of the additional leg, a relation between
the main circuit of the rectifier and the switches of the third-leg must be established. Due to the relatively high switching
frequency, the converter averaged model can be utilized, and the relation can be appointed simply according to (15)
(Yazdani & Iravani, 2010).

VLf =(d.-d, )V, (15)

That leads to the following equation:

VL
d.=—t4d, (16)

dc

where Vi; is the average voltage between the second and third leg (the voltage across the auxiliary inductor Ly)
during one switching cycle, and d. and d, represent the duty ratio of S5 and S3, respectively. In Figure 3, part ii, the
control structure to generate the modulating signal for the switching of the third-leg is implemented based on (16).

PR controller

The PI controller (Gpi(S)=kptky/S) provides an infinite gain at ©=0 and a quick response to a DC reference with
zero steady state error. The PR controller performance is almost similar to a PI controller, but the difference is that
this controller can correctly track an AC reference waveform, because it can provide an infinite gain at an arbitrary
frequency, called resonant frequency, with zero phase shift and nearly no gain in other frequencies (Zhang et al.,
2014). The ideal transfer function for a PR compensator is defined as

2k,S
G (S)=kyt 5 (17)
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where kp is the proportional gain, k, is the integral gain, and o is the resonant frequency. The bode diagram of the
ideal PR compensator is presented in Fig. 4(a). Due to the infinite gain, the ideal PR compensator is faced with the
stability problem. In addition, it has a high sensitivity to the frequency variations. Therefore, it cannot be implemented
in practice. The non-ideal PR controller transfer function is expressed in equation (18), which can be a proper practical
alternative for the ideal PR controller.

2k, 0 S

G,.(S)=k,+—+—F—
e (S1=Ke S 20 S+w?

(18)

where o is the bandwidth around the resonant frequency that reduces the sensitivity against the frequency variations.
Although the gain at the resonant frequency is finite, it is still sufficiently high to obtain a very small steady state error.
Fig. 4(b) represents the bode diagram of a non-ideal PR compensator in which k; specifies the controller dynamics,
bandwidth, phase, and gain margins, and k, specifies the amplitude gain at the resonant frequency and adjusts the
bandwidth around it (Zammit et al., 2014). Figure 5 presents the amplitude and phase variations of the PR controller
for different values of k, and k.
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Figure 4. Bode diagram of the PR controller; k,=2, k=5 and ®=314(rad/S) (a) ideal (b) non-ideal; . =10(rad/S).
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Figure 5. The amplitude and phase changes of the PR controller; oc =10(rad/S) and ©=314(rad/S)
(a) for different values of k, (b) for different values of k..
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ANFIS controller

In the ANFIS architecture, the control system is established based on a set of fuzzy rules that receives crisp inputs
and after mapping them to the fuzzy area, it processes the data according to the inference rules and finally gives the
output. These processes are implemented using a five-layer NN, for using the parallel processing and the learning
ability of the NN besides the inference ability of the FL (Tripura & Babu, 2014).

The ‘IF X, is a & X, is B, THEN Y is y’ rule-base as a look-up-table is applied to describe the expert’s knowledge
for implementation of the FL system. In Figure 6, the triangular membership functions of the inputs used in this
work are shown. This type of function has a minimum mass of calculation compared to other membership functions
such as bell-shaped or Gaussian functions. The basic concept of FL is the use of a look-up-table of the two fuzzy
inputs and computes the output from fuzzy operating on them. To design the controller, the current error and its time
derivative (shown with e and de, respectively) are considered as two inputs of the FL system. The scale of each of
the two fuzzified inputs is divided to three fuzzy confines. Considering these two inputs and their scaling, the output
will have 9 arrays. In Figure 6, the membership functions of the input variables used in this work are shown with the
three sets Negative (NE), Zero (ZE), and Positive (PO) as fuzzy measures. Finally, the database includes 9 rules as the
inference engine, which is represented in Table 1. Although the fuzzy rules could be more, for avoiding a large amount
of processing, the minimum number of the fuzzy rules has been used in this controller (Rezaie et al., 2017).

