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ABSTRACT

KEYWORDS: Microgrid; voltage source inverter (VSI); parallel operation; power
quality (PQ); multifunctional; dual inverters; current control; reac-

tive current; harmonics.

Rapidly growing energy demand and increasing concerns on environment, challenge the
conventional power system to accommodate more and more renewable distributed gen-
eration (DG) sources. The co-ordinated and controlled operation of these DG units with
added storage facilities forms a microgrid system. In a microgrid, power from different
renewable energy sources such as fuel cells, photo voltaic (PV) systems, wind energy
systems are interfaced to grid and loads using power electronic converters. Moreover,
the extensive use of power electronic based equipments, reactive unbalanced and non-
linear loads deteriorates the power quality in power distribution system. In such case,
DG units and power electronic converters should also function to compensate for any
harmonics in currents drawn by nonlinear loads, so that harmonics will not propagate
to other electrical networks connected to point of common coupling (PCC).

The multifunctional grid tied inverters (MFGTIs) are increasingly being used as grid
interfacing devices for DG units in microgrid. These inverters simultaneously handle
the power flow and address power quality aspects at the interconnected points. The use
of ancillary services in these interfacing inverters can significantly enhance their cost
effectiveness. However, the use of these inverters for high power applications is limited
by the available maximum current rating of semiconductor devices. Therefore, in order
to match with high power requirements and to avoid the use of large capacity central-

ized inverters, parallel operation of inverters is increasingly being suggested.

In this work, dual voltage source inverter is analysed. The control algorithm is de-
rived using instantaneous symmetrical component theory (ISCT) to ensure proportional

sharing of active, reactive, unbalance and harmonic power between the inverters. The
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proposed control algorithm also compensates the unbalanced nonlinear load and thus
makes the grid currents balanced sinusoidal and in phase with respective source volt-

ages. The control strategy is tested with dual inverter connected to a three-phase four-

wire distribution system.
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CHAPTER 1

INTRODUCTION

Ideally, the three phase electrical utility is supposed to supply balanced and sinusoidal
voltages at the consumer end. Also, the currents drawn by the consumers should be
sinusoidal, balanced and in upf with the voltages respectively. If there are any deviations
from the above mentioned conditions at the consumer end, then they can be called as

the Power Quality (PQ) problems.

The unbalanced inductive loads and increased usage of power electronic switching
devices in the applications like switched mode power supply (SMPS), uninterrupted
power supply (UPS), rectifers, etc., in the distribution system lead to supply of unbal-
anced distorted source currents with poor power factor. These kind of PQ problems
create negative impact in the system such as excessive neutral current, large neutral
voltage w.r.t ground. Also, effects transformers and other electrical equipments by
overheating them. Apart from these, voltage related PQ issues arises when their is a
switching of excessive capacitive loads such as voltage swell, sag, surges, unbalances,
fluctuations etc. These type of PQ problems greatly affect the functioning of sensi-
tive loads, like adjustable speed drives, health care instruments, electronic equipments
etc. In recent times, significant number of renewable energy sources (RESs) are being
connected to grid with the help of converters (dc-ac or ac-dc-ac) available in power
electronics. Besides the inherent intermittent feature of RESs, operating the converters

at high switching frequencies exacerbates the PQ problems in the distribution system.

The simple and formal strategies for improving Power Quality (PQ) can be done by
passive filters (PFs) which use inductors and capacitors tuned to a specific frequency.
But, usage of PFs is much restricted because of many disadvantages that are, quality
compensation for only fixed load, performance based on system parameters, need of a

new filter for every frequency component, resonance possibility with line reactance.

To overcome the limitations put by PFs, a new kind of devices were developed for

improving power quality. These devices are called as FACTS (flexible ac transmission



systems) devices and CPDs (custom power devices) [1]-[5]. Among them, FACTS de-
vices are used in transmission system where as CPDs are used in the distribution system.
In these thesis, only CPDs are given importance, as focus is only on the distribution side

PQ problems.

1.1 CUSTOM POWER DEVICES (CPDs)

In distribution system, the CPDs are being used for a voltage range of 1-38 kv to alle-
viate the PQ problems. The devices in the CPD family are Dynamic Voltage Restorer
(DVR), Distribution Static Synchronous Compensator (DSTATCOM), Unified Power
Quality Conditioner (UPQC), Solid-State Fault Current Limiter (SSFCL) and Solid-
State Transfer Switch (SSTS).

1.1.1 Distribution Static Compensator (DSTATCOM)

DSTATCOM is a kind of shunt connected CPD which looks more often on current
related PQ issues [1]-[3]. DSTATCOM can be operated in two modes i.e., current
controlled mode (CCM), and voltage controlled mode (VCM). In CCM mode it injects
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Figure 1.1: Schematic diagram of DSTATCOM

the needed amount of reactive and harmonic current to the load so that it makes the
source currents sinusoidal, balanced and harmonic free. In VCM mode, it has the ability

to minimize voltage related PQ issues. Schematic diagram of the DSTATCOM in the



distribution system is shown Fig. It consists of a voltage source inverter (VSI)
supported by a dc link capacitor Cy. charged to V., which injects the needed current at
point of common coupling (PCC) through the interfacing filter (L)) having an internal

resistance (F2y).

1.1.2 Dynamic Voltage Restorer (DVR)

DVR is a kind of series connected custom power device which looks after the PQ prob-
lems related to voltage such as voltage swell, sag, unbalance and protects the sensitive
loads at the load terminal by keeping the voltage in a balanced sinusoidal manner [4].

Schematic diagram of the DVR in the distribution system is shown Fig. It consists
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Figure 1.2: Schematic diagram of DVR

of voltage source inverter, transformer which injects voltage in series with the help of
dc charged capacitor through VSI and the passive type of filters (L. and Cj.) which
reduces the switching frequency component of VSI. The injected voltage (V) which
adds to supply voltage in series makes the load voltage (V;) free of distortion, keeping

sinusoidal with desired magnitude and phase angle.

