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Abstract- This paper presents a boost type Vienna Rectifier with a back propagation network algorithm for maximum power
point tracking (MPPT) from the wind energy system. The preferred control algorithm deals with non-linear problems with
improved conversance precision and reduced learning time. In this system, boost type Vienna Rectifier is employed as a
machine side converter for single stage energy conversion of AC to DC with the enhanced output voltage and a grid side
converter worked for DC to AC conversion. Vienna Rectifier facilitates power flow with high power density, continuous
sinusoidal input current, improved power factor and offers low voltage stress across the switches. The proposed system is
designed to meet the load power demand of 1kW Active power with the combined contribution of the wind and the main grid.
The resulting analysis of the Vienna Rectifier with the aforementioned control algorithm is validated through Matlab-Simulink
for variable wind speeds.

Keywords-Wind energy system, Elman back propagation neural network, permanent magnet synchronous generator (PMSQG),
Vienna Rectifier, grid side converter.

1. Introduction

The small and medium scale wind energy conversions box. In addition to that, the PMSGs provide higher efficiency

allow extraction of wind energy where there is no possibility
to install the large wind turbine systems. Islanded or grid-
connected wind energy systems are getting more attraction
towards clean energy production. Due to rapid advancement
in the aerodynamic design of small size wind turbines, power
converters and MPPT algorithms can enhance the extraction
of wind energy. Moreover, developments in the design of
variable- wind speed turbine generators [1] can increase the
effective conversion of energy from the variable wind speeds
over fixed-speed turbine systems. In contrast to the other
possible wind turbine generators, the PMSGs are more
appropriate for variable wind turbine speeds [2, 3] which can
allow direct coupling to the turbine with the absence of gear-

with reducing flickers, low mechanical stress and minimized
copper losses [4, 5]. Since the PMSG is an AC machine, AC
to DC power electronic converters are required to feed the
DC loads or DC-bus and AC/DC/AC-AC/AC are required to
feed the AC loads or grid as well [6]. There are possible two-
level and three level converter configurations available to
supply the demand in single or two-stage conversion [7, 8].

Generally, two-level converters are widely used in the
renewable energy conversion systems for AC to DC, DC to
DC and DC to AC conversion [9, 10] but this kind of
converters is limited to low power and low-frequency
operation. In order to meet the high power and high-
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frequency applications [11], a single stage three-level/three-
switch Vienna Rectifier is introduced in this paper which acts
as a machine side converter (MSC) with high power density
for the Wind energy system to feed the DC-bus [12]. The
design of Vienna Rectifier is proposed by J. W. Kollar in
1993 for three-phase systems to convert AC to DC with
enhancing voltage and improved power factor [13]. The
proposed rectifier provides high efficiency, high power
density and reduced switching losses in AC to DC
conversion systems [14, 15]. In recent years, Vienna
Rectifier is engaged in the applications of a
telecommunication system, data centers, shipboards, etc and
now extended to the Wind energy systems for AC to DC
conversion. In case of grid-connected wind energy system
configuration, PWM (pulse width modulation) controller [16,
17] base voltage source inverters or current source inverters
[18, 19] employed as grid side converters in order to regulate
DC bus voltage and as well as to control the active and
reactive power components [20, 21].

In order to obtain optimum power point, researchers have
proposed various MPPT control methods of indirect power
control (IPC) methods [22] such as the tip-speed ratio (TSR)
control which rely on the wind speed measurement, power
signal feedback (PSF) and optimal torque controls (OTC)
which rely on the wind turbine power curve. Also, various
MPPT control methods of direct power control (DPC)
methods have proposed in the literature such as perturbation
& observation (P & O) [23, 24] method based on hill climb
search algorithm (HCS) [25] which rely on turbine power
curve without any previous knowledge. But the
aforementioned algorithms have difficulties in estimating
both the wind velocity and turbine speeds in real-time
systems and plotting the power curve without any prior
knowledge would extend the complexity of the system. In
order to overcome the Pitfalls in the MPPT algorithms,
intelligent control methods are introduced by the researchers
such as fuzzy logic control (FLC) [26, 27], adaptive neuro-
fuzzy systems (ANFIS) [28] and artificial neural network
(ANN) based control algorithms, etc. In ANN, there are
some popularly used MPPT control algorithms for renewable
energy conversion systems are namely feedforward networks
(FFNs), backpropagation neural networks (BPNNs) [29],
Elman back propagation neural networks (EBPNNs) [30],
generalized regression neural networks (GRNNs) [31] and
radial basis function networks (RBFNs) [32, 33] etc. Here,
feedforward networks and backpropagation neural networks
algorithm have the limitations to deal with the higher order
non-linear systems which result in low conversance precision
and high learning time. An improved Elman back
propagation neural network MPPT algorithm based grid-
connected wind energy system is designed in this paper with
boost type Vienna Rectifier. The Elman backpropagation

