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Abstract — AC-DC conversion is a necessary for the systems that require DC source. This conversion
has been done via rectifiers based on controlled or uncontrolled semiconductor switches. Advances in
the power electronics and microprocessor technologies allowed the use of Pulse Width Modulation
(PWM) rectifiers. In this paper, dg-axis current and DC link voltage of three-phase PWM rectifier are
controlled by using type-2 fuzzy neural network (T2FNN) controller. For this aim, a simulation model
is built by MATLAB/Simulink software. The model is tested under three different operating
conditions. The parameters of T2FNN is updated online by using back-propagation algorithm. The
results obtained from both T2FNN and Proportional + Integral + Derivate (PID) controller are given
for three operating conditions. The results show that three-phase PWM rectifier using T2FNN provides
a superior performance under all operating conditions when compared with PID controller.
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1. Introduction

With development of technology in recent years, the
energy demand has been increased and the great majority
of this need is electricity. The sources for generation of
electricity are limited. The increase in the cost of electricity
production has been reflected on the user side and the
amount paid to electricity has increased. For this reason,
today's electrical devices have been designed to provide
high efficiency and power factor [1-5]. Nowadays, it is
well- known that electric energy is supplied to users by
using power electronics devices such as rectifier and
inverter circuits. Such power electronics circuits have to
design to operate at unity power factor for high efficiency.
Recently, studies on Pulse Width Modulation (PWM)
rectifiers have been intensively increased because of their
ability such as unity input power factor and approximately
sinusoidal AC grid current. PWM rectifiers provide high
power factor, low harmonic content of AC side current, bi-
directional transmission of the energy, etc [5-7].

Proportional + Integral (PI) and Proportional + Integral
+ Derivate (PID) controllers are commonly employed to
control DC-link voltage and dg-axis current of PWM
rectifiers. However, the performances of these controllers
are poor because the design of PID controllers depends on
the mathematical model of the system to be controlled. A
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number of control methods and controllers have been
proposed for controlling DC-link voltage and dqg-axis
current of these rectifiers [5]. In Ref. [8], PI-based linear
controller was proposed in order to control DC-link voltage
and input currents of PWM rectifier with LCL filter. In
Ref. [9], fuzzy logic controller was designed as current
regulator of PWM rectifier. In Ref. [10], the authors
proposed neuro-fuzzy controller for DC-link voltage and
dg-axis current of PWM rectifiers. In Ref. [11], dead-beat
power control scheme was used in order to demonstrate
performance of three-phase AC/DC converters. Experimental
studies have been carried out to confirm the validity of the
proposed control schema. In Ref. [12], authors presented
the predictive current control of three-phase PWM rectifier.
Two predictive current control algorithms were proposed to
control of input current vector components in the stationary
abc and rotating dq reference frame.

Recently, type-2 fuzzy logic systems (T2FLSs) which have
ability to cope with the uncertainties in type 1 fuzzy logic
systems (T1FLSs) have been used in many applications
[13-22]. Artificial neural networks (ANNSs) are computer
systems used to obtain the ability to discover new
information through learning from the characteristics of
the human brain without any help. The control systems,
which have all the properties of T2FLSs and ANNs, are
known as type-2 fuzzy neural networks (T2FNNs).
T2FNNs are becoming more powerful for controlling of
nonlinear systems [19-23].

In this paper, DC-link voltage and dg-axis current of
PWM rectifier are controlled by using T2FNN controller. A
simulation model including AC grid, three-phase PWM
rectifier, loads and controller unit is built by using Matlab-
Simulink software. Reference d-axis current is obtained
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from output of the DC-link voltage controller whereas
reference g-axis current is set to zero. To show
performance of three-phase PWM rectifier using T2FNN in
the voltage and current control loops, different operating
conditions are considered. In order to show the high
performance and robustness of the T2FNN controller, three
different operating conditions as constant reference input,
set point changing and input disturbance were determined
and the results obtained from these conditions were
presented. The compared results were given for T2FNN
controller and PID controller.

