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Abstract

Due to the growth of population along with suburban and urban indus-
trials, the demand for power is growing day-by-day. As the power con-
sumption rate is high, the supply from fossil fuels is not enough to meet
consumer demand. Further, the depletion of fossil fuels and environmen-
tal concern forces the extraction of power from low carbon fuels causes
generation problems due to its uncertainty and intermittent nature. So,
low carbon fuels such as wind, solar, etc. can therefore, be incorporated

into a more efficient hybrid system.

This research work proposes a hybrid system configurations are the AC
coupled micro-grid, DC coupled micro-grid, and the AC-DC coupled micro-
grid. However, a significant amount of non-linear power electronic loads
in the system causes power quality problems. These issues have to be ad-
dressed adequately by developing an appropriate SAPF based bi-directional

control methods.

Firstly, the most implemented hybrid system around the globe is the AC
coupled micro-grid. In this system, hybrid renewable energy sources or
distributed generation are connected to the main-grid through individual
DC-AC converters. This system is reliable because if any one of the DC-
AC converters fails, the other DC-AC converter can supply power to the
loads. But, the control algorithm is very complex, and also there is a need

for synchronization with the main-grid.

Secondly, nowadays, more and more DC loads like LED lights are con-
nected to the AC distribution system, which increases power quality prob-
lems and power conversion stages. These issues are taken into considera-
tion by the DC coupled hybrid micro-grid system. This system is simpler
because there is no reactive power control. Further, there is no need for
synchronization to integrate renewable energy sources or distributed gen-
erations with the main-grid. However, this topology needs to restructure
the current distribution system, and consequently, the cost increases dras-
tically. Also, the DC protection system is more challenging than the AC

protection system.



Lastly, based on the benefits of the individual AC and DC coupled hybrid
micro-grid systems, an AC-DC coupled hybrid micro-grid system is pro-
posed in this research work. It consists of AC renewable energy sources,
and the AC loads are connected to the AC bus, whereas the DC renew-
able energy sources and DC loads are connected to the DC bus, thereby
reducing the power conversion stages. Further, the power conversion loss
calculation is also discussed by compared with the AC-DC coupled hybrid
micro-grid system over individual AC and DC coupled hybrid micro-grid

systems.

The shunt active power filter based 3¢ 4-leg DC-AC bi-directional inter-
mediate converter using d-q load current control without a phase-locked
loop is proposed to achieve the inverter-based and rectifier-based power
flow between the AC and DC bus with acceptable power quality as per
IEEE 519 standards at a common connecting point. The hysteresis based
current control is used to compare the actual current with a reference cur-
rent to generate switching pulses to drive the bi-directional intermediate

converter.

The MATLAB simulation is carried out, and the performance of the pro-
posed system is analyzed using the d-q load current control based fuzzy
logic and PI controller. To validate the proposed control technique, dif-
ferent case studies are performed by considering balanced and unbalanced
grid and load conditions with variation in renewable energy sources. The
observed results demonstrate that the overall system performance im-

proves with the d-q load current control based fuzzy logic controller.
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Chapter 1

INTRODUCTION

The use of renewable energy is essential for the world as global energy consumption
is increasing, while fossil fuel energy sources are no longer sufficient to satisfy the
energy demand. Thus, the growing demand for energy and the depletion of fossil
fuel resources has motivated the researcher to discover a sustainable solution. In this
context, renewable energy sources (RES) or distributed generations (DGs) offer a
broad range of possibilities. The RES can be integrated with a stand-alone system
or grid-connected system. Due to the capital cost, maintenance cost, and chemical
pollution of the battery, the stand-alone system is less feasible in terms of medium-
and large-scale power generation. Hence, the grid-connected system is quite suitable
over the stand-alone system, as it ensured maximum utilization of the RES. In the
present research work, investigations were carried out for power flow control and

power quality improvements for the RES integrated grid system.

1.1 Overview

The management of the electric power network becomes more difficult with the in-
crease in customer load demand. In the power distribution system, the intermittent
solar-wind RES and non-linear power electronic loads connected to the main-grid
cause harmonics, which deteriorate the power quality of the system. The micro-grid
suffers from power generation issues because of the intermittent RES and power elec-
tronics applications. These issues were taken into consideration effectively by the
shunt active power filter (SAPF) to limit the grid current harmonics with real and

reactive power generation simultaneously (Tareen et al., [2017).



The SAPF has been extensively studied only with grid-connected AC coupled RES
or DGs, which are applied to the unidirectional power flow transfer to the AC grid
side with active power filtering (Moreira et al.; 2017, Mehrasa et al.l 2016| Singh
et al., 2010). The grid-connected AC coupled RES consists of DC sources like the
Photovoltaic (PV) array, fuel cell, etc. or AC sources like the Doubly fed induction
generator (DFIG) wind, Permanent magnet synchronous generator (PMSG) wind,
etc. These sources are connected to the DC-AC unidirectional interfacing converter
(UIC) through the converters to supply AC or DC loads on the AC grid side with
current harmonics mitigation. Further, the compensation of reactive power and neu-
tral current was carried out. Among these features, the harmonic currents mitigation
plays a significant role as the number of non-linear loads are increasing day-by-day
in the power distribution system.

In (Song and Nian|, 2014} Sun and Wang, 2016, Hu et al. 2014), the back-to-back
converter controls of the DFIG variable wind with a phase-locked loop (PLL) was
developed to mitigate the stator and rotor current harmonics under non-ideal har-
monic grid voltage conditions. An appropriate design of the PLL was employed to
synchronize with the main-grid. Grid synchronization with high accuracy is a critical
requirement for the control system of the grid-connected converters. So, the per-
formance of the direct power control strategies of the DFIG variable wind is highly
dependent on the frequency or phase-detection accuracy of the PLL. To overcome this
challenge, the back-to-back converter controls of the DFIG variable wind without PLL
was developed to mitigate the grid harmonic currents under non-ideal harmonic grid
voltage conditions (Nian et al.| 2015, [Li et al., |2017). The available state-of-art liter-
ature in the SAPF focuses only on unidirectional power flow applications.

The research articles published on micro-grid were on converter control of the power
flow management, voltage and frequency variations, etc. (Rajesh et al., 2017, Fooladi-
vanda et al., 2017, Boukettaya and Krichen) 2014, Khanh et al. [2010). The power
quality analysis was carried out with the effect of a grid-connected AC coupled hy-
brid micro-grid system consisting of solar or wind under balanced undistorted grid
and balanced non-linear load scenarios (Munir and Li, 2013, Kumar and Zare, 2015,
Sivakumar and Arutchelvi, |2018).

In the grid-connected AC coupled hybrid micro-grid system (Majumder, 2013}, |Justo
et al., 2013), the AC or DC DGs/RES has converted to AC through AC-DC convert-
ers, DC-DC boosters, and DC-AC converters to supply AC linear/non-linear loads.



Also, the AC-DC and DC-DC converters are required to supply DC voltages for the
DC loads as shown in Figure [1.1]

In the grid-connected DC coupled hybrid micro-grid system (Y1 et al., [2018, |Eid,
2014)), the AC or DC supply from DGs/RES are converted to DC through the AC-
DC converters and DC-DC boosters to supply DC loads. The DC-AC converters are
necessary to supply AC loads as shown in Figure [1.2l  The role of a bi-directional

AC Micro-grid

|
L ' [
DC R« bl DC-DC B 3¢ :
enewable -DC Boost < DC-AC | (Main—Grid
Energy Source Converter -
Inverter ] \
i
3¢ J_c 3 3¢
crme L e oche [ . o || ache
&y Rectifier Inverter AC Linear and e Rectifier
R AC Non-Linear
— — Non-Linear
Load
Load

DC Load

Figure 1.1: Block diagram of the AC coupled hybrid micro-grid system

DC Micro-grid
|

% i
AC Renewable DC-DC Boost

—— AC-DC
Energy Source Rectifier Converter

3¢ p
DC-AC
Inverter

DC Renewable DC-DC Boost DC Load 3

! 19
Energy Source Converter AC Linear AC Non-

Linear Load

and Non-
— Linear Load

Figure 1.2: Block diagram of the DC coupled hybrid micro-grid system

intermediate converter (BIC) in (Liu et al) 2011} |[Liang et al. [2019, Wang et al.,
2013| [Nejabatkhah and Li, [2014, Eghtedarpour and Farjahl 2014) had studied for
bi-directional power flow control between the AC and DC bus, but the power quality

and power conversion losses were not evaluated.
In both the AC and DC coupled hybrid micro-grid system, because of the DC-AC-
DC/AC-DC-AC power conversion stages, more losses has encountered, which reduces

the efficiency of the overall system. Therefore, in the present research work, the AC-

3



DC coupled hybrid micro-grid system is proposed with minimum power conversion

stages and losses as shown in Figure|l.3] Figure|l.4] represents the generalized block

DC Micro-grid AC Micro-grid
|

pc | | 1 3 [ AC
DC-DC | H 3¢ 3¢
Renewable Boost —roR DC-AC : AC-DC ¢ | ac-pc — Renewable
Energy | [Intermediate} B . Energy
Converter Inverter Rectifier
Source :| Converter |: N Source
| |
| |
DC 3¢
Load AC 19 /
Linear AC '\/lain-Grid
and Non-| | Linear
Linear Load \
Load

Figure 1.3: Block diagram of the proposed AC-DC coupled hybrid micro-grid system

Gate imorosse |—{UnitDelay| |
Pulse US(UI2) 1/2) :
X
Ts
Current Switching loss N 1/Sec
through equations of
Transistor Transistor or N
i ) X Mean Abs
or Diode Diode |H
P
x SL
Vs/Vsn |H
T P
Conduction loss PeL
equations of
— Transistor or Mean Mean
Diode

Figure 1.4: Block diagram of the conduction and switching loss of the proposed IGBT
device

diagram for power conversion loss analysis by incorporating conduction and switch-
ing loss of the IGBT device. The grid-connected AC-DC coupled hybrid micro-grid
system consists of the PV array and the DC load at the DC bus interlinks with the
DFIG or PMSG variable wind and the AC linear and non-linear loads at the AC bus

through the bi-directional converter (acting as inverter or rectifier). In the AC-DC
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coupled hybrid micro-grid system, the power management control schemes are more
complex than the individual AC or DC coupled hybrid micro-grid systems. Proper
co-ordination control among the various converters is necessary to: (i) extract max-
imum power from the RES/DGs, (ii) minimize power transfer between the AC and
DC networks, and (iii) to maintain stable operation of both the AC and DC networks.
The advancement in power electronics and control technologies employed in the AC-
DC coupled hybrid micro-grid system, which helps to build a smart power grid in the

future.

1.2 Research Gaps

Based on the literature review, the following research gaps were observed:

e Firstly, the existing control methods of the AC coupled hybrid micro-grid system
for power quality analysis have not examined the unbalanced distorted grid as
well as unbalanced non-linear load scenarios. Also, the DC load fed by the
AC-DC converter impacts on power quality. These issues have to be addressed

by the development of appropriate control methods.

e Secondly, the SAPF based bi-directional power flow applications of the DC cou-
pled hybrid micro-grid system have not discussed. The main advantage of this
system is that there is no circulation of the reactive current and no need for
synchronization of the DGs/RES in the network. Despite all these advantages,
there has been almost no standardization for the DC system, particularly at a
low voltage level. Also, this system requires a higher modification of the dis-
tribution network, which increases the cost drastically. Hence, the DC coupled
hybrid micro-grid system has combined with the AC coupled hybrid micro-grid
system through the BIC. The performance analysis of both systems has to be

carried out for power flow control and power quality issues.

e Thirdly, the BIC of the AC-DC coupled hybrid micro-grid system has studied
the bi-directional power flow control between the AC and DC bus; however, the
power quality issues have not evaluated. In both the AC and DC coupled hybrid
micro-grid systems, because of more power conversion stages, the internal losses

are more, leading to lower efficiency. Hence, the design of an optimum scheme



with decreased losses has to be done, which eventually reduces the size of the

set-up.

e Finally, the power conversion loss in the power converter stages in various con-
figurations of the hybrid micro-grid systems have to be evaluated to arrive at

the best configuration from operation and control perspectives.

1.3 Research Objectives

Based on the research gaps discussed in the previous section, the objectives of the

research are as follows:

1. Development of control strategies for various topologies of the grid-connected
AC, DC, and AC-DC coupled hybrid micro-grid system.

2. Performance analysis of power flow control with improved power quality for the

AC coupled hybrid micro-grid system under various grid and load scenarios.

3. Performance analysis of power flow control with improved power quality for the

DC coupled hybrid micro-grid system under various grid and load scenarios.

4. Performance analysis of power flow control with improved power quality for the

AC-DC coupled hybrid micro-grid system under various grid and load scenarios.

5. Comparative analysis of power conversion losses in the AC-DC coupled hybrid
micro-grid system over the AC and DC coupled hybrid micro-grid systems under

various grid and load scenarios.

1.4 Thesis Outline

The thesis has been organized into six chapters as discussed below,

1.4.1 Organization of the Thesis

Chapter 1: The context and motivation of the thesis, along with the literature re-
view is presented in this chapter. The research gaps, research objectives, and thesis

outline have also discussed.



Chapter 2: At the level of the distribution system, the intermittent solar-wind RES
and non-linear power electronic loads connected to the main-grid cause harmonics,
which distorts its current. These issues can be effectively addressed by introducing
SAPF applications. The performance of the conventional SAPF based instantaneous
real and reactive power (p-q) load current control is analyzed and compared with
the SAPF based proposed instantaneous real and reactive current (d-q) load current
control. These controllers are validated using the MATLAB/Simulink for different
case scenarios. It has been observed from the results that the conventional p-q control
violates the limits on harmonics in case of unbalanced distorted grid and unbalanced

non-linear load conditions.