H(ede)
NE ZE PO

-1 0 +1 e,de

Figure 6. Membership functions for the two inputs of the ANFIS controller (the current error
and its time derivative).

Table 1. Fuzzy rule base of the ANFIS controller.

Fuzzy de
Rules NE ZE PO

PO ZE PS PB
ZE NS ZE PS
NE NB NS ZE

It should be mentioned that, for implementing the proposed controller in practice, since the second input (time
derivative of the current error) of the ANFIS controller is sensitive against noise, it is better to put a filter on the
measured signals to enhance the system robustness and stability. For this application, usually, a simple first-order low-
pass filter can properly work.

Fuzzy controllers are non-linear controllers, but they cannot be adjusted with variable situations. Furthermore,
these types of controllers lack parallelism ability of the controllers designed based on NN (Liu & Tong, 2015). Also,
NN is much more adaptive to different situations by accordingly adjusting its weights using the back-propagation of
the errors to the hidden layers of the networks. To gain the benefits of the FL. and NN simultaneously, and to overcome
their deficiencies, a mixed system formed by their combination can be employed. Therefore, in the second phase of the
scheme, the NN for implementation of the FL system is used. One of the most popular methods for this combination is
the use of the ANFIS architecture that is one of the types of hybrid neuro-fuzzy systems. Figure 7 presents the structure
of the suggested ANFIS controller, which is employed as a current controller. In this case, the current error and its time
derivative are used as the inputs of the NN.
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X2

Figure 7. The structure of the proposed ANFIS controller.

According to Figure 7, the architecture of the NN consists of five layers (Masood et al., 2012);

Layer 1: Each node of this layer produces a membership grade of one of the linguistic labels. Also, this layer

confines the area of each crisp input to one fuzzy area. The membership relation between the input and output of each
node in this layer can be expressed as follows:

u(x)) j=1.2.3

0'=
! u(Xxy) j=4.5.6

(19)

where j is the number of neurons in this layer, and p in the triangular membership function can be obtained by

0 x<a
%3 a<x<b
m(X)=4 (20)
— b<x<c
c-b
0 c<x

By using min and max, an alternative expression for (20) can be written:

W(X)=max [min (z_—a C;Xj ,0} 21

b
-a c-b

where a, b, and c are the membership function parameters, governing the triangular membership function accordingly.
These parameters have been named as premise parameters of the ANFIS.

Layer 2: Each node of this layer has an output known as “’firing strength” of each rule of FL system via fuzzy
multiplication principle:

O7=p(X})u(X3); j=1.2....9 (22)

Layer 3: This layer calculates the ratio of the strength of each rule to the sum of the strengths of all rules as follows:

O=We i, i=12,..9 (23)
_] J 9 9 9 AR
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Layer 4: Each node of this layer has a node function as given in (24).
O!=Wf =W, (pX,+qX,+r): j=12...9 (24)

where p;, q; and r; are called consequent parameters of the ANFIS.

Layer 5: Finally, in this layer, one neuron exists that computes the overall summation of the incoming signals as

9
0/=) W, f, (25)

k=1

In the suggested controller in this work, this node is single because the controller has one output.

Learning in ANFIS

In the ANFIS architecture, the rules are defined based on the Sugeno fuzzy model as follows:
IF Xi is Ai and Yi is Bi, THEN fk:kai+qui+rk

One of the learning algorithms to update the ANFIS parameters is based on the hybrid-learning algorithm in
which the consequent and premise parameters will be updated after each data presented to the algorithm, called
Forward Signal and Backward Error Back-Propagation (FSBEBP). For training the network, there are two procedures:
forward-pass and backward-pass; the forward-pass propagates the input vector through the network, layer by layer,
and the consequent parameters are updated using the least squares estimate method. In the backward-pass, the error is
sent back through the network in a similar manner to EBP. Indeed, in the backward-pass, the calculated errors will be
passed back, and the premise parameters will be adjusted by the gradient descent technique.