2. Mathematical Model of PWM Rectifier

Main configuration of three-phase PWM rectifier has
been shown in Fig. 1. PWM rectifier consists of six IGBTs
and parallel connected six diodes. A capacitor (C) is
connected at the DC link as a filter.

Three-phase line voltages (u,,.) and the fundamental line
currents (I,,.) are [1-3]:

u, coswt
u, |=E, | cos(wt+2r/3) (D
u, cos(wt —27 /3)
2
i cos(wt + @) @

i, |=1,|cos(wt+27m/3+¢p)
i cos(wt —27/3+ @)

c

Where, @ is angular frequency. Line-to-line voltages of
three-phase PWM rectifier can be defined as [1]:

Ug,, = (S, =S,y

quc = (Sh - Sc )udc (3)
uSca = (Sc - Sa )udc

Jo =128, (S, +S.)1/3
Jy =128, = (S, +S.)1/3 “)
Jo =125, = (S, +5,)1/3

Where, S, S, and S, are switching state of PWM rectifier,

R

R

Fig. 1. Configuration of three-phase PWM rectifier
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Fig. 2. Control scheme of three-phase PWM rectifier

fupe are assumed to be 0, +1/3 and +2/3. The voltage
equations for balanced three-phase system in abc frame can
be written as:

ull la la uSlJ
. d|.

u, |=R|i, |+L—|1, |+|u, (5)
) dt|

u(] l(f lC uSC

Where, C is DC link capacitor and U, is DC-link
voltage. The equations in the synchronous dq-coordinates
are obtained as:

du,,
dt

C

=8, +8,i, +S,i —i (6)

U, is DC-link voltage. The equations in the synchronous
dg-coordinates are obtained as:

i)
uq l‘] dt lq lq u~"‘1

dudc
dt

In Eq. 8, 7; is load current.

Fig. 2 shows the proposed control structure for DC-link
voltage and dqg-axis current of three-phase PWM rectifier.
The output of T2FNN used in DC-link voltage is d-axis
current whereas the outputs of T2FNNs used in dg-axis
current are ¥, and V, voltages. The reference value of the
g-axis current is set to zero for the unity power factor
operation..

3 . . .
=5(Sdzd+quq)—1L (8)

3. Type-2 Fuzzy Neural Network System

Fuzzy neural networks (FNNs), which have all the
properties of FLSs and ANNSs in a single structure, are
widely used [19-23]. Type-2 FLSs have been proposed in
many areas, such as forecasting of time series, controlling
of mobile robots, and the truck backing-up control problem
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[13-17]. In design of type-1 FLSs, the designer faces
some significant problems, which are uncertainties that
arise when defining the rules and determining the
parameters of membership functions (MFs). In the rules,
the uncertainties may arise in the premise and consequent
linguistic descriptions of the rules depending on experts. In
MFs, problems are encountered in determining the exact
values of the MFs and their parameters. Because of these
problems, type-1 FLSs may encounter uncertainties such as
measurement noises, changes in operating conditions of the
controller, and disturbance effects on the system. Such
uncertainties can be assumed as MF uncertainties in type-2
FLSs. With such planning, the MFs used in type-2 FLSs
include infinite type-1 as MF within the specified range.
This advantage of type-2 FLSs can reduce adverse effects
of uncertainties such as modelling errors, parameter and
load changes, and noise on system. T2FNN structure
consisting of a multi-input single- output is given in Fig. 3.
The premise parts of T2FNN are formed from fuzzy sets
with type-2, which are characterized by uncertain means
and fixed standard deviations (STDs). The consequent part
of fuzzy rule is of a Takagi-Sugeno-Kang (TSK) type that
accomplishes a linear combination of input variables
obtained from interval set. T2FNN rules in this paper can
be given in Eq. 9.