The proposed d-q load current technique controls the harmonics within permissible
limits under unbalanced distorted grid and unbalanced non-linear load conditions.
The hybrid renewable energy system comprising of PV array, PMSG variable wind,
and DFIG variable wind has modeled. The DC-DC boost converter is designed for
conditioning the power generated by the wind and the PV RES.

The AC coupled hybrid micro-grid system comprises of PV and PMSG or DFIG
variable wind RES integrated with the main-grid through the 3¢ AC-DC-AC con-
verter, DC-DC boosters, and the 3¢ DC-AC UIC. The DC loads are connected at
the AC grid side through the DC-DC booster and the 3¢ AC-DC converters. The
SAPF based UIC is controlled by the proposed fuzzy logic based d-q load current
control. The hysteresis based current control (HBCC) is employed to compare the
actual current with a reference current to drive the UIC. This provides a real and
reactive power flow control with improved power quality at the AC grid side. The

benefits of the proposed control technique over PI control have been illustrated.
The analysis of the AC coupled hybrid micro-grid system is performed for different
case scenarios namely,

(a) In the case of balanced undistorted grid and balanced non-linear load conditions,
the simulations are carried out by considering that the load demands are more

than the RES generations. Hence, the required deficit power is supplied by the
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main-grid to meet the load demands.

(b) In the case of unbalanced distorted grid and unbalanced non-linear load con-
ditions, the simulations are carried out by considering that the load demands
are less than the RES generations. Hence, surplus power is injected to the

main-grid.

In both cases, the observed grid current total harmonic distortion (THD) has been

reduced with the d-q load current control based fuzzy logic controller (FLC).

Chapter 3: In this chapter, the configuration of the DC coupled hybrid micro-
grid system comprising of the PV and PMSG variable wind RES integrated with
the main-grid has been analyzed. The AC linear/non-linear loads are connected at
the AC side whereas, the DC load is connected at the DC side. The SAPF based
BIC is controlled by the proposed d-q load current control based FLC. The HBCC
is employed to compare the actual current with a reference current to drive the BIC.
This provides a bi-directional power flow control between the AC and DC bus with
improved power quality at the AC bus. The benefits of the proposed control tech-

nique over PI control have been illustrated.

The analysis of the DC coupled hybrid micro-grid system is performed for different

case scenarios namely,

(a) In this balanced undistorted grid and balanced non-linear load case, the simula-
tion is carried out by considering the wind and the PV generating power more
than the AC and DC load demands. Thus, the BIC acts as an inverter, and the

grid receives surplus power.

(b) In this unbalanced distorted grid and unbalanced non-linear load case, the sim-
ulation is carried out by considering the wind and the PV generating power less
than the AC and DC load demands. Thus, the BIC acts as a rectifier, and the
grid supplies the deficit power.

In both cases, the observed results of the grid current THD is reduced with d-q load

current control based FLC.



Chapter 4: This chapter presents the AC-DC coupled hybrid micro-grid system
with minimum power conversion stages. This system consists of the PV array and
the PMSG or DFIG variable wind RES integrated with the main-grid through the
3¢ AC-DC converter, DC-DC boosters, and the 3¢ DC-AC BIC. The AC linear/non-
linear loads are connected at the AC bus through the 3¢/1¢ AC- DC converters,
whereas, the DC load is connected at the DC bus. The SAPF based BIC is controlled
by the proposed d-q load current control based FLC. The HBCC is employed to com-
pare the actual current with a reference current to drive the BIC. The benefits of the

proposed control technique over PI control have been illustrated.

The analysis of the AC-DC coupled hybrid micro-grid system is performed for differ-

ent case scenarios namely,

(a) The simulation is carried out by considering that the AC and DC load demands
are less than the wind and PV generation under balanced undistorted grid and
balanced non-linear load conditions. Hence, the BIC operates in inverter mode

and the main-grid receives surplus power.

(b) The simulation is carried out by considering that the DC load demand is equal
to the PV generation, and the AC load demands are met by wind generation
under balanced undistorted grid and unbalanced non-linear load conditions.
Hence, there is no action of the BIC as no power flows between the AC and DC

bus links. The main-grid receives surplus power.

(c) The simulation is carried out by considering that the AC and DC load demands
are more than the wind and PV generation under unbalanced distorted grid
and unbalanced non-linear load conditions. Thus, the BIC operates in rectifier

mode, and the main-grid supply the deficit power.

In all the three cases, the observed results of the grid current THD has been reduced
with d-q load current control based FLC.

Chapter 5: This chapter deals with the comparative power conversion loss anal-
ysis of the AC-DC coupled hybrid micro-grid system over the individual AC and DC
coupled hybrid micro-grid systems. There are five converters employed for loss anal-

ysis in the AC coupled hybrid micro-grid such as, the two DC-DC boost converters,
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3¢ 4-leg UIC, 3¢ AC-DC-AC converter, and the 3¢ AC-DC converter. There are four
converters employed for loss analysis in the DC coupled hybrid micro-grid such as, the
two DC-DC boost converters, 3¢ 4-leg BIC, and the 3¢ AC-DC converter. There are
three converters employed for loss analysis in the AC-DC coupled hybrid micro-grid
such as, the DC-DC boost converter, 3¢ 4-leg BIC, and the 3¢ AC-DC-AC converter.
The power conversion loss analysis equations of the transistor and antiparallel diode

are deduced from the curve fitting of the proposed IGBT device.

The power conversion loss analysis of the AC, DC, and the AC-DC coupled hybrid
micro-grid system have been performed and compared using the MATLAB /Simulink
block diagram given in Figure in the previous section, for different case scenarios

using appropriate parameters as below:

(a) In the case of balanced undistorted grid and balanced non-linear load conditions,
the simulation is carried out by considering that the RES power generations are
less than the AC and DC load demands. The main-grid voltage is in phase with
the main-grid current. Thus, the main-grid are supplying deficit power to meet
the load demands.

(b) In the case of unbalanced distorted grid and unbalanced non-linear load con-
ditions, the simulation is carried out by considering that the RES generating
power is more than the AC and DC load demands. The grid voltage is in phase
opposition with the grid current. Thus, the main-grid receives surplus power
from the RES.

In both cases, the observed results prove that the power conversion losses are reduced
with the AC-DC coupled hybrid micro-grid system over the individual AC and DC
coupled hybrid micro-grid systems.

Chapter 6: This chapter summarizes the conclusions drawn from the research work

carried out. Further, the scope for future work is suggested.

10



Chapter 2

Performance Analysis of AC

Coupled Hybrid Micro-grid System

2.1 Introduction

The most implemented hybrid micro-grid system around the world is the AC coupled.
Due to its ease of operation in conjunction with the main-grid, the AC coupled hybrid
micro-grid system is a more predominant structure. In this system, the intermittent
hybrid RES or DGs are connected via individual UIC to the AC bus or CCP and
main-grid. If any one of the UIC fails, the hybrid RES or DGs can still supply the
required amount of power from the remaining sources (Justo et al., [2013). Therefore,
this system is reliable but requires a complicated control algorithm for the individual
UIC to regulate the real and reactive power. In addition, the non-linear loads at the
AC bus or the CCP connected to the main-grid cause harmonics, which distorts its
current. Also, many DC loads connected through the converters at the CCP cause
even more harmonics in the grid current. These issues have to be addressed by the
development of appropriate SAPF based control methods.

In this chapter, firstly, a suitable SAPF based proposed control is developed by com-
paring with the SAPF based conventional control through the simulation results. Sec-
ondly, the overall control of the AC coupled hybrid micro-grid system is discussed.
Finally, the simulation results of the AC coupled hybrid micro-grid system are dis-

cussed through a comparative study.
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2.2 Design and Implementation of Control System

The SAPF based conventional and proposed control strategies are compared and
evaluated for their performance under different grid and load scenarios using a PI

controller.

2.2.1 Conventional p-q Load Current Control

The p-q load current control is employed for the SAPF applications to regulate the
real and reactive power as well as grid current harmonics (Raj and Rathi, 2015,
Appala et al. [2013). Figure shows the control diagram of the conventional p-q
load current control. The grid voltages (Viq, Vi, and Vi) and load currents (I;,, Iy,

and [;.) are transformed from 3¢ abc co-ordinates to the 3¢ a0 co-ordinates.

Iia i-l Ifgef
ILC I /\/
3¢ Lp ref]
I | abe to 3¢ 7 PV b T Ig‘ef
—y ——A ) — —
I apo ~J ref _ref ref ref ref] ¢
A Transform IH Pq Ity I 3¢ a0 to I Ip Ik I}"Ce N
LA calculation Filter calculation 3¢ abc calculation | Switching
from from Transform[™]  from ref Pulse
Va v, |Equation 2.3 Equation 2.5 Equation 2.6/
\% W q Iref He
s fa
bE abcto 3¢ il L
Ve (XBO V—) act
— Transform| Vs
P Voe HBCC
ref 4+ N PI
Ve | Control
Figure 2.1: Conventional p-q load current control
The equations of Vs,, Vig, and I}, )3 are derived as:
v
Voo 2IL = gy (2.1)
Vip 3lo g | |
2 2 V
sc




[la
Iy 2|1 —3 —3
AREERIE o
The instantaneous p-q equation can be written as:
p
q

With the help of the above equation ({2.3), p-q can be resolved into both AC and DC

values and is given by:

V:sa VS,B
‘/:9(1 _‘/SB

Ila
Iw] 23

I
]l
=

v (2.4)
+q

p
q

]|

The AC value of p and the entire (AC+DC) value of q must be supplied by SAPF.

Hence, the reference filter currents equation in a8 co-ordinates are given by:

-1

s Vio Vg —p

[_[ief - [ — (2'5)
18 Via _Vs,B —q

These filter currents are inversely transformed back to the 3¢ abc co-ordinates. Thus,

the generated reference filter currents are given by:

e 0

rer| =2 or || 2.6
]'ref 1 V3 B

fe 2 2

These reference filter currents ];Zf , I;;f , and I;if are compared with the measured

filter currents Iy,, I, and I, to generate the switching pulses to the 3¢ 4-leg DC-AC

interfacing converter using HBCC.

2.2.2 Proposed d-q Load Current Control

The proposed d-q load current control is employed for the SAPF applications to
regulate the real and reactive power as well as the grid current harmonics. The

control diagram of the proposed d-q load current control is shown in Figure [2.2]
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The Butterworth low pass filter is used to eliminate the DC components in the load
currents. The load currents are transformed from the 3¢ abc frame to the 3¢ a0
and then, to the 2¢ d-q synchronously revolving frame, which is considered as the
DC quantities, and the compensating signals are derived. The angle 6 is determined
from the af frame. The phasor representation of transformation of frames is shown
in Figure [2.3] In the d-q frame, the d-axis current components are controlled by the

PI controller, which maintains the constant voltage across the capacitor, Cpc.

9 act
Vie|
ref PI
—
Voc Control
IL, Butterworth rof Iiy f
I.
I, I low pass 10 Reference [
1d )
1. |3dabeto 3¢ ap0 to —r filter [ref 2§ dq to E& 3¢ ap0 to Filter  — Switching
b ap0 20 dq fd 3¢ ap0 rof 3¢ abe ™ currents - pulse
I, |Transform—3 Transform I Ltff Transform IfL)TransformHL{ffIgfﬁcef_)
! Butterworth HBCC
low pass
y filter
—2Y Unit vector Sind
Vo :
v generation
—3 without PLL Cosb

Figure 2.2: Proposed d-q load current control
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Figure 2.3: Phasor diagram of transformation of frames
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The d-q load currents (/4 and ;) are derived as:

Ild = COS Qfla + sin 0]15 (2 7)
[lq = —sin@]la -+ cos elw .

In the above equation ([2.7)), the currents contain the DC average value, and the AC

oscillating value are given by:

Lg=Tg+ [Zd

o (2.8)
Ly = I+ I,

The reference currents are generated by transforming only the magnitude of the cur-

rents in the d-q frame, which are as follows:

109 = Iy

(2.9)
I =T =0

The zero sequence current components remain unchanged when the d-axis is in the

same direction as the voltage space vector. Hence,

1
Ly = V_[Va[la + V1]
| o (2.10)
liy = 57— [=Vslia + Vali]
af
Where,
Pog = Volio + Vsl (2.11)
Hence, the equation of I;; becomes:
Plaﬁ
Iy = 2.12
o= (2.12)
The DC average value of above equation (2.12)) is:
I, = [Plc«ﬁ] 2.13
ld Vos De ( )
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At CCP, the reference supply current is in phase with the supply voltage, and multi-

plying the I,; with the unit vectors results in:

e V.,

ref _ Pla['! ]‘ 2 14
Ifﬁf = [VQB}DC@ Vs (2.14)
I Vo

The above reference currents are transformed back to the 3¢ abc frame. These cur-
rents I;Zf , I;f;f , and I;if are compared with measured filter currents I,, I, and I,
to generate the switching pulses to the 3¢ 4-leg DC-AC interfacing converter using
HBCC.

