Design a Grid Tie Inverter for PMSG Wind Turbine
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Abstract — The recent makeshift in fuel choice, renewable energy
sources has been considered as the most popular form of its kind
because of its environment friendly approaches, less cost tariff
policy and the natural fuel abundance. This inclusion in power
system promotes Micro-grid system to optimize the overall
distribution. FPGA, elaborated as Field Programmable Gate Array,
proposes chances for enhanced performance and coveted flexibility
in design for the digital control. Conversely, the erudite convolution
of the Hardware Description Language (HDL) coding, a way
translating to HDL, can be an undesirable hurdle for the
professional system designers. The design, depicted in this letter, is
an instance of system modeling for FPGA-based digital control,
which necessarily has the desired ability to auto-generate the HDL
codes. The architecture of this design uses the DSP Builder
technology, in a MATLAB / SIMULINK platform. A three phase
full-bridge gird tied inverter for wind system and a three phase full-
bridge inverter for grid connected wind system are built that
demonstrates the close correlation with the model. The necessary
simulations, results and the experimental analysis have also been
highlighted for the different control techniques such as PI, dq, and
the PWM control technique.

Index Terms— Renewable Energy, Microgrid, PI Control, dq
Control, PWM control Technique, FPGAs in Industrial Control
Systems, Controller Hardware/Software, ALTERA DSP BUILDER.

[. INTRODUCTION

As the fossil fuel cost increases, the oil insecurity intensifies,
and the continually increasing concerns about the climate change
cast a dark shadow over the future of available coal, with a
sagacious makeshift in fuel choice, now, a new energy economy
is emerging. At present, the old energy economy fueled by the
oil, the coal, and the natural gas is gradually being replaced by
one powered by the renewable natural resources, such as the
wind and the solar [1].

On the other hand, FPGA, a free and unaffiliated ocean of
gates, is programmed combining the gates all together to
assemble the tools such multipliers, adders, registers, etc. [3]. On
this occasion, this assembly can readily be done exploiting HDL,
elaborated as Hardware Development Language, which allows
for parallel operation and surely places a significant resource for
the operation. Despite that, the intricacy of HDL, in purpose of

coding and compilation, can be a hurdle for the engineers and the
system designers. To get rid of that complexity, tools for rapid
prototyping FPGA, in purpose of control and flexible in variable
speed conditions, have been promoted [4] and the usage of FPGA
has commenced to invade necessary control of the power
electronics and the miscellaneous featured functions [5]. Fig. 1
represents a comparison between fossil fuel and renewable
energy.
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Fig. 1. Fossil fuel vs Renewable energy

Total surface area of the earth is 5.1E14 m2 [proper format]
where the land surface area is 1.49E14 m2 only. The minimum
solar radiation is 1321 w/m2. In particular, the Earth draws
174 petawatts (PW) of incoming solar radiation (insolation) at
upper atmosphere. But, roughly 30% of that is reflected back to
space and the rest 70% is absorbed by the oceans, the clouds, and
the land masses. Besides that, the solar light spectrum at the
Earth's surface is spread across the visible and near-infrared
ranges with a limited portion in the near-ultraviolet boundary.
Therefore, about half the incoming solar energy reaches the
Earth's surface indicates 89 petawatts [1, 2]. By statistics of 2013,
the installed photovoltaic capacity was 139 gigawatts on the
planet. For 2014, another estimated 35 to 52 GW would to be
installed. Hence, at 2014, the total photovoltaic capacity
culminated at 174 gigawatts [3]. So, in a nutshell, the total
available solar pick power in this earth= 89 Petawatts (PW) and
the total harvested capacity of photovoltaic power = 174
gigawatts (GW)

From this current picture, the percentage of the harvested solar

978-1-5090-1798-0/16/$31.00 ©2016 IEEE 372



Total harvested photovoltaic power

= 0
power Total available solar power in this earth 100%
= % *100% = 0.00019%. Where, the total pick power

consumption by the entire civilization = 15 terawatts (TW). So,
The estimated percentage of the exploiting solar power

