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Abstract
The incorporation of the abundantly available wind and solar energy to the grid

using power electronic converter based interfaces makes a reliable hybrid renewable

energy system. Assigning harmonic mitigation property to the grid interfacing inverter

to mitigate the current harmonics created by the non-linear loads at the load centres, is

a cost-effective solution. The inverter controller consists of an outer DC-link voltage

control loop and an inner current harmonic mitigation loop. The limitations of existing

DC-link voltage controllers are poor stability margin, steady-state error and chattering

problem. The widely used pq theory based inner loop controller offers poor perfor-

mance under non-ideal grid voltage conditions. The conventional low pass filter based

fundamental component extraction methods used in pq theory possess some limitations

such as additional time delays and low-frequency oscillations.

The main focus of this research is the design, simulation, implementation and

analysis of a grid-tied wind-solar hybrid renewable energy system with shunt and se-

ries active filtering functionalities, under different system conditions. A Backstepping

controller based outer loop, with enhanced DC-link loss compensation capability is

proposed for the shunt active filter to overcome the limitations of the existing DC-link

voltage controllers. The limitations of conventional low pass filter based fundamen-

tal component extraction methods are overcome by employing a self-tuning filter in the

inner loop of the shunt active filter. An additional self-tuning filter is incorporated to im-

prove the effectiveness of pq theory under non-ideal grid conditions. A self-tuning filter

and a Fuzzy logic-based voltage controller are employed to control the series active fil-

ter effectively. A laboratory prototype of the shunt active power filter is implemented.

The control algorithm is realised in Xilinx Basys-3 FPGA.

From the simulation and hardware test results under steady-state and dynamic

conditions, it is found that the proposed controller offers better stability, robustness and

speed compared to other existing control methods.

Keywords: Power quality, Active power filter, Grid-tied renewable system, Backstep-

ping Control, Dual Self Tuning Filter, Fuzzy logic, DC-link voltage control.
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Chapter 1

Introduction

1.1 THE BACKGROUND OF THE RESEARCH

The global increase in energy demand and depleting fossil fuel resources motivate

the energy engineers to find a sustainable solution. Renewable energy sources (RES)

opens a wide possibility in this context. RES can be in islanded mode or grid-connected

mode. However, the need for energy storage devices such as a battery, and the capital

cost, maintenance cost and chemical pollution associated with the battery make the

islanded mode less feasible for large and medium scale energy generation. The injection

of the generated power directly into the main grid at the distribution level assures the

maximum utilisation of the locally available RES. As the wind and solar energy are

complementary to each other in availability, a hybrid combination of both are preferred

for a more reliable power system.

The recent trend in the area of grid-connected RES system is assigning an ad-

ditional responsibility of an active power filtering to the grid interfacing inverter. The

proliferation of power electronic converters aggravated the non-linearity of load centres

and deteriorated the quality of grid current at the point of common coupling (PCC). The

shunt active power filter (SHAF) is a common solution to improve the quality of grid

current and brings the current THD within the permissible limit. The use of grid inter-

facing system as SHAF is a cost-effective way of power quality enhancement. However,
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some of the common power quality issues in distribution systems such as sag, swell and

distortions in voltage cannot be addressed by SHAF. Employing an additional series

active power filter (SAPF) resolves this issue.

1.2 LITERATURE REVIEW

The existing topologies of wind and solar energy systems, their grid integration

using voltage source inverter and the control methods for grid interfacing inverter are

the major focus of this survey. Different power quality problems, their mitigation using

active filters and the control methods of active filters proposed so far in literature are

also studied. The Figure 1.1 shows the overall picture of the literature survey.

1.2.1 Wind Energy System

The wind turbine is the basic component of a wind energy system. It converts the

energy available in flowing air mass to mechanical power (Anderson and Bose, 1983).

The wind turbine is coupled with an AC generator to convert the generated mechanical

power to electrical power. Other accessory components of the wind energy system

are rotor speed controllers, pitch angle controllers, voltage controllers and protection

system.

The wind turbine operates in variable speed conditions as the wind speed is vary-

ing in nature. De-coupling of electrical grid frequency and mechanical rotor frequency

using AC-DC and DC-AC converters was a breakthrough in wind energy system tech-

nology. Slootweg et al. (2003) proposes the wind turbine coupled with a doubly fed

induction generators (DFIG), employed with a three-phase controlled rectifier-inverter

circuit at rotor side. In this topology, the rotor output power is supplied to the main

grid using the power converter. The main limitation of this topology is that the wind

turbine cannot operate in full range, as the converter size is commonly smaller than the

machine size. For achieving a speed variation of around 60% of synchronous speed, the

power converter rating needs to be about 30% of the nominal power of DFIG. An alter-

nate topology with a power converter connected at stator side is put forward by Orabi

et al. (2004). In this topology, the energy from the generator is rectified to a DC-link

2



R
en

ew
ab

le
 

E
n

er
g

y
 S

o
u

rc
es

P
o

w
er

 Q
u

al
it

y
 

P
ro

b
le

m
s

W
in

d
 E

n
er

g
y

 

S
y

st
em

S
o

la
r 

P
V

 

S
y

st
em

H
y

b
ri

d
 W

in
d

-S
o

la
r 

S
y

st
em

 

w
it

h
 M

P
P

T
 c

o
n

tr
o

l

G
ri

d
 c

o
n

n
ec

te
d

 

sy
st

em

C
u

rr
en

t 

h
ar

m
o

n
ic

s
C

u
rr

en
t 

u
n

b
al

an
ce

V
o

lt
ag

e 

h
ar

m
o

n
ic

s

V
o

lt
ag

e 

u
n

b
al

an
ce

V
o
lt

ag
e 

sa
g
/s

w
el

l

A
ct

iv
e 

F
il

te
rs

 a
n
d

  
P

o
w

er
 

Q
u

al
it

y
 I

m
p
ro

v
em

en
t

S
h

u
n

t 
ac

ti
v

e 

fi
lt

er

S
er

ie
s 

ac
ti

v
e 

fi
lt

er

U
P

Q
C

V
o

lt
ag

e 
co

n
tr

o
ll

ed
 

3
-p

h
as

e 
V

S
I

C
u
rr

en
t 

co
n

tr
o
ll

ed
 

3
-p

h
as

e 
V

S
I

C
u

rr
en

t 
h

ar
m

o
n

ic
 

m
it

ig
at

io
n

 t
ec

h
n

iq
u

es
 

D
C

-l
in

k
 v

o
lt

ag
e 

co
n

tr
o

l

P
I 

co
n

tr
o

l
F

u
zz

y
 

co
n
tr

o
l

F
as

t 

ac
ti

n
g

 P
I 

co
n

tr
o

l

P
I-

F
u

zz
y

 

co
n
tr

o
l

S
M

C
 

co
n

tr
o
l

B
ac

k
st

ep
p

in
g

 

co
n

tr
o

l

P
I-

S
M

C
 

co
n

tr
o
l

P
S

O
-P

I 

co
n

tr
o

l

S
el

f 
ch

ar
g

in
g

 

al
g

o
ri

th
m

-P
I 

co
n

tr
o

l

i d
-i

q
 

co
n

tr
o
l

p
q

 

co
n

tr
o

l

P
ea

k
 

d
et

ec
ti

o
n

 

m
et

h
o

d

F
u

n
d

am
en

ta
l 

cu
rr

en
t 

ca
lc

u
la

ti
o

n

 L
P

F
S

T
F

P
u

ls
e 

g
en

er
at

io
n

 

te
ch

n
iq

u
e

P
ro

p
o

rt
io

n
al

 

In
te

g
ra

l

P
ro

p
o

rt
io

n
al

 

R
es

o
n

an
t

R
ep

et
it

iv
e 

C
o

n
tr

o
ll

er

P
re

d
ic

ti
v

e 

C
o
n

tr
o

ll
er

D
ea

d
 

b
ea

t
H

y
st

er
es

is

F
ee

d
fo

rw
ar

d
F

ee
d
b
ac

k

V
o
lt

ag
e 

co
n
tr

o
l

S
ag

/s
w

el
l 

d
et

ec
ti

o
n

P
I 

co
n
tr

o
l

F
u
zz

y
 

co
n

tr
o
l

D
F

T
 

m
et

h
o

d

R
ec

u
rs

iv
e 

D
F

T

F
F

T

m
et

h
o

d
A

S
F

 

M
et

h
o

d

A
N

F
 

M
et

h
o

d

P
L

L
 

M
et

h
o
d

E
n

h
an

ce
d

 

P
L

L
 M

et
h

o
d

Q
P

L
L

 

M
et

h
o
d

Z
C

D
 

M
et

h
o

d

T
im

e 
d

o
m

ai
n

 

m
et

h
o

d

F
rq

u
en

cy
 

d
o

m
ai

n
 m

et
h

o
d

S
li

d
in

g
 

D
F

T

P
W

M
 

C
o
n

tr
o
l

Is
o

la
te

d
 

sy
st

em

S
M

C
 

co
n

tr
o

l

B
ac

k
st

ep
p

in
g

 

co
n

tr
o

l

S
M

C
 

co
n

tr
o
l

S
V

 

co
n
tr

o
l

P
L

L
 

m
et

h
o

d

P
ea

k
 

V
al

u
e 

m
et

h
o

d

R
M

S
 

m
et

h
o
d

W
av

el
et

 

T
ra

n
sf

o
rm

 

m
et

h
o
d

F
o
u

ri
er

 

T
ra

n
sf

o
rm

 

m
et

h
o

d

Fi
gu

re
1.

1:
L

ite
ra

tu
re

re
vi

ew
tr

ee

3



and converted it to a suitable AC energy. The rectifier controls the machine torque and

speed, whereas inverter controls the active and reactive power delivered to the grid. The

advantage of this scheme from the previous topology is that the rotor can operate in a

higher range of frequencies. In the topology proposed by Carrasco et al. (2006), a multi-

pole synchronous generator is used. An uncontrolled rectifier cascaded with a step up

chopper is used in place of the controlled converter. In this topology, any change in syn-

chronous generator speed is reflected in DC-link voltage. The step-up chopper adapts

the rectifier voltage to the DC-link voltage of the inverter. The machine torque and

speed are controlled by controlling the chopper inductor current. The reduction in cost

is the main advantage of this topology compared to the DFIG based topology. Replac-

ing the synchronous generator by permanent magnet synchronous generator (PMSG) is

another alternate topology (Blaabjerg et al., 2006; Patil and Mehta, 2014). The main

advantage of using PMSG is that the gearbox can be eliminated and thereby overall

weight and cost can be reduced. This improves the overall system performance and

efficiency.

1.2.2 Solar Energy System

The solar photovoltaic panel is the basic component of a solar energy system,

which converts the energy available in sunlight into electrical energy. The solar PV

panels are connected in series-parallel fashion in order to meet the specific power re-

quirement. Power electronic interfaces such as DC-DC converter and inverter are nec-

essary for the grid integration of solar PV modules to facilitate effective power transfer.

The central inverter scheme, string inverter scheme, multi-string inverter scheme,

the module integrated inverter scheme are some of the available schemes in literature for

PV panel grid integration based on the inverter design. In the central inverter scheme,

one universal inverter is used for the entire PV plant (Blaabjerg et al., 2006; Ding et al.,

2010). The disadvantage of this topology is that power output may decrease due to

factors such as partial shading and module mismatching. Moreover, the reliability is

limited, as the entire plant depends on a single inverter, failure of which results in

plant outage. In the string inverter scheme, the PV panels are connected as parallel
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strings, with each string equipped with a string inverter. In this scheme, each string

inverters possess maximum power point tracking (MPPT) capability. As a result, partial

shading and module mismatching effects are reduced. Also, reliability is enhanced

in this scheme. In the multi-string inverter scheme, each string is equipped with a

DC-DC converter. A central inverter is employed for the entire plant. This scheme

has the combined advantages of central and string inverter schemes. In the module

integrated PV connection scheme, the individual solar PV modules are connected to

dedicated inverters. The energy yield of the system is enhanced. However, the cost and

maintenance efforts are more in this scheme (Carrasco et al., 2006).

1.2.3 Hybrid Renewable Energy System

The sustainability and reliability of power generation can be improved by com-

bining wind and solar energy system. The AC-shunted scheme and DC-shunted scheme

are the two different grid integration schemes of the hybrid wind-solar system, reported

in the literature. The AC-shunted scheme consists of a dedicated DC-DC converter and

an inverter for both wind and solar systems, whereas in the DC-shunted scheme, a com-

mon inverter is used. The rating of the inverter in DC shunted scheme is usually less

than the total power rating of two inverters in AC shunted scheme (Chen et al., 2006).

The recent trend in the area of the grid-connected hybrid renewable system is

assigning the additional responsibility of power quality mitigation to the grid interfac-

ing inverter. Different power quality problems, their mitigation techniques and power

quality standards are discussed in following subsections.

1.2.4 Power quality problems

According to IEEE-1159 (2009), “The term power quality refers to a wide variety

of electromagnetic phenomena that characterise the voltage and current at a given time

and a given location on the power system”. The common power quality problems and

the causes of occurrence are listed in table 1.1 (IEEE-1159, 2009).
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The IEEE standard for power quality monitoring is IEEE-1159. The IEEE stan-

dard for harmonic control in electrical power systems is IEEE-519. According to IEEE-

519 (2014), “in order to establish meaningful limits for harmonic emissions, it is nec-

essary to consider the size of the end user, and the strength of the system. Harmonic

limits shall be evaluated at the point of common coupling”. The current distortion lim-

its for general distribution systems, 120 V-69 kV are shown in table 1.2, where ISC is

the available fault current and IMD is the maximum demand current. Voltage distortion

limits are shown in table 1.3.

Table 1.2: Current distortion limits for general distribution systems, 120 V-69 kV

ISC /IMD 3 ≤ h <
11 (%)

11 ≤
h < 17
(%)

17 ≤
h < 23
(%)

23 ≤
h < 35
(%)

35 ≤
h ≤ 50
(%)

TDD
(%)

<20 4.0 2.0 1.5 0.6 0.3 5.0
20-50 7.0 3.5 2.5 1.0 0.5 8.0
50-100 10.0 4.5 4.0 1.5 0.7 12.0
50-100 10.0 4.5 4.0 1.5 0.7 12.0
100-1000 12.0 5.5 5.0 2.0 1.0 15.0
≥1000 15.0 7.0 6.0 2.5 1.4 20.0

Table 1.3: Voltage distortion limits

Bus voltage at
PCC

Individual harmonic
magnitude (%)

Total voltage distortion
(THD in % )

≤1.0kV 5.0 8.0
≤69kV 3.0 5.0
69.001-161kV 1.5 2.5
>161kV 1.0 1.5

1.2.5 Mitigation of power quality problems

Although passive filters can mitigate most of the power quality issues, the main

disadvantage of them is the bulky nature of inductors and capacitors used in them.

Moreover, the resonance experienced due to the interaction with line reactance and lack

of dynamic response, demands for active filtering solutions. Mainly, active filters are

of three types; shunt active filter, series active filter, and hybrid active filter. The shunt

active filter mitigates the current related power quality problems, whereas the series

8



active filter solves the voltage related issues. The hybrid active filter is a combination

of passive and active filters, which are having qualities of both active and passive filters

(Halpin and Card, 2011).

1.2.6 Shunt active power filter interfacing renewable energy system to the grid

The shunt active power filter mitigate current harmonics by injecting compensat-

ing current. It operates as a current source, which injects the harmonic components

of the load current phase shifted by 1800. As a result, components of harmonic cur-

rents contained in the load current are cancelled by the effect of SHAF, and the source

current remains sinusoidal and in phase with the respective phase-to-neutral voltage

(Morain and Dixon, 2011). The SHAF can also be used for interfacing hybrid renew-

able system to the grid, by incorporating the additional functionality of grid interfacing

inverter to it. The control system of the SHAF interfacing renewable system consists

of a DC-link voltage control loop, a current harmonic mitigation loop and a current

tracking controller for inverter pulse generation.