The advantage of the d-q load current control is that the angle 6 is computed di-
rectly from the grid voltage without PLL using the unit vector generation as shown
in Figure 2.4] Tt is difficult to design a high-performance PLL-circuit in case of an
unbalanced distorted grid voltage. The grid voltages (Via, Vi, and Vi) are trans-

o
o V
Ve E 1/s o
Vg | abc-of .
~ | Transform ® 1 Estimate
VL — Magnitude
e
VB — 1/s

Figure 2.4: Unit vector generation without PLL

formed from the 3¢ abc co-ordinates to the 2¢ a3 co-ordinates. The equations of Vi,

and Vg are expressed as,

Via = 1.5V, sin wt

(2.15)
Vipg = —1.5V,, coswt

The af voltages are filtered using a digital low-pass filter with frequency w at first

order. After filtering, the percentage of h'* order harmonics of the sensed supply
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voltage decrease by a factor of Wﬁ- It eliminates supply harmonics, notches, and

high-frequency noise. The estimated magnitude of the space vector is given by:

VeV o=Vt Vg = /V2 + 12 2.16
B B sa sp

It is evident from the above derived equation that unit vectors can be created by
transforming the supply voltage into a af plane and dividing the a8 components by

the space vector magnitude. Thus, the unit vector generation is described as:

Via 1.5V, sinwt .
cosf = = = sin wt
/‘/s%) + ‘/52,8 15Vm
. Vsp 1.5V, cos wt (2.17)
sinf = = — = —coswt

/V;%[ _|_ ‘/;25 15Vm

2.2.3 Hysteresis Based Current Control

The HBCC technique has outstanding accuracy and fast response due to a quick
change of load, and its control diagram as drawn in Figure The reference filter

neutral current, I

o Of the 4th leg interfacing of the inverter is set to zero for neutral

current compensation in case of unbalanced load condition. The following obtained
filter current errors are given to the HBCC to generate the switching pulses (G1 to
G8) for the 3¢ DC-AC interfacing converter.

ref Switching logic
It Ltaerr £EF Gy
f It Aif o G
re
Iy > Itperr £EF — G3
>
- AT P G
jref o I T -G
T, feerr 5
>
’ Aif e Gz
ref e !
Ifn 8 s Lnerr £EF G7

- : o G
I Aif 8

Figure 2.5: Hysteresis based current control
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Itaerr =I5 — Ipa
Iyerr = I7y) — Ipy
Tteerr = I7e) — I
Lnere =I5 = 11

(2.18)

If the current errors are above the upper bandwidth, then the upper switch of the
corresponding phase leg is turned OFF, and if not, then the upper switch is turned

ON and vice-versa.

2.2.4 Simulation Results for Proposed Controller Over the

Conventional Controller

The MATLAB simulation is carried out without considering the RES for the schematic
diagram shown in Figure 2.6 The performance of the proposed d-q load current con-
trol is compared with the conventional p-q load current control for different case

studies. The simulation parameters of the main-grid and load are depicted in Ta-

ble 2.1l

Supply Current Load Current|3®/1® AC
— —— | Non-
@ A i Linear
Main-Grid 3@ DC-AC Interfacing Converter Load
Common
Connecting
} } } Point
R L
R W
Coupling
7*‘ Inductor
v Hysteresis Based|
DC Current Control
Vref 3 =
—>
DC +<> T — Actual current
+
Reference current
PI p-q or d-q Load
control Current Control

Figure 2.6: Schematic diagram of the p-q or d-q load current control
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Table 2.1: Parameters of the main-grid and load

Parameters Values

Supply voltage, Vi 400 V

Supply frequency, f 50 Hz

Source resistance, R, 0.001 Q

Source inductance, Lg 0.01 mH

1-phase non-linear RL load R=209Q,L=20mH
3-phase non-linear RL load R=159Q,L=60mH
DC link capacitor voltage, Vpco 800 V

DC link capacitor, Cpe 3000 pF

4-leg Inverter coupling inductor, L. 5 mH
4-leg Inverter coupling resistance, R 0.001

2.2.4.1 Without RES — Balanced undistorted grid and balanced non-
linear load conditions (BUGBNL)

When the supply voltages are balanced and sinusoidal, then both the control strate-
gies converge to the same compensation characteristics. From Figure and Fig-
ure , it can be observed that the grid current THD with p-q is 1.87% and the
grid current THD with d-q is 0.64%. In this case, both the p-q and d-q load current
control works well and are used to obtain the grid current THD within limits. Fig-

ures represents the grid voltage, interfacing converter Vpe, grid current,

and non-linear load current, respectively

2.2.4.2 Without RES — Unbalanced distorted grid and unbalanced non-
linear load conditions (UDGUNL)

When the supply voltages are distorted and/or unbalanced sinusoidal, then both the
control strategies result in different degrees of compensation in the harmonics. From
Figure and Figure [2.8(j)], it can be observed that the grid current THD with
p-q is 8.05% and the grid current THD with d-q is 1.34%. It is evident that the
p-q control strategy is unable to yield an adequate solution when the source voltages
are not ideal. On owing, the d-q method gives an outstanding performance under
balanced, unbalanced, and non-sinusoidal supply conditions. Figures
represents the grid voltage, interfacing converter Vpe, grid current, and non-linear

load current, respectively

From both the cases|2.2.4.1land [2.2.4.2] the proposed d-q load current control proves

that it works quite well under unbalanced distorted grid voltage conditions. The
results are tabulated in Table 2.2l
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Table 2.2: Performance of the grid current THD for proposed d-q load current control
over the conventional p-q load current control

Grid current THD with Grid current THD with

Case conventional p-q control proposed d-q control
a) Without RES
under BUGBNL 1.87% 0.64%
b) Without RES
under UDGUNL 8.05% 1.34%

2.3 Overall Control Diagram of the AC Coupled
Hybrid Micro-grid System

The overall control diagram of the AC coupled hybrid micro-grid is shown in Fig-
ure 2.9 A PV array is connected to the DC sub-grid through the DC-DC boost con-
verter, which inverts to the AC bus through the unidirectional 3¢ DC-AC inverter,
whereas PMSG or DFIG variable wind turbine is connected to AC bus through uni-
directional 3¢p AC-DC-AC back-to-back converter. The AC non-linear RL load and
the DC resistive load through the AC-DC rectifier and the DC-DC boost converter
are connected to the AC bus integrated with the main-grid. The 3¢ DC-AC UIC has
controlled the power flow transfer with harmonics current limits as per the IEEE 519
standards at the AC bus.

Supply Current Load Current 30/10 AC
~y > — Non-Linear
Load

Main-Grid

3® DC-AC Interfacing Converter Common 30 DC-DC [ g
o

Col}l)nt.:ctmg AC-DC 1 Boost £
DC-DC Boost Converter oint converter converter Q 2
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Control

30 AC-DC-AC
Converter
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2
*TReference current
Plor FLC d-qLoad
Current
Control

Control

Figure 2.9: Overall control diagram of the AC CHM
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2.3.1 PV Array Model

The relation between the output voltage and the current of a PV array is given below,
and its simulation parameters are tabulated in Table (Villalva et al., 2009).

Table 2.3: Parameters of the PV array model

Parameters Values

Open circuit voltage, V,. 421V

Short circuit current, I, 3.87T A

No. of series cell, N,-cell 72

No. of parallel string panels, N, 20

No. of series string panels, N 20

Quantum of charge, q 1.602x1071° C

Diode ideality factor, A 1.3997

Stefan Boltzmann constant, Kp 1.38x 1072 J/K

Voltage temperature coefficient, 5,. -0.1230 V/K

Current temperature coefficient, a,. 3.2x10°% A/K

Actual temperature, Ty 298.15 K

Reference temperature, T..r 298.15

_ V+Rs( Nas )1
I, = Ny ( L, — Iy [e:cp ( Npp -1 (2.19)

VthANss

Where the photocurrent, I, is induced by the incidence irradiation on the solar cell

and is given by:

G
Ly = ( Ly, + asAT) (2.20)
Gref
The change in actual and reference temperature, AT is expressed as:
AT = (Tyet — Trey) (2.21)
The light generated current, I,,, at actual condition is:
Iscn
Ipvn = (Rsh + Rs) (222)
Rsh
The diode thermal voltage, Vj;, is given by:
K Tac NS*CS
Vy, = —pact Tazeel (2.23)

q
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The diode reverse saturation current, I is given by the equation:

]sc + aSCAT

VOcn+ﬁ05 > _ 1

Iy =
exp( Y

(2.24)

2.3.2 PMSG Variable Wind Turbine Model

The modeling parameters for variable speed PMSG wind are tabulated in Table
(Jayalakshmi et al., 2012).

Table 2.4: Parameters of the PMSG variable wind turbine model

Parameters Values

Rated voltage, Viom 400 V

Rated frequency, F 50 Hz

Rated power, P,om 50 kW

Stator phase resistance, Ry 2.875 ()

d & g-axis phase inductance 8.5 mH

Torque constant 12 N-m/A peak
Inertia 0.8x107% kg-m?
No. of pole pairs 8

Rated DC link voltage of AC-DC-AC converter, Vpe 1050 V

The aerodynamic power obtained from a wind turbine depends on the wind speed

and is expressed by:

P,, = 0.5pV2AC, (), B) (2.25)
The power coeflicient, C,(a, 5) decides the total power available from wind and is
given by:
—21
Cyla, 8) = 05176 ( 4 045 —5 ) eap™ (2.26)
Tip speed ratio:
W R
A= 2.27
o (2.27)
-1
Ai = [A+01.08ﬂ N %] (2.28)
Blade pitch angle:
1
B = (2.29)
1003
[A+o.089 03+1}
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The function of 3 is to control the input mechanical power of the wind turbine gen-

erator at high wind speed.

The PMSG model in the d-q frame is given by:

digs 1 . .
i = L—d |:—‘/;15 — Rslds + WLqus:| (230)

digs

1 ) .
pral L_q [—Vqs — Ryigs — wLgigs + w¢m] (2.31)

If the rotor is cylindrical Ly = L, = L, the electromagnetic torque is:

T, = 1.5Pnyigs (2.32)

2.3.3 DFIG Variable Wind Turbine Model

The maximum power, P,,,, obtained from a wind turbine is given below, and its
simulation parameters are tabulated in Table (Liu et all, 2011]).

Table 2.5: Parameters of the DFIG variable wind turbine model

Parameters Values
Rated voltage, V,om 400 V
Rated frequency, F 50 Hz
Rated power, P, 50 kW
Rated mechanical power, P, 45 kW
Stator resistance, R, 0.00706 pu
Rotor resistance, R, (referred to the stator) 0.005 pu
Stator inductance, L 0.171 pu
Rotor inductance, L, (referred to the stator) 0.156 pu
Mutual inductance, L,, 0.156 pu
Lumped inertia constant, J 3.1s
No. of pole pairs, IV, 6

Rated DC link voltage of AC-DC-AC converter, Vpe,om 800 V

1
Prow = ngW?’Cp,maz (2.33)
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The voltage equations of an induction motor in a d-q rotating frame are:

Vis = —Rglgs + Pgs — wilgs
Vgs = —Rslys + PAgs + wigs
Vir = Rplgr + PAgy — wolyr
Viar = Bplyr + PAgr + w2dar

Where,
)\ds = — L1y,
Ags = —Lglys
Air = Ly Igy
Ap = Lol

The DFIG dynamic equations are as follows:

i dw,
N, dt

= Tm - Tem

Tem = Nme<]qSIdr - Idslqr)
Wy = W1 — Wy
)\ds = 0; )‘qs = )\s

From the equations ([2.35) and (2.39)), the equation (2.37)) becomes:

L
Tem = _NpL_m

As[dr

(2.34)

(2.35)

(2.36)

(2.37)
(2.38)

(2.39)

(2.40)

Substituting equations (2.38]) and (2.39) in the equation (2.34) to obtain the stator

voltage oriented reference frame equations as:

dly,

Vir = Relay + 0L~ = (w1 = @) (Linlys + Ly L)
dl,,

‘/:17“ = RrIqr + O—er_qu + (Wl - wr)(Lm[ds + LrIdr)

26
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Where,
L,L,— L2,

2.42
LSLT ( )

g =

2.3.4 DC Link Voltage Control of the Interfacing Converter

To regulate and maintain a constant voltage of the DC link capacitor, it is necessary
to control the real power flowing into the loads through the 3¢ 4-leg DC-AC UIC.
The selection of the DC-link voltage value, Vp¢ is always higher than the grid voltage
peak value, V;. The maximum value of the DC link voltage, Vp¢, .. (Biricik et al.,
2016)is given by:

Voe,... = 1.5V2V, (2.43)

max

V2V, < Vpe < (1.5V2V}) (2.44)

2.3.4.1 PI Controller

Firstly, the voltage is sensed across the DC link and compared with a DC link voltage
reference value. Secondly, the error between the reference and the actual value is
processed through the PI controller and then fed to the reference current generation.

The following equations give the selection of the K, and K; values:
Kp = QCDng (245)

K; = Cpew? (2.46)

Where, w is supply frequency and Cpe is the DC link capacitor, and its value is

selected by the following equation,

S

Cpc > — 2.47
be = 2VDCwAVDC ( )

where, s is the rating capacity of the interfacing converter and AVp¢ is a ripple of
the peak-to-peak DC link voltage.

The generation of real power and variations in load is highly dynamic due to the
intermittency of hybrid PV /wind RES. In order to have a stable operating condition,
the PI-based DC link voltage control can be calibrated for a certain stable-state range.

Nevertheless, they cannot guarantee stability to a wide variety of dynamic conditions.
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2.3.4.2 Fuzzy logic Controller

The intelligent controller, like FLC-based DC link voltage, is designed with equilateral
triangular membership function (ETMF) to optimize the voltage error efficiently and
gives the best results regarding current harmonic filtering. Figure represents
a process involved in DC link voltage regulation using FLC. It mainly comprises of
three blocks, which are fuzzification using ‘continuous universe of discourse’, inference
system based on fuzzy implication using ‘Mamdani’s operator’, and de-fuzzification
using ‘centre of gravity method’.