If x, is Bl,...,x, is B!,

(€]

Then y is a +Zj;léj.xj,i =L--om,j=1---m

Where, @) =[c|—s},c,+s]. Input variables are
symbolized as x,,..., x,,.. B is type-2 MF. Gaussian type
MF with uncertain mean is preferred in this study. The
mathematical equation of Gaussian MF can be expressed
as [23]:

u(x) = exp(—é. o r

]E G(x,z,p) (10)

Where; z is the mean value, p is STD and x is the input

Xi

X;

Fig. 3. The structure of T2FNN
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variable. Layer 1 is known as the input layer of T2ZFNN. As
shown in Fig. 3, the outputs of this layer is transmitted as
input to the layer 2 and layer 4. Layer-2 introduces
linguistic term and the fuzzification operation is fulfilled
with preferred MFs in this layer. Layer 3 is known as the
firing layer of T2FNN. Each node in layer 3 describes a
fuzzy rule and calculates the firing strength. The firing
strength is can be found by the following equation.

5:[,3,]7]],]':1,...,;71 (11)

=114 fi=T sy i=1n (12)

i=1 i=1

Layer 4 is called as the consequent layer of T2FNN. The
output of each node is a type-1 fuzzy set, which can be
called TSK-type weights. TSK-type weights can be
calculated as:

n
[Wﬂ,ij:| :[coj —50,5Co; +soj]+2[cij = 5;,C; T8, I
i=1

(13)

Where, consequent parameter is as c; and s;. And the
output of layer 4 can be represented as:

Wi =Zo:cijxi _Z(;Sif|xi| (14)
Lzl‘[&_,fj= Hyi=1..,n (15)
i=1 i=1

Layer 5 is known output processing layer or type
reduction layer of T2FNN. The output function consists of
the output of layer 3 and layer 4. The design factors (q, q,)
allow the upper and lower values to be adjusted adaptively.
The outputs (y;, y,) can be found as:

m m

(1-g, )Z/?/Wﬂ 4,2, v

v = —= (16)
Z:;(L.+ )
(I_QV)iLer-‘rqri_jwjr
v, =  — (17)
2(5+1)

1

~.
I

Layer-6 containing two summation blocks is called
output layer of T2FNN. The node in this layer calculate the
output variable with the help of defuzzification operation.
The following equation gives the defuzzified output:

y=y+y, (18)
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4. Simulation Studies

In this section, performance of three-phase PWM
rectifier is evaluated in Matlab/Simulink environment.
Firstly, the gain parameters of PID controller are empirically
found for the voltage and current loops of PWM rectifier
via Cohen-Coon method in order to minimize steady state
errors and load disturbances. For this aim, system is
considered a first-order dead time transfer function
(Ke ™ /7s+1). Then, the proposed T2FNN controller is
designed and trained until the desired performance is
obtained. The parameters of three-phase PWM rectifier and
proportional gain (K,), integral gain (K;) and derivative
gain (K,;) of PID controller are summarized in Table 1.
Three scenarios have been carried out to illustrate the
dynamic performance of three-phase PWW rectifier. These
scenarios have been selected as constant reference input for
DC link voltage, step command for DC link voltage and
voltage sag condition in AC side. Figs. 4-6 show the
simulation results related to these scenarios. These figures
consist of DC-link voltage, grid current and voltage,
reactive power and active power components. Transient
and steady state response of three-phase PWM rectifier are
investigated for all scenarios. All voltage and current
waveforms are assumed to be 1 and 0.4 p.u, respectively.

The first scenario is realized in order to demonstrate the
dynamic performance of the proposed T2FNN controller in
both transient and steady state operations. In this scenario,
DC link voltage is set to 400V. As shown in Figs. 4(a)
and (e), DC link voltage response of three-phase PWM
rectifier using T2FNN follows perfectly the reference DC-
link voltage without overshoot. In case of PID controller,
DC link voltage tracks the reference DC link voltage
with overshoot. The settling times of PID and T2FNN
controllers are approximately 0.1 and 0.03 s, respectively.
Figs. 4(b) and (f) indicate the grid voltage and current
waveforms. As seen from the figure, current and voltage
are in the same phase. Figs. 4(c)-(g) and (d)-(h) show the
waveforms of reactive power component (I,) and active
power component (I;). In order to achieve unity power
factor, reactive power component (I) is to zero.