1.2.6.1 DC link voltage regulation

The effective exchange of active power from the renewable system to the grid is done

by controlling the DC-link voltage of the system. Due to the intermittent nature of

renewable sources, the active power generated is highly dynamic. The variations in load

also create dynamic power variations in the system. The wide variations in DC capacitor

energy cause stability related issues. The linear DC-link voltage controllers such as

Proportional-Integral (PI), can be tuned for a certain steady-state range to have stable

operating condition (Mikkili and Padamati, 2017). However, the stability for a whole

wide range of dynamic conditions cannot be assured by them. Therefore, fast, non-

linear and robust control of DC-link voltage is necessary for modern SHAF (Devassy

and Singh, 2018; Liang, 2017; Samir et al., 2018). Hence, the robust controllers for

DC-link voltage control of SHAF have been studied.

A modified PI controller with particle swarm optimization is reported in the liter-
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ature, in which the gains of the PI controller are controlled by PSO algorithm (Demird-

elen et al., 2016). A self-charging algorithm with PI controller is introduced by Zainuri

et al. (2016) for improving the performance of DC-link voltage controller in SHAF.

Even though the response time and overshoot are improved by these methods, the sta-

bility of the system for wide dynamic range is not discussed. Moreover, a slight error in

the results from the PSO algorithm may result in a wrong selection of gain values for PI,

which may lead to instability. The DC-link voltage regulation using a Fuzzy controller

is reported in (Mikkili and Panda, 2011). Even though superior dynamic performance in

balanced, unbalanced and distorted grid conditions is claimed, the performance of the

Fuzzy controller in the presence of renewable energy sources is not discussed. The DC-

link voltage of SHAF using Sliding Mode Control is proposed by Asadi et al. (2016).

The hybrid combination of PI with Sliding Mode Controller (SMC) is also reported in

literature (Ribeiro et al., 2015; Salimi et al., 2017). The control gains of PI controller are

determined using SMC in (Ribeiro et al., 2015), whereas Salimi et al. (2017) proposed

a combination of SMC in parallel with PI. However, the inbuilt chattering problem and

poor steady-state performance of SMC are not addressed completely. The design of a

Back Stepping Controller (BSC) for a grid-side converter of a wind power energy sys-

tem is discussed by Wang et al. (2013). A BSC for DC-link voltage control of SHAF is

also reported in the recent literature (Ghamri et al., 2015; Mahfouz et al., 2015). A faster

response time compared to PI controller is claimed in (Ghamri et al., 2015; Mahfouz

et al., 2015; Wang et al., 2013). However, the switching losses and the capacitor leakage

losses are not considered in the design of the DC-link voltage controller. Moreover, the

stability aspects of the system have not been discussed.

1.2.6.2 Current harmonic mitigation

The harmonic current compensation of local loads is also an important goal for the

SHAF. Among the existing methods for current harmonic mitigation such as Discrete

Fourier Transform (DFT) method, recursive DFT method, Fast Fourier Transform (FFT)

method, Artificial Neural Network (ANN) method etc. (Bagheri et al., 2016; Chen

et al., 2017; Lada et al., 2016; Mishra et al., 2017; Patel et al., 2017; Raheni and Thiru-
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moorthi, 2017; Wang and Li, 2013), the Synchronous Reference Frame (SRF) method

and instantaneous active and reactive power (pq) method are predominantly used (Ak-

agi, 2005; Mikkili and Panda, 2011; Morain and Dixon, 2011). The advantage of pq

method over SRF method is that the Phase Locked Loops (PLL) are not required in pq

method, which reduces the overall complexity. However, conventional pq theory offers

poor performance in non-ideal grid voltage conditions.

In pq method, Low Pass Filters (LPF) are widely used for extracting fundamental

component of load currents. The main drawback of LPF is the inbuilt phase delays. The

performance of the LPF improves with the increase in order. However, the order of the

filter is often limited by the size of processors and control complexity. The limitations

of LPF can be overcome by using Self-Tuning Filters (STF) (Benchouia et al., 2015;

Hoon et al., 2017; Nejabatkhah et al., 2016).

1.2.6.3 Current control for pulse generation

Several current tracking controllers for inverter control are reported in the literature.

The linear controllers reported so far in literature are Proportional Integral (PI) con-

troller, Proportional Resonant controller, Repetitive Controller etc. The limitation of

the PI method is the presence of high-frequency sub-harmonic oscillations (Hajizadeh

and Golkar, 2007). The Proportional Resonant controller is another linear current con-

troller, which offers high gain around natural resonant frequency and thereby elimi-

nates the steady-state error between the reference and the controlled signal (Escobar

et al., 2009). Another linear current controller is the Repetitive Controller, in which

the steady state error is reduced by periodic control. It offers large gain at integral

multiples of fundamental frequency. Different types of repetitive controllers are sliding

mode repetitive controllers, odd harmonic repetitive controllers, and dual mode repet-

itive controllers. The slow dynamic response is the main limitation of the repetitive

controller (Wei et al., 2013).

The commonly used non-linear current control methods are predictive control,

dead-beat control, and hysteresis control. Predictive controller predicts the behaviour of
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variables in each switching states using the mathematical model of the power converter.

The main limitation of this method is the large control loop time period (Wu and Guo,

2008). In the dead-beat controller, the control algorithm calculates the phase voltage

to make the phase current reach its reference by the end of the following modulation

period. It is faster and simpler compared to predictive method (Xiaojie and Yongdong,

2002). Hysteresis current controller is another nonlinear current controller. It controls

the switches in an inverter asynchronously to ramp the current through an inductor up

and down so that it follows a reference. Among all the techniques discussed, hysteresis

current control method is the most commonly used technique due to its simplicity and

quick dynamic response (Vahedi et al., 2011).

1.2.7 Series Active Filter

The series active filter protects the consumer loads from inadequate supply volt-

age quality. It acts as a voltage regulator and a harmonic isolator between the utility

system and the load. Series active filter was first introduced by Peng et al. (1990).

Based on the topology, series active filters can be classified into two; Topology with no

energy storage, and topology with energy storage. Comparison of different topologies

of series active filters are presented in (Nielsen and Blaabjerg, 2005). In the topology

with no energy storage, energy is taken from the main supply through a shunt converter.

During voltage sags, the series active filter use the available source supply and injects

the compensating voltage. The main drawback of this topology is that it takes more

current from the line during sags and the upstream loads will see a higher voltage drop.

On the other hand, it saves the cost of energy storage system (Woodley et al., 2000).

In the topology with energy storage, battery energy storage system is present, which

acts as a supply for the series active filter. In this topology, current flow from the grid

remains unchanged during sags. Storing electrical energy is expensive, but for weak

grids, this topology is recommended for improved performance(Nielsen and Blaabjerg,

2005).

The control methods commonly used for series active filters are mainly of two

types; feedforward, and feedback methods. In feedforward control, by measuring the
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grid voltage, the required compensation voltage is calculated and using a voltage con-

troller, the inverter generates and injects the required compensation voltage into the

system (Joos, 1999). It is a simple and robust way of controlling series active filter. In

feedback controllers, the compensating voltages or load voltages are measured and used

in a feedback loop. The controller tries to keep the error between the measured voltage

and the calculated voltage as low as possible. Even though the tuning of voltage con-

trollers is complex and it depends on the system parameters, they give more accurate

response compared to feed forward controllers (Nielsen, 2002). The feedback controller

performance depends on the type of voltage disturbance (sag/swell/distortion) detection

algorithm and the voltage controller used.

Different voltage disturbance detection algorithms reported in the literature are

Phase Locked Loop (PLL) method, Peak Value Detection method, Wavelet Trans-

form method, Fourier Transform method, and Root Mean Square method. In the PLL

method, the phase jumps in each phase of grid voltage are detected. The information

regarding sag/swell depths are missing, and it can only be used for certain applications

(Fitzer et al., 2002). The peak detection method is the simplest method to detect voltage

disturbance. In this method, the peak value of the grid voltage is detected by finding the

point at which the gradient of voltage is zero. The instantaneous value at peak value is

compared with a reference value. The limitations are the lack of phase shift informa-

tion and the possibility of noise affecting the gradient function (Ramachandaramurthy

et al., 2004). In the wavelet transform method, a wavelet prototype function needs to be

selected for each application, which reduces the flexibility of the controller for differ-

ent applications (Saleh et al., 2008). Even though the Fourier Transform method gives

exact information about the magnitude and phase information of each of the frequency

components, it takes one complete cycle to provide the information (El-Gammal et al.,

2011). In root mean square method, the grid voltage is sensed, and the Root Mean

Square (RMS) value is calculated using abc to dq transformation. Both disturbance

magnitude and phase information are available in this method. Moreover, it is rela-

tively easier to implement in real-time control. The limitation of this method is that

the low pass filters associated with it for detecting the harmonic components of grid
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voltage add extra phase delays, which may deteriorate the compensation performance

(Ali et al., 2013). Once the disturbances are detected, the reference voltage is generated

for the compensation, and the inverter is controlled using a voltage controller.

Different voltage control methods reported in the literature are PI control, state

variable control, Sliding Mode Control and Fuzzy control. In the PI controller based

voltage controller, the detailed modelling of the entire system is necessary for effective

control. Moreover, it does not guarantee a stable operation under a large supply or load

variation (Joos et al., 2004; Ma et al., 2010). The state variable control offers a faster

voltage compensation. However, detailed mathematical modelling of the system is re-

quired in this method also (Ezoji et al., 2012; Ruilin and Yuegen, 2005). The stability of

the system is assured by Sliding Mode Controller. However, the chattering phenomena

and considerable steady state error are the limitations. The Fuzzy controller design is

comparatively simpler, and the controller is adaptive to system changes. Moreover, the

tracking error and transient overshoots can be considerably reduced using the Fuzzy

controller (Rajasekaran et al., 2011).

1.2.8 Unified Shunt-series active filter (UPQC) interfacing renewable energy sys-

tem to the grid

The shunt and series active filters can be combined(UPQC) to achieve good con-

trol over several power quality problems simultaneously (Khadkikar, 2012). In UPQC,

the shunt and series filters are connected back to back with a common DC-link (Fu-

jita and Akagi, 1998). The UPQC mitigates both voltage and current related power

quality issues. UPQCs are classified based on the topology, supply system, and system

configuration. The following section deals with a review on UPQC classification.

Based on the converter topology used, UPQCs are of two types; current source in-

verter based, and voltage source inverter based. In current source inverter based UPQC,

two current source inverters are connected back to back with a common DC-link with

a series inductor (Melin et al., 2010). This topology is not popular because of the high

cost and higher losses. The latter topology is using two voltage source inverters con-
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nected back to back with a common DC-link and a shunt connected capacitor. This

topology is highly popular because of its inherent flexibility on control, minor losses,

and cheaper cost (Khadkikar and Chandra, 2011), (Kesler and Ozdemir, 2010).

Based on the supply system, UPQC can be classified as single phase and three

phase UPQCs. This review is concentrated on three phase UPQCs; they are of two

types; three wire and four wire type. Three phase- four wire type UPQCs are required

in distribution level, as it contains a neutral conductor. Four wire UPQCs are mainly

of three types; Split capacitor type, three H-bridge type, and four leg type. In split

capacitor type, two capacitors are connected in series at the DC-link, and the midpoint is

maintained at zero. The midpoint of the capacitor is connected to the neutral conductor.

An additional control loop is needed to maintain the midpoint voltage as zero (Zhili and

Dongjiao, 2010). In three H-bridge inverter type, three units of single phase H bridges

are used. This topology reduces the voltage requirement by a factor of 1.732. However,

this topology has a higher number of semiconductor switches, higher losses and higher

cost compared to split capacitor topology (Khadkikar et al., 2011). In four leg topology,

a dedicated inverter leg is present for neutral current control, which offers better neutral

current control compared to other topologies (Khadkikar and Chandra, 2009).

UPQCs can be classified into several types based on the system configuration.

• Left shunt UPQC: The placement of the shunt filter is left of the series filter. It

is used in special cases to avoid interference of passive filters with shunt active

filters (Chen and Joos, 2001).

• Right shunt UPQC: The placement of the shunt filter is right to the series filter.

This is most commonly used. In this topology, the interfacing transformer has si-

nusoidal current through it, irrespective of the nature of load current. The overall

performance of UPQC is better in this configuration (Chen et al., 2000).

• Interline UPQC: The shunt active filter is connected to one feeder, and the se-

ries active filter is connected to an adjacent feeder. This is used in special cases

where the current harmonic problems in the first feeder and the voltage harmon-

ics problems in the second feeder can be mitigated simultaneously (Jindal et al.,
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2007).

• Multi-converter UPQC: A third converter is connected to control and support the

DC-link. This eliminates the additional DC-link voltage control loop in the shunt

controller, but an additional converter increases the overall cost (Li et al., 2006).

• Multilevel UPQC: The three leg or four leg inverters are replaced by multi-level

inverters. The complexity of the system increases as the number of switches

increases, however, this offers better performance in high power configurations

(Rubilar et al., 2007).

• UPQC-DG: Distributed generators can be connected at DC bus of three-phase,

four leg UPQC. In addition to the voltage and current compensation, DG power

flow can also be managed by UPQC using this configuration (Davari et al., 2009;

Han et al., 2006; Park et al., 2003; Toodeji et al., 2009).

The UPQC-DG configuration can be further extended to connect the wind-solar

hybrid system at the DC bus to exchange the generated real power to the grid. The

controller for UPQC is the combination of SHAF and SAPF control methods, which

are discussed in 1.2.6 and 1.2.7 respectively.

1.3 OBJECTIVES OF THE RESEARCH WORK

The following objectives are formulated based on the research gaps identified

from the literature review.

1. Simulation and analysis of a three-phase, four leg shunt active power filter inter-

facing hybrid wind-solar system to the distribution grid.

2. Implementation of robust DC-link voltage control techniques and advanced har-

monic current mitigation techniques for improving the performance of the shunt

active power filter interfacing hybrid wind-solar system to the distribution grid.

3. Design, simulation, and analysis of a series active filter at the distribution level.

4. Design, simulation and analysis of a unified shunt-series active power filter inter-

facing hybrid wind-solar system to the distribution grid.

5. Laboratory scale hardware implementation of a single-phase shunt active power
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filter and experimental verification of the proposed DC-link voltage control tech-

nique and harmonic current mitigation technique.

1.4 LAYOUT OF THE REPORT

The thesis has been organized as follows.

• Chapter. 2 deals with the design and modelling of the wind-solar hybrid system

and grid interfacing inverter.

• Chapter. 3 deals with the design, simulation, and analysis of the control system

for a three-phase shunt active filter, interfacing wind-solar hybrid system to the

distribution grid. The simulation results for different steady-state and dynamic

conditions are also presented and tabulated in this chapter.

• Chapter. 4 presents the control system design, simulation, and analysis of sim-

ulation results of UPQC interfacing wind-solar hybrid system to the distribution

grid.

• Chapter. 5 discusses the hardware implementation of the laboratory prototype

of single-phase SHAF. The FPGA implementation of the control algorithm and

the details of sensing and signal conditioning circuits are also included in this

chapter. The study and analysis of the hardware results are also presented.

• The conclusions and recommendations for future work are presented in Chapter

6.
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Chapter 2

Design and Modelling of Wind-Solar

Hybrid System and Grid Interfacing

Inverter

2.1 INTRODUCTION

Commonly available renewable energy sources are wind, solar, tidal, micro-hydro

and geothermal. Wind and solar are the most common renewable sources used for

power generation. As wind and solar are abundant, and up to an extent complementary

to each other in availability, a hybrid combination of them is preferred. In this study,

A 15 kWp horizontal axis wind turbine coupled with PMSG is considered. The main

advantage of PMSG based wind energy system is that the gearbox can be eliminated

and thus overall weight and cost can be reduced, improving performance and efficiency

of the system. The series-parallel combination of solar PV modules with overall rating

15 kWp is considered in this study. The DC-shunted scheme is considered for the

grid interconnection of the wind-solar hybrid system, through a common DC-link and

a DC-AC power converter. The schematic diagram of the overall system is shown in

Figure 2.1, which consists of a wind energy system, solar energy system, DC-DC boost

converters, DC-link capacitor, DC-AC power converter, AC filter and non-linear loads.
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This chapter deals with the design and modelling of power circuit components of the

system.
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Figure 2.1: Schematic diagram of a DC shunted grid-connected renewable energy system with
non-linear load at load centre

2.2 MODELLING OF WIND ENERGY SYSTEM

Wind Energy System consists of a variable wind speed turbine based on a multi-

pole PMSG. The turbine rotor shaft is directly coupled with PMSG, without any gear-

box. The generator output is converted to DC using an AC-DC power converter. A DC-

DC boost converter is cascaded with the power converter. The output of the DC-DC

converter is connected to a common DC bus. Design and modelling of each component

of wind energy system are described in following subsections.