1.1.3 Unified Power Quality Conditioner (UPQC)

UPQC is kind of device which comprises both series and shunt connected devices con-
nected in back to back through a common dc link [5]. It has the ability to minimize both

current and voltage related PQ problems simultaneously, by injecting current through
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Figure 1.3: Schematic diagram of UPQC

shunt device and voltage through series device. Schematic diagram of the UPQC in the

distribution system is shown Fig.

1.2 Distribution Energy Sources

With the increasing power demand, the Conventional energy sources confronts prob-
lems like fossil fuel depletion, increased carbon foot print, increased losses and poor
efficiency. This led to a new kind of power generation at distribution level called as
Distribution energy sources (DES) such as wind , solar etc. This type of generation at
distribution level helps in reducing the distribution and transmission losses, and also

carbon emissions by effectively tapping renewable energy.

This kind of DES are being used in the system for grid inter connection [6], stand
alone, peak shavings. This distributed energy sources, apart from supplying power to
local load, also supplies power to the grid if the distributed generation is more than the

local power consumption.

1.3 Motivation

Of the several PQ problems, voltage kind of problems are not often. In such a case,

the DVR and the series part of UPQC may be in standby mode for most of the time.



The other type of current related PQ issues are more often and can be minimized with

DSTATCOM by compensating load reactive power.

Because of the several problems being created by conventional energy sources and
having the potential renewable energy resources with us, DSTATCOM being supported
by renewable energy are on the rise. This renewable energy voltage source inverter
compensates reactive power and also supplies active power to the load and makes the
system free from PQ problems. But, as there are many advantages with dual voltage
source inverter (DVSI), in which one inverter shares load active power and other com-

pensates reactive power, focus in this project is given on DVSI.

1.4 Objectives

Based on the above motivation the following are the objectives of this project work.

1. To model a control algorithm for voltage source inverter such that it compensates
the power drawn by unbalanced and non-linear loads and ensures source currents

balanced and sinusoidal with the required power factor.

2. To attach a one more shunt connected voltage source inverter to grid which shares
load active power with the help of photovoltaic modelled system, which makes

the overall system more reliable and flexible.

1.5 Organization of Thesis

In chapter 1, different power quality problems and their impact on the load side and on
power distribution network is introduced. It briefs about passive type filters for PQ im-
provement and their limitations. Then, the custom power devices are explained in detail

for improving power quality. And then, the motivations and objectives are mentioned.

In chapter 2, a detailed literature survey of structure, operating principle and differ-

ent topologies of DSTATCOM are provided. Also, control strategies for generation of



reference currents for CCM operation of DSTATCOM are presented.

In chapter 3, literature survey on PV systems has been done. It includes modelling of
PV panel, study of voltage, current and power characteristics of PV panel with changes

in irradiance and temperature. Also, different MPP algorithms are included.

In chapter 4, dual inverter topology is presented to improve the power quality. In
this scheme, the microgrid power injection is performed by one inverter and the other
inverter addresses the load compensation. This chapter also discusses the extraction of
fundamental positive sequence components of voltages from the distorted PCC voltages
using dq0 transformation. The performance of this dual inverter scheme is verified by

simulation results.

In chapter 5, the important conclusions of the project work are presented. Also, sug-

gestions are given for the future scope of the work.



CHAPTER 2

STRUCTURE, CONTROL AND TOPOLOGIES OF
DSTATCOM

In chapter 1, different types of power quality problems and various types of devices
that have been used were mentioned. Also, it was given that DSTATCOM can be used
for frequently appearing current related PQ issues. In this chapter, the structure, oper-
ating principles, different theories for reference generation and different topologies of

DSTATCOM in CCM that are available in literature are mentioned.

2.1 STURCTURE AND OPERATING PRINCIPLE

The power circuit diagram of DSTATCOM connected to distribution system with three

phase four wire neutral point clamped VSI topology is shown in Fig.

In this, source voltages of phases a,b and ¢ are given as vg,, Vg, Vsc respectively.
Similarly, the voltages at point of common coupling (PCC) or load voltages are given
as Viq, U, Ve. At the PCC, source, load and compensator connected altogether. The
source currents are iy, g, tse, l0ad currents are i;,, i, % in the respective phases.
The compensator VSI currents are ¢, %, %f.. The compensator is connected to PCC
through the interfacing resistance and inductance mentioned as 2y and L ¢ respectively.
The DC-link capacitors and voltages across them are shown as Cy.; = Cyeo = Cy. and
Vier = Vo = V.. The DC link capacitors maintains the dc voltage and also acts as
energy storage element which supplies the real power difference between the source
and load during the times of transient period.

The main objectives of DSTATCOM are:

1. Compensation of load harmonic currents to make source currents sinusoidal.
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Figure 2.1: Power circuit diagram of three phase DSTATCOM

2. Compensation of reactive component of load currents to make power factor unity

at PCC.

3. Compensation of load unbalances to make source neutral current zero. Therefore,
a DSTATCOM injects currents at PCC to make the source currents balanced,

sinusoidal, and in phase with the respective phase voltages at PCC.

2.2 GENERATION OF REFERENCE CURRENTS

In any active power filter, selection of the control theory plays a significant role in its
compensation performance. There are many theories mentioned in the literature for the
generation of reference quantities. The most familiar in them are instantaneous reactive
power theory [7], synchronous reference theory [10] and instantaneous symmetrical

component theory [8],[9]. These theories are explained in the following section.



abc to aE 90° ia, Va

Figure 2.2: abc to a8 transformation

2.2.1 Instantaneous Reactive Power Theory

Using this theory, a mathematical equation for instantaneous reactive power can be
formulated which compensates the reactive power both in steady state and transient
conditions [7]. These mathematical equations are formulated using instantaneous volt-
age and current values. Using the Clark’s transformation the phase voltage of abc are
translated to «-f3 stationary axis as shown in Fig.