For the ANFIS, the partial derivatives of the error function with respect to the fuzzy system parameters, which
need to be tuned, must be attained. In other words, for each parameter g;, (26) should be calculated:

OB, _ OB, 0,

og; 00, Og;

00,
og

—5(0,-y,) (26)

where & is the learning rate of the NN, Oy is the output of the k-th layer, and g; is the ANFIS parameter that includes
both the consequent and premise parameters. Ey is the cost function of the error and usually can be written as

1 2
Ek—z(dk -Ok) 27)

where dy is the desired response of the k-th layer, and Oy is the output of the k-th layer. The error rate for consequence
parameters, using the chain law, can be calculated as follows:

oE, 0E, 60, 00,

(28)
og. 00500, Og.
which gives
P _5(0,-d,) 2 (29)
0gc 0gc
That Z& for three parameters of the THEN-part of the Sugeno rules can be written as
gc
604 =WkX, 604 ZWkY, 604 =Wk; (30)
Opy oq, or,

where k is the proposed rule. For updating the premise parameters, using of the chain law, (31) can be written:
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3E, _ 3B, 90, 20, 90, 20, 20,

=5 k242l 31)
dg, 00, 00, 00, A0, 00, g,

p

where g, is the premise parameter. Calculation of each part of this equation will result in (32):

g {17

By _5(0,-d, )1, (Fl Sh

og, [ o Jz or,  og,
ij

=1

(32)

00, . .. . . .
where a—l is the derivative of the output of the 1-th layer (triangular function) to the three parameters of the triangular
P

membership function (a, b, and ¢). Notice that, for any of these three parameters, %1 can be achieved as follows:
P

OE Lbz a<x<b
For g =a; 8_k= (b-a) (33)
a
0 otherwise
ax > a<x<b
(b-a)
For g=b; Cor=) % poyco (34)
"3 |(cb)
0 otherwise
E xb 3 b<x<c
For g =c; 3 k= (C-b) (35)
c
otherwise
SIMULATION RESULTS

To investigate the advantages of the suggested methods in the operation of the single-phase PWM AC/DC
converter, diverse simulations have been done in MATLAB/Simulink. The solver used in the simulations was
ode23tb with 1ps step size. Table 2 presents the parameters’ value used in the simulation.

Table 2. The parameters used in the simulating the PWM rectifier.

System Source Grid Input Srgzg}{iife DC bus Output Switching
parameters voltage frequency | inductance capacitance voltage power frequency
variable Vs f L, Cac Vie Po fow
value 220 50 7 220uF/2200 450 4 3
Vims Hz mH puF Vv kW kHz
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Simulation of the rectifier without the power decoupling circuit

First, the efficiency of the ANFIS controller instead of the PR controller in the conventional control system of
the rectifier has been evaluated. Figures 8 and 9 show the DC-link voltage of the rectifier using the PR and ANFIS
controllers. The used DC-link capacitor (C,.) in Figure 8 and Figure 9 is 220 pF and 2200 pF, respectively. It is clear
that the ANFIS controller performance in transient response is as well as the PR controller and has less overshoot
compared to the PR controller. Another important aspect is the sensitivity of the PR controller against the variations in
the values of system elements. The PR controller parameters are tuned according to the nominal and initial values of
the system elements that will not remain constant over time and under different conditions. This challenge reduces the
performance quality of the PR controller. But, because of online learning ability, the ANFIS controller is able to adapt
itself to different situations. Hence, the ANFIS controller is more robust against the variations of system conditions,
and it has lower sensitivity to the variations of elements values.

700 T
f —with PR controller

— with ANFIS controller

600

500

400

300

200

DC-link Voltage (V)

100

100 L P | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time (S)

Figure 8. The DC-link voltage with the small capacitor using PR and ANFIS controllers.

| — with PR controller

— with ANFIS controller '

DC-link voltage (V)
-
'
>

420

| i L
4100 0.05 0.1 0.15 0.2 0.25 03

Time (S)

Figure 9. The DC-link voltage with the large capacitor using PR and ANFIS controllers.