2.2.1 Modelling of Wind Turbine

The power output of a wind turbine can be expressed as shown in (2.1), and the

aerodynamic torque is given by (2.2), where, “PW = wind turbine power (W), η =

efficiency of turbine, ρ = air density (kg/m3), CP = power coefficient, A = rotor area

(m2), vw = velocity of wind (m/s), ωw = turbine rotor speed (rad/s)” (Anderson and
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Bose, 1983).

Pw =
1

2
ρAv3wCPη (2.1)

Tw =
Pw
ωw

(2.2)

The power co-efficient CP is a function of tip speed ratio (λ) and blade pitch angle

(β), which is defined as (2.3), where, “R = radius of rotor (m), v = pitch angle (angle

between plane of rotation and blade cross section in degrees), max value of CP = 0.593

(Betzs limit), C1 = 0.5, C2 = 116, C3 = 0.4, C4 = 0, C5 = 5, C6 = −21” (Wang et al.,

2013).

CP (λ, β) = C1

[(
C2

1

β
− C3v − C4v

x − C5

)
× exp

(
C6

1

β

)]
+ 0.0068λ (2.3)

Tip speed ratio λ and β are calculated as shown in (2.4) and (2.5) respectively.

λ =
ωwR

vw
(2.4)

1

β
=

1

λ+ 0.08v
− 0.035

1 + v3
(2.5)

The turbine characteristics, the variation of CP with λ for various pitch angles is shown

in Figure 2.2. The value of CP for a particular pitch angle is maximum at certain values
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Figure 2.2: CP vs λ Characteristics

of λ. The global maxima of CP is observed as 0.44.
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2.2.2 Modelling of PMSG

The mathematical model of PMSG in synchronous reference frame is given by

2.6 and 2.7, where, “Rst = stator resistance(Ω), Ld, Lq = inductance (H) of generator on

d and q axis, Ψf = permanent magnet flux (Wb), ωe = electrical rotating speed (rad/s),

p = number of pole pairs of generator, ud, uq = d and q axis voltages, id, iq = d and q

axis currents”.
did
dt

=
1

Ld
[−Rstid + weLqiq + ud] (2.6)

diq
dt

=
1

Lq
[−Rstiq − we(Ldid + Ψf ) + uq] (2.7)

The electromagnetic torque of PMSG is given by (2.8).

Te = 1.5p[(Ld − Lq)idiq + iqΨf ] (2.8)

Wind power vs rotor speed curves for different wind speeds are shown in Figure 2.3.

The power generation decreases as the wind speed decreases. The power for a particular

Figure 2.3: Wind power vs Rotor speed characteristics

wind speed is maximum at a certain value of rotor speed. In order to extract maximum

available power, the turbine should be operated at optimum rotor speed.
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2.3 MODELLING OF SOLAR ENERGY SYSTEM

Solar energy system contains solar PV arrays, which contain series and paral-

lel PV modules. Mathematical modelling of solar energy system is explained in the

following session.

2.3.1 Modelling of solar PV cell

The basic equations of a photovoltaic cell are given by (2.9), (2.10) and (2.11),

where, “Vt = kT/qe, IPV = photovoltaic current, I0 = saturation current, Vt = thermal

voltage of the cell, k = Boltzmann constant, T = temperature in K, qe = charge of

electron, IPV,n = photovoltaic current in normal condition (250C, 1000 W/m2), ∆T

= T − Tn in K, G = irradiation in W/m2, Gn = nominal irradiation in W/m2, KI

= temperature coefficient of current (A/K), KV = Temperature coefficient of voltage

(V/K), Isc,n = short circuit current nominal, Voc,n = open circuit voltage nominal, a =

diode constant (1 ≤ a ≤ 1.5)” (Gow and Manning, 1996). Figure 2.4 shows the circuit

diagram of a solar PV cell.

I = IPV − I0 × exp
(
V + IRs

Vta

)
−
(
V + IRs

Rp

)
(2.9)

V

Rs

Rp

I
D

+

_

G
+_ IDIPV

Figure 2.4: Basic Solar PV Cell

IPV = (IPV,n +KI∆T )
G

Gn

(2.10)

I0 =
Isc,n +KI∆T

exp

(
Voc,n +KV ∆T

aVt

)
− 1

(2.11)
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The solar PV modules consists of several solar cells in series. The solar arrays are

formed with the series-parallel combination of solar PV modules. The modelling of

solar arrays are described in following subsection.

2.3.2 Modeling of Solar PV Array

The equivalent circuit of a solar PV array is shown in Figure 2.5 . Equation (2.12)

represents the mathematical model of a solar array, where Np = Number of parallel PV

modules andNs = Number of series PV modules (Tan et al., 2010; Villalva et al., 2009).













 


atVsN

)s/Np(NsIRV
exp0IpNPVIpNmI

V
Rp(Ns/Np)

I +

_

IPV

I0

Im

Rs(Ns/Np)

Figure 2.5: Solar PV array equivalent circuit

Im = NP IPV −NP I0 × exp
[
V + IRs(Ns/Np)

NsVta
− 1

]
−
[
V + IRs(Ns/Np)

RP (Ns/Np)

]
(2.12)

The P-V characteristics at various irradiation levels with constant temperature are

shown in Figure 2.6. As the irradiation level increases, the incident energy on the PV

cells increases. The peak power generation from solar array increases with increase

in irradiation level. The voltage at which maximum power generated also varies with

change in irradiation level.
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Figure 2.6: P-V characteristics of solar array for different solar irradiations at 250C
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Figure 2.7: I-V characteristics of solar array for different solar irradiations at 250C

The I-V characteristics at various irradiation levels with constant temperature are

shown in Figure 2.7. The PV array acts like a constant current source for a certain range

of voltage values. The current as well as power abruptly reduces to zero with increase

in the voltage beyond a certain value.

The P-V and I-V characteristics at various temperatures with constant irradiation

level are shown in Figure 2.8 and 2.9.

25



0 50 100 150 200 250 300 350 400
0

2000

4000

6000

8000

10000

12000

14000

16000
P−V characteristics

Voltage (V)

P
ow

er
 (

W
)

MPP @T = 00 C: 14.55 kW, 306.0 V
MPP @T = 250 C: 14.30 kW, 213.3 V
MPP @T = 500 C: 9.72 kW, 216.2 V

T = 250 C
T = 00 C

T = 500 C

116.4

Figure 2.8: P-V characteristics of solar array for different temperature levels at 1000 W/m2
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Figure 2.9: I-V characteristics of solar array for different temperature levels at 1000 W/m2

As the ambient temperature increases, the semiconducting property of PV cells

weakens. The peak power decreases with increase in ambient temperature. The voltage

at which maximum power is generated also decreases with increase in temperature.

2.4 BOOST CONVERTER DESIGN

The wind and solar energy systems generate varying DC output. In order to con-

nect them to a common DC-link, the variable DC voltage should be converted to con-

stant DC using DC-DC boost converters. The maximum power point tracking (MPPT)
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of solar energy system for varying irradiation is done by adaptively changing the duty

ratio of boost converter and thereby setting the optimal operating voltage at the PV

terminal. In wind energy system, the optimal rotor speed of PMSG for varying wind

speed is set by changing the duty ratio of boost converter connected with it. The circuit

diagram of boost converter is shown in Figure 2.10.

Vo

+

_

IoIi

Vi

+

_

Lb

Cb

D

Figure 2.10: Circuit diagram of DC-DC boost converter

The design equations for boost converter are shown in (2.13) and (2.14), where

Vi and Ii are the voltage and current from the renewable source respectively, ∆Ii is the

input current ripple of boost converter, Vo and Io are the output voltage and current of

boost converter respectively, d is the duty ratio of boost converter switch and fs is the

switching frequency (Czarkowski, 2011; Krithiga and Ammasai Gounden, 2014; Malla

et al., 2016).

Lb =
Vid

2∆Iifs
(2.13)

Cb =
Iod

2

(∆Vo/Vo)(1− d)Vofs
(2.14)

The maximum power from wind and solar system are tracked by adaptively chang-

ing the duty ratio of boost converter switch. The incremental conductance with integral

regulator method is used for maximum power point tracking (MPPT), in the wind as

well as in solar energy systems. The flowchart, shown in Figure 2.11 explains the in-

cremental conductance method of MPPT (Boehringer, 1968; Wasynczuk, 1983).

The wind-solar hybrid renewable system is interfaced to the grid using voltage
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Figure 2.11: Flowchart of Incremental Conductance Method

source inverter. The design of VSI is discussed in the following section.

2.5 DESIGN OF VSI

The design of power circuit of VSI involves selection of four major parameters;

DC-link voltage (Vdc), the DC-link capacitor (Cdc), filter inductor (Lf ) and switching

device.

2.5.1 Selection of Vdc

The value of DC-link voltage in SHAF is always selected greater than the peak

value of grid voltage for the effective real power transfer from DC-link to load. How-
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ever, with the increase in DC-link voltage, the switching losses in the inverter also

increases. The maximum DC-link voltage Vdcmax is given by (2.15), where Vs is the

line-line RMS value of grid voltage (Biricik et al., 2016). The value of DC-link voltage

is selected using the inequality shown in (2.16).

Vdcmax = 1.5×
√

2Vs (2.15)

(√
2Vs

)
< Vdc <

(
1.5×

√
2Vs

)
(2.16)

2.5.2 Selection of Cdc

DC link capacitors are used for reducing DC ripple. They also store energy during

transients. The value of the DC-link capacitor is selected using (2.17), where, S is the

capacity of the inverter, ω is the system frequency, Vdc is the DC-link voltage and ∆Vdc

is the peak to peak DC-link voltage ripple (Karuppanan, 2012).

Cdc ≥
S

2ωVdc∆Vdc
(2.17)

2.5.3 Selection of Lf

The inductive filter is used for removing switching frequency components from

the inverter current. The filter inductance can be calculated using (2.18), where, h is

the hysteresis band, fmax is the maximum switching frequency, and Vdc is the DC-link

voltage. Hysteresis band is usually taken as 5 % of compensation current (Karuppanan,

2012).

Lf =
Vdc

6hfmax
(2.18)

2.5.4 Switching device selection

Switching device selection depends on “maximum current flow through the de-

vice, maximum voltage stress on the device during the off period and switching fre-

quency” (Karuppanan, 2012).
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Maximum current flow: Maximum current flows through the switch when it is closed,

and the other switch in the same leg is open. The maximum current through the switch

is line current of the three-phase system. Maximum current is the same for all the

switching devices in the inverter.

Maximum voltage stress on the device during the off period: When one switch is open,

and the other one is closed in the same leg, the open switch blocks the maximum volt-

age which is Vdc. Generally, the blocking voltage is chosen slightly higher than Vdc to

avoid device failure.

Switching frequency: Usually switching frequency is selected ten times the largest

harmonic frequency to be compensated. However, with the increase in switching fre-

quency, the switching losses also increase.

2.6 CONCLUSION

Summarising this chapter, the modelling of the wind energy system and solar

energy system have been discussed. The design of boost converter for both wind and

solar energy systems have also been discussed. The SHAF design has been explained,

which includes switching device selection, DC-link capacitor design and filter inverter

design. Next chapter deals with the control system design and simulation results of a

three-phase VSI interfacing wind-solar hybrid system to the distribution grid.
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Chapter 3

Control System Design and Simulation

of a Three-phase, Four-leg SHAF

Interfacing Wind-Solar Hybrid System

to the Distribution Grid

3.1 INTRODUCTION

In recent years, shunt active power filters (SHAF) have found many applications

such as photovoltaic, wind power generation systems etc. In addition to harmonic com-

pensation of local loads, SHAF is capable of active power exchange from renewable

sources to the grid. The effective exchange of active power is done by controlling the

DC-link voltage (Devassy and Singh, 2018; Liang, 2017; Samir et al., 2018). Due to

the intermittency in renewable sources, the active power generated is highly dynamic.

The variations in load also create dynamic power variations in the system. The wide

variations in DC-capacitor energy cause stability related issues. The linear DC-link

voltage controllers such as Proportional-Integral (PI), can be tuned for a certain steady-

state range to have stable operating condition (Mikkili and Padamati, 2017). However,

the stability for a whole wide range of dynamic conditions cannot be assured by them.
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Therefore, fast, non-linear and robust control of DC-link voltage is necessary for mod-

ern SHAF. Hence, the robust controllers for DC-link voltage control of SHAF have been

studied.

The harmonic current compensation of local loads is also an important goal for

SHAF. The widely used control technique for harmonic current compensation is instan-

taneous power theory (Akagi et al., 2017). In this method, low pass filters (LPF) are

widely used for extracting fundamental component of load currents. The main draw-

back of LPF is the inbuilt phase delays. The performance of LPF improves with the

increase in order. However, the order of the filter is often limited due to the size of

processors and control complexity. The limitations of LPF can be overcome by us-

ing self-tuning filters (STF) (Benchouia et al., 2015; Hoon et al., 2017; Nejabatkhah

et al., 2016). Another limitation of conventional instantaneous power theory is its poor

performance in non-ideal grid voltage conditions. This limitation is overcome in (Biri-

cik et al., 2014) by using an additional self-tuning filter for detecting the fundamental

component of the grid voltage.

This chapter deals with the design, simulation and analysis of a double loop con-

troller for a three-phase shunt active filter, interfacing wind-solar hybrid system to the

distribution grid. The outer DC-link voltage control loop is realized in three different

ways, (i) using fast-acting PI, (ii) using the Fuzzy controller and (iii) using an adap-

tive BSC. An estimation rule is employed in BSC to estimate the switching loss in the

voltage source inverter. The accurate quantification of leakage and switching losses en-

hances the loss compensation capability of the network by effectively controlling the

active power flow to the capacitor. The proposed BSC is stable and robust for a wide

dynamic range of operation. The inner harmonic mitigation loop consists of a dual-

self-tuning filter (DSTF) based instantaneous power theory controller which enhances

the performance of SHAF under non-ideal grid voltage conditions and load unbalances.

Numerical simulations are performed in MATLAB/Simulink platform to check the ef-

fectiveness of the controller in active power exchange of renewable sources with the

grid, and the shunt active filtering. The performance of the proposed compensation al-
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gorithm: DSTF based pq algorithm is compared with the existing low pass filter based

pq algorithm under different steady-state system conditions. The proposed Back Step-

ping algorithm based DC-link controller is compared with PI and Fuzzy controllers

under several dynamic conditions. The results are analysed and summarized at the end

of this chapter.

3.2 DESIGN AND IMPLEMENTATION OF CONTROL SYSTEM

The main objectives of the control system are (i) to maintain the DC-link voltage

and balance the power flow, (ii) to compensate the harmonic components of load current

at PCC. The general block diagram of the overall control system is shown in Figure 3.2.

3.2.1 PI-DSTF-pq Controller for SHAF

In PI-DSTF-pq controller, the inner loop is realized by pq theory with dual-STF

and outer DC-link voltage loop is realized by PI controller. The block diagram of PI-

DSTF-pq controller is shown in Figure 3.1. The design of current harmonic compensa-

tion loop and DC-link voltage loop are discussed in following subsections.
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Figure 3.1: PI-DSTF-pq Controller

3.2.1.1 DC-link Voltage Control Loop

The DC-link voltage is sensed and the square of the sensed value is compared with

the square of the DC-link reference value. The error signal is processed through PI

controller.
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The output of PI controller is considered as the amount of real power (Pdc) need

to be injected from the network to the DC-link for maintaining the DC-link voltage as

constant. The transfer function model of the DC-link voltage control loop as shown in

(3.1) is considered for finding the kp and ki parameters of PI controller, where, ωnv and

ζ are natural frequency of undamped oscillations and damping constant of PI controller

respectively.