algorithm is proposed by Elman in 1990, it is a partial
recurrent network model widely used in dynamic
identification systems [34]. It is a superior network than the
feed-forward networks which results in high conversance
precision and low learning rate in extracting the maximum
power point in the wind turbine system. The modification
has made to an improved Elman backpropagation network in
order to get better precision values.

2. Model Description

The grid-connected wind energy system (WES) consists of
the wind turbine (WT) coupled with the PMSG at which the
wind energy is converted into a variable voltage and fed to a
three-level/three switch Vienna Rectifier in the front-end for
AC to DC conversion as shown in Fig.1. In this system, a
pitch angle controller is engaged to control the output power
mechanically. The output torque of the wind turbine is used
to control the angular speed thus controlling the mechanical
output power. The wind turbines are integrated with pitch
angle so as to protect the wind generator for sudden wind
gust due to higher wind speed. During lower wind speed the
pitch of the blade is adjusted to rotate the rotor at higher
speed thus increasing the power of the machine. During
higher wind speed the pitch angle controller limits the speed
of rotor thus protecting the generator and if the controller is
not able to limit the rotor speed below the optimal speed it
acts as a braking system. The pitch angle control and the
rotational speed control are developed according to the
variation in wind speed. An artificial neural network based
Elman back propagation MPPT control algorithm is
introduced in this system, in order to trace the maximum
power point from the variable speed turbine. EBPNN based
MPPT control algorithm is used to generate an optimal rotor
speed (®m opt) to get the maximum power (Pmax) for the
proposed system configuration at variable wind speeds. An
ANN-based control algorithm is adapted for optimal power
point extraction with reference to the optimal wind turbine
speed. In the machine side converter (MSC), a vector control
strategy is adopted with double closed loop regulation. The
error signal estimated from the reference wind turbine speed
and optimal wind turbine speed and it is given to the PI
(proportional-integral) controller where the reference g-axis
current (i"s) is generated for the front-end control unit. Also,
Viq is generated from reference g-axis current. In order to
reduce the copper loss, the d-axis component is set to zero
and AVs, AV, are added to the control strategy in order to
enhance the dynamic response. Hence the switching signals
are generated form PWM controller and delivered to the
switches of the rectifier.

In the back-end converter controller, a direct power control
(DPC) method is applied to regulate the DC-link voltage and
to control the active (Pg) and reactive power (Qg) and
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compared with the reference components. In this, the P’y
and Q" are the rated values of the active and reactive
components. Where the P’ is used to maintain the constant
output voltage and whereas O is determined by the power
factor. The error signal is fed to the PI-controller and then
PWM for control of the grid side converter. A vector control
method is used to regulate the grid side parameters with
double closed loop strategy in which the PI controllers are
employed to regulate the d-axis and g-axis components. A

MSC

grid side converter (GSC) (DC to AC) is connected to
transform energy from machine side converter to the grid
with the fixed voltage and frequency. The grid side converter
controller is controlled by utilizing the grid voltages/currents
and DC-link voltage. Here d-axis and g-axis current
components are igs and ig,. Similarly, the grid side voltage
components of d-axis and g-axis are Vea and Veq.