Figure 10 represents the input current and voltage of the rectifier with the large DC-link capacitance (2200puF),
using PR and ANFIS controllers. According to Figure 10, both controllers have desirable performance in synchronizing
the input current with the input voltage and can provide the unity power factor operation.
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f '—Input voltage of rectifier with large capacitor using PR controller

— Input current of rectifier with large capacitor using PR controller
— Input voltage of rectifier with large capacitor using ANFIS controller
400 — Input current of rectifier with large capacitor using ANFIS controller

200

-200

-200
0

Input Voltage (V) & Current (A)

-200
-400- g g .
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time (S)

Figure 10. The input voltage and current with the large DC-link capacitor using PR and ANFIS controllers.

By using Simulink Fast Fourier Transform (FFT) analysis, the input current THD from 0.1 sec. to 0.6 sec. (25cycles)
for PR and ANFIS controllers is calculated as 3.98 % and 4.08 %, respectively. These values meet the requirements
of international standards.

The following simulation results are presented to investigate the robustness of the ANFIS and PR controllers and
their sensitivity against the variations of the system parameters.

In rectifiers, the input voltage is an external parameter, and the output voltage and input current are determined
according to the controller performance. So, to investigate the controller robustness, its performance for possible
variations of the input voltage should be simulated. In single phase PWM rectifiers, the amplitude variations of the
input voltage have almost no effect on the performance of the converter since in the control system, only its angular
frequency is used and changes in the input voltage amplitude will only affect the amplitude of the input current. But
the change in the frequency of the input voltage will definitely affect the controller performance especially when the
PR controller is employed to regulate the input current. The reason is that the PR controller is designed according to
a specific frequency, and any changes in the frequency will reduce the quality of its performance. In this regard, the
controller performance has been simulated for different values of grid frequency, the result of which is presented in
Table 3.

Table 3. THD value (%) of the input current for grid frequency variations.

f (Hz) 48 48.5 49 49.5 50 50.5 51 51.5 52
PR 5.12 4.67 5.29 5.55 3.98 4.42 4.25 4.19 4.39
ANFIS 4.11 4.11 4.11 4.10 4.08 4.09 4.10 4.09 4.07

As it is obvious in this table, the effects of frequency variations on the performance of ANFIS controller are almost
ignorable since, unlike the PR controller, its design is not established based on a specific frequency.

The next simulation results are related to the controllers’ performance against harmonic disturbances in the
input voltage. In this case, different harmonics have been added to the input voltage, and the performances of the
ANFIS and PR controller have been compared in such a situation. Table 4 presents the results of this study in which
the amplitude of the 3%, 5% 7% and 9" harmonic is considered 1/10, 1/15, 1/20, and 1/25 of the main component
amplitude, respectively. Also, Figures 11 and 12 show the input voltage containing all the mentioned harmonics and
its FFT analysis, respectively. About the results presented in Table 4, it should be mentioned that the achieved THD
values do not meet international standards as they are higher than 5%. Its reason is that, in this case, exaggerated
values are considered for the amplitude of the harmonics to better show the difference between the performance of the
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ANFIS and PR controller, and in practice, the amplitude of those harmonics is much lower than the values considered
in this test. However, even in such an exaggerated situation, it was possible to achieve lower THD values; for this
purpose, a bank of PR controllers synchronized to the harmonic frequencies, called Multi-Resonant controller, could
be employed instead of the PR controller used in this work to regulate the input current. This concept is known as
harmonic compensation in power electronics (Castilla et al., 2009).

Table 4. THD value (%) of the input current for input voltage with harmonics distortions.

harmonics - 3 3,5 3,57 3,5,7,9
PR 3.98 7.64 8.45 9.24 9.52
ANFIS 4.08 5.86 6.54 7.08 7.45
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Figure 11. The input voltage containing all the mentioned harmonics.
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Figure 12. FFT analysis of the input voltage containing all the mentioned harmonics.