V 2
dc(s)

V 2
dcref(s)

= 2ζωnv

s+
ωnv
2ζ

s2 + 2ζωnvs+ ω2
nv

(3.1)

Proportional and integral constants can be derived from the transfer function as (3.2).

The values of kp and ki are selected by compromising between fast response time and

small overshoot. The kp and ki values of PI controller are tuned by using Ziegler-

Nicholas method.

kp = 2ζωnvC, ki = ω2
nvC (3.2)

3.2.1.2 Design of Current Harmonic Compensation Loop

In the current harmonic compensation loop, the load currents and grid voltages are

sensed and transformed to αβ frame using (3.3) and (3.4). Where iabcL and vabcs are

the three-phase load currents and grid voltages respectively. iαβ0L and vαβ0s are the load

currents and grid voltages in αβ0 frame.
iαL

iβL

i0L

 =

√
2

3


1 −1

2
−1

2

0
√
3
2
−
√
3
2

1√
2

1√
2

1√
2



iaL

ibL

icL

 (3.3)

vαs
vβs

 =

√
2

3

1 −1
2
−1

2

0
√
3
2
−
√
3
2



vas

vbs

vcs

 (3.4)

The instantaneous real power needed for harmonic compensation, and instanta-

neous imaginary power needed for reactive power compensation are calculated using
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(3.5) and (3.6), where iαLh and iβLh are the harmonic components of load currents and

vαsp1 and vβsp1 are the fundamental components of grid voltage. The negative sign indi-

cates that the power flow direction is from inverter to PCC.

ph(t) = −(iαLhv
α
sp1 + iβLhv

β
sp1) (3.5)

q(t) = −(iβLv
α
s − iαLvsβ) (3.6)

The harmonic components of load current are extracted by subtracting fundamen-

tal component from the load current. The low pass filters are widely used for extracting

fundamental components of load current. The main limitation of LPF is the inherit

phase lag introduced by them. Moreover, the lower order harmonic components are not

completely filtered out using LPF. The limitations of LPF is overcome using self-tuning

filters (STF) for detecting the positive sequence fundamental component of load cur-

rent. For enhancing the performance of the inner current loop under unbalanced and

distorted grid voltage conditions, an additional STF is employed in the control system

to extract fundamental component of the grid voltage. STF can be represented by (3.7)

and (3.8), where xα and xβ are the input signals and xα1 and xβ1 are the output signals

of STF in two-phase frame respectively (Refer Appendix B for derivation). Figure 3.3

shows the frequency response of STF for different K values.

xα1 (s) =
K

s
[xα(s)− xα1 (s)]− ω1

s
xβ1 (s) (3.7)

xβ1 (s) =
K

s

[
xβ(s)− xβ1 (s)

]
+
ω1

s
xα1 (s) (3.8)

The frequency response of STF shows that the phase angle at the fundamental fre-

quency is zero, unlike the conventional low pass filters. Moreover, the passband cut off

frequency is at the fundamental frequency, with a narrow bandwidth. The STF elimi-

nates both the lower order and higher order harmonics effectively.

The power calculated in outer loop, Pdc is added with the instantaneous real power

needed for harmonic compensation ph(t). The reference currents for compensation are
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Figure 3.3: Frequency response of STF for different values of ’K’

calculated using (3.9), where Kαβ = (vαsp1)
2 + (vβsp1)

2.


iref

α

iref
β

iref
0

 =
1

Kαβ


vαsp1 −v

β
sp1 0

vβsp1 vαsp1 0

0 0 Kαβ



ph + pdc − pRES

q

i0

 (3.9)

The reference currents in abc frame are calculated using (3.10). The neutral current can

be calculated using (3.11).
iaref

ibref

icref

 =

√
2

3


1 0 1√

2

−1
2

√
3
2

1√
2

−1
2
−
√
3
2

1√
2



iαref

iβref

i0ref

 (3.10)

inref = iaref + ibref + icref (3.11)

The reference currents iabcnref are compared with inverter currents iabcnc , and the

gating signals for the inverter are generated using hysteresis control.
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3.2.2 Fuzzy-DSTF-pq Controller for SHAF

The schematic diagram of the Fuzzy-DSTF-pq Controller based control system is

shown in Figure 3.4. The outer loop is implemented using adaptive Fuzzy logic, and the

inner loop using instantaneous power theory with DSTF. The inherent adaptive nature of

the controller towards system parameter variations improves the dynamic performance

of the system.

vs
α

vs
β

vsp1
α

vsp1
β

vdcref

vdc

iL
α

iL
β

iL1
α

iL1
β

iLh
α

iLh
β

pq

Pulses

_

+
+

+
+

if
αβ0

Calculation 

of reference 

current 

Fuzzy

Controller

Hysteresis 

control

Calculation 

of 

ph, q 

STF

STF
abc/

αβ0

+
+

_

abc/

αβ0

iL
abc

vs
abc

iL
0

abc/

αβ0

iref
abcn

+
ph

pdc

q

ic
abcn

Figure 3.4: Fuzzy-DSTF-pq Controller

3.2.2.1 Dc-link Voltage Control Loop

In Fuzzy-DSTF-pq controller, the PI controller in PI-DSTF-pq controller is replaced

by a non-linear adaptive Fuzzy controller. Following seven Fuzzy levels are chosen for

each input and output variables; ‘–ve big (NB)’, ‘–ve medium (NM)’, ‘–ve small (NS)’,

‘zero error (ZE)’, ‘+ve small (PS)’, ‘+ve medium (PM)’ and ‘+ve big (PB)’. Fuzzy rule

table is formed as shown in Table3.1 based on the fact that control output should be

large if the error is large. When the error is small, the control output should be small for

fine tuning the error (Mikkili and Panda, 2011). Fuzzy rules are formed according to

the rule table, where ’e’ is the DC-link voltage error and ’
∫
e’ is the integral of DC-link

voltage error.

Input membership functions are normalized by multiplying input variables with

input control gains ke and kie. Normalized input and output membership functions are

shown in Figure 3.5. Centroid method is used for defuzzification. The output variable
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Table 3.1: Fuzzy Rule Table

HH
HHHH

∫
e

e NB NM NS ZE PS PM PB

NB NB NB NB NB NM NS ZE

NM NB NB NB NM NS ZE PS

NS NB NB NM NS ZE PS PM

ZE NB NM NS ZE PS PM PB

PS NM NS ZE PS PM PB PB

PM NS ZE PS PM PB PB PB

PB ZE PS PM PB PB PB PB

ZENM PSNS PMNB PB

0.35-0.35-0.7 0 0.7 1

a) Input variable ‘e’

0.5

1

-1

ZENM PSNS PM PB

0.35-0.35-0.7 0 0.7 1

b) Input variable ‘ʃe’

0.5

1
ZENM PSNS PM PB

0.35-0.35-0.7 0 0.7

c) Output variable ‘pdc’

0.5

1
NB NB

Figure 3.5: Normalized membership functions of a) Input variable ‘e’, b) input variable ‘
∫
e’

and c) Output variable ‘pdc’

is multiplied with the output control gain (ko) to get the output ‘Pdc’, which represents

the power flow to the capacitor for keeping DC-link voltage constant.

3.2.2.2 Design of Current Harmonic Compensation Loop

The current harmonic compensation loop remains same as in PI-DSTF-pq controller, as

shown in (3.3 – 3.11). The gating signals for the inverter are generated using hysteresis

control.

3.2.3 BSC-DSTF-pq Controller for SHAF

The schematic diagram of the Back Stepping Controller based control system is

shown in Figure 3.6.
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Figure 3.6: BSC-DSTF-pq Controller

3.2.3.1 Dc-link Voltage Control Loop

The Back Stepping algorithm is a non-linear control algorithm, where Lyapunov theory

of stability is used for deriving the control law. According to Lypunov theory,

“A system is stable at the point x if there is a function continually derivable U(x)

that satisfy:

U(0) = 0

U(x) > 0;∀x 6= 0, x ∈ Ω

U̇(x) < 0;∀x 6= 0, x ∈ Ω; Where Ω is the domain of study ”, (Ghamri et al., 2015).

Energy stored in DC-link capacitor can be written as a function of Vdc as shown

in (3.12).

Edc =
1

2
CdcV

2
dc (3.12)

The derivative of Edc can be written as shown in (3.13).

Ėdc = Pdc = Ps + PRES − PRdc − Psw (3.13)

Ps is the power supplied by the network to maintain the charge in DC-link capacitor,

PRES is the power injected by renewable sources, PRdc is the losses in leakage resistance

of DC-link capacitor, , and Psw is the inverter switching loss. Mathematical models of

Ps, PRdc & PRES are shown in (3.14), (3.15) and (3.16) respectively. Psw is treated as
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an unknown parameter.

Ps = vas i
a
dc + vbsi

b
dc + vcsi

c
dc (3.14)

Where vas , v
b
s,&v

c
s are the three phase grid voltages and iadc, i

b
dc,&i

c
dc are the three phase

inverter current components for DC voltage control.

PRES = idcvdc (3.15)

PRdc =
v2dc
Rdc

(3.16)

Where idc is the DC current from RES to DC-link capacitor and Rdc is the leakage

resistance of DC capacitor.

The control objective is to keep the DC voltage tracking error as small as possible.

If z is the voltage tracking error, it can be represented as shown in (3.17).

z = x∗ − x (3.17)

Where x is energy stored in DC capacitor and x∗ is the reference value of energy stored

in DC-link voltage. The derivative of (3.17) can be written as shown in (3.18).

ż = ẋ∗ − ẋ = ẋ∗ − Ps − PRES + PRdc + Psw (3.18)

Equation (3.19) is obtained by substituting (3.15) and (3.16) in (3.18).

ż = ẋ∗ − Ps − idc
√

2x

Cdc
+

2x

CdcRdc

+ Psw (3.19)

For obtaining a stabilized control law, introducing a Lyapunov function as shown in

(3.20).

V =
1

2
z2 +

1

2γ
P̃sw

2
(3.20)

Where P̃sw = P̂sw − Psw is the estimation error of Psw and γ is a positive design

41



parameter. Equation (3.21) is obtained by differentiating (3.20).

V̇ = zż +
1

γ
P̃sw

˙̃Psw (3.21)

Substituting (3.19) in (3.21), equation (3.22) can be derived.

V̇ = z

[
ẋ∗ − Ps − idc

√
2x

Cdc
+

2x

CdcRdc

+ Psw

]
+

1

γ
P̃sw

˙̃Psw (3.22)

Substituting Psw = P̂sw − P̃sw in (3.22), equation (3.23) is obtained.

V̇ = z

[
ẋ∗ − Ps − idc

√
2x

Cdc
+

2x

CdcRdc

+ P̂sw − P̃sw
]

+
1

γ
P̃sw

˙̃Psw (3.23)

Rearranging (3.23), equation (3.24) is derived.

V̇ = z

[
ẋ∗ − Ps − idc

√
2x

Cdc
+

2x

CdcRdc

+ P̂sw

]
+ P̃sw

(
1

γ
˙̃Psw − z

)
(3.24)

For making V̇ <= 0, equating the terms in square bracket to −cz as shown in (3.25);

where c is a positive design parameter.

ẋ∗ − Ps − idc
√

2x

Cdc
+

2x

CdcRdc

+ P̂sw = −cz (3.25)

The control law, shown in (3.26) and the parameter adaptation law, shown in (3.27) are

derived from (3.25) and (3.24) respectively.

Ps = ẋ∗ − idc
√

2x

Cdc
+

2x

CdcRdc

+ P̂sw + cz (3.26)

˙̃Psw = γz (3.27)

Equation (3.28) is derived from (3.14)and (3.26). The inverter current references for
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DC voltage control can be calculated using (3.28).


iadc

ibdc

icdc

 =
1

(vas )
2 + (vbs)

2 + (vcs)
2


vas

(
ẋ∗ − idc

√
2x

Cdc
+

2x

CdcRdc

+ P̂sw + cz

)
vbs

(
ẋ∗ − idc

√
2x

Cdc
+

2x

CdcRdc

+ P̂sw + cz

)
vcs

(
ẋ∗ − idc

√
2x

Cdc
+

2x

CdcRdc

+ P̂sw + cz

)


(3.28)

The neutral current can be calculated using (3.29).

indc = iadc + ibdc + icdc (3.29)

3.2.3.2 Design of Current Harmonic Compensation Loop

In the current harmonic compensation loop, the instantaneous real power needed for

harmonic compensation, and instantaneous imaginary power needed for reactive power

compensation are calculated using (3.5) and (3.6) respectively. The reference currents

for harmonic compensation are calculated using (3.30), whereKαβ = (vαsp1)
2 + (vβsp1)

2.


if
α

if
β

if
0

 =
1

Kαβ


vαsp1 −v

β
sp1 0

vβsp1 vαsp1 0

0 0 Kαβ



ph

q

i0

 (3.30)

The reference currents in abc frame are calculated using (3.31). The neutral cur-

rent is calculated using (3.32).


iaf

ibf

icf

 =

√
2

3


1 0 1√

2

−1
2

√
3
2

1√
2

−1
2
−
√
3
2

1√
2



iαf

iβf

i0f

 (3.31)

inf = iaf + ibf + icf (3.32)

The reference currents for the inverter is the sum of iabcnf and iabcndc . The reference
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currents iabcnref are compared with inverter currents iabcnc , and the gating signals for the

inverter are generated using hysteresis control.

3.2.3.3 Stability analysis of BSC

The closed loop control system can be expressed in the form of Ẋ = AX as shown in

(3.33), where c and γ are positive real values. The eigenvalues of the matrix A are the

zeroes of the polynomial P (θ) = θ2 + cθ + γ

 ż

˙̃Psw

 =

−c 1

γ 0

 z

P̃sw

 (3.33)

The roots of the polynomial have negative real values if c > 2
√
γ. Hence, according

to Hurwitz criterion, z(t) and P̃sw(t) are bounded. The Lyapunov function V is given

by (3.20). Taking the derivative of V with respect to time, after some mathematical

simplifications, expression (3.34) is obtained.

V̇ = −cz2 +
3

2
P̃swz (3.34)

Taking derivative of V̇ with respect to time and simplifying, (3.35) is obtained.

V̈ = −2c2z2 − 2czP̃sw +
3

2
(czP̃sw + P̃sw

2
+ z2γ) (3.35)

Since z(t) and P̃sw(t) are bounded, V̈ is also bounded. Therefore, according to Bar-

balat’s Lemma, it can be said that V̇ → 0 as t → ∞. From (3.35), it can be said that

z(t), P̃sw(t)→ 0 as t→∞ (Jean-Jacques Slotine, 1991).

3.3 SIMULATION RESULTS AND ANALYSIS

Numerical simulations are carried out in MATLAB/Simulink platform with dy-

namic models of wind and solar systems. The system parameters used in simulation are

listed in Table 3.2. List of harmonic components present in the load considered is shown

in 3.3. The power circuit of the system considered for simulation is shown in Figure 3.7.
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The rated power generations from the wind and solar systems are considered as 15 kW

( at wind speed of 12 m/s and solar irradiation 1 kW/m2 respectively). Three-phase four

leg IGBT inverter is used as grid interfacing inverter (Mikkili and Panda, 2011). The

kp and ki values used for simulation are 0.11 and 1.05 respectively. The input control

gains (ke and kie) and output control gain (ko) used in Fuzzy controller are (1/7002),

(20/7002) and 5.6 × 104 respectively. The Back Stepping Controller parameters c and

γ used in the simulation are 200 and 2500 respectively. The effectiveness of controllers

are tested by simulating different system conditions.