The transformed equations in «-/3 axis are

_ p
valt) o ) UE; Q.1
frnd —_ t .
t 3o =g
Uﬁ() 2 2 _Uc<t)
(1)
ot 1 =t =i
1 () _ g 2 2 Zb(t> (22)
is(t) Slo ¥ =5
| ie(t)

The instantaneous real power and instantaneous reactive power in a-3 frame using the

instantaneous voltage and current in - are given as

D = Vala + Uglg (2.3)

q = Valg — Vglq. 2.4)



Thus, instantaneous reacive power in abc form from the equations (2.1)), (2.2)) and (2.4)

can be given as

1
q=——"F [(Ua - Ub) e+ (Ub - UC) ia + (Uc - Ua) ib] ) (25)

V3

Now, from the equations (2.3)) and (2.4) instantaneous real and reactive powers in a-f3

frame can be written as

p Ve, Vs ioa

= ; (2.6)
q —Ug  Uq i3
The above equation (2.6)) can also be written as
-1
la . (% Vg b
18 —Ug VUq q
o 1 Voo —Up p
T2 2
Gl B I q
l l
_ .cxp . .04 q (2.7)
L6p LBq

The different terms in the above equation (2.7) are given as

instantaneous « axis active current i, , = U;’ j‘j 5
a™Ys

. . . . o qu

Instantaneous v axis reactive current 1o = — 3 e

aTvB

. . . . o 'uﬂp

instantaneous [ axis active current ig, = P
a™Ys

instantaneous 3 axis reactive current ig, = 545

a™Y
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Thus, in o~ frame the instantaneous powers can be given as

ps | Uslp
Vol Vot
_ alap 4 alaq (28)
| UBlsp UBlgq
UZ U% —Va U VaUB

b= 2p+ 2p+ 54

vg + Vg va + Vg v§+vgq vg + Vg
P = Pap +pﬁp +po¢q +pﬂq = Pa +pﬁ

where

. . . 2
instantaneous o axis active power po,, = x>
atvs
. . . o Va V3]
instantaneous « axis reactive power pog = — 57
atvs
2
. . . 'UBP
instantaneous /3 axis active power pg, = P
atvs
instantaneous (3 axis reactive current pg, = -5
atvs

Using (2.6)), the filter current components in terms of power and voltage can be written

as

—1
% v v P
G I ! 2.9)
2}6 —V3 Uy qr

where i%, and 7}4 are the reference filter currents , py and ¢y are the powers to be

compensated.

As p and ¢ are the instantaneous real and reactive load powers, they can also be
defined as p = p+ p and ¢ = g+ ¢. The terms p and p are the dc and ac components of

p, whereas ¢ = g and ¢ are dc and ac components of g.

By selecting py = p and ¢y = q + ¢, the instantaneous harmonic active current,
instantaneous reactive current having both fundamental and harmonic components can

be compensated.

11
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Figure 2.3: abc to dq0 transformation

2.2.2 Synchronous Reference Frame Theory

The synchronous reference frame (SRF) theory or dq theory is based on the time domain
reference signal estimation techniques. The basic structure of SRF controller consists
of direct dq and inverse dq Park transformations. The refernce frame transformations
are obtained from a three phase abc stationary system to the direct axis and quadrature
axis rotating coordinate system (dq system). The three phase stationary space vectors

are transformed into the two axis dq0 reference frame, as given in Fig.

o iq cos(wt)  cos(wt —120°)  cos(wt + 120°) Vg

v, | or | i, = V3| - sin(wt) —sin(wt —120°) sin(wt 4 120°) Up
: 1 1 1

Yo o V2 V2 V2 Ve

The ouput signals from dg transformation depend on the phase locked loop (PLL)
performannce. The PLL loop provides the rotation speed (rad/sec) of the rotating ref-
erence frame, where wt is set as fundamental frequency component. Depending on the
fundamental, harmonics and negative sequence components in voltages and currents,
the dq components have different frequencies. The dq components having both dc and

ac components are expressed as following:

Ifd = 1Ld +11d = g T 114

The dc components 774 and iz, correspond to the fundamental positive sequence

load currents and the ac components ZLd and ZLq correspond to the load current har-

12



monics. The component iz, corresponds to the reactive power drawn by the load. The

references for the compensator can be obtained as follows:
Zfd = —1Ld, qu = —1lLq — 1Lg, ZfO = —110-

The references for shunt active filter in abc reference frame can be obtained as follows:

I%a 5 cos(wt) —sin(wt)  d5 || i
O = \/; cos(wt — 120°) —sin(wt — 120°) % o (2.11)
0% cos(wt 4+ 120°) — sin(wt + 120°) \% i%o

The calculation of reference currents using this approach is not affected by voltage
unbalance and/or distortion. However, PLL is used in this method to get the transfor-
mation angle (wt) from the supply voltage, so this will affect the performance when
the supply voltages are unbalanced and/or distorted. This method involves complex

transformations and its implementation in real time is difficult.

2.2.3 Instantaneous Symmetrical Component Theory

The theory of instantaneous symmetrical component theory can be used for load balanc-
ing, harmonic suppression and power factor correction. also, control algorithm based
on this theory can partially or fully compensate any kind of unbalance and harmonic
in the load with high bandwidth current sources to track the filter reference currents.
According to symmetrical component theory, any three phase instantaneous quantities

can be expressed into positive, negative and zero sequences using the following:

0 0
Usa Usa 1 1 1 lsa Vsq
S 2
i, lor | vl | = 1 a « ia | O | Ve (2.12)
1 v 1 o « 7 v
sa sa sa sa

In the equation (2.12), +, — and O indicates positive, negative and zero sequence
components respectively. The quantity « is complex operator and it is equal to /1%,
The instantaneous positive sequence (i],) and instantaneous negative sequence (i)
are complex conjugates of each other and zero sequence (i%,) is a real quantity which

is zero if the currents are balanced.