The development of an FLC-based DC link voltage algorithm with two inputs and one
output having ‘seven fuzzy sets’ comprises of 49 linguistic variables. The input DC
link voltage error ‘e’ and the change in DC link voltage error ‘ce’ are given as input
variables to the FLC, as shown in Figure 2.11(a)| and Figure 2.11(b)] The output
variable of the FLC is the current signal, which is required for the current control, as
shown in Figure 2.11(c)] The fuzzy rule mechanism is shown in Table (Ouchen
et al., 2016)).

Rule
base
X
Y
» Pre- Fuzzification Fuzzy Inference | De- | Post-
processing System fuzzification processing
Crisp Processed Fuzzified Fuzzified De-fuzzified Crisp
Input Crisp Input Input Output Output Output

Figure 2.10: DC voltage regulation using FL.C

Table 2.6: Fuzzy rule mechanism

ece NL NM NS Z PS PM PL
NL NL NL NL NL NM NS Z
NM NL NL NL NM NS Z PS
NS NL NL NM NS 7Z PS PM
Z NL NM NS Z PS PM PL
PS NM NS Z PS PM PL PL
PM NS Z PS PM PL PL PL
PL Z PS PM PL PL PL PL
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Figure 2.11: Input and output vaiables of the ETMF

2.3.5 DC-DC Boost Converter

As the PV array produces variable DC power output, the variable DC output voltage
must be converted to constant using the DC-DC boost converter at the DC bus. At
the AC bus, the 3¢ AC voltage is converted to DC voltage through an uncontrolled
rectifier. This DC voltage maintains an appropriate constant voltage using the DC-
DC boost converter to supply the DC resistive load. The design equations for the

boost converter (Krithiga and Gounden) 2014)) are shown below:

VD
= 4
TN (2.48)
1,D?
Cy = 0 (2.49)

(AVo/Vo)(1 = D)Vo fouw
Where, V; and I; are the output voltage and current from the PV array. I; is the input

current ripple of the boost converter, V4 and I, are the output voltage and current
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of the boost converter respectively, fs, is the switching frequency, and D is the duty

ratio of the boost converter switch.

D:1—(%) (2.50)

2.3.6 Coupling Inductive Filter of the Interfacing Converter

The filter inductance can be calculated using equation (2.51)), where 'h’ is the hystere-
sis band, usually taken as 5% of the compensation current, f,, .. is the maximum

switching frequency, and Vp¢ is the DC-link voltage.

Vbe

Ly=—2%_
T 6h fapan

(2.51)

2.4 Simulation Results for AC CHM System

The MATLAB simulation is carried out for the AC coupled hybrid micro-grid system
as shown in Figure [2.9] The performance of the proposed d-q load current technique
based PI and FLC is analyzed and validated for different grid and load case studies
with a variation of the RES. The simulation parameters of the UIC, DC-DC boost
converter, and the main-grid are tabulated in Table 2.7

Table 2.7: Parameters of the UIC, DC-DC boost converter, and main-grid

Parameters Values
Main-grid supply voltage, V; 400 V
Main-grid supply frequency, f 50 Hz
UIC power rating, P 100 kVA
PV array capacitor, Cp, 110 puF
Boost converter inductor, L 7.45 mH
Boost converter switching frequency, fs, 20 kHz
DC link capacitor, Cpc 7000 uF
DC link capacitor voltage, Vpc 800 V
UIC coupling inductor, L 5 mH
UIC coupling resistance, R 0.001 ©
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2.4.1 AC CHM (PMSG+PV) — Balanced undistorted grid

and balanced non-linear load conditions

The Picnon—tinearioad Of 17 kW and Pjgoqq of 40 kW demands are more than the P,
generation of 3 kW at irradiation of 100 W/m? and P,;,q generation of 30 kW at
wind speed of 7 m/s as shown in Figures [2.12(a)[-H2.12(d)| . Hence, the required
deficit power of 24 kW is supplied by the P4 to meet the load demands as shown

in Figure [2.12(e). In order to supply power to the Pijoaq and Picnon—tinearioads both
the UICs should operate in the inverter mode as shown in Figure 2.12(f)|

~10% ~<10%

AC Non-linear load power (W/VAR)
DC load power (W)
a

1.5 0.5
0.9 0.92 0.94 0.96 0.98 1 00 9 0.92 0.94 0.96 0.98 1
Time (s) Time (s)
(a) AC non-linear load power (b) DC load power
4 =10 = =10
g o 2
= s1f
z | §
&0
-4 2 . . . .
0.9 0.92 0.94 0.96 0.98 1 a- 0.9 0.92 0.94 0.96 0.98 1
Time (s) Time (s)
(¢) PV power (d) PMSG variable wind power
5 x10% =10
—— Pgrid ar Pcol
= 2fF ——Qgrid & sl Qcol
E =
= 1r g 2p
£, s
= S o
S 4 =] .
2 2 L
0.9 0.92 0.94 0.96 0.98 1 0.9 0.92 0.94 0.96 0.98 1
Time (s) Time (s)
(e) Grid power (f) UIC power

Figure 2.12: Power flow analysis of AC CHM with PMSG+PV under BUGBNL

Figures [2.13(a)<2.13(g)| represents the grid voltage, grid current, grid voltage

current, grid power factor, UIC DC link voltage, filter current, and non-linear load
current, respectively. From Figure [2.13(h)| it can be observed that the grid current
THD before compensation is 19.54%. After compensation, the grid current THD
improved with the FLC over the PI. It is evident from Figure and Figure[2.13(j)]
that the grid current THD is 4.68% with PI and 2.87% with FLC, which is well within
the IEEE standard limits.
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Figure 2.13: Harmonic analysis of AC CHM with PMSG+PV under BUGBNL
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2.4.2 AC CHM (PMSG+PV) — Unbalanced distorted grid

and unbalanced non-linear load conditions

The P, cnon—tincarioad Of 14 kW and Pj.oqq of 20 kW demands are less than the Pnqg
generation of 34 kW at wind speed of 8 m/s and the P,, generation of 24 kW at
irradiation of 600 W/m? as shown in Figures [2.14(a)H2.14(d), Hence, the surplus
power of 24 kW of both the P,, and P,q is injected into the P;q as shown in
Figure . In order to inject the surplus power to the P4, both the UICs
should operate in the inverter mode as shown in Figure .
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Figure 2.14: Power flow analysis of AC CHM with PMSG+PV under UDGUNL

Figures|2.15(a)H2.15(g)| represents the grid voltage, grid current, grid voltage cur-

rent, grid power factor, UIC DC link voltage, filter current, and nonlinear load cur-
rent, respectively. In Figure , the observation of the grid current THD before
compensation is 46.22%. After compensation, the grid current THD improved with
the FLC (2.34%) over the PI (4.41%) as shown in Figure [2.15(i)| and Figure 2.15(j)}

respectively. The obtained grid current THD values are within the harmonic limits.
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Figure 2.15: Harmonic analysis of AC CHM with PMSG+PV under UDGUNL
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2.4.3 AC CHM (DFIG+PV) — Balanced undistorted grid

and balanced non-linear load conditions

The Pjioaq of 25 kW, Pctinearioad Of 25 kKW, and P,.on—tinearioad Of 15 KW demands
are more than the P,, generation of 3 kW at irradiation of 100 W/ m? and the Pying
generation of 30 kW at wind speed of 7 m/s as shown in Figures [2.16(a)+2.16(d)|
Hence, the P,;q supplies the remaining deficit power of 32 kW to both the AC-DC
linear and non-linear loads as shown in Figure In order to supply power to
both the Piyoeq and P,enon—iinearioad; Poth the UICs should operate in the inverter

mode as shown in Figure [2.16(f)!
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Figure 2.16: Power flow analysis of AC CHM with DFIG+PV under BUGBNL

Figures[2.17(a)+2.17(g)| shows the grid voltage, grid current, grid voltage current,

grid power factor, UIC DC link voltage, filter current, and nonlinear load current,
respectively. From Figure [2.17(h)| it can be observed that the grid current THD
before compensation is 21.49%. After compensation, the grid current THD improved
with the FLC over the PI. It is evident from Figure and Figure that
the grid current THD is 4.92% with PI and 2.78% with FLC, which is well within the
IEEE standard limits.
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2.4.4 AC CHM (DFIG+PV) — Unbalanced distorted grid

and unbalanced non-linear load conditions

The P,inearioad Of 22 KW, P, cnon—tinearioad Of 11 kW, and Pj.peq of 20 kW demands are
less than the P4 generation of 42 kW at wind speed of 12m/s and P,, generation of
32 kW at irradiation of 800W /m? as shown in Figures [2.18(a)-2.18(d)} Hence, the
surplus power of 21 kW of both the P,, and P,;,q is injected into the P4 as shown
in Figure . In order to inject the surplus power into the Pj,4, both the UICs
should operate in the inverter mode as shown in Figure [2.18(f)|
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Figure 2.18: Power flow analysis of AC CHM with DFIG+PV under UDGUNL

Figures|2.19(a)H2.19(g)| represents the grid voltage, grid current, grid voltage cur-

rent, grid power factor, UIC DC link voltage, filter current, and nonlinear load cur-
rent, respectively. In Figure [2.19(h)| the observation of the grid current THD before

compensation is 44.27%. After compensation, the grid current THD improved with

the FLC (2.91%) over the PI (4.30%) as shown in Figure [2.19(i)| and Figure [2.19(j)}

respectively. The obtained grid current THD values are within the harmonic limits.
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Figure 2.19: Harmonic analysis of AC CHM with DFIG+PV under UDGUNL
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In case of unbalanced non-linear load on the AC grid side, the filter current flows
to the CCP through the 4" leg of the UIC to compensate the neutral current as

depicted in Figure [2.20]
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Figure 2.20: Grid and load neutral current of AC CHM under UDGUNL with a)
PMSG+PV b) DFIG+PV

2.5 Summary

The MATLAB simulation was carried out by considering the variation of: a) PV ar-
ray and PMSG variable wind turbine RES, and b) PV array and DFIG variable

wind turbine RES under different grid and load scenarios. As discussed in Sec-

tions 2.4.1], 2.4.2) 2.4.3] and 2.4.4}

e The d-q load current control based FLC and PI perform the real power transfer
to the various loads at the AC bus efficiently. The power flow equations for all

the case studies were shown below,

(a) In Section with (PMSG+PV) RES, the UIC acted as an inverter

mode. Thus, the power flow equation is:
va + sz'nd + Pgm'd - Pacnon—linearload + Pdcload

(b) In Section with (PMSG+PV) RES, the UIC acted as an inverter

mode. Thus, the power flow equation is:

va + Pwind = Pgm’d + Pacnon—linearload + Pdcload

39



(c) In Section with (DFIG+PV) RES, the UIC acted as an inverter mode.

Thus, the power flow equation is:

va + Pwind + Pgrid = Paclinea’rload + Pacnon—linearload + Pdcload

(d) In Section with (DFIG+PV) RES, the UIC acted as an inverter mode.

Thus, the power flow equation is:

va+Pwind:

Pg’rid + Paclinea’rload + Pacnon—linearload + Pdcload

e Further, the improved grid current THD holds good using the d-q load current

control based FLC compared with the d-q load current control based PI and is

summarized in Table 2.8

Table 2.8: Performance of the grid current THD for AC CHM system

Grid current THD Grid current THD

Case before filtering after filtering
PI FLC
a) PMSG+PV RES
under BUGBNL 19.54% 4.68% 2.8™%
b) PMSG+PV RES
under UDGUNL 46.22% 4.41% 2.34%
¢) DFIG+PV RES
under BUGBNL 21.49% 4.92% 2.78%
d) DFIG+PV RES
under UDGUNL 44.27% 4.30% 2.91%
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Chapter 3

Performance Analysis of DC

Coupled Hybrid Micro-grid System

3.1 Introduction

If DC renewable energy sources such as PV, fuel cell, etc. are significant sources of
power in the micro-grid, then the DC coupled micro-grid system is preferable. The
DC coupled micro-grid system has its advantages over the AC coupled micro-grid
system. Since there is no reactive power, there are several benefits of the DC coupled
micro-grid system, such as voltage fall, reduction of power losses, etc. Therefore, it is
simpler to plan, implement, and operate. Further, there is no need for synchronization
to incorporate the various sources of energy. Hence, the DC coupled micro-grid
system is about twice as reliable as the AC coupled micro-grid system (Planas et al.,
2015). The available RES and DC loads are connected to the DC bus through various
converters. If the DC coupled micro-grid system is connected to main-grid, then an
appropriate controller is required for the BIC to synchronize with it. The AC non-
linear loads are connected at the AC bus or the CCP. The bi-directional controller
regulates the real power flow between the AC and the DC bus along with harmonic
current mitigation at the CCP. These issues have to be taken into consideration to
develop an appropriate bi-directional controller.

This chapter deals with firstly, the overall control of the DC coupled hybrid micro-grid
system. Secondly, the simulation results of the DC coupled hybrid micro-grid system

are discussed through a comparative study.
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3.2 Overall Control Diagram of the DC Coupled
Hybrid Micro-grid System

The overall control diagram of the DC coupled hybrid micro-grid is shown in Fig-
ure A PV array is connected to the DC bus through the DC-DC boost converter,
whereas the PMSG wind is connected to the DC bus through the AC-DC rectifier
and the DC-DC boost converter. The DC resistive load is connected to the DC bus.
Further, both the PV array and the PMSG wind are connected to the AC bus through
a common BIC (which acts as rectifier or inverter). The AC non-linear RL load con-
nected to the AC bus is integrated with the main-grid. The BIC controls the power
flow exchange between the AC bus and the DC bus with harmonic current limits as
per the IEEE 519 standards at the AC bus.