4 leg 

inverter
DC Bus

DC link 

capacitor

PCC

Grid side 

ac bus

3-phase 

uncontrolle

d rectifier

DC-DC 

Boost 

Converter

DC-DC 

Boost 

Converter

Solar PV 

array

Wind 

farm

Renewable Energy System

+

-

Non-linear 

loads

VsaVsbVsc

Ifa

Ifb
Ifc
Ifn

ILa ILb ILc

RL1

LL1

RL2

LL2

Rs Ls

Rs Ls

Rs Ls

Lfsh

Vsabc

a
cb

n

Distribution 

grid

Figure 3.7: Power circuit of the system considered for simulation

Table 3.2: SHAF parameters

Sl.
No

Particulars Values

1 Supply Voltage 3Φ, 400 V (Line–line, RMS), 50Hz
2 Source Parameters 0.01mH, 0.1 Ω

3 DC-link capacitance 2350 µF
4 DC-link voltage 700V
5 Filter Parameters 5mH, 0.1 Ω

6 Load parameters 9 kW Non-linear load. (Three-phase
rectifier with 30 Ω, 48 mH load)

7 Inverter parameters 4-leg IGBT H-bridge inverter
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Table 3.3: List of harmonic components present in the load considered

Order of
harmonics

Magnitude in %

1 100
5 19.59
7 11.27
11 6.08
13 4.28
17 2.22

3.3.1 Steady state condition

The performance of the controller is analysed for two different cases, (i) renew-

able power generation is greater than the load demand (PRES > PL), and (ii) renewable

power generation is less than the load demand (PRES < PL). The steady state wave-

forms for PRES > PL is shown in Figure 3.8(a). In this case, 12 m/s wind speed and 1

kW/m2 solar irradiation are considered.

The active power plots, DC-link voltage, grid voltages, load currents, compensa-

tion currents and grid currents for PRES > PL are shown in Figure 3.8(a). It is observed

that the load demand is met by the power generated by renewable sources, and the ex-

cess power is injected into the grid. The grid currents and grid voltages in each phase

are out of phase by 1800, as the power is injected into the grid. The steady-state wave-

forms for PRES < PL is shown in Figure 3.8(b). In this case, 3 m/s wind speed and 250

W/m2 solar irradiation are considered.

It is observed that the total power generated by renewable sources are less than

load demand, and power flows from grid to the load to meet the load demand. The grid

currents and grid voltages in each phase are in phase. The grid current harmonics are

effectively reduced to the IEEE prescribed limit by the proposed BSC-DSTF controller

in both the cases. The steady state performance of BSC-DSTF is compared with PI-

LPF, PI-DTSF and Fuzzy-DSTF controllers under (i) ideal grid voltage, (ii) unbalanced

grid voltage, (iii) distorted grid voltage and (iv) unbalanced load conditions. Following

subsections discusses the results of steady-state comparative study.
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3.3.1.1 Case 1: Ideal grid voltage condition

In this case, undistorted and balanced grid voltage condition is considered. The load

is non-linear and balanced. The grid voltage and current waveforms for PRES > PL

condition, with PI-LPF, PI-DTSF, Fuzzy-DSTF and BSC-DSTF controllers are shown

in Figure 3.9. The harmonic analysis results are shown in Figure 3.10. The results show

that PI-DTSF, Fuzzy-DSTF and BSC-DSTF controllers offer similar harmonic current

mitigation property. They are superior to PI-LPF controller, for PRES > PL case, under

ideal grid voltage condition.

Figure 3.11 shows the grid voltage and current waveforms for PRES < PL condi-

tion. The harmonic analysis results for this case is shown in Figure 3.12. In this case

also PI-DTSF, Fuzzy-DSTF and BSC-DSTF controllers show improved harmonic cur-

rent mitigation property compared to PI-LPF. The controllers PI-DTSF, Fuzzy-DSTF

and BSC-DSTF offer similar steady state results in this case too.

3.3.1.2 Case 2: Unbalanced grid voltage condition

An unbalance in grid voltage is simulated by increasing phase A voltage by 10%, keep-

ing all other phase voltages at nominal values. The load is non-linear and balanced.

The grid voltage and current waveforms and corresponding harmonic analysis results

with all four controllers, for PRES > PL condition are shown in Figure 3.13 and 3.14

respectively. It is observed that the grid current THD exceeds the prescribed IEEE limit

when PI-LPF controller is used. The grid current THDs similar and are within the limits

with PI-DTSF, Fuzzy-DSTF and BSC-DSTF controllers.

Figure 3.15 and 3.16 shows the grid voltage and current waveforms, and harmonic

analysis results for PRES < PL condition respectively. In this case also an unbalance

in grid voltage is considered. The results shows that in this case also PI-DTSF, Fuzzy-

DSTF and BSC-DSTF controllers controllers offers better harmonic current mitigation

compared to PI-LPF controller. Grid current THD in all three phases are within IEEE

standards.
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3.3.1.3 Case 3: Distorted grid voltage condition

In this case, a 5% grid voltage distortion (4% fifth harmonics and 3% seventh harmon-

ics) is simulated. The load is non-linear and balanced. The grid voltage and current

waveforms under distorted grid voltage condition for PRES > PL case is shown in Fig-

ure 3.17. From the harmonic analysis results shown in Figure 3.18, it is observed that,

with PI-LPF controller, the grid current THD exceeds the harmonic limits prescribed

by IEEE-519. The grid current THD’s with PI-DTSF, Fuzzy-DSTF and BSC-DSTF

controllers are well within the limits.

The grid voltage and current waveforms under distorted grid voltage condition for

PRES < PL case is shown in Figure 3.19. The harmonic analysis results for this case is

shown in Figure 3.20. It is observed that in this case also DSTF based controllers offer

better harmonic mitigation property than PI-LPF controller. PI-DTSF, Fuzzy-DSTF and

BSC-DSTF offer similar steady state performance in this case too.

3.3.1.4 Case 4: Unbalanced load condition

In this case, the load is non-linear and unbalanced. Along with the existing three-phase

rectifier load, a single phase rectifier with 60 Ω, 48 mH load is connected in A phase

for simulating unbalanced load condition. The grid voltage condition is considered as

balanced and undistorted. The grid voltage and current waveforms for PRES > PL

condition, with different controllers are shown in Figure 3.21. The harmonic analysis

results are shown in Figure 3.22. it is observed that all three DSTF based controllers

offer better harmonic current mitigation than PI-LPF controller.

Figure 3.23 shows the grid voltage and current waveforms for PRES < PL con-

dition. The harmonic analysis results for this case is shown in Figure 3.24. In this

case, the grid current THD limits are violated when PI-LPF controller is used. The grid

current THDs are under limits with PI-DTSF, Fuzzy-DSTF and BSC-DSTF controllers,

for PRES < PL case, under unbalanced load condition.
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The steady state results are summarized in table 3.4. From the grid current THD

values for different steady state conditions listed in table, it is observed that DSTF

based controllers possess superior harmonic current mitigation property compared to

LPF based controller. The PI-DSTF, Fuzzy-DSTF and BSC-DSTF controllers have

similar performance under different steady state conditions, because the outer DC-link

voltage control loop have not affected the performance of the inner harmonic current

mitigation loop.

Table 3.4: Summary of steady state results

Condition Case Phase
Load
current
THD

Grid current THD
PI-
LPF

PI-
DSTF

Fuzzy-
DSTF

BSC-
DSTF

Ideal grid

PRES > PL

A 24.03 1.38 0.93 0.87 0.88
B 24.03 1.37 0.96 0.89 0.97
C 24.03 1.38 0.97 0.87 0.94

PRES < PL

A 24.03 4.34 1.86 1.76 1.76
B 24.03 4.31 1.88 1.77 1.75
C 24.03 4.34 1.88 1.79 1.74

Unbalanced
grid voltage

PRES > PL

A 22.67 5.26 2.16 2.14 2.20
B 24.59 4.72 1.72 1.57 1.83
C 24.69 5.01 1.69 1.64 1.79

PRES < PL

A 22.67 5.07 3.08 3.08 3.16
B 24.59 5.46 3.44 3.22 3.42
C 24.69 5.24 3.08 3.05 3.20

Distorted
grid voltage

PRES > PL

A 24.03 1.37 0.86 0.91 0.70
B 24.03 1.38 0.86 0.91 0.70
C 24.03 1.38 0.87 0.90 0.75

PRES < PL

A 24.03 4.31 1.73 1.76 1.72
B 24.03 4.31 1.73 1.77 1.72
C 24.03 4.29 1.74 1.79 1.74

Unbalanced
load

PRES > PL

A 18.26 2.68 1.24 1.29 1.16
B 24.11 2.76 1.25 1.08 1.19
C 23.92 2.83 1.26 1.32 1.19

PRES < PL

A 18.19 6.77 2.38 2.16 2.81
B 24.03 7.94 2.38 2.16 2.81
C 23.84 7.46 2.39 2.64 2.86

3.3.2 Dynamic conditions

Different dynamic conditions considered for analysing the dynamic behaviour of

the system are starting, step change in wind speed and solar irradiation, a step change

in load and a step change in DC-link reference voltage.
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3.3.2.1 Starting

During starting, a 5 Ω resistor is included in series with the AC inductor filter to limit

the huge inrush current. The resistor is removed after a few cycles by closing the switch

connected across it. The real power and DC-link voltage waveforms are shown in Fig-

ure 3.25. It is observed that the DC-link voltage response is faster for BSC-DSTF con-

troller compared to PI-DSTF and Fuzzy-DSTF. The grid currents during starting with

each controller are shown in Figure 3.26. The initial transients are due to the DC-link

capacitor charging and MPPT controller dynamics.
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Figure 3.25: Power and DC-link voltage plots during starting
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Figure 3.26: Grid current waveforms during starting

3.3.2.2 Step change in load

A 50% step decrement in load is simulated at 1 s. The real power and DC-link voltage

waveforms during load increment are shown in Figure 3.27. It is observed that the

DC-link voltage response is faster for BSC-DSTF controller compared to PI-DSTF and

Fuzzy-DSTF. The grid currents during load decrement with each controllers are shown

in Figure 3.28.
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Figure 3.27: Power and DC-link voltage plots during 50% step decrement in load
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Figure 3.28: Grid current waveforms during during 50% step decrement in load

The load is brought back to the nominal value by step incrementing it 50% at 1.5

s . The real power and DC-link voltage are shown in Figure 3.29 and the grid current

waveforms are shown in Figure 3.30. In this case also BSC-DSTF-pq controller offers

faster response.
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Figure 3.29: Power and DC-link voltage plots during during 50% step increment in load
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Figure 3.30: Grid current waveforms during during 50% step increment in load
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3.3.2.3 Step change in wind speed and solar irradiation

The step change in wind speed from 12 to 10 m/s is simulated at 2 s. The real power and

DC-link voltage in this condition are shown in Figure 3.31. The grid current waveforms

are shown in Figure 3.32.
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Figure 3.31: Power and DC-link voltage plots during step change in wind speed
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Figure 3.32: Grid current waveforms during step change in wind speed

A step decrement in the solar irradiation level from 1 to 0.8 kW/m2 is simulated

at 2.5 s. The real power and DC-link voltage in this condition are shown in Figure 3.33.

The grid current waveforms are shown in Figure 3.34.
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Figure 3.33: Power and DC-link voltage plots during step change in solar irradiation

61



2.4 2.5 2.6
−50

0

50
(a) Grid current (PI−DSTF)

time (s)

C
ur

re
nt

 (
A

)

2.4 2.5 2.6
−50

0

50
(a) Grid current (Fuzzy−DSTF)

time (s)

C
ur

re
nt

 (
A

)

2.4 2.5 2.6
−50

0

50
(a) Grid current (BSC−DSTF)

time (s)

C
ur

re
nt

 (
A

)

Figure 3.34: Grid current waveforms during step change in solar irradiation

The power generation from both wind and solar energy systems reduces to zero

at 3 s. The real power and DC-link voltage in this condition are shown in Figure 3.35.

The grid current waveforms are shown in Figure 3.36.
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Figure 3.35: Power and DC-link voltage plots when renewable power generation reduces to
zero
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Figure 3.36: Grid current waveforms when renewable power generation reduces to zero

In the above discussed three cases, the integral square error and integral time

square error are observed as minimum for BSC-DSTF-pq controller.
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3.3.2.4 Step change in DC-link reference voltage

The DC-link voltage reference is changed from 700 V to 800 V at 1 s and changed back

to 700 V at 1.5 s. The real power and DC-link voltage waveforms during step increment

in reference voltage are shown in Figure 3.37. Corresponding grid current waveforms

are shown in Figure 3.38. The real power and DC-link voltage waveforms when DC-

link reference changes from 800 to 700 V is shown in Figure 3.39. Corresponding grid

current waveforms are shown in Figure 3.40.
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Figure 3.37: Power and DC-link voltage plots when DC-link reference changes from 700 to
800 V

0.9 1 1.1

−50

0

50

(a) Grid current (PI−DSTF)

time (s)

C
ur

re
nt

 (
A

)

0.9 1 1.1

−50

0

50

(a) Grid current (Fuzzy−DSTF)

time (s)

C
ur

re
nt

 (
A

)

0.9 1 1.1

−50

0

50

(a) Grid current (BSC−DSTF)

time (s)

C
ur

re
nt

 (
A

)

Figure 3.38: Grid current waveforms when DC-link reference changes from 700 to 800 V
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Figure 3.39: Power and DC-link voltage plots when DC-link reference changes from 800 to
700 V
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Figure 3.40: Grid current waveforms when DC-link reference changes from 800 to 700 V

For all the dynamic cases considered, the integral square error and integral time

square error are minimum for BSC-DSTF-pq controller compared to PI-DSTF-pq and

Fuzzy-DSTF-pq controllers. This implies lesser steady-state error and faster response

for BSCDSTF-pq controller. This shows that the dynamic performance of BSC-DSTF-

pq is superior compared to other controllers. The dynamic state results are summarized

in table 3.5. It is observed that in all the cases, the integral square error and integral

time square error are minimum for BSC-DSTF-pq controller.

Table 3.5: Summary of dynamic state results

Condition
Error
parameter

Controller
PI-DSTF-pq Fuzzy-

DSTF-pq
BSC-DSTF-
pq

Starting
ISE 0.0124 0.0121 0.0121
ITSE 6.01 ×10−4 3.45 ×10−4 1.44 ×10−4

50% decrease in load
ISE 5.13 ×10−6 1.84 ×10−5 2.55 ×10−6

ITSE 5.06 ×10−7 1.02 ×10−6 2.31 ×10−7

50% increase in load
ISE 5.06 ×10−6 5.20 ×10−6 2.73 ×10−6

ITSE 4.65 ×10−7 5.50 ×10−7 2.50 ×10−7

Change in wind speed
from 12 to 10 m/s

ISE 2.87 ×10−4 9.40 ×10−5 1.00 ×10−5

ITSE 1.32 ×10−5 4.08 ×10−6 4.78 ×10−7

Change in solar irradiation
from 1 to 0.8 kW/m2

ISE 6.65 ×10−5 3.06 ×10−5 4.42 ×10−6

ITSE 2.94 ×10−6 1.23 ×10−6 3.95 ×10−7

Power generation from RES
becomes zero

ISE 1.91 ×10−3 8.77 ×10−4 2.08 ×10−5

ITSE 1.30 ×10−4 3.61 ×10−5 4.25 ×10−7

DC-link voltage reference
changes from 700 to 800 V

ISE 9.66 ×10−5 1.59 ×10−4 4.90 ×10−5

ITSE 1.55 ×10−6 5.90 ×10−6 4.58 ×10−7

DC-link voltage reference
changes from 800 to 700 V

ISE 1.15 ×10−4 4.61 ×10−4 5.85 ×10−5

ITSE 1.96 ×10−6 1.11 ×10−5 5.08 ×10−7
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3.4 CONCLUSION

A dynamic model of wind-solar hybrid system has been simulated in MATLAB/

Simulink platform. The DC-link voltage loop of the controller has been designed us-

ing three different methods; using PI, Fuzzy and Back Stepping techniques. The pro-

posed Back Stepping Controller has an additional switching loss estimator for effective

loss compensation of the system. The harmonic compensator has been realized using

DSTF-pq theory for enhanced performance compared to conventional LPF-pq theory.