Other parameters that can affect the controller performance are the passive elements. The variations of the output
filter and load are investigated in the next sub-section, and here, the effect of the variations of the input inductive filter
has been studied. Table 5 presents the input current THD value for different values of the input inductor.
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Table 5. THD value (%) of the input current for different values of the input filter inductance.

L,(mH) 35 4 4.5 5 55 6 6.5 7 7.5
PR 7.37 6.56 5.85 5.33 491 4.54 4.35 3.98 3.93
ANFIS 6.98 6.27 5.59 5.12 4.88 4.60 4.39 4.08 3.91

Tables 3-5 clearly confirm the superiority of the proposed ANFIS controller compared to the PR controller, which
is employed in the conventional control system of single-phase PWM rectifiers, in terms of robustness and sensitivity
against the variations of the system parameters.

Simulation of the rectifier with the power decoupling circuit

After verifying the effectiveness of the proposed ANFIS controller as the current controller in the conventional
control system of the rectifier, the efficiency of the proposed methods for decoupling the fluctuating power is studied
and the results of the two methods are compared with each other and with those of the method suggested in Li et
al. (2013). In the simulation of the proposed methods, a small capacitor (220uF) is used as the output filter, and the
auxiliary energy storage element is a 10 mH inductor. The DC-link voltage of the rectifier with fluctuating power
elimination using two PR controllers (in part i and part ii of Figure 3) and two ANFIS controllers (in part i and part ii
of Figure 3) is illustrated in Fig. 13(a) and Fig. 13(b), respectively.
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Figure 13. The DC-link voltage with fluctuating power suppression (a) using two PR controllers

(b) using two ANFIS controllers.
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Figure 14. The DC-link voltage with/without fluctuating power suppression: (a) using two PR controllers;

(b) using two ANFIS controllers.
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Fig. 14(a) and Fig. 14(b) show the output voltage of the rectifier with/without pulsating power suppression using
two PR current controllers or two ANFIS current controllers, respectively. According to the figures, both controllers
performed their tasks correctly. The difference is that the ANFIS controller has faster transient than the PR controller.
On the other hand, the output voltage ripple using PR controller is lower in the steady state. The lower output voltage
ripple arises from the better reference current tracking, which means that the steady state error of the PR controller is
less than the ANFIS controller in this case. It should be mentioned that, without fluctuating power filtering to achieve
a 10 V output voltage ripple (peak-to-peak), a 2900 pF capacitor, which is more than 13 times larger than the used
capacitor, is required at the DC-link. The current THD with fluctuating power decoupling at various times is given in
Table 6. It is calculated by analyzing 2 cycles after the mentioned times in Table 6, by using Simulink FFT analysis.
Again, the faster transient of ANFIS controller is obvious in Table 6.

Table 6. THD (%) of Input current with power decoupling using PR and ANFIS controllers.

Time (S) 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
PR 1490 | 11.86 8.86 6.82 5.36 4.45 4.17 4.06 3.97 3.82
ANFIS 14.47 4.33 3.95 4.01 4.13 4.02 4.06 4.08 4.05 4.02

To study the system dynamics while using the suggested methods, the output voltage under step load changes
using two PR controllers and two ANFIS controllers is illustrated in Fig. 15(a) and Fig. 15(b), respectively. The load
has been decreased 50% suddenly at 3 sec. and increased 100% suddenly at 5.5 sec. Both controllers have a proper
performance against the load changes.
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Figure 15. The DC side voltage changes under the step load variations with power decoupling
(a) using two PR controllers (b) using two ANFIS controllers.