WT abc/dq

MPPT P r_rated
Controller

paes Wy

Om_opt

(1)*

GSC — , :
r 1 Power Grid
\Y%
4 | o | v
I I ng
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dg/abce I Power Measurement
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Fig.1 Circuit diagram of On-Grid Wind energy system

2.1 Wind Turbine Characteristics

The wind turbine power and speed characteristics are obtained
as depicted in Fig.2 for different wind velocities. The wind
turbine dynamic behavior relies on the power/torque
coefficient and the output of the turbine is estimated by the
wind velocity. The optimum output value of a wind turbine
depends on the Tip speed ratio (A) and pitch angle (g). The
wind turbine mechanical torque (Tm) is written in terms of
Sweep area of the turbine blades (A), Air density (kg/m’),
Pitch angle, power coefficient, wind velocity, and Tip speed
ratio, which can be written as,

T, =2 pAC, (L BV' — ®
2 o

m

Where, ), = Tip-ratio, p =Air density (kg/m3), g = Pitch angle
deg). C,
blades (m?), v = Wind speed (m/s) and ¢, = turbine angular

=Power Coefficient, A= Sweep area of turbine

velocity (rad/sec). The ), can be written as,

A — Pm R

2% 2
Where R= turbine blade radius (m)
The turbine mechanical output power transferred to the PMSG
is written as,

P, =2 PAC, LBV O
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Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig.2 Speed and power characteristics

As shown in Fig.3, the regions of minimum and maximum
power generation are represented between the cut-in and cut-
out speed of the turbine. The pitch angle (B) control will be
enabled for the wind speeds of below and above the base
speed such as during lower wind speeds (between cut-in speed
and rated speed) the pitch of the blade is adjusted to rotate the
rotor at higher speed thus increasing the power of the machine.
Similarly, during higher wind speeds (between rated speed and
cut-out speed) the pitch angle controller limits the speed of the
rotor thus protecting the generator.
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Fig.3 Output power and speed characteristics
2.2 Permanent Magnet Synchronous Generator

Since the rotor of the PMSG is associated with the turbine
shaft, the mechanical power transferred to it and transformed
into electrical energy (power). It can offer high power density,
low rotor inertia, low copper loss with the absence of field
winding. The dynamic model behavior of the PMSG is
expressed in a dg-reference frame (Park transformation) to

obtain accurate results during transients. The voltage equations
are written in the rotor reference frame as follows,

Q)

ng = (Rg + pLd )id - a)eLqid

Where, i4, Ved and iy, Vg are the d-g axis stator current and
voltage respectively. Ls and L, are the d-g axis inductance of
generator, Re refers to the stator winding resistance of the

generator (Q), w = Magnetic flux (wb) and @, is the speed

of the generator. Where @, can be given as,

O, =P, (6)

The electromagnetic torque (Te) of the generator is written as,

T—E[ i —(L, =L )i,i (7)
75 Vsl (Ly q)ldlq]

Hence, the dynamic model equation of the wind turbine is
expressed as,

®)

O 7 _T _Fo,

dt
Where J= moment of inertia and F= Viscous friction
coefficient. The design parameters chosen for the wind turbine
and PMSG model are tabulated in Table. 1.

J

Table.1. Wind turbine and PMSG parameters

S. No Wind system parameters Ratings

1 Wind base speed 12m/s

2 Torque constant 1.8

3 Flux linkage 1.2Wb-t

4 Stator phase resistance 3.07Q

5 Stator (armature) 6.57mH
inductance

6 The maximum voltage at 230V
base speed

7 Maximum output power at | 1kW
base speed

2.3 Boost Type Vienna Rectifier

The Vienna Rectifier circuit consists of six diodes, three bi-
directional switches, and the output DC-link capacitor C as
depicted in Fig.4. The DC-link capacitor is split into two to
allow the mid-point configuration of the circuit with equal

voltage distribution as (+VD_C) at capacitor C1 and (—VD_C)
2 2

at capacitor Cz, hence the total output voltage (Vbc) at DC-
link is the sum of the voltage across Ci (Vpc1) and C2 (Vpca).

1100



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
Damodhar Reddy and Sudha Ramasamy, Vol.9, No.2, June, 2019

Due to the large DC-link capacitance at the output terminals,
the voltage across capacitor Ci and C: are constant for every
periodic switching and the neutral point voltage is zero in the
steady state.