The stability analysis using Barbalat lemma has proved the wide-range stability of the

system with BSC. From the simulation results, it has been observed that the current har-

monics at the grid side has been compensated successfully. The THD of the grid current

with PI-DSTF, Fuzzy-DSTF and BSC-DSTF controllers are found to be less than 5%

for all steady-state conditions, which is well within limits specified by IEEE standard-

519. It has been observed that the proposed BSC-DSTF is faster, more robust and offers

better dynamic performance compared to PI-DSTF and Fuzzy-DSTF controllers under

different dynamic conditions.
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Chapter 4

Control System Design and Simulation

of a Three-phase UPQC Interfacing

Wind-Solar Hybrid System to the

Distribution Grid

4.1 INTRODUCTION

Voltage sag, swell and voltage harmonic distortions are some of the major power

quality problems in distribution system utilities which cannot be addressed by shunt

active power filters (Edomah, 2009; Kumar et al., 2016). The equipment in modern

industrial plants, like process controllers, programmable logic controllers, adjustable

speed drives etc. are susceptible to these kinds of power quality issues. A combina-

tion of shunt and series active filters (Unified Power Quality Conditioner - UPQC) can

mitigate the majority of power quality problems in the distribution level.

The control system of UPQC consists of series active filter controller and shunt

active filter controller. The series active power filter controller mainly consists of a

positive sequence fundamental voltage calculator, a voltage controller and a pulse gen-

erator. Conventionally positive fundamental voltages are calculated by using low pass
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filters (Kanjiya et al., 2012). The low pass filter introduces an additional phase lag, and

it affects the performance of the series active filter. This can be overcome by cascading

a lag compensator circuit, which increases the complexity and cost of the overall con-

trol system (Kanjiya et al., 2012). A stable closed loop voltage controller is needed for

effective control of output AC voltage of the voltage source inverter. Since the accurate

modelling of dynamic states of the inverter is difficult, voltage controller design and

tuning using conventional PI controllers is a complex task (Mohebbi et al., 2017; Yi

et al., 2008). A Fuzzy controller based voltage controller can overcome this limitation.

In this chapter, a UPQC interfacing wind-solar hybrid system to the distribution

grid is designed, simulated and analysed. A novel control strategy is proposed for the

series active filter. It consists of a self-tuning filter (STF) based fundamental positive

sequence detector and a Fuzzy logic based stable closed loop voltage controller. A

PWM controller is used for generating switching pulses for controlling the series active

filter inverter. The details of shunt active filter control system are discussed in 3.2.3.

In the first section, the power circuit of UPQC is discussed. The control schematic

of UPQC and the design of its components are illustrated in the second section. In the

third section, the simulation results for different system conditions are shown which

verifies the effectiveness of the controller. The last section is the conclusion of the

observations from the results.

4.2 POWER CIRCUIT OF UPQC

The shunt and series active filters are connected back to back with a common DC-

link. The wind–solar hybrid renewable system is connected at the DC-link. The series

active filter acts as a voltage regulator and a voltage harmonic isolator between grid

and load centre by injecting compensating voltage, whereas shunt active filter balances

the load and blocks the current harmonics to enter the grid by injecting compensating

current. The dc-link voltage controller associated with shunt active filter controls the

power flow from renewable energy to the grid. The overall schematic diagram of UPQC

interfacing renewable systems to grid at the distribution level is shown in Figure 4.1. It
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consists of two 3 phase, four leg IGBT inverters; VSI-1 for the series active filter, and

VSI-2 for shunt active filter. It also consists of a DC-link capacitor, an inductive filter

for shunt active filter, an LC filter for the series active filter, three single phase injection

transformers with their primary windings connected to VSI-1 AC output terminals and

secondary windings connected in series with the grid, and non-linear loads at PCC.
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Figure 4.1: Schematic diagram of a UPQC interfacing renewable energy system to the grid,
with non-linear load at load centre

4.3 CONTROL SYSTEM DESIGN OF UPQC

The block diagram representation of the overall control system is shown in Figure

4.2. It is a combination of control systems of a series active power filter and a shunt

active power filter. Following subsections deals with the control system design in detail.
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Figure 4.2: Control system of UPQC interfacing renewable energy systems to grid

4.3.1 Series active filter control system design

The basic principle of the series active filter is that it senses the changes in grid

side voltage and injects compensation voltage in series with the grid voltage to nullify

the change. The change can be a voltage sag, voltage swell or voltage distortion in grid

voltage. The control scheme of the series active filter is shown in Figure 4.3.
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The grid voltages are transformed into αβ0 frame using (4.1) to get V α
s , V

β
s , V

0
s .


V α
s

V β
s

V 0
s

 =

√
2

3
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1 −1

2
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2
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2
−
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3
2
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2
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2


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V b
s

V c
s

 (4.1)

A self tuning filter (STF) is used for detecting the positive sequence fundamental com-

ponent of grid voltage. V α
s1, V

β
s1 are the fundamental positive sequence components of

grid voltage in αβ0 frame.

An abc to αβ0 transformation is done to convert fundamental positive sequence

grid voltages to abc frame as shown in (4.2). A peak detector detects the peak amplitude

of the grid voltages V a
s1, V

b
s1, V

c
s1 in every half cycle of their fundamental frequency. The

grid voltage is divided with the corresponding peak amplitude values to get three phase

unit amplitude signals, Ua, Ub, Uc which are in phase with the grid voltages. The unit

amplitude signals are multiplied by VLp to form the reference load voltage signals with

required amplitude. The resultant voltage signals are then subtracted from grid voltages,

to get the reference signals for the series active filter, V abc
fref .
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 (4.2)

The reference V abc
fref are subtracted from the inverter output voltage V abc

f and the

error is processed using a Fuzzy logic based voltage controller. Five Fuzzy levels, BP

(Big Positive), P (Positive), Z (Zero), N (Negative), and BN (Big Negative) are chosen

for both the inputs, i.e.; error e and change in error de. Fuzzy rules are formed based on

the facts listed below.

1. If the error is high, the controller output should also be high. Else if the error is

small, the controller output should be small

2. If the error is positive and the change in error is also positive, the controller out-
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put should be positive. Else if both error and change in error are negative, the

controller output should be negative

3. If the error is a large positive value, and the change in error is a large negative

value, controller output should be zero.

Fuzzy rule table is shown in Table 4.1. Figure 4.4 shows the normalized input

and output membership functions. Fuzzification is done with triangular membership

functions, and defuzzification using the centroid method. Inputs are multiplied with

input gains for normalizing the inputs. The output of Fuzzy controller is multiplied

with output gain.

a) Input variable ‘e’

Z PN BP

0.3-0.3-0.6 0 0.6 1

b) Input variable ‘de’

0.5

1

c) Output variable ‘Ce’

BNZ PN BP

0.3-0.3-0.6 0 0.6 1

0.5

1
BN Z PN BP

0.3-0.3-0.6 0 0.6 1

0.5

1

-1 -1 -1

Figure 4.4: Normalized membership functions of a) Input variable ‘e’, b) input variable ‘de’
and c) Output variable ‘Cde’

Table 4.1: FuzzyRule Table

H
HHH

HHde
e BN N Z P BP

BN BN BN BN N Z

N BN BN N Z P

Z BN N Z P BP

P N Z P BP BP

BP Z P BP BP BP

The output of voltage controller is given to a PWM controller to generate switch-

ing pulses for the VSI.

4.3.2 Shunt active filter control system design

The DC-link voltage controller of SHAF is designed using Back Stepping Con-

troller and the harmonic current mitigation by DSTF-pq control. The design of control

system of SHAF is discussed in Chapter 3.
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4.4 SIMULATION RESULTS AND ANALYSIS

Numerical simulations are carried out in MATLAB/Simulink environment for dif-

ferent system conditions to verify the effectiveness of the control system. System pa-

rameters are listed in Table 4.1. A three phase programmable voltage source is used as

grid. Non-linear load is simulated using a three phase rectifier with an RL load at the

DC side. A three phase IGBT inverter is simulated with capacitors at its DC-link. The

wind-solar hybrid system is connected at the DC-link of the system. A three phase LC

filter is connected at the AC side of the inverter. Single phase 1:1 transformers are used

as isolation transformers. Primaries of transformers are connected in inverter output,

and secondary of transformers are connected in series with the line connecting grid to

the load. Different cases considered for simulation are discussed and corresponding

results are shown in following section.

Table 4.2: UPQC parameters

Sl.
No

Particulars Values

1 Supply Voltage 3Φ, 400 V (Line–line, RMS), 50Hz
2 Source Parameters 0.01mH, 0.1 Ω

3 DC-link capacitance 2350 µF
4 DC-link voltage 700V
5 SHAF Filter Parameters 5mH, 0.1 Ω
6 SAPF Filter Parameters 0.1 Ω , 0.25 mH, 100 µF
6 Load parameters Three-phase rectifier with 30 Ω, 48 mH

load

4.4.1 Grid Voltage Sag

A single phase 40% sag in grid voltage is simulated from 0.5 to 0.6 s by reducing

the voltage in A phase to 0.6 pu keeping the other phase voltages at 1 pu. Figure 4.5

shows the three-phase grid voltages, the compensation voltages injected in phase with

the grid voltages to mitigate sag, the load voltages, load currents, the compensation

currents injected by SHAF to mitigate current harmonics, and grid currents. It is ob-

served from Figure 4.5 that the sag in phase A is compensated by SAPF within a cycle.

Also, the harmonic components present in load current are compensated by SHAF. The
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results are summarized in table 4.3.
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Figure 4.5: Simulation results: Single phase sag

Table 4.3: Summary of simulation results: Single phase grid voltage sag

Load voltages Before After Grid currents Before After

RMS (V)
phase A 138.59 229.45

THD (%)
phase A 24.06 2.35

phase B 230.94 229.88 phase B 24.03 3.41
phase C 230.94 229.73 phase C 24.02 2.67

A three-phase 40% sag in grid voltage is simulated from 0.5 to 0.6 s by reducing

the voltage in all three phase to 0.6 pu. Figure 4.6 shows the three phase grid voltages,

the compensation voltages injected in phase with the grid voltages to mitigate sag, the

load voltages, load currents, the compensation currents injected by SHAF to mitigate

current harmonics, and grid currents. It is observed from Figure 4.6 that the sag in

all phases are compensated by SAPF within a cycle. Also, the harmonic components

present in load current are compensated by SHAF. The transient oscillations in the grid

currents are due to the sudden disturbance created in the DC-link due to three phase

sag in grid voltage. The DC-link voltage is regulated within two to three cycles by the

Back Stepping algorithm based DC-link voltage controller. The results are summarized

in table 4.4.
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Figure 4.6: Simulation results: Three phase sag

Table 4.4: Summary of simulation results: Three phase grid voltage sag

Load voltages Before After Grid currents Before After

RMS (V)
phase A 138.59 229.52

THD (%)
phase A 23.94 1.44

phase B 138.59 229.52 phase B 23.95 1.87
phase C 138.59 229.52 phase C 23.94 1.53

4.4.2 Grid Voltage Swell

A single phase 40% swell in grid voltage is simulated from 0.7 to 0.8 s by increas-

ing the voltage in A phase to 1.4 pu keeping the other phase voltages at 1 pu. Figure

4.7 shows the three phase grid voltages, the compensation voltages injected in phase

with the grid voltages to mitigate swell, the load voltages, load currents, the compen-

sation currents injected by SHAF to mitigate current harmonics, and grid currents. It

is observed from Figure 4.7 that the swell in phase A is compensated by SAPF within

a cycle. Also, the harmonic components present in load current are compensated by

SHAF. The results are summarized in table 4.5.

A three-phase 40% swell in grid voltage is simulated from 0.7 to 0.8 s by in-

creasing the voltage in all three phases to 1.4 pu. Figure 4.8 shows the three phase

grid voltages, the compensation voltages injected in phase with the grid voltages to
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Figure 4.7: Simulation results: Single phase swell

Table 4.5: Summary of simulation results: Single phase grid voltage swell

Load voltages Before After Grid currents Before After

RMS (V)
phase A 323.28 230.16

THD (%)
phase A 23.96 2.40

phase B 230.94 229.73 phase B 23.92 2.50
phase C 230.94 229.95 phase C 23.96 3.39

mitigate swell, the load voltages, load currents, the compensation currents injected by

SHAF to mitigate current harmonics, and grid currents. It is observed from Figure 4.8

that the swell in phase A is compensated by SAPF within a cycle. Also, the harmonic

components present in load current are compensated by SHAF. The power generated

by renewable sources is utilized by the load and the remaining power is injected to the

grid. During swell, the SAPF draws power from the grid, and hence the reduction in

magnitude of grid currents. The results are summarized in table 4.6.

Table 4.6: Summary of simulation results: Three phase grid voltage swell

Load voltages Before After Grid currents Before After

RMS (V)
phase A 323.28 230.09

THD (%)
phase A 23.94 1.36

phase B 323.28 230.09 phase B 23.95 1.54
phase C 323.28 230.09 phase C 23.95 1.58
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Figure 4.8: Simulation results: Three phase swell

4.4.3 Grid Voltage Distortion

A 10% distorted grid voltage condition is simulated by injecting 8% of 5th order

voltage harmonic component and 6% of 7th order voltage harmonic component at grid.
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Figure 4.9: Simulation results: Grid voltage distortion

Figure 4.9 shows the three phase grid voltages, the injected voltages in phase with

the grid voltages to compensate the harmonics, the load voltages, the load currents, the
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compensation currents injected by SHAF to mitigate current harmonics, and the grid

currents. The summary of results are shown in table 4.7.

Figure 4.10 shows harmonic spectrum of grid voltage, load current, load voltage

and grid current for phase A respectively. It is observed that the load voltage harmonics

and grid current harmonics are within the harmonic limits at distribution level.
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(c) Load Voltage harmonic spectrum
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Figure 4.10: Harmonic analysis results of phase A under 10% distorted grid voltage condition

Table 4.7: Summary of simulation results: Grid voltage distortion

Load voltages Before After Grid currents Before After

THD (%)
phase A 10 3.37

THD (%)
phase A 22.58 3.70

phase B 10 3.38 phase B 23.29 3.51
phase C 10 3.33 phase C 25.25 3.70

4.5 CONCLUSION

A unified shunt - series active filter interfacing renewable energy systems to the

distribution grid has been designed and simulated. In the series active filter, the con-

trol system computes the compensation voltages using a self-tuning filter and a peak

detection algorithm. The Fuzzy logic based closed loop voltage controller effectively

controls the output AC voltage of the voltage source inverter in the series active filter.
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A shunt active filter, connected back to back with the series active filter, consists of a

Back Stepping Controller for DC-link voltage control and instantaneous active and re-

active theory based current controller for harmonic mitigation. The simulation studies

have been conducted for sag, swell and distorted grid voltage conditions. It has been

observed that the shunt active filter effectively compensates the load current harmonics

and maintains a constant DC-link voltage, and thereby balances the power flow in the

system. Series active filter compensates the voltage sag/swell/distortions in grid volt-

age. The grid current THDs, load voltage THDs and load voltage RMS values are well

within limits for all cases, as prescribed by IEEE - 519.
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Chapter 5

Hardware Implementation of

Single-phase SHAF with

Backstepping-Dual STF-pq Controller

5.1 INTRODUCTION

The real-time implementation of control algorithms for SHAF is commonly achieved

using digital signal processing (DSP) cards, microcontrollers, Field Programmable Gate

Arrays (FPGA) etc. The inherently optimised RAM and parallel processing capability

of FPGA offer reduced execution time and rapid prototyping compared to DSPs and

microcontrollers. The hardware programmable arrays of logic elements and a large

number of configurable inputs and outputs are the significant specialities of FPGA. The

adaptability, higher accuracy, low design cost and high sampling period are the addi-

tional advantages of using FPGA (Charles and Vivekanandan, 2015).

This chapter deals with the hardware implementation of the laboratory prototype

of single-phase SHAF. The FPGA implementation of the control algorithm proposed

in 3.2.3 and the details of sensing and signal conditioning circuits are discussed in this

chapter. The study and analysis of the hardware results are also presented.
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5.2 IMPLEMENTATION OF HARDWARE SET-UP

The laboratory prototype of SHAF is implemented with the system parameters

as given in Table 5.1. The IGBT inverter (SKM75GB12T4) with SKYPER 32R gate

driver is used for realising shunt active filter. The specification of IGBT module used

in the inverter is given in Appendix C. The block diagram of the overall experimental

set-up is shown in Figure 5.1.