In Chapter [2] Sections [2.3.1 and 2.3.2] the modeling of the PV array and PMSG vari-
able wind turbine RES was studied. The variable output DC voltage obtained from
both the RES is given to the DC-DC boost converter to maintain the DC voltage
constant at the DC bus. The BIC has been controlled by the d-q load current control
based-PI and FLC as discussed in the Chapter [2] Section [2.2.2]

This d-q load current control based-PI and FLC performs active power flow with the

current harmonics mitigation efficiently:
a) If the DC load demand is greater than the generation of PV array and PMSG
variable wind turbine RES, then the BIC acts as a rectifier.
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Figure 3.1: Overall control diagram of DC CHM
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b) If the DC load demand is lesser than the generation of PV array and PMSG

variable wind turbine RES, then the BIC acts as an inverter.

3.3 Simulation Results for DC CHM System

The MATLAB simulation is carried out for the DC coupled hybrid micro-grid system
as shown in Figure 3.1} The performance of the proposed system is analyzed using
the d-q load current technique based-fuzzy logic and PI controller. To validate the
proposed control technique, different case studies are performed by considering bal-
anced and unbalanced grid and load conditions with variation in RES. The simulation
parameters for PV array, BIC, PV boost converter, and main-grid were used the same
as in Chapter [2| Sections 2.3.1] and 2.4] The simulation parameters of the PMSG
and its boost converter are shown in Table (Jayalakshmi et al., 2012)).

Table 3.1: Parameters of the PMSG variable wind turbine model

Parameters Values
DC link voltage, Vpc 800 V
DC link capacitor, Cpc 7000 puF
Rated power, P,om 50 kW

Stator phase resistance, Ry 2.875 Q2
d & g-axis phase inductance 8.5 mH

Torque constant 12 N-m/A peak
Inertia 0.8x107% kg-m?
No. of pole pairs 8

Boost converter inductor, L; 0.2 mH

3.3.1 DC CHM (PMSG+PV) — Balanced undistorted grid

and balanced non-linear load conditions

In this case, the performance of the overall system is analyzed with a balanced,
undistorted grid and balanced non-linear load conditions. The power generated by
the PMSG wind, Pyina of 30 kW at 7 m/s and PV array, By, of 39 kW at 1000 W/m?
are shown in Figure and Figure At the DC grid side, the hybrid solar-
wind energy sources (HSWES) are generating 69 kW power more than the Pjyuoad
demand of 20 kW as shown in Figure [3.2(c)] The Pycioadnon—tinear demand of 10 KW
is met by the HSWES through the BIC, P.,,, of 49 kW as shown in Figure
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and Figure |3.2(e)l Now, the BIC operates in inverter mode. Further, the remaining
surplus power of 39 kW is transferred to the main-grid as shown in Figure [3.2(f)!
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Figure 3.2: Power flow analysis of DC CHM with PMSG+PV under BUGBNL

Initially, before applying the d-q load current control to the BIC, the grid current
is similar to the load current as depicted in Figure . After applying the d-q
load current control to the BIC, the extraction of reference filter currents is compared
with the actual filter currents by the HBCC as shown in Figure |3.3(f)l Figure |3.3(e)|
shows that the DC link voltage is regulated to play the main role in transferring the
power between the AC-DC buses. Further, the polluted grid current starts to filter
out to become almost sinusoidal as shown in Figure . The grid current THD
before compensation is 23.58%, and after compensation with PI is 2.51%, and with
FLC is 0.32% as shown in the Figures 3.3(j)] Figure 3.3(a)] Figure
and Figure represents the grid voltage, grid voltage current, and grid power

factor, respectively.
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3.3.2 DC CHM (PMSG+PV) — Unbalanced distorted grid

and unbalanced non-linear load conditions

In this case, the overall system performance is analyzed with unbalanced distorted
grid and unbalanced non-linear load conditions. The power generated by the PMSG
wind, Pyina of 24 kW at 6 m/s and PV array, P, of 24 kW at 600 W/m? is illustrated
in Figure and Figure [3.4(b)] The HSWES generation of 48 kW is less than the
DC load demand, Pj.peq of 50 kW as shown in Figure . The remaining deficit
power of 24 kW drawn from the main-grid, P4 as shown in Figure . To satisfy
the DC load demand on the DC grid side, BIC, P.,,, of 2 kW acts as a rectifier as
shown in Figure On the AC grid side, the AC load, P,cnon—tinearioad Of 22 kW
have been drawn the power from only main-grid, P, as shown in Figure .
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Figure 3.4: Power flow analysis of DC CHM with PMSG+PV under UDGUNL

Initially, before connecting the BIC to the network, the grid current is similar
to the load current as shown in Figure . After connecting the BIC to the
network, the reference filter currents extract from the d-q method, and these currents
are compared with the actual filter currents by the HBCC as shown in Figure .
Figure shows that the DC link voltage is regulated to play the main role in
transferring the power between the AC-DC buses. Further, the polluted grid current
starts to filter out to become almost sinusoidal as shown in Figure . The
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grid current THD before compensation is 14.58% and after compensation with PI is

3.11% and with FLC is 0.43% as shown in the Figures Figure [3.5(a)l,

Figure and Figure [3.5(d)|represents the grid voltage, grid voltage current, and
grid power factor, respectively.
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Figure 3.5: Harmonic analysis of DC CHM with PMSG+PV under UDGUNL
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In case of unbalanced non-linear load on the AC grid side, the filter current flows

to the CCP through the 4" leg of the BIC to compensate the neutral current as

T T T T
— Load neutral current
— Girid neutral current
[ 2
9 0.92 0.94 0.96 0.98
)

depicted in Figure 3.6
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Grid & load neutral current (A)
o

1
Time (s;

Figure 3.6: Grid and load neutral current of AC CHM with PMSG+PV under UDGUNL

3.4 Summary

The MATLAB simulation was carried out considering the variation of the PV array
and the PMSG variable wind turbine RES under different grid and load scenarios.
As discussed in Sections B.3.1] and [3.3.2

e The d-q load current control based FLC and PI performed the real power ex-
change between the AC and DC bus to supply the AC and DC loads effectively.

The power flow equations for all the case studies were shown below,

(a) In Section with (PMSG+PV) RES, the BIC acted as an inverter.
Therefore, the power flow equations at the DC grid side and the AC grid
side are:

va + Pwind = Pdcload
Pcom) = L grid + Pacnon—linearload

(b) In Section with (PMSG+PV) RES, the BIC acted as a rectifier.
Therefore, the power flow equations at the DC grid side and the AC grid
side are:

va + Pwind + Pcorw = Pdcload
Pgm’d - Pacnon—linearload
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e Further, the grid current THD was improved using the d-q load current con-
trol based FLC compared with the d-q load current control based PI and is
summarized in Table [3.2

Table 3.2: Performance of the grid current THD for DC CHM system

Grid current THD Grid current THD

Case before filtering after filtering
PI FLC
a) PMSG+PV RES
under BUGBNL 23.58% 2.51% 0.32%
b) PMSG+PV RES
under UDGUNL 14.58% 3.11% 0.43%
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Chapter 4

Performance Analysis of AC-DC
Coupled Hybrid Micro-grid System

4.1 Introduction

The most used topology is the AC coupled microgrid, which offers a simple way to
integrate DGs or RES into the existing power distribution system. However, it has a
few drawbacks such as DGs or RES synchronization with the main-grid, as the reactive
power flow management increases the power losses in the system. Therefore, the AC
coupled micro-grid topology is switched over to the DC coupled micro-grid topology,
as there is an absence of synchronization of the RES or DG’s and the reactive power
flow control. This topology needs to restructure the current distribution system, and
consequently, the cost increases drastically. Also, the DC protection system is more
challenging than the AC protection system. The AC-DC coupled hybrid micro-grid
topology is causing great interest due to the pros and cons of the AC and DC coupled
micro-grid topologies. This topology consists of AC renewable sources and the AC
loads are connected to the AC bus, and DC renewable sources and the DC loads
are connected to the DC bus. Hence, the efficiency of this system is improved with
reduced power conversion stages. This topology requires proper co-ordination control
to regulate the real power exchange between the AC and DC bus, as well as current
harmonics compensation (Sahoo et al., 2017, Unamuno and Barrena) 2015a)).

In this chapter: i) The overall control of the AC-DC coupled hybrid micro-grid system

is presented, and ii) Simulation results of this system for different case studies.
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4.2 Overall Control Diagram of the AC-DC Cou-
pled Hybrid Micro-grid System

The overall control diagram of the AC-DC coupled hybrid micro-grid is shown in
Figure[d.1] The PV array and DC resistive load are connected to the DC bus through
the DC-DC boost converter, and it inverts to the AC bus through a bi-directional
intermediate converter (inverter or rectifier). The PMSG or DFIG variable wind
turbine through the AC-DC-AC back-to-back converter and the AC non-linear RL
load is connected to the AC bus integrated with the main-grid. Thus, the AC-DC-
AC/DC-AC-DC power conversion stages and losses are reduced.

In Chapter [2| Sections [2.3.1] and 2.3.2] or 2.3.3] the modeling of the PV array and
PMSG or DFIG variable wind turbine RES was studied. The variable output DC
voltage obtained from the PV array is given to the DC-DC boost converter to maintain
the DC voltage constant at the DC bus. From the DFIG variable wind turbine,

the real and reactive power output is controlled by the rotor side converter (RSC),
whereas the DC link voltage is regulated to maintain constant voltage using a grid
side converter (GSC). The BIC is controlled by the d-q load current control based-PI
and FLC discussed in Chapter [2] Section 2.2.2] This d-q load current control based-
PI and FLC performs active power flow with current harmonics mitigation efficiently
as: a) If the generation of the PV array is more than the DC load demand, the BIC
acts as an inverter , and b) If the generation of the PV array is less than the DC load

demand, the BIC acts as a rectifier.
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Figure 4.1: Overall control diagram of AC-DC CHM
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4.3 Simulation Results for AC-DC CHM System

The MATLAB simulation is carried out for the AC-DC coupled hybrid micro-grid sys-
tem as shown in Figure4d.1] The performance of the proposed d-q load current control
based-FLC and PI controller is analyzed and validated for different case studies. The
simulation parameters of the PV array, PMSG or DFIG variable wind turbine, and

main-grid were used the same as in Chapter [2] Sections [2.3.1] 2.3.2] or 2.3.3] and [2.4]

4.3.1 AC-DC CHM (PMSG+PV) — Balanced undistorted

grid and balanced non-linear load conditions

The P,cnon—tinearioad Of 10 kW and Pjuoqaq of 20 kW demands are less than the P,;.q
generation of 30 kW at wind speed of 7 m/s and the P,, generation of 39 kW at
irradiation of 1000 W/m? as shown in Figures . Hence, the surplus
power of 39 kW of both the P,, and P,q is injected into the P4 as shown in
Figure . In order to inject the surplus power into the P4, the BIC should
operate in inverter mode as shown in Figure [4.2(f)!
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Figure 4.2: Power flow analysis of AC-DC CHM with PMSG+PV under BUGBNL

Figures |4.3(a)-4.3(g)| represents the grid voltage, grid current, grid voltage cur-
rent, grid power factor, BIC DC link voltage, filter current, and non-linear load cur-

rent, respectively. In Figure 4.3(h)|, the observation of the grid current THD before
compensation is 13.49%. After compensation, the grid current THD is improved with
the FLC (2.46%) over the PI (4.18%) as shown in Figure [4.3(i)| and Figure [4.3(j)}

respectively. The obtained grid current THD values are within the harmonic limits.
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Figure 4.3: Harmonic analysis of AC-DC CHM with PMSG+PV under BUGBNL
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4.3.2 AC-DC CHM (PMSG+PV) — Balanced undistorted

grid and unbalanced non-linear load conditions

The Picoqd of 20 kW demand is equal to the P, generation of 20 kW at irradiation

of 500 W/m? as shown in Figure and Figure 4.4(b). The Pienon—tincarioad Of 19
kW demand is less than the P,;,q generation of 38 kW at a wind speed of 9 m/s are

shown in Figure 4.4(c)| and Figure 4.4(d)} Hence, there is no action of the BIC, P.,,,
that means BIC is in rest or idle mode as shown in Figure [4.4(e)l The surplus power
of 19 kW from P,;,q is injected into the P,,;4 as shown in Figure
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Figure 4.4: Power flow analysis of AC-DC CHM with PMSG+PV under BUGUNL

Figures 4.5(g)| represents the grid voltage, grid current, grid voltage cur-
rent, grid power factor, BIC DC link voltage, filter current, and non-linear load cur-

rent, respectively. In Figure 4.5(h)| the observation of the grid current THD before
compensation is 23.99%. After compensation, the grid current THD is improved with

the FLC (2.35%) over the PI (4.44%) as shown in Figure [4.5(i)| and Figure [4.5(j)}

respectively. The obtained grid current THD values are within the harmonic limits.
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Figure 4.5: Harmonic analysis of AC-DC CHM with PMSG+PV under BUGUNL
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4.3.3 AC-DC CHM (PMSG+PV) — Unbalanced distorted

grid and unbalanced non-linear load conditions

The Picnon—tinearioad f 37 kW and Pjgoqq of 50 kW demands are more than the P,
generation of 31kW at irradiation of 800 W/m? and the P,;,q generation of 34 kW
at a wind speed of 8 m/s as shown in Figures Hence, the required
deficit power of 22 kW is supplied by the P4 to meet the load demands as shown
in Figure . In order to supply power to the Pioed and Pyuenon—tinearioad, the BIC
should operate in rectifier mode as shown in Figure .
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Figure 4.6: Power flow analysis of AC-DC CHM with PMSG+PV under UDGUNL