Amount of solar power currently in used
Amount of power currently used by entire civilization

100%

_ 174GW

ww 100% =1.16%

Solar energy has ability to provide the total consumption power
for the society alone and besides as the cost of solar energy falls
sharply, the progress rate of harvesting solar energy has increased
a lot. Inasmuch, the researchers have dubbed this point the
saturation wind power potential. The saturation potential is more
than 250 terawatts according to their statement, if we could
install an army of 100-meter-tall wind turbines across the whole
land and the water of planet Earth. Preferably, if we placed them
only on land (minus Antarctica) and along the entire coastal
ocean, there is still some 80 terawatts (TW) accessible [4]. By the
year 2013, worldwide nameplate capacity of the wind-powered
generators was 318 gigawatts (GW) that meant, growing by 35
GW over the preceding year [5].

By statistics, Percentage of the harvested wind power

Total harvested wind power 353 GW
= 100% = * 100% =
Total available wind power in this earth % 250 TW %
0.14%, and on this occasion, by the same token of mathematical
equation, the estimated percentage of the exploiting wind power
Amount of wind power currently in used

= 1009
Amount of power currently used by entire civilization 00%
353 GW

= * 100% = 2.35%.

15TW

Wind energy has ability to provide the total consumption power
for the space single-handedly and in addition as the cost of wind
energy falls slowly, the progress rate of harvesting wind energy
has increased reasonably. Typical wind farm will produce 2
w/m2 power and solar photovoltaic farm around 5 w/m2 power
on average [6].

Altera's Digital Signal Processing Builder Technology
implements the graphical depiction blocks plus the capacity to
precisely auto-generate the regarding HDL code in MATLAB or
SIMULINK platform. The DSP Builder, literally, has a very
profound library of necessary general control operations to
accelerate the entire development of the required control
applications. Extensive application of the DSP Builder can
implement a comprehensive system configuration that ensures
the discernment of the model prior to the required hardware.
Here, in this letter, it illustrates a relatively advanced
methodology to develop an FPGA-based control with the
application the Altera's exclusive DSP Builder. The necessary
illustration of this DSP Builder and the block-set are depicted
here. Inasmuch, a single-phase gird tied inverter for solar system
and a three phase full-bridge inverter for grid connected wind

system were assembled and the precise correlation to the
presented model was manifested.

II. SYSTEM MODELING

A. WIND TURBINE MODEL:

A wind turbine (WT), is an electromechanical system and it
generates the electric power owing to kinetic energy of the wind.
In this case, the air density of wind crossing through the blades
gets the rotor to move and magnetizes the stator windings that
generate the output power [11]. The output power of a wind
turbine can be calculated by using Equation (1). The mechanical
power extracted from wind “Pw”, which is a function of both the
wind and the rotor speeds, can be approximated as follows:

P, = 0.5 pA.Cy(a, B)V? (D)
— ©m
A= =2R 2
C Ss
Cp=0C (72—C3B—C4)ev +Ceh 3)
Where,

p= Air density (kg/m3),
A= Rotor swept area (m2),
Pm= mechanical output power of wind turbine,
A= Tip speed ratio,
Cp= Coefticient of performance (the rotor efficiency),
= Pitch angle
The wind turbine mechanical torque output Tm is given as:

P, _ 0.5pA;Cp(ap)v’

Wm Wm

T = “

B.  MICROGRID IN UWM

The Fig. 2 illustrates the various conditions. Fig.2(a) shows the
variation of maximum power with change in rotor diameter. It
shows impressive power for larger rotor diameter. Similarly, Fig
2(b) depicts the relation between hub height, wind speed, and
generated power. Fig. 2(c) and Figure 2(d) shows the estimated
annual energy production and wind power curve, respectively.