13



Assuming that source voltages to be balanced in the three phase four wire system
like in pq theory and for supply currents to be balanced, neutral current to be zero.
Therefore

lsq T Tsp + 15 = 0. (2.13)

The angle between the positive sequence component of the source current (i) and
the source voltage (v.) is same as the power factor angle (¢1) between the balanced
source currents and voltages. This power factor angle can be explicitly set to any desired
value in the control algorithm. However, it is not directly expressed in the pq theory
described earlier. By assuming that phase of the (i) lags that of (v ) by an angle

(¢1), we can write
L(vgq + avg, + 0421)56) = L(isq + aig + oz%'sc) + o, (2.14)

After substituting the « and o? values in the equation (2.14)), it can be written as:

1 1 3 1 1 3
VA [(Usa — §Usb — §Usc) _jé (vsb — Usc)] =/ [(isa - §isb — §isc) _]§<Zsb - Z>Sc)} + ¢+
(2.15)
By equating angles of equation (2.15) one can write as:
K K.
tan ! (é) = tan ! (?j) + ot (2.16)
where
Kl == \/Tg(vsb - Usc) s KZ = (Usa - %Usb - %'Usc)
K3 - \/Tg(isb - isc) ’ K4 - (isa - %isb - %isc)
Taking tangents on both sides of equation (2.16)), we get
K K. K3/Ky+t +

K, Ky 1= (K3/Ky) tan g

Substituting values of K, K5, K3 and K, in (2.17), we get

(Usb_vsc_g’y(vsa_UO)i5a+(Usc_Usa_37(Usb_U0)isb+(,Usa_Usb_gv(vsc_v())isc =0

(2.18)
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where y = tan ¢ /+/3. For UPF operation, ¢* = 0 i.e., 7 = 0. In the balanced circuit
the instantaneous power is constant, while in the unbalanced circuit it has a double fre-
quency component in addition to the dc or mean value. Also, the presence of harmonics
adds higher frequency oscillating components of the instantaneous power. The objec-
tive of the compensator is to supply the oscillating component of the instantaneous load
power, while the source supplies the average value of the load power (F4.4). Therefore,

average load power is given as following:

Usaisa + Usbisb + Uscisc = Plzwg (219)

As the harmonic component present in the load does not require any real power,
the source supplies only real power require for load. The average load power can be
calculated using moving average filter. Now by combining equations (2.13)), (2.18) and

(2.19)), the reference source currents can be written as follows

ey 0
i | = M| o0 (2.20)
o Plavg
where
1 1 1
M = (vsb — VUse — 37(7)511 - UO) (Usc — VUsaq — 37<Usb - UO) (Usa — Usp — 3’7(”50 - UO)
VUsa VUsh VUsc

The reference compensator currents are given as

(Usa - UO) + ’7(1)513 - Usc)
Ay

(Flavg)

Zfa =g — lgq = Ua —

(Usb - UO) + P)/(Usc - Usa) (

Vpy =ty — g, = ip — A Plavg) (2.21)
1

Ii?c = ilc - ’l:c = ’ilc - (USC - UO) i /y<vsa - U$b>(

where

1
A= [ Z U?j:| —30370023 Z ver, ¥ = tan ¢ /v/3

‘j:a’7b7C ]:a7b7c
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The average power supplied by the source according to the above equation will be
equal to the average power required by the load. In addition to the average load power,
the source has to supply VSI losses also. When the inverter loss P, is also included

in (2.21)), the modified compensator currents become

% . . . Vsq — Vo) + Y (Usb — Use
Zfzz =g — lgg = Ua — ( ) Al ( )(-Plavg + P)loss)

o . % . Usp — U + Vse — Usa
iy =in - i =iy - BT gy )
1

% . " . Vse — Vo) + V(Vsa — Ush
ch =Ue — lge = Ue — ( ) Al( )(-Plavg + P)loss)

The term P, can be obtained using simple moving average filter over a half cycle
as the oscillating part of the real power has frequency which is the double the system
frequency and the P, is obtained from the PI controller. The error between the ref-
erence dc voltage and actual dc voltage is processed through PI controller to get Fj,ss.
This will control the dc link voltage by adjusting the small amount of real power ab-
sorbed by the shunt inverter. This small amount of real power is adjusted by changing
the amplitude of the fundamental component of the reference current. The ac source
provides some ac current to recharge the capacitor. Thus, in addition to reactive and
harmonic component, the reference current of the shunt active filter has to contain some
amount of active current as compensating current. The active compensating current

flowing through the shunt active filter regulates the dc capacitor voltage [9].

When the source voltages used for generating the shunt filter current references are
unbalanced and distorted, the shunt algorithm results in erroneous compensation. To re-
move the limitation, fundamental positive sequence voltages v, (¢), v}, (t) and v, (¢)

of the PCC voltages are extracted and are used in the shunt algorithm [11]. Then the

expression for the reference compensator currents is as follows
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+ + (0t +
- - VUsal + (Usbl _Uscl) P P
Zfa =g —lgqg = Ua — A+ ( lavg + loss)
1

+ + ()t
Usb1 + (Uscl —

U;u)
AT (Piavg + Ploss) (2.23)
1

Lep = Ub — Ty = Ub —

+ + ()t +
k. k- Usel _'_fy (Usal B Usbl) P, P
ch =Ue — lge = Ve — A+ ( lavg + loss)
1

where

Af =) ()% 9" =tang"/V3

j=a,b,c

Out of the several theories, instantaneous symmetrical component theory with the ex-
traction fundamental fundamental positive sequence components is simple in formu-
lation and devoid of ambiguity over the the definition of various power terms. The
compactness of its control and its flexibility to work under all source voltage and load

current circumstances make the scheme very attractive to implement in real time.

2.3 VSI TOPOLOGIES FOR DSTATCOM APPLICA-
TIONS

Voltage source inverters are used in the DSTATCOM applications to track the reference
quantities being generated. Instead of VSI, current source inverters (CSls) are also
used. However, VSI is preferred over the CSI. This is because that CSIs use bulky
and heavy dc inductor, have high dc link losses, need voltage clamp circuit and have
reduced efficiency at the nominal operating point as compared to VSI. Also, mean time
to failure (MTTF) is very less in CSI, which is an important consideration in industrial
applications. The insulated gate bipolar transistor (IGBT) used in VSI, inherently comes
with a free-wheeling diode, thus making it cost effective compared to the IGBTs used
in CSI. In this section, different two level VSI topologies for DSTATCOM applications

[12] are discussed along with merits and demerits.
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2.3.1 Neutral Point Clamped VSI Topology

The power circuit of the neutral clamped VSI topology is shown in the Fig. 2.4, This