Figures |4.7(a)H4.7(g)| represents the grid voltage, grid current, grid voltage cur-
rent, grid power factor, BIC DC link voltage, filter current, and non-linear load cur-

rent, respectively. From Figure [4.7(h)] it can be observed that the grid current THD
before compensation is 21.28%. After compensation, the grid current THD improved
with the FLC over the PI. It is evident from Figure and Figure that the
grid current THD is 4.00% with PI and 2.90% with FLC, which is well within the
IEEE standard limits.
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Figure 4.7: Harmonic analysis of AC-DC CHM with PMSG+PV under UDGUNL
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4.3.4 AC-DC CHM (DFIG+PV) — Balanced undistorted grid

and balanced non-linear load conditions

The P,uincartoad Of 25 KW, Pcnon—tinearioad Of 15 kW, and Pjyeoaq of 25 kW demands
are more than the P,, generation of 3 kW at irradiation of 100 W/m? and Pying
generation of 30 kW at wind speed of 7 m/s as shown in Figures Hence,
the required deficit power of 32 kW is supplied by F,;q to meet the load demands
as shown in Figure In order to supply power to the Pyuoads Pactinearioad, and
enon—linearioad, the BIC should operate in rectifier mode as shown in Figure .
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Figure 4.8: Power flow analysis of AC-DC CHM with DFIG+PV under BUGBNL

Figures |4.9(a)H4.9(g)| represents the grid voltage, grid current, grid voltage cur-
rent, grid power factor, BIC DC link voltage, filter current, and non-linear load cur-

rent, respectively. From Figure [4.9(h)] it can be observed that the grid current THD
before compensation is 37.31%. After compensation, the grid current THD improved
with the FLC over the PI as shown in Figure and Figure . It is evident
from these figures that the grid current THD is 4.47% with PI and 2.47% with FLC,
which is well within the IEEE standard limits.
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Figure 4.9: Harmonic analysis of AC-DC CHM with DFIG+PV under BUGBNL
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4.3.5 AC-DC CHM (DFIG+PV) — Balanced undistorted grid

and unbalanced non-linear load conditions

The Picoqd of 16 kW demand is equal to the P, generation of 16 kW at irradiation

of 400 W/m? as shown in Figure and Figure 4.10(b). The P,cnon—iinearioad Of

27 kW and Pjinearioad Of 35 kW demands are more than the P,;,q generation of 34

kW at wind speed of 8 m/s as shown in Figure and Figure [4.10(d)l Hence,

there is no action of the BIC, P,,,, that means BIC is in rest or idle mode as shown
in Figure The required deficit power of 28 kW is drawn from the P4 as

shown in Figure [4.10(f)|
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Figure 4.10: Power flow analysis of AC-DC CHM with DFIG+PV under BUGUNL

Figures|4.11(a)4.11(g)|[represents the grid voltage, grid current, grid voltage cur-

rent, grid power factor, BIC DC link voltage, filter current, and nonlinear load current,
respectively. In Figure [4.11(h), the observation of the grid current THD before com-
pensation is 42.53%. After compensation, the grid current THD is improved with

the FLC (2.95%) over the PI (4.77%) as shown in Figure 4.11(i)| and Figure [4.11(j)},
respectively. The obtained grid current THD values are within the IEEE standard

harmonic limits.
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Figure 4.11: Harmonic analysis of AC-DC CHM with DFIG+PV under BUGUNL
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4.3.6 AC-DC CHM (DFIG+PV) — Unbalanced distorted grid

and unbalanced non-linear load conditions

The P,einearioad Of 20 KW, P, cnon—tinearioad Of 13 kW, and Pj.peq of 20 kW demands are
less than the P,;,q4 generation of 42 kW at wind speed of 12 m/s and P, generation
of 32 kW at irradiation of 800 W/m? as shown in Figures [4.12(a)lH4.12(d)} Hence,
the surplus power of 21 kW of both P,, and P,;,q is injected into the P4 as shown
in Figure In order to inject the surplus power into the Py,4, the BIC should
operate in inverter mode as shown in Figure .
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Figure 4.12: Power flow analysis of AC-DC CHM with DFIG+PV under UDGUNL

Figures [4.13(a)4.13(g)| represents the grid voltage, grid current, grid voltage

current, grid power factor, BIC DC link voltage, filter current, and non-linear load
current, respectively. In Figure the observation of the grid current THD
before compensation is 34.14%. After compensation, the grid current THD is im-
proved with the FLC (2.27%) over the PI (3.89%) as shown in Figure and
Figure , respectively. The obtained grid current THD values are within the

harmonic limits.
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Figure 4.13: Harmonic analysis of AC-DC CHM with DFIG+PV under UDGUNL



In case of unbalanced non-linear load on the AC grid side, the filter current flows
to the CCP through the 4" leg of the BIC to compensate the neutral current as

depicted in Figure [£.14]
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Figure 4.14: Grid and load neutral current of AC-DC CHM under UDGUNL with a)
PMSG+PV b) DFIG+PV

4.4 Summary

The MATLAB simulation was carried out by considering the variation of: a) PV ar-
ray and PMSG variable wind turbine RES, and b) PV array and DFIG variable

wind turbine RES under different grid and load scenarios. As discussed in Sec-

tions €31 [4.3.6}

e The d-q load current control based FLC and PI perform the real power exchange
between the AC and DC bus to supply the various loads efficiently. The power

flow equations for all the case studies were shown below,

(a) In Section with (PMSG+PV) RES, the BIC acted as an inverter.
Therefore, the power flow equations at the DC bus and the AC bus are:

va = Pdcload

Pcom) + Pwind = Pgrid + Pacnonflinearload

(b) In Section with (PMSG+PV) RES, the BIC was in rest mode. There-
fore, the power flow equations at the DC bus and the AC bus are:

va = Pdcload
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Pwind - Pg'rid + Pacnon—linearload

(c¢) In Section with (PMSG+PV) RES, the BIC acted as a rectifier.
Therefore, the power flow equations at the DC bus and the AC bus are:

va + Pcon'u = Pdcload

Pwind + Pgrid = Pacnon—linearlOad

(d) In Section with (DFIG+PV) RES, the BIC acted as a rectifier. There-
fore, the power flow equations at the DC bus and the AC bus are:

Pp'u + Pcom; - Pdcload

Pwind + Pgrid = Paclinearload + Pacnonflinearload

(e) In Section with (DFIG+PV) RES, the BIC was in rest mode. There-
fore, the power flow equations at the DC bus and the AC bus are:

va = Pdcload

Pwind + Pgrid = Paclinearload + Pacnonflinearload

(f) In Section with (DFIG+PV) RES, the BIC acted as an inverter.
Therefore, the power flow equations at the DC bus and the AC bus are:

va = Pdcload

Pcmw + Pwind = Pgrid + Paclinearload + Pacnon—linea’rload
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e Further, the grid current THD was improved using the d-q load current con-
trol based FLC compared with the d-q load current control based PI and is
summarized in Table [4.1]

Table 4.1: Performance of the grid current THD for AC-DC CHM system

Grid current THD Grid current THD
Case

before filtering after filtering
PI FLC
a) PMSG+PV RES
under BUGBNL 13.49% 4.18% 2.46%
b) PMSG+PV RES
under BUGUNL 23.99% 4.44%  2.35%
¢) PMSG+PV RES
under UDGUNL 21.28% 4.00% 2.90%
d) DFIG+PV RES
under BUGBNL 37.31% 4.47% 2.47%
e) DFIG+PV RES
under BUGUNL 42.53% 4.77%  2.95%
f) DFIG+PV RES
under UDGUNL 34.14% 3.89% 2.27%
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Chapter 5

Comparative Analysis of Power
Conversion Losses for Various

Configurations of the Hybrid
Micro-grid Systems

5.1 Introduction

The power flow and harmonic analysis of the various configurations of the hybrid
micro-grid systems were evaluated in the previous chapters. In both the AC and
DC coupled hybrid micro-grid systems, because of more power conversion stages, the
power conversion losses are more, leading to lower efficiency. Therefore, the AC-DC
coupled hybrid micro-grid system has to be achieved with decreased power conversion
losses, which effectively reduces the size of the set-up.

In this chapter, generalized power conversion loss calculation has been discussed
wherein the merits of the AC-DC coupled hybrid micro-grid system has been val-
idated and compared with the individual AC and DC coupled hybrid micro-grid sys-
tems. The power conversion loss calculation mainly depends on the conduction and
switching loss of the semiconductor devices. The conduction and switching losses are
calculated to examine the performance of the semiconductor devices. The calculation

of the conduction and switching losses are based on the datasheet values.
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This chapter is organized as follows: Firstly, the generalized power conversion loss
analysis of the IGBT device is presented. Secondly, the overall control diagram of
the various configurations of the hybrid micro-grid systems is presented. Finally, the
simulation results show the power loss and power flow analysis for different topologies

of the hybrid micro-grid systems through a comparative study.

5.2 Generalized Power Conversion Loss Analysis
of the IGBT device

The generalized block diagram of the power conversion loss analysis of the IGBT de-
vice as shown in Figure[5.1] The power converters utilize the IGBT switches for their

operation. The power conversion loss calculation mainly depends on the conduction

Gate Ir?cerfacse Unit Delay _
Pulse U>(UI2) 1/2) :
X
Ts
Current Switching loss . 1/Sec
through equations of
Transistor Transistor or N
; ; — X Mean Abs
or Diode Diode |H
P
x SL
Vs/Vsn |H
T P
Conduction loss PeL
equations of
—] Transistor or Mean Mean
Diode

Figure 5.1: Generalized block diagram of power conversion loss analysis of IGBT device

and switching losses of IGBT switches. The conduction loss mainly depends on the
conduction state of the IGBT switches, and the switching loss mainly depends on the
ON and OFF state of the IGBT switches. The IGBT switch consists of a transistor
and an antiparallel diode. Both the devices experience losses during the ON and OFF
states. If the positive current is flowing through the switch, then the transistor gets
shorted, or else an antiparallel diode is conducted for negative switch currents. The

generalized power conversion loss equations of the transistor and antiparallel diode
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are deduced from the 2"? order curve fitting of the IGBT switch datasheets (Drofenik
and Kolar, 2005). In general, the transistor collector current, i, or diode forward cur-
rent, ¢4 is multiplied with the voltage between the collector and emitter directly from
the IGBT switch datasheets to obtain the conduction loss. Hence, the conduction
loss of the IGBT switch is given by:

PCL = Ciigbt + di?gbt (51)

Where, ¢ and d are the coefficients derived from the curve fitting. Based on the 2"¢
order approximations (Venkataramanaiah and Suresh) 2018]), the above equation ([5.1))

for the transistor and diode can be written as:

Per_t950 = —0.8995 + 1.551%; + 0.0238547

(5.2)
Pop 11250 = —2.452 + 1.9144; + 0.02876i7

Pop_q250 = —0.2321 4 1.245i4 + 0.0152145

(5.3)
Por_g1250 = —0.8451 + 1.06i4 + 0.0148547

As the switching losses are dependent on temperature, the conduction losses are
affected by the junction temperature, T. Therefore, the equations (5.2)) and (5.3]) can

be re-written as:

Pep(iy, T) = —(0.511375 + 0.0155257) + (1.46025 + 0.003637 )i

(5.4)
+(0.0224 + 0.0000587")i?

Perlia, T) = —(0.0789 + 0.00617") + (1.2913 — 0.00197)i4 + (0.01537)i2  (5.5)

The switching loss equations of the transistor and diode are expressed by:
Psr_; = 170.3 + 3.224i4 — 0.03366i2 + 0.0001487:3 (5.6)

Psp_q = 65.53 — 0.436i, — 0.000772642 (5.7)

The total power loss of the IGBT switch is given by:

Pri—igt = Por(it, T) + Pop(ia, T) + Psp—+ + Psr—q (5.8)
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Generally, the switching losses of the diode are neglected. The voltage ratio (Vi/Vi,)
is multiplied with total energy to hold a good approximation in loss calculations. Vj is

the operating voltage and Vj, is the maximum blocking voltage of the IGBT switch.

5.3 Overall Control Diagram of the Various Toplo-
gies of the Hybrid Micro-grid Systems

In Figure [5.2] the AC coupled hybrid micro-grid system consists of five converters,
namely the DC-DC boost converter from the PV array to the DC bus, 3¢ 4-leg DC-
AC UIC from the DC bus to the AC bus, 3¢ AC-DC-AC converter from the PMSG
variable wind turbine to the AC bus, and the 3¢ AC-DC and DC-DC boost converters
from the AC bus to the DC resistive load.

In Figure the DC coupled hybrid micro-grid system consists of four converters,
namely the DC-DC boost converter from the PV array to the DC bus, 3¢ AC-DC
and DC-DC boost converters from the PMSG variable wind turbine to the DC bus,
and the 3¢ 4-leg DC-AC BIC from the DC bus to the AC bus.