Vv, Ly Dg* 15 + Vﬂ
A )
g G
L-ap T
Vo L _Lsz-h"
P‘®_f"'\_,\/v\,_4 \_Rﬁ}‘-_'&\_‘ \ §RL
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—Q—""Lm— AN
sl_q,T )

Fig.4 Circuit diagram of boost type Vienna Rectifier

The rectifier circuit operation is considered for single-phase
approach in order to analyze the flow of current in each
mode (Phase-A) as shown in Fig.4a to Fig.4d and the similar
circuit operation is apples for the phase-B and phase-C. The
modes of operation of the Vienna Rectifier for phase-A is as
follows,

Mode.1: For Si=0 (switch-OFF), Via > 0 and i. > 0: the
current flows from phase (P) to neutral (N) through the diode
D1, Lsa, and Rsa as depicted in Fig.5a where Si =1 and
Si ar=0. For S1=0, ia < 0, Vsa < 0: the current flows from
neutral to phase through the diode D¢ as shown in Fig.4b
where S1 an=1and Si1 4 =0.
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Fig.4a) Ia > 0, Vsa > 0, Sliap = 1, Slian: 0
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-
-
A
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Fig.4b) < 0, Via < 0, Sliap: O, Slian: 1

Mode.2: For Si=1 (switch-ON), Vsa > 0 and ia > 0: the
current flows from phase (P) to neutral (N) through Lsa, Rsa
and the switch Si1 where Si =1 and Si =0 as depicted in
Fig.4c where Si ap=1 and Si an=0. For S1=1, ia < 0, Vsa < 0:
the current flows from neutral to phase through the switch Si
as shown in Fig.4d where Sian = 1 and Siap = 0. The
switching pattern is tabulated for three switches in Table.2
along with the corresponding voltages and currents with
respect to a neutral point.
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Fig.4d) Ia < 0, Vs < 0, Sliap = 0, Slian: 1
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Table.2. Switching states corresponding voltages and currents with respect to the neutral point

S1 Sz NE Van VaN Ven N
0 0 0 L Voe _Voe Ve 0
2 2
0 0 1 . Ve _Vpe 0 -le
2 2
0 1 0 Ve 0 Ve -1b
2 2
0 1 1 0 0 Ia
Ve
2
1 0 0 0 Ve Ve -1a
2 2
1 0 1 0 Voo 0 ib
2
1 1 0 0 0 Ve ic
2
1 1 1 0 0 0 0

Three phase source voltages Vsa,V sb,Vsc can be written as,
A

V.=E, sin (wt)

~

V_.=E_ sin (wt- 2?7‘) ©)

V.= E,_ sin(wt +2?n)

The voltage equations with respect to the neutral point of the
Vienna Rectifier are written as,

. di
Vg, =i,R, *L—=+V,\ converter at turbine base speed are tabulated in Table.3. The
dt i ltage will he wind turbine speed
di input and output voltage will vary as the wind turbine spee
Vg =igpRy +L dSb + VAN (10) changes.
t
) di Table.3. Circuit parameters for base speed (12 m/s)
Vsc :lscRsc +L—= +VAN
dt — :
S. No Circuit parameters Ratings
Where L=source inductance, R= source resistance, and Vsa, sb 1 Three phase input voltage 230v
se = Vienna rectifier input terminal voltage which relies on (V, sb. xc)
- N . o 2 Maximum Output Voltage 400V
the switching state and flow of current in the circuit. Vax, 3 Th tine for wind unit T 1kW
Ven, and Ven are the switch voltages which can be expressed © p(.)wer ratng or_wm unt
as the function of current and state of the switch. 4 Input inductance (Li =L w.sb.s) | 10mH
5 Input resistance (Ri =R s, sb, sc) 0.01Q
\A ) 6 Input filter capacitance 100uF
VAN = ngn(la)(l_sl) (Cf:Csa,sb,sc)
7 DC-link capacitance 200 uF
Vie : 11 (C=Ci+&)
= 1- (11) : .
Vex 2 sgn (i,)(1-S,) 8 Diode resistance (Ron) 0.001Q
Ve ] 9 Load resistance (R) 160Q2
Ven = P sgn (i.)(1-S;) 10 Maximum output power (P) 1kW

Where Vpc is the DC — link capacitor voltage of the Vienna
rectifier and ‘sgn’ is the signum function of i.b.c. Here, Vbc
can be written as,

VDC

= Ve + Ve }

AV =V, = Vpq

Where Vpci= voltage across capacitor Ci1 and

Vbc2 = voltage across capacitor Co.