Vib i Three phase Unbalanced | N
Vi llc and Non-linear load

S1 S3 Ss Ifa Alfb Lijtc |

Vdc1 %:Cdcl Lf Ry

Y aan

AAA
VWV

Vdc2;=Cdc2 { { {

Sa Se6 S2

Figure 2.4: Power circuit of neutral point clamped VSI topology

type of topology consists of two dc storage capacitors and the junction (n’) of the two
capacitors is connected to the neutral of the load. This neutral allows the path for zero
sequence current and therefore the three injected currents can be independently con-
trolled. Each leg of the VSI connected to the PCC through a interfacing inductor. The
topology consists of six IGBT switches in total as shown in Fig. The major draw-
back in this topology is the requirement for balancing the dc link voltages across the
two capacitors. The voltage imbalance is of minor nature whenever the zero sequence
current in the neutral wire contains only ac components. However, the problem be-
comes compounded when neutral contains dc components. The topology fails if the
load current contains dc components. The dc component current injection through the
capacitors has the effect of charging one of the capacitors above its reference value and
discharging the other one below the reference value. Hence, results in dangerously high
voltages across the some of the switches. Also, the performance of the compensator
degrades due its loss of tracking ability. An alternating topology has been proposed in,
where two quadrant chopper is used to equalise voltage across the capacitors. But this

topology increases the number of switches and the control becomes complex.
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2.3.2 Four Leg VSI Topology

The power circuit of the four leg VSI topology is shown in Fig. [2.5] In this topology,
only one dc storage unit is required. Three legs of the VSI are used to track the three
phase currents and the fourth leg is connected to load neutral through a reactance to
track the negative of zero sequence current. The reference current for the fourth leg
is the negative sum of the three phase load currents. This topology can handle the
dc component in the load current as it is nullified by tracking the neutral current in
the fourth leg of VSI. As fourth leg of VSI is used to track the negative of the zero
sequence current, the VSI need to be higher bandwidth one to track the neutral current.
The advantage of this topology over the neutral clamped topology is that requires only
one capacitor for the storage purpose. The drawbacks are,it requires a high number of

VSI legs and switches and cannot be controlled independently.

Vta ila
>

Vib i Three phase Unbalanced | N
Vie e and Non-linear load
S,

ita Alfb |j
a Al 1t

+
Vdc ==Cdc MA—

Figure 2.5: Power circuit of four leg VSI topology

2.3.3 H-Bridge VSI Topology

The schematic diagram of H-brige VSI topology is shown in Fig. [2.6] It contains the
H-bridge VSI that are connected to a common dc storage capacitor. Each switch in the
figure represents a power semiconductor device and an anti-parallel diode combination.
Three H-bridge inverters and three interfacing transformers are used to realize the cir-

cuit. This topology helps in injecting the filter currents independent of each other. The
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Figure 2.6: Schematic circuit of H-Bridge VSI topology

transformers provide isolation and also prevent dc capacitor being shorted due to opera-
tion various switches. This topology has the drawback that it will fail if load draws any
dc current. The dc current will saturate the transformers causing heating and increased
losses thereby reducing the life of transformers. Also, this topology requires highest
number of power semiconductor switches (twelve) compared to other topologies, thus

increasing the switching losses ion VSI.

2.4 Summary

In this chapter, principle and operation of DSTATCOM has been presented in detail.
The various control schemes to generate reference currents have also discussed. Out of
the various theories available for operation DSTATCOM in literature, the instantaneous
symmetrical component theory with the extraction of fundamental positive sequence
components is simple to formulate and its flexibility to work under all load current
and source voltage circumstances make it very attractive choice to implement in a real
time system. Also various topologies for the DSTATCOM applications are presented in

detail.
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CHAPTER 3

MODELLING OF PHOTOVOLTAIC SYSTEM

Owing to the increased awareness of greenhouse gases emission, continuous depletion
of fossil fuels and the need for sustainability, renewable sources such as solar, wind,
etc., have been studied in recent years. Among them solar power generation is con-
sidered as on of the most potential energy source. Photovoltaic (PV) panels are being
used to generate solar electric power. These PV panels have non-linear /-1 character-
istics. The power generation varies throughout the day depending on the irradiance and
temperature. The PV power can be varied from zero to maximum at a given weather
condition depending on the operating voltage and current of the PV panel. Therefore,
it is much required to operate the PV panel at maximum power point (MPP) at all the
varying weather conditions. Several control algorithms are available in the literature to

operate PV panel at MPP [13].

3.1 Photovoltaic System

Photovoltaics is method of generating electric power by converting solar energy into
direct current (DC) electricity using the semiconductors that exhibit the photovoltaic
effect. The primary element in solar power generation is the solar cell or PV cell that
converts solar radiation into direct electricity. As the power generation from PV cell is
less, these cells are interconnected to generate more power and called as PV module.
Multiple PV modules are joined together either in parallel or in series or both to form
an array. Generally, larger the area of the module or array, more is the electricity gener-

ated. The structures of PV cell, module and array are shown in Fig.[3.1]

Photovoltaic Cell: PV cell is the basic p-n junction semiconductor device that con-

verts solar energy into electricity when exposed to light. When radiation falls on the



Module
Array

Figure 3.1: PV cell, module and array

surface of the cell, an electric field gets generated inside the cell. In this process posi-
tive and negative charge carriers separated from the p-n junction semiconductor, these
charge carriers generate current in the presence of electric field when the cell get con-
nected to external circuit. The generated current depends on the solar radiation. If the
intensity of solar radiation is more, more number of charge carriers can be unleashed
from the PV cell and results in more amount of power generation. This process is called
as photovoltaic effect. A PV cell can either be in circular or rectangular or square in

construction.

Photovoltaic Module: The heart of the every PV system is the array of photovoltaic
modules. The output of a single PV cell is very less around 0.5 V. Therefore, PV mod-
ules (also called PV panels) are formed by connecting several PV cells in series to get
high voltage and in parallel to get high currents. In case of partial or total shading,
diodes are used separately to avoid reverse currents. Reverse currents makes power
waste and also lead to overheating of shaded cells and create hotspots. At high temper-
atures PV cells generates less power, therefore proper ventilation is being provided by

service providers behind the PV modules.