In Figure[5.4] the AC-DC coupled hybrid micro-grid system consists of three convert-
ers, namely the DC-DC boost converter from the PV array to the DC bus, 3¢ 4-leg
DC-AC BIC from the DC bus to the AC bus, and the 3¢ AC-DC-AC converter from
the PMSG variable wind turbine to the AC bus.
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Figure 5.2: Overall control diagram of the AC CHM for power flow and conversion loss
analysis
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Figure 5.3: Overall control diagram of the DC CHM for power flow and conversion loss

analysis
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Figure 5.4: Overall control diagram of the AC-DC CHM for power flow and conversion
loss analysis

5.4 Simulation Results

The MATLAB simulation is carried out for Figures using Figure [5.1] The
simulation parameters used for all the topologies of the AC, DC, and AC-DC coupled
hybrid micro-grid systems are the same. The performance analysis of power flow
and conversion losses for the AC-DC coupled hybrid micro-grid system is compared

with the individual AC and DC coupled hybrid micro-grid systems and validated for

different case studies.
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5.4.1 AC CHM (PMSG+PV) — Power flow balance and con-

version losses under undistorted grid voltage conditions

In this case, the AC-DC-AC converter loss is 789 W, while converting the power from
the PMSG wind to the AC grid side as shown in Figure . The UIC and boost
converter losses of the PV array are 540 W and 117 W, as observed in Figure
and Figure [5.5(f)] The AC and DC load AC-DC converter losses are 12 W and 530
W as shown in Figure and Figure . The boost converter loss of the DC
load is 92 W as shown in Figure . Therefore, the total power conversion loss of
the AC coupled hybrid micro-grid system is 2080 W.
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Figure 5.5: Power loss analysis of AC CHM with PMSG+PV under undistorted grid
voltage

The Pina generation of 30 kW at wind speed of 7 m/s and the P,, generation
of 3 kW at irradiation of 100 W/m? are less than the Pinon_tincarioad 0f 17 kW and
Pjeioaa of 40 kW demands as shown in Figures Hence, the required
deficit power of 24 kW is supplied by the P4 to meet the load demands as shown
in Figure [5.6(c)l Therefore, the grid voltage is in phase with the grid current. To
supply power to these loads, both the UICs had to operate in inverter mode as shown

in Figure |5.6(d). Figure [5.6(a) and Figure [5.6(b)| represents the grid voltage current
and UIC DC link voltage, respectively.
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Figure 5.6: Power flow analysis of AC CHM with PMSG+PV under undistorted grid
voltage
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5.4.2 AC CHM (PMSG+PV) — Power flow balance and con-

version losses under distorted grid voltage conditions

In this case, the AC-DC-AC converter loss is 714 W, while converting power from
the PMSG wind to the AC grid side as shown in Figure . The UIC and boost
converter losses of the PV array are 500 W and 7 W, as observed in Figure
and Figure [5.7(f)] The AC and DC load AC-DC converter losses are 50 W and 1381
W as shown in Figure and Figure . The boost converter loss of the DC
load is 254 W as shown in Figure Therefore the total power conversion loss of
the AC coupled hybrid micro-grid system is 2906 W.
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Figure 5.7: Power loss analysis of AC CHM with PMSG+PV under distorted grid voltage

The Pyina generation of 34 kW at wind speed of 8 m/s and the P, generation of 32
kW at irradiation of 800 W/ m? are more than the P,enon—tincarioad Of 14 kKW and Pigoad
of 25 kW demands as shown in Figures [5.8(e)—5.8(h)} Hence, the remaining surplus
power of 27 kW is injected into the P4 as shown in Figure . Therefore, the
grid voltage is in phase opposition with the grid current. To supply power to these
loads, both the UICs had to operate in inverter mode as shown in Figure .

Figure |5.8(a){and Figure [5.8(b)| represents the grid voltage current and UIC DC link
voltage, respectively.
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Figure 5.8: Power flow analysis of AC CHM with PMSG+PYV under distorted grid voltage
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5.4.3 DC CHM (PMSG+PV) — Power flow balance and con-

version losses under undistorted grid voltage conditions

In this case, the AC-DC converter loss of the PMSG wind is 807 W, while converting
power to the DC bus as shown in Figure . The BIC loss is 45 W, while transfer-
ring power to the DC grid side as shown in Figure . The AC-DC converter loss
of the AC load is 77 W as shown in Figure . The boost converter losses of the
PMSG wind and PV array are 247 W and 7 W, as observed in Figure . There-
fore, the total power conversion loss of the DC coupled hybrid micro-grid system is
1183 W.
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Figure 5.9: Power loss analysis of DC CHM with PMSG+PV under undistorted grid
voltage

The Pina generation of 30 kW at wind speed of 7 m/s and the P,, generation
of 3 kW at irradiation of 100 W/m? are less than the Pnon_tincarioad 0f 17 kW and
Piioaq of 40 kW demands as shown in Figures [5.10(e)H5.10(h)l Hence, the required
deficit power of 24 kW is supplied by the P4 to meet the load demands as shown
in Figure [5.10(c). Therefore, the grid voltage is in phase with the grid current. To
satisfy the DC load demand, the BIC acted as a rectifier as shown in Figure .
Figure and Figure represents the grid voltage current and BIC DC

link voltage, respectively.
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Figure 5.10: Power flow analysis of DC CHM with PMSG+PV under undistorted grid
voltage
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5.4.4 DC CHM (PMSG+PV) — Power flow balance and con-

version losses under distorted grid voltage conditions

In this case, the AC-DC converter loss of the PMSG wind is 533 W, while converting
power to the DC bus as shown in Figure . The BIC loss is 703 W, while trans-
ferring power to the AC grid side as shown in Figure . The AC-DC converter
loss of the AC load is 10 W as shown in Figure The boost converter losses of
the PMSG wind and PV array are 296 W and 117 W, as observed in Figure .
Therefore the total power conversion loss of the DC coupled hybrid micro-grid system
is 1659 W.
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Figure 5.11: Power loss analysis of DC CHM with PMSG+PV under distorted grid voltage

The P,nqa generation of 34 kW at wind speed of 8 m/s and the P, generation of
32 kW at irradiation of 800 W/ m? are more than the Penon—tincarioad Of 14 kKW and
Picioaa of 25 kW demands are shown in Figures|5.12(e)+5.12(h)l Hence, the remaining
surplus power of 27 kW is injected into the Py,;4 as shown in Figure . Therefore,

the grid voltage is in phase opposition with the grid current. To transfer the surplus

power of the P,, to the AC grid side, the BIC acted as an inverter as shown in

Figure 5.12(d)| Figurel|5.12(a)|and Figure [5.12(b)| represents the grid voltage current
and BIC DC link voltage, respectively.
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Figure 5.12: Power flow analysis of DC CHM with PMSG+PV under distorted
voltage
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5.4.5 AC-DC CHM (PMSG+PV) — Power flow balance and
conversion losses under undistorted grid voltage con-
ditions

In this case, the AC-DC-AC converter loss of the PMSG wind is 362 W, while con-
verting power to the AC bus as shown in Figure [5.13(a)l The BIC loss is 360 W,
while transferring power to meet the DC load demand as shown in Figure .
The AC-DC converter loss of the AC load is 22 W as shown in Figure The
boost converter loss of the PV array is 7 W, as observed in Figure . Therefore
the total power conversion loss of the AC-DC coupled hybrid micro-grid system is
751 W.
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Figure 5.13: Power loss analysis of AC-DC CHM with PMSG+PV under undistorted grid
voltage

The Pina generation of 30 kW at wind speed of 7 m/s and the P,, generation
of 3 kW at irradiation of 100 W/m? are less than the Pinon_tincarioad 0f 17 kW and
Picioad of 40 kW demands as shown in Figures [5.14(e){+5.14(h)l Hence, the required
deficit power of 24 kW is supplied by the P4 to meet the load demands as shown
in Figure . Therefore, the grid voltage is in phase with the grid current. To
satisfy the DC load demand, the BIC acted as a rectifier as shown in Figure .
Figure and Figure represents the grid voltage current and BIC DC

link voltage, respectively.
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Figure 5.14: Power flow analysis of AC-DC CHM with PMSG+PV under undistorted
grid voltage
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5.4.6 AC-DC CHM (PMSG+PV) — Power flow balance and
conversion losses under distorted grid voltage condi-
tions

In this case, the AC-DC-AC converter loss of the PMSG wind is 793 W, while con-

verting power to the AC bus as shown in Figure . The BIC loss is 106 W,

while transferring power to the AC grid side as shown in Figure[5.15(b)] The AC-DC

converter loss of the AC load is 19 W as shown in Figure . The boost converter

loss of the PV array is 117 W, as observed in Figure [5.15(d)l Therefore, the total
power conversion loss of the AC-DC coupled hybrid micro-grid system is 1035 W.
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Figure 5.15: Power loss analysis of AC-DC CHM with PMSG+PV under distorted grid
voltage

The P,ina generation of 34 kW at wind speed of 8 m/s and the P, generation of 32
kW at irradiation of 800 W/m? are more than the P,c.on—_tincarioad Of 14 kW and Pyeoaq
of 25 kW demands as shown in Figures|5.16(e)—5.16(h)l Hence, the remaining surplus
power of 27 kW is injected into the P4 as shown in Figure . Therefore, the

grid voltage is in phase opposition with the grid current. To transfer the surplus power

of the PV array, P,, to the AC grid side, the BIC acted as an inverter as shown in

Figure [5.16(d)| Figure and Figure |5.16(b)| represents the grid voltage current
and BIC DC link voltage, respectively.
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Figure 5.16: Power flow analysis of AC-DC CHM with PMSG+PV under distorted grid
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5.5 Summary

e The same parameters of Pyinq= 30 kW, P,,= 3 kW, P,cnon—tincarioaa= 17 kW
and Pyeoea= 40 kW were used for the power flow and loss analysis of all the
AC, DC, and the AC-DC coupled hybrid micro-grid systems under undistorted

grid voltage conditions.

e The same parameters of P inq= 34 kW, P,,= 32 kW, Picnon—iincarioad= 14 kW,
and Pjyoeq= 25 kW were used for the power flow and loss analysis of all the
AC, DC, and the AC-DC coupled hybrid micro-grid systems under distorted

grid voltage conditions.

e The MATLAB simulation was carried out by considering the variation of RES
under different grid voltage scenarios. The power flow balance equations for all

the case scenarios were shown below,

(a) In Section with (PMSG+PV) RES, the UIC acted as an inverter.

Thus, the power flow balance equation is:
va + Pwind + Pgm’d = Pacnon—linearload + Pdcload

(b) In Section with (PMSG+PV) RES, the UIC acted as an inverter.

Thus, the power flow balance equation is:
va + Pwind - Pgrid + Pacnonflinearload + Pdcload

(c) In Section with (PMSG+PV) RES, the BIC acted as a rectifier.
Therefore, the power flow balance equations at the DC grid side and the
AC grid side are:

va + Pwind + Pconv - Pdcload
Pgrid = Pacnonflinearload

(d) In Section with (PMSG+PV) RES, the BIC acted as an inverter.
Therefore, the power flow balance equations at the DC grid side and the
AC grid side are:

Py 4+ Pyind = Picioad
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Pcom) — 1Lgrid + Pacnon—linearload

(e) In Section with (PMSG+PV) RES, the BIC acted as a rectifier.
Therefore, the power flow balance equations at the DC bus and the AC
bus are:

Pp'u + Pcom) = Pdcload

Pwind + Pgm’d = Pacnonflinearload

(f) In Section with (PMSG+PV) RES, the BIC acted as an inverter.
Therefore, the power flow balance equations at the DC bus and the AC
bus are:

Py = Picioad

Pcom) + Pwind = Pgrid + Pacnonflinearload

e From Sections to the obtained results with PMSG+PV using the
MATLAB Simulink prove that the power conversion losses were reduced with
the AC-DC coupled hybrid micro-grid system over individual AC and DC cou-
pled hybrid micro-grid systems and are summarized in Table [5.1]

Table 5.1: Comparison of the power conversion losses for AC-DC CHM over the AC and
DC CHM systems

Total power Total power Total power
conversion losses conversion losses conversion losses

for AC CHM for DC CHM for AC-DC CHM
system in Watts system in Watts system in Watts

Case

a) PMSG+PV RES
under undistorted
grid voltage 2080 1183 751
b) PMSG+PV RES
under distorted
grid voltage 2906 1659 1035
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

Micro-grids are formulated as an enticing way to incorporate DGs or RES into the
main-grid. The approach would lead to a reduction in the burden on fossil fuel
and improvement in the efficiency of the main-grid. While most of the literature
studies focus on individual AC and DC coupled hybrid micro-grid systems, the AC-DC
coupled hybrid micro-grid system is an interesting approach as they merge the benefits
of the two previous topologies. The present thesis has identified and examined the
most important features of the hybrid micro-grid topologies. The general conclusions
of each chapter are as follows:

In Chapter [} the various topologies of the hybrid micro-grid systems, namely the
AC coupled, DC coupled, and AC-DC coupled were reviewed. The issues related to
power flow and power quality were discussed. To overcome these issues, appropriate
control methods were also discussed. A summary of the work and the contents of the
chapters that follow are presented.

In Chapter [2] a suitable SAPF based proposed d-q load current control was developed
by comparing with SAPF based conventional p-q load current control. The results
obtained in the MATLAB Simulink proved that the proposed d-q load current control
works well for any grid and load conditions. This controller was designed for both
unidirectional as well as bi-directional power flow. The overall control of the AC
coupled hybrid micro-grid system was presented. Further, the modeling of the PV
array, PMSG, and DFIG variable wind turbine were discussed. Furthermore, the

design of the various converters involved was also discussed. The proposed d-q load
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current control was applied to the UIC of the AC coupled hybrid micro-grid system
to regulate the real and reactive power as well as the harmonic currents mitigation
simultaneously. The performance of the proposed d-q load current control based PI
and FLC was analyzed using the MATLAB Simulink. This control technique was
validated for different grid and load case scenarios with variation of PV array and
PMSG or DFIG variable wind turbine RES.