Voltage Source

Inverter

DC Bus

2 x 4700 μF

PCC

Grid side 

ac bus

1-phase 

Autotransformer

1-phase 

supply

8.3 mH, 

0.06 ohm

Signal conditioning board

FPGA Controller

(harmonic current calculation, 

dc link voltage control, 

hysteresis control)
Pulses

Level 

shifting 

circuit

To VSI

vs iLic
vdc

48 mH, 

10 ohm

Grid

Figure 5.1: Block diagram of overall experimental set-up

The overall experimental set-up is shown in Figure 5.2. The proposed control

algorithm is implemented in Xilinx (XC7a35t cpg236-1) FPGA.

Table 5.1: System Parameters

Sl. No Particulars Values

1 Supply Voltage 1Φ, 30 V (RMS), 50 Hz

2 Source Parameters 0.01 mH, 0.1 Ω

3 DC-link capacitance 2350 µF

4 DC-link voltage 50 V

5 Filter Parameters 8.3 mH, 0.06 Ω

6 Load parameters A 1Φ H-bridge rectifier loaded with 10 Ω, 48 mH
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5.2.1 Design and implementation of sensing and signal conditioning circuits

In order to establish a closed loop control, sensors are the primary block of the

feedback. The voltage and current sensor signals need to be interfaced to the FPGA,

which generates PWM pulses to control the inverter. This involves 3 steps :

• Sensing the signals with appropriate components and circuits.

• Conditioning the obtained signals to meet the specifications of the FPGA’s ADC.

• Instantiating the FPGA to receive the converted signals from its ADC.

5.2.1.1 Implementation of sensing and signal conditioning circuits

The Hall effect sensors LEM LV-25p and LEM LA-55p are used for sensing voltage and

current respectively. The specifications of the sensors used are shown in Appendix D.

The current and voltage sensing circuits are shown in Figure 5.3a and 5.3b respectively.

The design equation of measuring resistance (RM ) is given byRMmax = VADC/ISmax,

where RMmax is the maximum value of measuring resistance, ISmax is the maximum

value of secondary current of the sensor, VADC is the input voltage range of Xilinx

ADC; which is limited to 0.5 V in Xilinx ADC. For the target application, a current of

the value of 10 A (peak) is necessary to be sensed. The conversion ratio of LA 55-P is

1: 1000. Hence, the value of the resistor RM is chosen as 50 Ω. Similarly, 100 V (peak)

voltage is necessary to be sensed using LV 25-P. The input resistance (R1) is selected,

in order to limit the primary current of LV 25-P to less than 10 mA. The values of R1

and RM are chosen as 60 kΩ and 100 Ω respectively.

The sensed signals are filtered and conditioned to match with the Xilinx ADC

input specifications. An anti-aliasing filter is designed using four op amps using the

precision op-amp package LT1014, for a cut-off frequency of 40 kHz. A differential

amplifier is cascaded to this output to feed it to the ADC through the differential inputs.

Since both the differential inputs of Xilinx ADC need to be positive signals, a DC-offset

generator circuit is also incorporated. The overall signal conditioning circuit is shown
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in Figure 5.3c.

The current sensor output waveform for an input current of 2.8 A is shown in

Figure 5.4a. The voltage sensor output waveform for an input voltage of 63 V is shown

in Figure 5.4b. Figure 5.5 shows the output waveforms of the signal conditioning circuit.

The sensor output is filtered, converted to differential mode and clamped by +0.5 V.

5.2.2 FPGA based design of control algorithm

The implementation of the proposed algorithm in FPGA requires a well defined

modular structure as shown in Figure 5.6. The system is divided into different modules.

These modules are implemented using MATLAB and Xilinx system generator.

5.2.2.1 Analog to digital conversion module

The Xilinx Basys3 FPGA contains two onboard 12-bit bipolar ADCs with a sampling

rate of 1 MSPS. Total four auxiliary analog signals can be connected to the ADC with

an input signal range of ± 0.5 V. Maximum DC offset allowed is 0.5 V. The ADC is

configured for 4 auxiliary input signals with a sampling rate of approximately 250 kilo

samples per second for each signal. The voltage and current sensor outputs signals

are filtered and signal conditioned using analog electronic circuits and given to analog

input channel of the ADC. Detailed specifications of Xilinx Basys3 FPGA is given in

Appendix E.

5.2.2.2 Decode XADC module

The 12 bit ADC output signals are obtained as 16-bit time multiplexed digital outputs.

Decode XADC module slices the most significant 12 bits from the ADC output and

stores the digital data of each channel in corresponding registers.
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(a) Current sensor output waveform for an input
current of 2.8 A

(b) Voltage sensor output waveform for an input
voltage of 63 V

Figure 5.4: Output waveforms of sensor circuits

Figure 5.5: Output waveforms of signal conditioning circuit

5.2.2.3 Shunt active filter control module

Different control blocks like STF, instantaneous power calculation, reference current

calculation, Back Stepping controller, and the hysteresis controller are implemented

using system generator blocks. IP cores are generated for synthesising the algorithms in

Xilinx Vivado design suite. Finally the design synthesis, implementation and bitstream

generation are done using Xilinx Vivado design suite software.

5.2.3 Implementation of Opto-coupler based level shifting circuit

The pulses generated by the FPGA based control system are at 3.3 V however,

the voltage to trigger IGBT switches are 15.0 V. An optocoupler based level shifting
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Figure 5.6: Modular Design of FPGA Controller

circuit shown in Figure 5.7a is used for level shifting the pulses from 3.3 V to 15.0 V.

This circuit separates the power circuit and control circuit using optical isolation. The

circuit also creates a dead band of 2 µs. The input and output waveforms of the level

shifting circuit are shown in Figure 5.7b.

NC

NC

NC

+5 V +15 V

GND GND

1

2

3

4 5

6

7

8

IN

OUT

6N136

12k4.7k

4.7k

1.5k 

220 Ω

2N2222A

2N2222A

(a) Optocoupler based level shifting circuit (b) Input and output waveforms of level shift-
ing circuit

Figure 5.7: Level shifting circuit and corresponding waveforms

5.3 RESULTS AND DISCUSSION

The laboratory prototype of single-phase SHAF with BSC-DSTF-pq controller is

tested under steady state and Dynamic conditions. The parameters of BSC are tuned

by trial and error method. The value of ’c’ and ’γ’ are varied to get a fast and accurate
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control response. The value of ’c’ determines how fast the DC-voltage error approaches

zero, and the value of ’γ’ determines how accurately the switching loss is being esti-

mated. The inequality c > 2
√
γ is considered while tuning the parameters for assuring

stability. The tuned values are c = 200, γ = 2500. The performance of BSC is com-

pared with a PI controller. The Kp and Ki values of PI controller are tuned by using

Ziegler-Nicholas method. The system transfer function used for the PI controller tuning

is shown in (5.1), where Ico is the rated compensation current, Vs is the RMS value of

grid voltage, Rc, Lc are the resistance and inductance of filter inductor respectively, and

Vdco is the rated DC-link voltage.

Vdc(s)

Vdcref (s)
= (Kp +

Ki

s
)(
Vs − 2IcoRc − IcoLcs

VsCdcVdcos
) (5.1)

For a fair comparison, the PI controller parameters are tuned so as to get the best

possible response under nominal steady-state condition. The tuned values ofKp andKi

are 5 and 0.001 respectively. Following sections deal with the discussion on the results.

5.3.1 Steady state condition

The performance of the proposed BSC-DSTF controller under steady state is com-

pared with two other controllers;

• PI-LPF-pq (PI for DC-link voltage control and LPF based pq theory for current

harmonic compensation)

• PI-DSTF-pq (PI for DC-link voltage control and DSTF based pq theory for cur-

rent harmonic compensation)

The steady-state results of SHAF with PI-LPF-pq, PI-DSTF-pq and BSC-DSTF-

pq controllers are shown in Figure 5.8. Figure 5.9 shows the frequency spectrum of grid

voltage, load current and grid current with PI-LPF-pq, PI-DSTF-pq and BSC-DSTF-pq.
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(a) Grid voltage (b) Load current

(c) Grid current(LPF-pq) (d) Grid current(DSTF-pq) (e) Grid current (BSC-DSTF-pq)

Figure 5.9: Harmonic analysis results with LPF-pq and DSTF-pq controllers

The grid current THD with PI-LPF-pq, PI-DSTF-pq and BSC-DSTF-pq are ob-

served as 7.5%, 4.2% and 4.2% respectively. The grid current THDs for PI-DSTF-pq

and BSC-DSTF-pq are within the limits specified by IEEE-519.

The DC-link voltage waveforms with PI and BSC are shown in Figure 5.10. The

PI and BSC controllers show a similar response in the nominal steady-state condition.

The peak to peak DC-link voltage ripple values are observed as similar for both the

controllers.

(a) DC-link voltage (PI) (b) DC-link voltage (BSC)

Figure 5.10: Steady state DC-link voltage waveforms with PI and BSC controllers
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5.3.2 Dynamic state condition

Different test conditions for dynamic state are;

• Starting

• 50% step change in load

• Change in reference value of DC-link voltage

The performance of the BSC-DSTF-pq controller is compared with PI-DSTF-pq con-

troller, under each of these conditions.

5.3.2.1 Starting

Figure 5.11 shows the dynamic DC-link and grid current waveforms with PI and BSC

during initial start-up. A 5 Ω resistor is included in series with the inductor filter during

starting up to limit the huge inrush current. The resistor is removed once the DC-link

voltage reaches its steady state value, by closing the switch connected across it. The

settling times for PI and BSC are observed as 116 ms and 68 ms respectively.

(a) Grid current and DC-link voltage with PI-
DSTF-pq theory controller

(b) Grid current and DC-link voltage with BSC-
DSTF-pq theory controller

Figure 5.11: Dynamic condition results: Starting
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5.3.2.2 50% step decrement in load

The transients during 50% step decrement in load is shown in Figure 5.12. The settling

times for PI and BSC are 66 ms and 42 ms respectively.

(a) Grid current and DC-link voltage with PI-
DSTF-pq theory controller

(b) Grid current and DC-link voltage with BSC-
DSTF-pq theory controller

Figure 5.12: Dynamic condition results: Load is decreased by 50%

The load is step incremented by 50% and the corresponding waveforms are shown

in Figure 5.13. The settling times after the load increment are 56 ms and 36 ms respec-

tively.

(a) Grid current and DC-link voltage with PI-
DSTF-pq theory controller

(b) Grid current and DC-link voltage with BSC-
DSTF-pq theory controller

Figure 5.13: Dynamic condition results: Load is increased by 50%
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5.3.2.3 Change in reference value of DC-link voltage

The DC-link voltage reference is changed from 50 V to 60 V and the performance of

the system with PI and BSC are analysed. The results are shown in Figure 5.14. The

settling times are 78 ms and 37 ms for PI and BSC respectively. The DC-link voltage

reference is changed back to 50 V and the results during this transition are shown in

Figure 5.15. The settling times for PI and BSC for this condition are 82 ms and 37 ms

respectively.

(a) Grid current and DC-link voltage with PI-
DSTF-pq theory controller

(b) Grid current and DC-link voltage with BSC-
DSTF-pq theory controller

Figure 5.14: Dynamic condition results: DC-link voltage reference is changed from 50 to 60 V

(a) Grid current and DC-link voltage with PI-
DSTF-pq theory controller

(b) Grid current and DC-link voltage with BSC-
DSTF-pq theory controller

Figure 5.15: Dynamic condition results: DC-link voltage reference is changed from 60 to 50 V

The dynamic results from the hardware experiments are summarized in Table

5.2. It is observed that under all dynamic test cases, BSC-DSTF-pq controller has less

settling time compared to PI-DSTF-pq controller.
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Table 5.2: Comparison of DC Voltage Controllers under Dynamic Conditions

Sl.
No. Case

Settling time (ms)
PI with
DSTF-pq

BSC with
DSTF-pq

1 Starting 116 68

2 50% Load decrement 66 42

3 50% Load is increment 56 36

4 Change in Vdcref from 50-60 V 78 37

5 Change in Vdcref from 60-50 V 82 37

5.4 CONCLUSION

An adaptive, non-linear, robust DC-link voltage controller and an enhanced cur-

rent harmonic compensator for a single-phase SHAF have been designed and imple-

mented in FPGA. A Back Stepping Controller has been used for DC-link voltage con-

trol, with an additional switching loss estimator for effective loss compensation of the

system. The harmonic compensator has been realized using DSTF-pq theory for en-

hanced performance compared to conventional LPF-pq theory. From the hardware re-

sults, it has been observed that the proposed BSC-DSTF-pq controller is faster, more

robust and offers better dynamic performance compared to the PI-DSTF-pq controller

under different dynamic conditions. The steady-state performances of both the con-

trollers are observed as similar. The current harmonics at the grid side has been com-

pensated successfully. The THD of the grid current is found to be 4.2%, which is less

than 5%, well within limits specified by IEEE standard-519.
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Chapter 6

Conclusion and Recommendations for

Future Work

6.1 INTRODUCTION

In this chapter, the key points made in this thesis are summarised in chronological

order. The discussion on the results with reference to the active filter interfacing hybrid

wind-solar hybrid system is presented. This is followed by the major contributions of

this thesis and the scope of future work.

6.2 KEY POINTS MADE IN THE THESIS

In chapter 1, different topologies of wind and solar systems are reviewed. The grid

interconnection schemes of hybrid wind-solar systems, major power quality issues, the

international power quality standards and the mitigation techniques are also discussed.

The recent developments in shunt and series active filter control are reviewed. The ma-

jor challenges associated with employing active filters for interfacing hybrid renewable

system to the distribution grid are also reviewed. The summary of the work and the

contents of chapters that follow are presented.

Chapter 2 discussed the modelling of the wind energy system and solar energy

system. The design of different power circuit components involved is also discussed.
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This includes boost converter design, the switching device selection for the inverter, the

DC-link capacitor design and the filter inverter design.

Chapter 3 presented the design of the control system for a three-phase shunt active

power filter interfacing wind-solar hybrid system to the grid. A dynamic model of the

wind-solar hybrid system is simulated in MATLAB/ Simulink platform. A robust DC-

link voltage controller for the system, using the Back Stepping technique is presented.

The proposed Back Stepping Controller consists of an additional switching loss estima-

tor for the effective loss compensation of the system. The realization of harmonic com-

pensator using DSTF-pq theory is also discussed. The stability analysis using Barbalat

lemma is presented, which proves the wide-range stability of the system with BSC. The

simulation results showed that the THD of the grid current with PI-DSTF, Fuzzy-DSTF

and BSC-DSTF controllers are less than 5% for all steady-state conditions, which is

well within limits specified by IEEE standard-519. It is concluded that the proposed

BSC-DSTF is faster, more robust and offers better dynamic performance compared to

PI-DSTF and Fuzzy-DSTF controllers under different dynamic conditions.

In Chapter 4, a unified shunt - series active filter interfacing renewable energy sys-

tems to the distribution grid are designed and simulated. A series active filter, in which

the control system computes the compensation voltages using a self-tuning filter and a

peak detection algorithm is presented. A Fuzzy logic based closed loop voltage con-

troller, which effectively controls the output AC voltage of the voltage source inverter in

the series active filter is proposed. A shunt active filter, connected back to back with the

series active filter, with a Back Stepping Controller for DC-link voltage control and in-

stantaneous active and reactive theory based current controller for harmonic mitigation

is considered for the simulation. From the simulation studies conducted for sag, swell

and distorted grid voltage conditions, it is observed that the shunt active filter effectively

compensates the load current harmonics and maintains a constant DC-link voltage, and

thereby balances the power flow in the system. Series active filter compensates the volt-

age sag/ swell / distortions in grid voltage. The grid current THDs, load voltage THDs

and load voltage RMS values are well within limits for all cases, as prescribed by IEEE
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- 519.

Chapter 5 presented the design and FPGA implementation of an adaptive, non-

linear, robust DC-link voltage controller and an enhanced current harmonic compen-

sator for a single-phase SHAF. The SHAF with a Back Stepping Controller with an

additional switching loss estimator for the DC-link voltage control and DSTF-pq the-

ory for the harmonic compensator is implemented. The hardware results showed that

the proposed BSC-DSTF-pq controller is faster, more robust and offers better dynamic

performance compared to the PI-DSTF-pq controller under different dynamic condi-

tions. The steady-state performances of both the controllers are observed as similar.