Photovoltaic Array: A photovoltaic array (also called solar array) consists of multiple
PV modules to convert solar radiation into usable electricity. The power generated by

the single PV module is not enough to meet the power requirements of residential, com-
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mercial or industrial applications. Thus the modules in the PV array are first connected
in series to get the required voltage and then the individual modules are connected in
parallel to make system to generate more current. The total DC watts being generated
by the PV array depends on the number of modules present in the system. However,
the inverter connected to PV array finally governs the amount of AC watts that can be

distributed to loads [13].

3.2 Basic Parameters of PV Cell

Photovoltaic cells exhibits a non-linear P-V" and /-V characteristics which vary with
solar temperature (77) and solar irradiance (S). Several equivalent circuit models of PV
cell have been discussed in literature. A general single diode PV model, which consists
of a photo current source, a parallel resistor representing a leakage current, a diode, and
a series resistor describing the internal resistance to the current flow is considered in this
study. The modelling of PV cell and its electrical characteristics are discussed in detail
later in this chapter. The electrical characteristics of the PV panel are described as a re-
lation between the panel voltage and current, and panel voltage and power as shown in
the Fig.[3.2] it shows the PV panel has non-linear characteristics and the output power
of PV panel can be varied from zero to maximum value. Therefore, to effectively use
the PV panels, it is always advisable to operate the PV panel at MPP. The operation
and performance of the PV cell can be described through several electrical quantities.
These quantities include, the cell current under short circuit conditions, the cell voltage
under open circuit conditions, and the cell voltage, current and power at MPP. The PV

cell can be characterized by the following fundamental parameters [13].

Short Circuit Current (/,.): Short circuit current is the maximum possible current
a PV cell can generate at the given weather conditions when cell voltage is zero as
shown in Fig. [3.2] This case occurs by shorting the positive and negative terminals of
the PV cell. The short circuit current is directly proportional to the irradiance of the

sunlight.
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Figure 3.2: Typical characteristics of PV array.

Open Circuit Voltage (V,.): Open circuit voltage is the maximum voltage that a PV
cell can generate at the given weather conditions when the cell current is zero. This

situation is possible in case of no load condition.

Maximum Power Point MPP: The operating point at which the PV cell generates

the maximum power is MPP as shown in Fig.[3.2] The output power at MPP is given as

Pyrpp = Vipp * Inpp (3.1)

where Vi, pp and I, pp are voltage and currents at which maximum power occurs. This

operating point is determined by choosing correct value of connected load.

Fill Factor (FF): The fill factor is an indicator of the quality of the PV cell. The
sharpness of the knee in an /-1 characteristics indicates how well a (p-n) junction is
manufactured. The ideal value of the fill factor is unity. The maximum practical value
of fill factor is 0.88. Fill factor is defined as the ratio of the maximum power generated

at MPP to the maximum theoretical power.

Pmax ractica V I
FF — practical __ VMPP * IMPP (3.2)

Pma:c,theoretical V;)c * [sc

Efficiency of PV Cell: Only a small part of solar radiation incident on the PV cell

is converted to electricity. The conversion efficiency of PV cell is defined as the ratio
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of electrical power generated to the amount of incident solar energy per second (F;,.)”.

The equation of solar cell power conversion efficiency is given as

- Pyrpp - Vupp * Inpp
P’inc Acell * S

(3.3)

where A, is area of PV cell and S is irradiance.

3.3 Maximum Power Point Tracking Algorithms

The objective of the MPPT algorithms is to find automatically the voltage (Vi,pp) or
current (I;pp) at which maximum power (P, pp) can be generated from PV panel at
the given temperature and the irradiance. Several MPPT algorithms are available in the
literature. Most of these algorithms respond to both temperature and irradiance, but few
of them are specifically more effective if temperature is considered as constant. Most of
the algorithms respond normally even though the physical property of PV panel changed
due to ageing, but few are open loop algorithms which require fine periodic tuning. The
PV panel has non-linear /-V characteristics, which makes it difficult to supply certain
loads. This problem can be solved to certain extent by using power converter devices
between the source and load, especially DC/DC converters like boost converter whose
duty ratio is controlled by MPPT algorithm. The following algorithms are some of the

widely used MPPT algorithms applied on various PV applications [13].

3.3.1 Perturbation and Observation / Hill Climbing

Among the several MPPT algorithms, much focus has been on perturb and observe
(P&O) methods. The P&O method involves a perturbation in the operating voltage
(AV) of solar array and hill climbing involves a perturbation in the duty ratio of power
converter. The flowchart of conventional P&O MPPT algorithm is shown in Fig.[3.3] In
the flowchart the parameters V' (k), I(k) and P(k) are voltage, current and power of PV
source at k' instant respectively. The parameter (AV') is fixed perturbation size of the
voltage. In P&O method the voltage is increased or decreased with a fixed step size in

the direction of reaching the MPP as shown in Table. [3.1] This process is periodically
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Figure 3.3: Flowchart of conventional P&O MPPT algorithm.

repeated until the MPP is reached. At steady state, the oscillations of operating point
around the MPP gives rise to wastage of some available energy. These oscillations can
be minimized by reducing the fixed step size, but it takes relatively more time to reach
the MPP. The solution to this conflicting situation is to have a variable step size as
suggested in [13]. Even though, implementation of these methods is simple, it is not
very accurate and rapid, since the effects of irradiation and temperature are not taken
into account. Different methods are proposed to address these issues by considering
adaptive perturbation. The performance of P&O method is significantly depends on the

trade off between the tracking speed and oscillations that occur around the MPP.