(12)

The design parameters considered for the machine side
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2.4 EBPNN Control Algorithm

Elman neural network is similar to the backpropagation
network which consists of four layers called input layer (i),
hidden layer (j), context layer (r) and an output layer (k) as
depicted in Fig.5. In the context layer, the context neurons
are employed as memory units to store the previous outputs
of the hidden neurons. Due to low convergence precision and
learning speed in conventional ENN (Elman neural network),
the feedback signals are considered in the improved EBPNN
(Elman Back Propagation Neural Network) to get the better
learning efficiency. In addition to that, the neurons are made
sensitive to the history of the input data, self-connection of
context nodes and output feedback nodes are added.
Improved EBPNN is having the capability of dealing with
non-linear problems. Moreover, it can improve convergence
precision and minimize learning time.

Input() T‘ Ul
/ -

Fig.5 Representation improved EBPNN structure

The input variables to the EBPNN are e1' = o - wrand €' =
P;" - Pr, where the control signal is defined as i;". The signal
propagation and basic function in each layer are written as
follows,

i) The input layer (i): In this layer, the node is written
as,

xil(n) =f; (netil(n)) = neti1 = eil(n), =1, 2,
3,... (13)

Where ‘n’ is the n iteration, ¢,'(n) is the input of the
; p

layer and xl.l (n) is the output of the layer.

ii) Hidden layer (j): In this layer, the node is written
as,

x,;*(n) = S(net,;’(n))./~1.2,3... (14)

net,’(n)=> W, *x,'(n)+ > W, * ’(n)>
r=1,2,3,. (15)

Where xil(n) s xr3 (n) are the inputs to the hidden layer
and sz (n)is the output of the hidden layer. And

similarly, Wi and W,; are the connecting weights to the
input neurons to the hidden layer and context layer and
S(x) is the

sigmoid function represented as

S(x) = , where x=net’.

1+e™™
iii) context layer (r): in this layer, the node output is
written as,

x,'(n)=oax,’(n-)+x,’(n-1) (16)

Where ‘o’ is a self-connecting feedback gain.

iv) Output layer (k): In this layer, the node output is
written as,

yi () =fi*(net,’ (n)) = net,*(n) =i,
k=1,2,3,.. (17)

(net,*(n) = Zij =+ ij(n) (18)

After initialization of the EBPNN, a supervised learning
method is used to train the data based on the gradient descent
which minimizes the error function. It employs as to regulate
the parameters of the EBPNN through the training patterns.
By recursive application of the chain rule, the error function
of each layer is estimated and weights are added. In this
proposed system configuration, the optimal wind data is
considered and the corresponding optimal data values of
speed and power are estimated to train the system for
maximum power extraction. The resultant of the controller is
fed to the PI controller where vector control strategy is
employed for dynamic system response.

2.5 Grid Side Converter

The aim of the grid side converter is to transfer the energy
from a front-end conversion unit to the main grid and the
load. Therefore, GSC acts as an AC to DC conversion unit at
the back-end of the system in order to regulate the DC-link
voltage and it can control the active and reactive power of
the system. A direct power control method is considered in
this system to control the instantaneous values of the active
and reactive power components which are decoupled into
synchronous d-¢q reference frame. Here two control loops are
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enabled: the inner current loop is used for active and reactive
power control and outer loop is engaged for DC-link voltage
control. If the grid voltage space vector is oriented on d-axis
then Voo =V and Vg = 0. Where Ves and Vy, are the grid
voltage components of d-axis and g-axis respectively. The
voltage balance equations are written based on the rotating
reference frame as follows,

digd . .
i?ind _Rilgd +wLilgq -V (19)
dig, . .