Figure 15 demonstrates that, by using two ANFIS controllers, the output voltage changes under the step load
variations are less than their changes while using two PR controllers. In addition, the ANFIS controllers have shown a
better and faster transient state in this case. Figure 16 indicates the current of the auxiliary inductor (L) under the step
load variations. For peer review of the controllers’ performance, the reference current, actual current, and current error
of Ly, exactly at the moment of the load changing have been demonstrated simultaneously in Figure 17. Considering
the currents error in Figure 17, it is clear that the ANFIS controller is able to stabilize the current in a negligible time
after the load changes and the error value after this change has not only not increased, but also decreased. On the other
side, the error value using the PR controller after the load variation has been increased and it requires a short time to
reach the steady state. The effect of this point is also clearly visible in Figure 16. These results, once again, confirm
the fast transient of the ANFIS controller.
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Figure 16. The auxiliary inductor current under the step load variations: (a) using two PR controllers;
(b) using two ANFIS controllers.
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Figure 17. The actual current, reference current, and current error of the auxiliary inductor, at the moment of load
changing: (a) using two PR controllers; (b) using two ANFIS controllers.

To validate the performance of the proposed methods, in addition to the fact that the output voltage with/without the
fluctuating power suppression has been presented, the simulation results are also compared with the reported simulation
results obtained by the method presented in Li et al. (2013), which have studied the same rectifier with the same power
rate and almost similar system parameters. The difference between the simulation parameters in our work and that of
the mentioned paper is f;, and L, which were selected as 2 kHz and 8.5 mH in that work. The smaller inductive input
filter used in our work leads to decreasing the volume and cost of the converter. The results obtained by our proposed
methods and the method suggested in Li et al. (2013) are given in Table 7. The 100-Hz component in the DC-link voltage
(V) is calculated using FFT analysis from t=1.5 sec. to t=3 sec. (150cycles). It is worth mentioning that the proposed
topology in Li et al. (2013) uses a 220 uF capacitor as the auxiliary energy storage element that has lower volume and
higher power density in comparison to the auxiliary inductor used in this paper. However, the proposed method in this
work has several advantages compared to that of Li et al. (2013) and other previous methods as follows:

1) More reliability and robustness due to the use of inductor as the auxiliary energy storage element,
2) Less complexity in the control method that makes its implementation simpler,

3) Faster transient, more robustness, and less sensitivity against possible variations in system conditions, using the
ANFIS controller because of its online learning ability that leads to a high adaption capability of the control
system.
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Table 7. The results obtained in the simulation of the proposed methods and the simulation results
reported in Li et al. (2013).

Output voltage ripple of | 100-Hz component in
the rectifier (V) DC-link voltage (V)
Without pulsating power decoupling in (Li et al., 2013) 130 60.24
Without pulsating power decoupling using PR controller 144 68.33
Without pulsating power decoupling using ANFIS controller 143 66.01
With pulsating power decoupling in (Li et al., 2013) without
e 20 7.99
reference modification
With pulsating power decoupling in (Li et al., 2013) with
N, 9 0.15
reference modification
With pulsating power decoupling using PR controllers 10 0.34
With pulsating power decoupling using ANFIS controllers 18 5.376

CONCLUSION

This paper presented an active filtering method for eliminating the input pulsating power of single-phase PWM
rectifiers, in which the concept and basic structure of the proposed control system are simpler than those of other
existing methods. For the suggested control system, two current controllers with different types based on PR and
ANFIS structures are proposed. The effectiveness of both methods in pulsating power elimination is verified by system
simulation in various conditions. Each of the proposed controllers has its specific advantages. The PR controller
showed an acceptable transient and a small steady-state error in tracking the sinusoidal reference that leads to a suitable
performance in the fluctuating power suppression. The ANFIS controller provided an acceptable steady state error and
showed a very fast transient and robustness against the possible variations in the system condition due to its online
learning ability that makes it highly adaptable to different situations. In addition, this paper proposed a superseded
control technique based on the ANFIS architecture for the conventional control system of the single phase PWM
rectifier. The simulation results demonstrated that the ANFIS controller is able to stabilize the output voltage and obtain
a grid current with low distortion and the unity power factor operation as well as the conventional control method. Its
advantages over the conventional method are providing better and faster transient and showing less sensitivity and
more robustness against the variations of the system parameters due to its capabilities.
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