Perturbation | Change in Power | Next Perturbation
Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive

Table 3.1: Summary of P & O Method
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3.3.2 Incremental Conductance

Incremental conductance (IC) is another MPP method, which is based on the fact that
slope of the PV array power curve is zero at MPP, negative on the right side and positive

on the left side of MPP. Mathematically, it can be given as

dP/dV = 0 at MPP
dP/dV > 0 left of MPP
dP/dV < 0 right of MPP (3.4)

where dP/dV is derivative of power with respect to voltage. As power is expressed as
product of voltage and current, the derivative of power with respect to voltage can be
expressed as

P d(VI) dI Al

— =17 — ] S .
T e +V v +V AV (3.5)

where A and AV are change in current and voltage respectively. Substituting (3.5)) in

(3.4) results into the following conditions

AIJAV = —IJV at MPP
AIJAV > —IJV left of MPP
AI/AV < —I)V right of MPP (3.6)

Therefore, the MPP can be tracked by comparing the instantaneous conductance (1 /V")
with the incremental conductance (Al /AV'). The flowchart of the incremental conduc-
tance method is shown in Fig. [3.4] Incremental conductance method inherits the same
problems as P&O, namely the trade off between the speed and oscillations. Different
IC techniques are proposed to improve the performance, but during rapid fluctuations

of irradiance and temperature the tracking speed reduces significantly.

3.3.3 Fractional Open Circuit Voltage

In this algorithm, the MPP voltage can be calculated from the empirical relationship as
given below.

Vipp = kocVoc 3.7
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Figure 3.4: Flowchart of incremental conductance method.

where k. is a proportionality constant. The constant £,. varies between 0.71 and 0.78
depending on the weather conditions. The value of £,. can be finded out by analysing
the PV system for different values of irradiance and temperatures. In this method, the
open circuit voltage is measured by opening the PV system for fraction of seconds,
and then the MPP voltage is calculated from equation (3.7). This process is repeated
periodically by shutting down the power converter for fraction of seconds. Therefore,
it results in temporary loss of power. Further, the PV system never operates at its MPP,
since the Vj,pp is an approximation. Even though this method is not accurate, it is
very simple to implement and does not require any advanced digital signal processor or

micro controller controls.
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3.3.4 Fractional Short Circuit Current (FSCC)

It results from the fact that, under varying weather conditions, the MPP current is ap-
proximately linearly related to the short circuit current of the PV system as given in

[13]. This is mathematically represented as

Inpp = kselse (3.8)

where k. is a proportionality constant. Depending on the variation of irradiance and
temperature, the constant k. varies between 0.78 and 0.92. The short circuit current is
measured by shorting the PV system periodically. An additional switch is used to short
the PV system, which increases the number of components and cost. The output power
is further reduced during this period. Since this method approximates the constant ratio,

its accuracy cannot be guaranteed under varying weather conditions.

3.4 Modelling of PV Module

Photovoltaic cells exhibits a non-linear /-V" and P-V characteristics which vary with
cell temperature (71') and solar irradiance (S). Different equivalent circuit models of PV
cell have been discussed in the literature. In this work, a general single diode PV model

is considered [13].

R, 1,

AN\ —=2==
v,

S

*
N

ORI IS

v

Figure 3.5: Equivalent circuit of PV Cell.
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34.1 PV Cell

The equivalent circuit of the general model of PV cell, which consists of a photo current
source, a parallel resistor representing a leakage current, a diode, and a series resistor
serves as a internal resistance to the current flow is shown in Fig. [3.5] The non-linear

voltage-current characteristic equation of he PV cell is given as

I, = M—L$&W%$Wm—1>—2&iﬁﬁé (3.9)
Rsh
where
Vpv  terminal voltage (V)
I,, terminal current (A)
I,  light generated current or photo current (A)
I, diode reverse saturation current
q  electron charge (= 1.609 x 10719 C)
A diode ideality constant
k  Boltzmann’s constant (= 1.38 x 10723 J/K )
T cell absolute temperature (K)
R,  series resistance (£2)
R,, shunt resistance (£2)
The photon current which depends on irradiance and temperature is given by
S
@h:§—{@+aﬂT—ﬂmm (3.10)

where I, is short circuit current (A), a. is temperature coefficient of I,. (A/°C), S is
solar irradiance (W/m?), S,,om, is irradiance at standard test condition (STC) and T},

is cell temperature at STC.

The diode reverse saturation current varies as a cubic function of the temperature

and it can be expressed as

3

I Tnom T =G (L

I Wﬂﬁ,)) o5 (b7 G.11)
<6% _ 1) Thom

where E; is band-gap of the semiconductor cell (V).

To determine the unknown parameters of the PV model, number of approaches are

described in literature. For modelling purposes, a simple mathematical approach has
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been considered in this work, which depends on parameters given in the PV panel data
sheet [13]. Using the details given in the data sheet, a system of equations are derived
as given in equation (3.12) and solved for the five unknown parameters I, I, A, R

and R,y,.

[oc = 0 = [ph - Irs <eq‘§(gZg - 1) - VOC

Rsh
a(Vy s V I R,
Inpp = Ipp — Ips (e (VMPPECITMPPR b 1) _ MPP + lurp
Rsh
a(IscRs) ISCRS
[sc = [ph - [rs <€ AT — 1) - Rsh
e =0 at maximum power point
av powerp
dl 1
—_— = — t [ =150,V =V, 3.12
% R a SC oc (3.12)

It is not possible to determine these parameters by direct substitution method, due to
the non-linear nature of the equations. Therefore, numerical methods are used to solve

these equations.

3.4.2 PV Panel

Due to low power ratings of each individual PV cell, the cells are connected in series-
parallel configuration in order to produce required power. The equivalent circuit is

shown in Fig.[3.6]
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Figure 3.6: Equivalent circuit of PV Panel.

The PV panel is described by its non-linear I-V characteristic equation given as [13]

(3.13)

Ipv = NpIph - NpITS <eQ(va/NsA+kljevRs/Np) _ 1) . Np‘/;?v/];s + IpvRs
sh
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where N, is number of cells connected in series and NV, is number of strings connected

in parallel as shown in Fig.[3.6]

3.4.3 Solution for Non-linear Equation

The model is processed in a MATLAB script file. Newton Raphson (N-R) method is

used to solve the non-linear equations as given [29]

Tpt+1 = Ty — ;’((QZ))

(3.14)

where x,, is the value of = at n'" instant, f’ is the derivative of f with respect to x, and

f can be derived from equation (3.13) is given as

Np%v/Ns + Iy Rs
Rsh

4(Vpu /Ns+IpyRs/Np)

N ~1) @15

f([E) = ]pv - NpIph +

where x can be either I,,, or V,,.