Chapter |3| presented the overall control of the DC coupled hybrid micro-grid system.
The BIC controlled by the d-q load current control based-PI and FLC has been
discussed in Chapter 2] This d-q load current control based-PI and FLC performs

active power flow with current harmonics mitigation effectively,

e If the DC load demand is greater than the generation of PV array and PMSG
variable wind turbine RES, the BIC acts as a rectifier.

e If the DC load demand is lesser than the generation of PV array and PMSG

variable wind turbine RES, the BIC acts as an inverter.

In Chapter [4 based on the benefits of the individual AC and DC coupled hybrid
micro-grid systems, the AC-DC coupled hybrid micro-grid system was proposed in
the present research work. The performance of the proposed d-q load current control
applied to the BIC was analyzed in the MATLAB Simulink. This results in the
inverter-based and rectifier-based power flow exchange between the AC and DC bus

with acceptable current harmonics as per IEEE 519 standards,

e If the generation of PV array is more than the DC load demand, the BIC acts

as an inverter.

e [f the generation of PV array is less than the DC load demand, the BIC acts as

a rectifier.

For all the topologies of the AC, DC, and AC-DC coupled hybrid micro-grid, the ob-
tained grid current THD was improved with the d-q load current control based-FLC
over d-q load current control based PI as per the IEEE 519 standards.

Chapter [5| presented the methodology for the calculation of the generalized power
conversion loss. The overall control of the AC, DC, and AC-DC coupled hybrid mi-
crogrid topologies for power flow and conversion loss analysis was discussed. The
performance analysis of power flow and conversion losses for the AC-DC coupled hy-

brid micro-grid system was compared with the individual AC and DC coupled hybrid
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micro-grid systems using the MATLAB Simulink for different case studies. The ob-
tained results proved that the power conversion losses were reduced with the AC-DC
coupled hybrid micro-grid system over the individual AC and DC coupled hybrid
micro-grid systems.

Based on the present dominated AC power system, the proposed AC-DC CHM sys-
tem faces more practical problems, while integrating with the main-grid. But the
proposed system has good scope in the near feature to fulfil the customer’s load de-

mand, especially in India and China.

6.2 Future Work

The future scope of this research work can be extended to study,

e The methodology for reliability issues due to interfaces of more converters in
the AC-DC coupled hybrid micro-grid system;

e The control methods for parallel intermediate converters to increase the relia-
bility of the AC-DC coupled hybrid micro-grid system;

e The control algorithms for protection issues in the AC-DC coupled hybrid micro-

grid system; and

e The proper co-ordination control strategies for power quality and power flow

management for an isolated system.
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Appendix A

Generalized Curve Fitting
Approach for IGBT Device

As stated in Chapter 5| the generalized curve fitting approach is highly accurate and
can be directly deployed in any circuit simulator. The conduction loss and switching
loss equations from equations (5.1 to (5.7]) are derived from this approach, which
estimates total losses of the IGBT switch with little effort using the equation (5.8)).
Such loss calculations are based on switch datasheet values, and the converters pre-
sented in Chapters 2] [B] and [] were constructed using the SKM75GB123D-IGBT as
shown in Figure[A.T] For further explanation, the SKM75GB123D datasheet details

are considered.

Figure A.1: SKM75GB123D IGBT switch under consideration

A.1 Conduction Losses of the IGBT Switch

Conduction losses are usually determined by representing the forward voltage drop

and a leakage current dependence with an ideal switch in series. Although this
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method can only be modeled in the circuit simulator, the diodes and ideal switches
are overloaded with additional parameters. In addition, the circuit simulator must
accommodate controllable resistors to construct the temperature-dependent proper-
ties. Therefore, we followed a specific procedure described in (Drofenik and Kolar,
2005)).

A.1.1 Transistor-conduction power loss calculation (Pcy-+)

The selected SKM75GB123D IGBT switch data-sheet presents characteristic curves
at different gate-emitter (V) values between the collector-emitter voltage (V) and
collector-current (i;) of transistor. In addition, as shown in Figure , the datasheet
presented V., — i; curves for minimum and maximum temperatures [T,;,= 25°C and

Taz= 1250C] to illustrate the temperature dependence individually.
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Vee) VedV)

(a) (b)
Figure A.2: SKM75GB123D transistor characteristic curves: a) Tiim= 25°C and b) T}e0=
125°C

In fact, the potential voltage of the experimental gate-emitter V= 15 V. There-
fore, Figure (a) extracts only one V,.-i; curve data and is listed in Table .
Later, multiply the V.. with ¢; to achieve the power at each extracted point. The
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Table A.1: V.-i; curve extracted points for Vye= 15V at Tpp;,= 250C

Vee (V) ie (A)  Pop_yosoc= (Veexiz) (W)

0 0 0

1 1.4286  1.4286
1.5 8.5714  12.8571
2 21.4286 42.8572
2.5 40 100

3 62.1429 186.4287
3.5 82.8571 289.999

P (W)
CL-t, 25°C

L
[] 10 20 30 40 50 [ 0 80
e

Figure A.3: Curve fitting waveform for transistor-conduction power loss at 25°C with
respect to i,

prime motivation behind this mechanism is to estimate the power loss in terms of
the transistor-collector current i;. To achieve this mechanism, Pop_; 9500 versus i
waveform is developed by using MATLAB curve fitting application. Based on the
X and Y axis data, vary the polynomial order until error gets the minimum value.
The presented data has arrived a minimum error at 2"¢ order polynomial equation.
Thereby the waveform shown in Figure[A.3|at 25°C is finalized, and the corresponding

power loss equation is given by,
Pop 19500 = —0.8995 + 1.551i; + 0.02385i7 (A1)

Similarly, Figure at 125°C is drawn based on the Table [A.2l Therefore, the

corresponding power loss equation is given by,
Pop 12500 = —2.452 + 1.9144; + 0.02876i7 (A.2)

The coefficients must describe the running temperature (T) to establish the temper-
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Table A.2: V.-i; curve extracted points for Vye= 15V at Tp;,= 125°C

Vee (V) iy (A) Por_t1250c= (Veexiy) (W)
0 0 0

1 2.1429  2.1429

1.5 5.7143 85714

2 14.2857 28.5714

2.5 25.7149 64.2873

3 40 120

3.5 55.7143  195.0001

4 72.8571 291.4284

4.5 91.4286 411.4287

T T T T T T T T T
400
350 1

0 10 20 30 40 50 00 70 80 90

i(A)

Figure A.4: Curve fitting waveform for transistor-conduction power loss at 125°C with
respect to i

ature dependence in the transistor-conduction power loss equation. The generalized
temperature-dependent conduction power loss equation of second order is illustrated
by,

Por(ie, T) = (co + aT) + (bo + i) + (ag + a1 T)i; (A.3)

The above equation is derived from the equations and Thus, the coeffi-

cients matrix equation is given by,

Poptasoce  Per_tomos PCL_t725oC7a] B [—0.8995 1.551 0.02385 (A4)

Peor_t12500c Por—ta250c0 Por—t12500, —2.452 1914 0.02876

The equation of transistor-conduction power loss is in 2"¢ order, but the approxi-
mation of the 1% order determines the coefficients. In other words, when the loss
equation is n'™ order, then the related coefficient approximation should be the (n-1)%"

order. Hence,
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. Por—42500,eX Trnae — Por—t,12500,¢ X Tinin

Co = T T = —0.511375
o = PCL‘“;?:;:ij@i‘“wc’c = —0.015525
by = PC’L—tQBOC,ij;:nax __?Cl‘/—t,l%oC,bXTmin 146095
by = PCL‘t’I;f;if__?ji‘“m"’ = 0.00363
G = PCLt,25OC,aX7;max :?Cét,l2500,aXTmin  1.46095
o = Por—t1250ca — Por—125°0.a _ 0.00363

Tmax - Tm'm
An equation can be rewritten as follows by substituting all the above coefficients,

Pey(iy, T) = —(0.511375 + 0.015525T") + (1.46025 + 0.003637 )i, (A.5)
+(0.0224 + 0.0000587)i? |

A.1.2 Antiparallel diode-conduction power loss calculation
(Por-a)

The antiparallel diode performs the same steps as the transistor did to estimate it’s

conduction power losses.

e Firstly, trace the corresponding diode characteristic curve V; ( diode forward

voltage drop) versus i — d (diode forward leakage current) from the datasheet
shown in Figure [A 5]

e Secondly, trace the samples for minimum and maximum temperatures from the

diode characteristic curves, as listed in Table and Table [A.4]

e Thirdly, consider the X and Y axis data of iy and Por_g at Thin= 25°C and
Trmae= 125°C. These data are incorporated into the MATLAB curve fitting
application to obtain the suitable loss equations in terms of ¢74. Therefore, the

optimized curve fitting graphs for diode-conduction power loss at T},in= 25°C
and T,ar= 125°C are shown in Figure and Figure
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e Finally, Incorporate the temperature dependency in the conduction loss equa-
tion as similar to the equation for this antiparallel diode.

100

75

i d(A) 50

25

2
Vq (V)

Figure A.5: SKM75GB123D diode characteristic curves at T}, = 25°C and T}pq.= 125°C

Table A.3: V-i; curve extracted points for Vye= 15V at Tjp,= 259C

Vi (V) iq (A)  Pop—agsoc= (Vaxig) (W)

0 0 0

0.5 0 0

1 2.8571  2.8571
1.5 17.1429 25.714
2 50 100
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Figure A.6: Curve fitting graph for diode-conduction power loss at 25°C with respect to
iq

Table A.4: V..-i; curve extracted points for Vye= 15V at Tjq= 125°C

Vi (V) iq (A)  Pop—aizsoc= (Va, xiq) (W)

0 0 0

0.5 1.7143  0.8571

1 10 10

1.5 30 45

2 64.2857 128.5714

Figure A.7: Curve fitting graph for diode-conduction power loss at 125°C with respect to
id

From Figure and Figure the diode-conduction power loss equations are de-
duced as follows,
Pop_azs0c = —0.2321 + 1.245i4 + 0.015214 (A.6)

Pep—gias0c = —0.8451 + 1.06i4 + 0.01485i3 (A.7)
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The generalized temperature-dependent conduction power loss equation of 2"¢ order

is illustrated by,
Per(ig, T) = (co + e1T) + (bo + i T)ig + (ag + a1 T)i5 (A.8)

Now, the coefficients matrix equation for diode-conduction power loss is derived as

follows,

PCL—d,25OC,c PC’L—d,25OC’7b PCL—d,QE)OC,a . —02321 1245 001521
Peor—ai12500c Por—-dai250cs Por-di250c.a —0.8451 1.06 0.01485
From the equation [A.9] the following coefficients are,

_ Por—a250¢,c X Tinaz — Por—d12500,c X Tinin

co = = —0.0789
Tmaac - Tmm
Per—a12500,c — Por—d 2500,
cp = = —0.0061
Tma:r - Tmin
b — Por—a2500%X Timnaz — Por—a125000 X Tonin. 192913
0 — = 1.
Tmam - Tmm
Per—taa25006 — Por—d2s00p
b = = —0.0019
Tmax - Tmm
o — Per—t9500,0 X Tinax — Por—t,12500,a X Tmin —0
0= —
Tmam - Tm'm
Por—t12500,0 — Por—t250¢
a, = : ’a : 2 —0.0153

Tmax - Tmin
An equation can be rewritten as follows by substituting all the above coefficients,

Perlia, T) = —(0.0789 + 0.00617") + (1.2913 — 0.00197)i4 + (0.01537)i2  (A.10)

A.2 Switching Losses of the IGBT Switch

The switching losses usually contribute a notable weight in the total power electronic
device losses. Switching loss analysis is essential to estimate the junction temperature
for improving system reliability. (Chen and Downer, 2004) and (Drofenik and Kolar,
2005)) used very simple calculations in MATLAB to estimate switching losses.
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A.2.1 Transistor-switching power loss calculation (Ps_;)

The data-sheets of a semiconductor device are often provided the current dependency
of the energy loss graphs as shown in the Figure Now, we have to trace and
tabulate the total energy loss (Eje) samples from Figure and is depicted in
Table . Herein, the ratio of the total switching energy loss (E,, + Eoff) to the
current (7;) has defined the switching power loss (P(sr4)) which can be approximated
by a 3"d order polynomial curve fitting depicted in Figure [A.9]
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Figure A.8: Curve fitting graph for transistor-switching power loss at 25°C with respect
to it
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Figure A.9: Curve fitting graph for transistor-switching power loss at 125°C with respect

to it

Etotal MWS
Ut A

Psp_y = = 170.3 + 3.224i, — 0.0336642 + 0.00014874 (A.11)
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Table A.5: Extraction of the samples for deducing the switching factor at T},..= 125°C

it (A) Eon (mWS) Eoff (mWS) Etotal (mWS) PCLft,IZSOC (,LLWS/A)

30 4.2593 2.9630 7.2223 240.7
40 6.1111 4.0741 10.1852 254.6
20 8.1481 0.1852 13.3333 266.7
60 10.2222 6.1852 16.4074 273.5
70 12.5926 7.2222 19.8148 283.1
80 15.1111 7.9630 23.0741 288.4
90 17.9630 8.7037 26.6667 296.3

A.2.2 Antiparallel diode-switching power loss calculation (Ps;_4)

As the diode turn-on energy losses are negligible, the only turn-off energy losses have
taken into account. The turn-off energy loss concerning the diode forward current,
14, is shown in Figure Herein, considered Rg= 24w from the data-sheet and
proceeded the above-defined steps to find the diode switching power loss. Now, the

final expression is derived as follows,

Eopr pWs

Pg;_ = A = 65.53 — 0.0436%4 — 0.000772662'3 (A.12)
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Figure A.10: Diode turn-off energy dissipation loss per one switching
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