Wind power as a function of the rotor diameter & wind speed

700
600
500
400 +
300
200
100

50 ;
20 y50 g 210 10 2

Rotor Diameter (m)

(a)

373



Relation among Hub Heigh, Wind
Speed and Generated Power
8
? } . B
<6
£ i |l
° \ \
9 a
2 \
E. ui
£ 2
H i }
o
Hub Helght (m)
m Wind Speed (m/s) = Maximun Power (kW)
(b)
Estimated Annual Energy Production
60
/
= 50
H
=
.g 40
3
2 30
B
2 20 A
z
E 10
0
2 4 6 8 10 12
Average Wind Speed (m/s) at Hub Height
()
. @ \\/ind Power
Wind Power Curve ——semzLimit
@ UWM Produced
90
80
70
= 60 /
=3
£ 50
§ 40 /
€ 30 /
//,
20 S
10
0
0 3 6 9 12 15 18
Wind Speed in m/s

(d)
Fig. 2. Relation among rotor diameter; wind speed and generated power, Relation
among hub height, wind speed and generated power; Estimated annual wind

energy and Wind power curves at University of Wisconsin Milwaukee( UWM)
have shown

C. PMSG MODELING

The electrical power equation for A HAWT is obtained

1
Py = Ep‘l‘[I‘ZVBCP (11)
The radius is derived to be
_ 2Pout
= ’—pT[V3Cp (12)

Considering 11 m/s as the rated speed, a 10 kW wind turbine has
a blade radius of

~ 3.5m

2x10000
- \/1.225X3.1416X113x0.288 (13)
The Schematic diagram of PMSG WT has given below in Fig. 3.
Wind comes to the wind turbine and there is a pitch control.

From there, the generator and grid side part do their respective
function.

Control

Fig. 3. Schematic diagram of PMSG

D. INVERTER AND CONTROL TOPOLOGY

Fig. 4, below, depicts an elementary design of the coveted
inverter topology, so as the model of current controller. This
simplified design is comprised of the floating direct current
source, sequentially appearing from a particular solar (cell) array,
besides that, a topology, H-bridged, linked to the specific grid
accompanying the inductors. Here, the considering grid voltage
is, one by one, sampled, at first, and then handled with PLL to
generate a sinusoidal waveform for the necessary command
reference. So, in this arrangement, the inverter current is to be
sampled, and then treated with an LPF and correlated to
command including error-amplifying device. Here, the relative
miscue is employed to a sequentially connected PI regulator to
construct a signal (V-Control) for the Pulse Width Modulator.
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Fig. 4. Simplified Full-Bridge PWM Inverter
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E. CONTROL SYSTEM REVIEW (FB PWM AMPIFIER)

The inverter with the full-bridge Pulse Width Modulation
switching, the two legs (presuming A & B) of the full-bridge
are measured distinctly using reflected control voltage
(vcontrol), which is correlated to the triangle wave (VI") [6].
In this comparison, the output voltage of leg A is described by
the equation (1), and the result is shown in Fig. 5b.

veontrol > vtri: TA+ on and VAN = Vg
veontrol < vtri: TA- on and VAN =0

In like manner, the Equation (2) delineates the output voltage of
leg B, also shown in Fig. 5c.

-vcontrol > vtri: TB+ on and VBN = V.
- veontrol < vtri: TB- on and VBN =0
Fig. 5d illustrates the inverter PWM output, which is tied to the

line through inductors L 1 and L2. The simpler Full-Bridge PWM
Inverter is shown in Fig. 7.