The second scenario is carried out in order to
demonstrate the performances of both controllers under the
DC link reference changes. As shown in Figs. 5(a) and (e),
firstly, the reference DC link voltage is set to 400 V. Then,
the reference DC link voltage is increased to 500 V in 0.35
s. Finally, DC link voltage is reduced to 400 V in 0.7 s. The

Table 1. PWM rectifier simulation parameters

Parameter Value Controller
Line voltage 130V K, 0.42
DC-link Voltage 400 V K; 20
Source inductance 5 mH Ky 0.015
Source resistance 0.1Q
DC-link capacitor 3.3 mF
Grid frequency 50 Hz

settling times of DC-link voltage obtained from proposed
controller are 0.023 and 0.012 s, respectively while the
settling times of PID controller are 0.077 and 0.07 s. Figs.
5(b) and (f) indicate the AC grid voltage and current
waveforms. When the reference DC-link voltage reaches
its set value, phase of voltage is the same as the phase of
the current. However, the voltage and current waveforms
obtained from PID controller are not in phase for a very
short time. Figs. 5(c)-(g) and Figs. 5(d)-(h) show the
waveforms of reactive power component (I,) and active
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Fig. 4. Waveforms of three-phase PWM rectifier in first
scenario (a) DC-link voltage, (b) Grid current and
voltage (c) Active power component I (d) Reactive
power component I; (T2FNN), (e) DC-link voltage,
(f) Grid current and voltage (g) Active power
component I (h) Reactive power component I
(PID Controller)
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Fig. 6. Waveforms of three-phase PWM rectifier in third scenario (a) DC-link voltage, (b) Grid current and voltage (c)
Active power component I3 (d) Reactive power component I, (T2FNN), (e) DC-link voltage, (f) Grid current and
voltage (g) Active power component I4 (h) Reactive power component I, (PID Controller)

power component (I;). When these figures are examined,
active power component of three-phase PWM rectifier
using T2FNN reaches its own value more quickly.

The third scenario is realized to demonstrate the
responses of PID controller and T2FNN under voltage sag
condition as shown in Fig. 6. In this scenario, AC grid
voltage is decreased from 100% to 75% at 0.2 s, and then
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adjusted to its nominal value at 0.4 s. As shown in Figs.
6(a) and (e), DC link voltage of three-phase PWM rectifier
using the proposed T2FNN controller dropped to 398 V
and then, it reached its set value at 0.415 s whereas DC
link voltage of three-phase PWM rectifier dropped
approximately to 390 V in case of PID controller. DC-link
voltage reached to set value at 0.5 s. The AC grid voltage
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and current waveforms are given in Figs. 6(b) and (f). Figs.
6(c)-(g) and Figs. (d)-(h) show the waveforms of reactive
power component (I;) and active power component (I).
This figure clearly shows that the active power component
is perfectly controlled by the proposed T2FNN controller.

5. Conclusion

This paper presents a unity power factor three-phase
PWM rectifier using T2FNN in DC link voltage and
current control loops. A simulation model including
PWM rectifier, T2FNN, load and AC grid is built by
using MATLAB/Simulink software. T2FNN current and
voltage controlled three-phase PWM rectifier is tested
under different operating conditions. Training of T2FNN
controller is carried out to obtain the desired performance
criteria. The simulation studies have been done in order to
evaluate the performance of T2FNN current and voltage
controlled PWM rectifier. The results are given as
compared with PID controller. The simulation results
show that T2FNN controlled PWM rectifier has provided a
good and effective performance under different operating
conditions and is better dynamic performance when
compared with classical PID controller.
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