The THD of the grid current is found to be less than 5%, well within limits specified by

IEEE standard-519.

In brief, the research work presented in this thesis is an effort to improve the

control performance of the shunt active filter interfacing hybrid wind-solar system to

the distribution grid. The following points highlight the significant contributions of the

thesis.

6.3 MAJOR CONTRIBUTIONS

• Development of the dynamic model for the representation of a variable speed

wind turbine driven by PMSG connected to a DC bus by means of a DC-DC

boost converter with MPPT feature.

• Development of the dynamic model for the representation of a solar PV array

connected to a DC bus using a DC-DC boost converter with MPPT feature.

• Development of a dynamic model for the representation of a hybrid wind-solar

system connected to the distribution grid through a three-phase four leg VSI.

• Implementation of the robust Backstepping algorithm based control scheme for

effectively regulating the DC-link voltage for varying input conditions and vary-

ing load conditions and thereby regulating the power flow into the grid. Em-

ployment of current harmonics mitigation control scheme, based on Dual-STF-pq

theory and thereby assigning additional current harmonics filtering feature to the
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VSI.

• Studies on the response of the controller under different steady-state and dynamic

conditions. The steady-state studies are conducted at balanced, unbalanced and

distorted grid voltage conditions with constant input power and constant non-

linear load conditions. The dynamic studies are conducted for step variations of

wind speed, solar irradiation, load and DC-link voltage reference.

• Comparison of the proposed Backstepping based DC-link voltage control scheme

with the existing control techniques such as PI and Fuzzy under different steady-

state and dynamic conditions. The comparison of the proposed harmonic current

mitigation technique using Dual-STF-pq theory with the conventional LPF-pq

theory under different steady state conditions.

• Implementation of a control scheme based on peak detection algorithm, STF and

the Fuzzy controller for mitigating voltage sag, swell and distortions at PCC.

• Implementation of a control scheme for the unified shunt-series active power filter

(UPQC) interfacing hybrid wind-solar system to the distribution grid.

• Studies on the performance of the controller of the UPQC interfacing hybrid

wind-solar hybrid system to the distribution grid, under different grid distur-

bances such as sag, swell and distortions with constant input power and constant

non-linear loads at PCC.

• Development of laboratory prototype of a single-phase shunt active power fil-

ter and the implementation of the proposed BSC-DSTF-pq control scheme using

FPGA.

• Study and analysis of the performance of the controller implemented in FPGA,

under different steady-state and dynamic conditions using the experimental set-

up.

6.4 SCOPE FOR FUTURE WORK

A laboratory prototype of a single-phase shunt active power filter with BSC-

DSTF-pq control scheme is implemented. Other robust DC-link voltage controllers

and current harmonic mitigation techniques can be implemented and tested on the lab-
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oratory prototype. The work can be extended to a three-phase, four leg system. The

wind and solar systems can be emulated and integrated into the system to analyse the

effectiveness of the controller under input power variations. A prototype of a series ac-

tive power filter can be developed and integrated with the system to develop a prototype

of UPQC interfacing wind-solar hybrid system to the grid.
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Appendix A

The parameters considered in the models of wind turbine coupled with PMSG and solar

PV modules are given in table A.1 and A.2 respectively.

Table A.1: Parameters of Wind Turbine coupled with PMSG

Parameters Values

Radius of turbine rotor 3.2 m

Air density 1.225 kg/m3

Stator resistance 0.05 Ω

d axis inductance 603.3 µH

q axis inductance 666.8 µH

Number of pole pairs 4

Inertia 0.005 kgm2

Flux linkage established by magnets 0.3 Vs

Table A.2: Parameters of Solar PV Module

Parameters Values

Nominal open circuit voltage of PV cell 22.2 V

Nominal short circuit current of PV cell 7.52 A

Nominal photo current of PV cell 7.6435 A

Nominal temperature 298 K

Number of series modules 12

Number of parallel modules 10

Number of series cells 36

Temperature co-efficient of current 0.089202 A/K

Temperature co-efficient of voltage -0.31 V/K

Series resistance of PV cell 0.3431 Ω

Shunt resistance of PV cell 53 Ω
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Ratings of Wind and Solar Energy Systems

The power output of a wind energy system is given by (A.1).

Pw =
1

2
ρAv3wCPη (A.1)

The maximum power output is calculated by substituting the design parameters shown

in Table A.1 in (A.1).

Pwmax =
1

2
× 1.225× (π × 3.22)× 123 × 0.45× 0.95 ≈ 15kWp (A.2)

The rated power of a single PV module considered in this study is 120 W. Connecting

12 such modules in series and 10 in parallel, total power rating of solar energy system

is ≈ 15 kWp.

Selection of Vdc

The value of DC-link voltage is selected using the inequality shown in (A.3).

(√
2Vs

)
< Vdc <

(
1.5×

√
2Vs

)
(A.3)

Substituting the known values,

(√
2× 415

)
< Vdc <

(
1.5×

√
2× 415

)
(A.4)

(586.89)) < Vdc < (880.34)) (A.5)

Select Vdc= 700 V.

Selection of Inverter

The maximum power generated by RES ≈ 30 kW

Considering 10% overload capacity and the switching and conduction losses, volt-

ampere rating of the grid interfacing inverter is taken as 35 kVA
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Maximum voltage stress on the inverter switch = Vdc = 700 V.

Maximum current flow through the inverter =
√

2
35× 103

√
3× 415

≈ 68.86A.

Maximum switching frequency of inverter should be greater than twice the frequency of

highest harmonic current to be compensated. Selected an inverter of maximum switch-

ing frequency 10 kHz.

Selection of Cdc

The value of DC-link capacitor is selected using (A.6).

Cdc ≥
S

2ωVdc∆Vdc
(A.6)

Cdc ≥
35× 103

2× 2× 50× 700× 0.05× 700
≥ 2273.6µF (A.7)

Selected 2350 µF

Selection of Lf

The filter inductance is calculated using (A.8).

Lf =
Vdc

6hfmax
=

700

6× 0.05× 55× 10× 103
≈ 5mH (A.8)

Selection of boost converter components

The design equations for boost converter are shown in (A.9) and (A.10).

Lb =
Vid

2∆Iifs
=

306× 0.56

2× 0.05× 20.8× 10× 10−3
≈ 10mH (A.9)

Cb =
Iod

2

(∆Vo)(1− d)fs
=

14× 0.832

(0.01× 700)(1− 0.83)× 10× 10−3
≈ 2000µF (A.10)
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Appendix B

INTEGRATOR IN αβ FRAME

For a sinusoidal signal x(t) = A sin(ωt + φ), the amplitude integration output

can be written as y(t) = At sin(ωt + φ). x(t) can be expanded as shown in (B.1) and

the Laplace transforms of x(t) can be written as (B.2). Consider an auxiliary signal

xc(t) = A cos(ωt+ φ). The Laplace transform of xc(t) is shown in (B.3). The Laplace

transforms of y(t) can be written as (B.4).

x(t) = A(sinωt cosφ+ cosωt sinφ) (B.1)

X(s) = A(
ω

s2 + ω2
cosφ+

s

s2 + ω2
sinφ) (B.2)

Xc(s) = A{ s

s2 + ω2
cosφ− ω

s2 + ω2
sinφ} (B.3)

Y (s) = − d

ds
X(s) = A{ 2ωs

(s2 + ω2)2
cosφ+

2s2

(s2 + ω2)2
sinφ− s2 + ω2

(s2 + ω2)2
sinφ}

(B.4)

Y (s) can be re arranged as shown in (B.5).

Y (s) =
As

s2 + ω2
{ ω

s2 + ω2
cosφ+

s

s2 + ω2
sinφ}+ Aw

s2 + ω2
{ s

s2 + ω2
cosφ− ω

s2 + ω2
sinφ}

(B.5)

From (B.5), we get (B.6). The sinusoidal integrator can be configured as shown in

Figure B.1.

Y (s) =
s

s2 + ω2
X(s) +

w

s2 + ω2
Xc(s) (B.6)

The resonance frequency of integrator is ‘ω’. The integral output is negligible for
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Figure B.1: Integrator for a sinusoidal signal
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Figure B.2: Integrator for signals in αβ frame

frequency components other than ‘ω’.

For signals in αβ frame, with α axis leads β axis by 900, a positive sequence inte-

grator can be implemented as shown in Figure B.2. The transfer function of integrator

for signals in αβ frame, H(s) can be written as (B.7).

H(s) =
s+ jω

s2 + ω2
(B.7)

SELF TUNING FILTER IN αβ FRAME

A negative feedback to the positive sequence signal integrator makes it a self

tuning filter. A constant K can be included in the transfer function, for controlling

response time and bandwidth. The transfer function of STF, HSTF is shown in (B.8).

The STF can be implemented as shown in Figure B.3.

HSTF (s) = K
s+K + jω

(s+K)2 + ω2
(B.8)

The attenuation of the signal is zero only at fundamental frequency. The phase
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Figure B.3: Self tuning filter

delay is also zero at fundamental frequency. The frequency response is similar to a

filter, with no phase delay at cut off frequency.
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Appendix C

INVERTER SWITCH PARAMETERS

Table C.1: Specification of IGBT

Symbol Description Condition Rating

VCES Collector to Emitter Voltage Tj = 250 C 1200 V

VGES Gate to Emitter Voltage ±20 V

IC Collector Current
TC = 250 C 115 A

TC = 800 C 88 A

ICnom Nominal Collector Current 75 A

Tj Junction Temperature -40 to 1750 C

Table C.2: Specification of Free Wheeling Diode

Symbol Description Condition Rating

VRPM Max. Reverse Repetitive Volt-
age

Tj = 250 C 1200 V

IF Forward Current
TC = 250 C 97 A

TC = 800 C 73 A

IFnom Nominal Forward Current 75 A

Tj Junction Temperature -40 to 1750 C
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Appendix D

HALL EFFECT VOLTAGE SENSOR LV 25-P

The hall effect voltage transducer is used for the electronic measurement of volt-

ages like DC, AC, pulsed voltage, with a galvanic isolation between the primary circuit

(high voltage) and secondary circuit (electronic circuit).

Features

• Closed loop (compensated) voltage transducer using the Hall effect.

• Insulating plastic case recognized according to UL 94-V0.

Principle

For voltage measurements, a current proportional to the measured voltage is passed

through an external resistance connected in series with the primary circuit of the trans-

ducer.

Advantages

• Excellent accuracy

• Very good linearity

• Low thermal drift

• Low response time

• High bandwidth

• High immunity to external interference

• Low disturbance in common mode
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Electrical specifications

Table D.1: Electrical specifications of LV 25-P

Parameters Values

IPN Primary nominal rms current 10 mA

IPM Primary current, measuring range 0 to ± 14 mA

RM Measuring resistance RMmin RMmax

with ± 12 V @± 10 mAmax 30 Ω 190 Ω

with ± 12 V @± 14 mAmax 30 Ω 100 Ω

with ± 15 V @± 10 mAmax 100 Ω 350 Ω

with ± 15 V @± 14 mAmax 100 Ω 190 Ω

ISN Primary nominal rms current 25 mA

KN Conversion ratio 2500:1000

Ic Current consumption 10(@± 15 V)+Is mA

HALL EFFECT CURRENT SENSOR LA 55-A

The hall effect voltage transducer is used for the electronic measurement of cur-

rents like DC, AC, pulsed current, with a galvanic isolation between the primary circuit

and the secondary circuit.

Features

• Closed loop (compensated) current transducer using the Hall effect.

• Insulating plastic case recognized according to UL 94-V0.

Advantages

• Excellent accuracy

• Very good linearity

• Low temperature drift

• Optimized response time

• Wide frequency bandwidth

• No insertion losses

• High immunity to external interference
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• Current overload capability

Table D.2: Electrical specifications of LA 55-P

Parameters Values

IPN Primary nominal rms current 50 A

IPM Primary current, measuring
range

0 to ± 70 A

RM Measuring resistance TA = 70 0C TA = 85 0C

RMmin RMmax RMmin RMmax

with ± 12 V @± 50 Amax 10 Ω 100 Ω 60 Ω 95 Ω

with ± 12 V @± 70 Amax 10 Ω 50 Ω 60 1) Ω 60 1) Ω

with ± 15 V @± 50 Amax 50 Ω 160 Ω 135 Ω 155 Ω

with ± 15 V @± 70 Amax 50 Ω 90 Ω 135 2)

Ω
135 2)

Ω

ISN Primary nominal rms current 50 mA

KN Conversion ratio 1:1000

Ic Current consumption 10(@± 15 V)+Is mA
1) Measuring range limited to ±60 Amax

2) Measuring range limited to ±55 Amax
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Appendix E

BASYS-3 FPGA BOARD

The Basys 3 board is a complete, ready-to-use digital circuit development plat-

form based on Artix-7 Field Programmable Gate Array (FPGA) from Xilinx. With

its high-capacity FPGA (Xilinx part number XC7A35T- 1CPG236C), low overall cost,

and collection of USB, VGA, and other ports, the Basys 3 can host designs ranging

from introductory combinational circuits to complex sequential circuits like embedded

processors and controllers.

It includes a single 100 MHz oscillator, sixteen slide switches, five push but-

tons, sixteen individual LEDs, a four-digit seven-segment display, and Pmod ports. The

Basys-3 FPGA Board is shown in Figure E.1. The description on different components

of the FPGA board are given in table E.1.

Figure E.1: Basys-3 FPGA Board (Source: Basys 3TM FPGA Board Reference Manual)
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Table E.1: Callouts and component descriptions

Call out Component description Call out Component description

1 Power good LED 9 FPGA configuration reset button

2 Pmod port(s) 10 Programming mode jumper

3 Analog signal Pmod port (XADC) 11 USB host connector

4 Four digit 7-segment display 12 VGA connector

5 Slide switches (16) 13 Shared UART/ JTAG USB port

6 LEDs (16) 14 External power connector

7 Pushbuttons (5) 15 Power Switch

8 FPGA programming done LED 16 Power Select Jumper

The Basys-3 FPGA based designs can be expanded using Digilent Pmods or other

custom boards and circuits. The Pmod ports are arranged in a 2×6 right-angle, and are

100-mil female connectors that mate with standard 2×6 pin headers. Each 12-pin Pmod

port provides two 3.3 V VCC signals (pins 6 and 12), two Ground signals (pins 5 and

11), and eight logic signals. The VCC and Ground pins can deliver up to 1A of current.

Pmod data signals are not matched pairs, and they are routed using best-available tracks

without impedance control or delay matching. The on-board Pmod expansion port,

labeled “JXADC”, is wired to the auxiliary analog input pins of the FPGA. Depending

on the configuration, this connector can be used to input differential analog signals to the

analog-to digital converter inside the Artix-7 (XADC). Any or all pairs in the connector

can be configured either as analog input or digital input-output. Pin assignments for the

Pmod I/O connected to the FPGA are shown in Figure E.2.

JC1: K17

JC2: M18

JC3: N17

JC4: P18

JC5: GND

JC6: VCC

JC7: L17

JC8: M19

JC9: P17

JC10: R18

JC11: GND

JC12: VCC

JB1: A14

JB2: A16

JB3: B15

JB4: B16

JB5: GND

JB6: VCC

JB7: A15

JB8: A17

JB9: C15

JB10: C16

JB11: GND

JB12: VCC

JA12: VCC

JA11: GND

JA6: VCC

JA5: GND

JA4: G2

JA3: J2

JA2: L2

JA1: J1

JA10: G3

JA9: H2

JA8: K2

JA7: H1

JXAC12: VCC

JXAC11: GND

JXAC6: VCC

JXAC5: GND

JXAC4: N2

JXAC3: M2

JXAC2: L3

JXAC1: J3

JXAC10: N1

JXAC9: M1

JXAC8: M3

JXAC7: K3

Figure E.2: Pmod Pin-out Diagram (Source: Basys 3TM FPGA Board Reference Manual)
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