Te+ MWWW
o TA
Tﬂ’ on

<X (-Veontror)

(-Viontrol)> Viri

Veonto> Viri (a)

gL

T Wﬂ 1

e _
T THEH

Fig. 5. Full Bridge PWM Switching Waveforms

F.  DESIGN IMPLEMENTATION METODOLOGY

In this letter, the design, presented for the control purpose, was
carried out using Altera's comprehensive DSP Builder toolbox in
the virtual platform. Here, the subsystem, dedicated in purpose of
control, from the model, delineated in section II, was distinctly
replaced by the graphical blocks, available in the DSP Builder
toolbox. Necessarily, it includes a Low Pass filters, PI controller,
and the PWM generator. Figs. 3 and 4 illustrates the model
comingled the PI controller and the PWM generator employed

with the available DSP builder blocks.

III. ALTERA DSP BUILDER

This Digital Signal Processing Builder tool is retrieved from
Mathworks Simulink and it permits the designer to improve,
confirm and assimilate the model into hardware, while the
remaining in the Simulink platform. It also indicates the design of
the circuits, dedicated for the purpose of control, which can be
combined with other designs, fashioned in SIMULINK platform,
of the power electronics and any machine-driven components of
the entire system. DSP Builder inherently avoids compiling the
insignificant details, in particular the lower level cases, of FPGA
framework, hence the design engineers can solely focus on their
algorithm buildup process. By this way, this extensive tool
assures the superior performance and doesn’t require expertise on
the conventional HDL or FPGA. In this process, the output,
necessarily a VHDL file, can be straightly amassed by Quartus II
and implemented to program the FPGA. The basic function and
environment of DSP Digital Control Design environment is
illustrated in Fig. 6. Total environment describes in a very simple
form using different block diagram.

Implementation

Development

AITERA
Verilog, VHDL expertise not required

5| am

Fig. 6. Integrated development environment within Simulink

After that, the three phase current is presented in Fig. 7(a). Here,
both of the real and reactive power control is presented in the
block. On this occasion, grid converts the photovoltaic and wind
power system. Next, in sequence, Fig. 7(b) illustrates the
Simulink block diagram for particular case of three phase current
control. Each block in that illustration represents the individual
function of the total system.

IV. PROTOTYPING AND TESTING

The Results, illustrated in the previous section, from the inverter
experimentation are depicted in Fig. 8 below. Here, the regarding
signals resemble to the grid voltage (here, channel 2), (in this
experiment) the inverter output voltage (channel 3), and
(according to the figure) inverter output current (channel 4). On
this occasion, the waveforms, resulted from the experiment,
exhibit correlation to the following simulation of Fig. 8.
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A simulation was made using the Simulink tool, so we could see
and simulate the project before it was built, and also we could
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analyze data and compare to see if we acquired something near to
the reality. This is how the general part of the simulation looks: It
is composed by a synchronous PI, a three phase PWM generator
and inverter, filter and grid. The synchronous PI block takes all
that is coming in and transforms to lgou and Igou. And it happens
because of certain steps.

V. CONCLUSION

In this paper, the percentages of the harvested and the effectively
exploited solar power have been reckoned. Besides that, the
similar estimation has been shown for the wind energy. In this
particular case, the blade radius of the wind turbine has been
estimated from the derived equation to ensure the maximum
efficiency. After that, the Modeling of PMSG WT has been
completed for UWM. Here, an FPGA-based power electronics
oriented controller has been successfully carried out on an Altera
Stratix II FPGA. In this case, the operation of an FPGA for this
function arranges hardwired parallel applications and the
functional isolation of systematic multiple operations.
Furthermore, an approach of establishing an HDL based
controller for power electronics operations using the Altera's DSP
Builder technology was manifested. The DSP Builder, a very
powerful tool to adopt such kind of operation, ensures a
harmonized simulation platform of  HDL with
MATLAB/SIMULINK. Besides that, it can also truncate the
design cycle by assuring the auto-generation of the required HDL
code. Here, three phase grid tie inverter for WT has been
modeled and pragmatically enabled. The necessary simulations,
results and the experimental analysis have also been depicted for
the different control techniques such as PI, dq, and the PWM
control technique [7 - 15].
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