Where igqs and igy are the current components of d-axis and g-
axis respectively.

Similarly, Eis and Ej, are the inverter voltage components of
d-axis and g-axis respectively. Ri = line resistance and L; =
line resistance. Therefore, active power (P) and reactive
power (Q) are written in terms of grid voltage and line
current components as follows,

3 .
Evgdlgd

P = 1)

ngvgdigq (22)

3. Result and Discussion

The grid-connected wind energy system is designed based on
Elman back propagation network algorithm with boost type
Vienna Rectifier. In this system, the wind velocity is
considered between 9 m/s to 16 m/s as a variable input to the
wind turbine, which results in variable turbine mechanical
power output and PMSG output power.

Q . %
3 N“Aﬂww
" Wy
gm\v/\ M vy
w
Z s
z 01T 2 3 4 5 6 7T 8 9D
Time (sec)
Fig.6 wind velocity

5 1500 ——
3

2 1000

5

&

] ‘ ‘
g

3 0 Measured power
g ----- Optimal power
£ 0

S 0 1 2 3 4 5 6 1 8§ 9 10

Time (sec)
Fig.7 Power output of the PMSG

From Fig.7 as displayed, it is observed that the output
voltage of PMSG is varied as the wind turbine speed
changes. For the above base speeds of wind the pitch angle
control is enabled to control rotor speed and as well as the
power output of the PMSG.

S0
2 40 PR N s
; _ﬂyu"_,_.v_ﬂg; Y 13 PR
&
]
= 300
E 300’z L
2200
g 400 -, -
8 100 _&0{1 Measured voltage with EBPNN MPPT
A § Measured voltage with EBPNN MPPT-Vector control
0 %00, [ 'k = === (Optimal voltage
0 1 2 3 4 5 6 1 8§ 9 10
Time (sec)

Fig.8 Vienna Rectifier DC output voltage for off-grid
WES

The enhanced output voltage of Vienna Rectifier is recorded
as displayed in Fig.8 with respect to the input parameters.
The DC output voltage and current are measured for both
EBPNN and EBPNN with vector control for the optimal
values as shown in Fig.8 and Fig.9 respectively. The
corresponding output power of Vienna Rectifier is shown in
Fig.10. The optimal values of output voltage, current, and
power of the Vienna Rectifier are measured and tabulated in
Table.4 based on the input parameters for variable wind
turbine speeds.
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for large variations in the front-end conversion unit. The

of 400) of 282.84V, 50Hz without any fluctuations even
output waveforms of voltage and current of inverter load
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The power demand of a load of 1kW active power is
supplied by the grid side converter and grid. The active
power of inverter, load and grid are shown in Fig.14 for
variable wind speeds. The contribution of active power from
the wind energy system and the grid is recorded for
comparative analysis and tabulated in Table.5 at below base
speed and above base speed.

Table.S. Load, inverter, and grid output parameters for
different wind speeds

Parameters Average Active Power (W) =1000
Wind speed Below base Above base
(m/s) speed speed
Inverter output | 756.4 830.2

Grid output 242.2 168.5

Load output 998.7 998.7

4. Conclusion

The grid-connected wind energy system is presented with
boost type Vienna Rectifier at the front-end and a PWM
converter (GSC) is at the back-end of the proposed system
configuration. An Elman back propagation neural network
based MPPT is adopted for maximum power point tracking
with fast conversance precision and reduced learning time.
At wind turbine base speed of 12 m/s, a 230V AC is
generated form PMSG is converted into 400V DC and fed to
grid side converter for DC to AC conversion. The output
power of GSC is delivered to the load and the grid at
different power level form the GSC. The load demand of
1kW active power is supplied by the GSC and grid with a
combined contribution of 830.2W and 168.5W in order to
maintain a continuous supply. Hence the proposed system
configuration is very significant in the renewable energy
conversion systems and the efficient energy conversion is
possible by the boost type Vienna Rectifier with an artificial
neural network based MPPT control algorithms. This kind of
Wind energy system is more suitable for the off-grid and
grid-tied mode of operation to feed the load demand in rural
and urban areas.
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