3.5 Characteristics of PV Panel

The electrical characteristics of the PV cell mainly depends on the irradiance and tem-
perature of the cell. The /-V and P-V characteristic curves represents all the possible
current, power and voltage operating points for the PV panel. Using the equations in
(3.12) the five unknown parameters I, I,s, A, Rs and Ry, are solved as explained in
[13]. These values are substituted in equation to obtain /-V and P-V character-
istics. These characteristics are obtained by solving equation (3.15) for /,, by varying
Vv from zero to open circuit voltage for the given irradiance and cell temperature. Typ-
ical characteristics of PV panel for different values of irradiance and cell temperature
are drawn as shown in Fig. [3.7)and in Fig. [3.8] Fig.[3.7|shows the characteristics of PV
panel for different values of irradiance (S; > Sy > S3) at constant cell temperature.
Similarly, Fig.[3.8]shows the characteristics of PV panel for different values of cell tem-

perature (77 > T; > T3) at constant irradiance.
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The [-V characteristic of the PV panel tells that there are two regions in the curve: one
is voltage source region and the other is current source region. In the voltage source
region (i.e., in the right hand side of the curve), the internal impedance is low and in
the current source region (i.e., in the left hand side of the curve), the impedance is high.
Therefore, the cell operates as a constant voltage source at low values of current, and as
a constant current source at low values of voltage. The operating point of PV panel in
the /-V curve is determined by the load connected to it. The optimum electrical load is

the load at which PV panel operates at its MPP.

3.5.1 Effect of Irradiance

The characteristics of the PV panel are highly dependent on the solar irradiation lev-
els. The irradiance continuously changes with the environmental conditions. However,
technology is available to track these changes and operate the PV panel at MPP. When
solar irradiance reduces, the photon flux reaching the PV panel reduces. It results in less

generation of photon current. As shown in Fig. the changes in irradiance slightly

At constant temperature, S; > S > S
S : :

Current (1)

Power (P,,)

0 (b) Voltage (V,.)

Figure 3.7: Effect of irradiance variation at constant temperature: (a) /-1 characteris-
tics (b) P-V characteristics.

effects the open circuit voltage and it is almost negligible. Its most significant effect is
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on short circuit current which is directly proportional to the solar irradiance. Thus, for
the same operating voltage, the current increases with increase in irradiance, and hence

the output power.

3.5.2 Effect of Temperature

On contrary to the effect of irradiance on power, the increase in temperature has a
negative impact on the power generation capability of the PV panel. The output current
decrease with increase in temperature. This is due to the decrease in mobility of charge
carriers in the semiconductor material. Another reason is increase of band gap energy
due to increase in temperature. More energy is required to cross the forbidden energy
gap by the electrons due to increased band gap, thus only few electrons can cross it.
Therefore, the output current and power are reduced. Fig. [3.8] shows that at constant
irradiance, any change in the temperature has a significant effect on the open circuit

voltage, while negligible effect on the short circuit current.

At constant irradiance, T; > Ty > T

é" _
& _
5
O .
: Ts >

O i i i i ‘ i ‘ l

0 @ Voltage (V,,)
$ b e e e T TN s .
% TSNS S oS S s 4PNNE VU NOUEL VOO W _
o Te— :

0 i i L Ts— - —

0 (b) Voltage (V)

Figure 3.8: Effect of temperature variation at constant irradiance: (a) -V characteris-
tics (b) P-V characteristics.
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3.6 Summary

In this chapter, various parameters of pv cell, different MPPT algorithms for PV sys-
tems, modelling of PV cell and PV panel are discussed. Out of several equivalent circuit
models of PV cell, a general single diode PV model is considered. Further, the /-7 and

P-V are studied for different weather conditions.
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CHAPTER 4

DUAL VSI TOPOLOGY WITH POWER QUALITY
IMPROVEMENT FEATURES

In microgrid, power from different renewable energy sources such as photo voltaic (PV)
systems, wind energy systems, fuel cells are interfaced to grid and loads using power
electronic converters. A grid interactive inverter plays an important role in exchanging
power from microgrid to the grid and the connected load. The microgrid inverter can
either work in a grid sharing mode while supplying a part of local load or in grid in-
jecting mode, by injecting power to main grid. Maintaining power quality is another
important aspect which has to be addressed while connecting microgrid with utility
grid. When a grid connected inverter is used for active power injection as well as for
load compensation, the inverter capacity that can be utilized for load compensation is
decided by the available instantaneous microgrid real power. In most of the renewable
based DG units, the real power generation is highly fluctuating. Considering the case
of grid connected PV inverter, the available capacity of the inverter to supply the reac-
tive power becomes less during the maximum solar insolation periods. However, the
reactive power to regulate the PCC voltage is very much needed during this period [14].
It indicates that, providing multi-functionalities in a single inverter degrades either the

real power injection or the load compensation capabilities.

This chapter describes and demonstrates a dual voltage source inverter (DVSI)
scheme in which, the power generated by the microgrid is injected as real power by the
main voltage source inverter (MVSI) and the reactive, harmonic and unbalanced load
compensation is performed by auxiliary voltage source inverter (AVSI). This scheme
has an advantage that the rated capacity of MVSI can always be used to inject real
power to grid, if sufficient renewable power is available at the dc link. In DVSI scheme,
as total load power is supplied by two inverters, power losses across the semiconductor
switches of each inverter is reduced. This increases its reliability as compared to a sin-

gle inverter with multifunctional capabilities. Also, smaller size modular inverters can



operate at high switching frequencies with a reduced size of interfacing inductor and the
reduction in filter cost. Moreover, as main inverter is supplying real power, the inverter
has to track the fundamental positive sequence of current. This reduces the bandwidth
requirement of the main inverter. The inverters in the proposed scheme use two sepa-
rate dc links which increases the flexibility of operation. Since, the auxiliary inverter is
supplying zero sequence of load current, a three-phase three-leg inverter topology with
a single dc storage capacitor can be used for main inverter. This in turn reduces the
dc-link voltage requirement of the main inverter. Thus, the use of two separate invert-
ers in the proposed DVSI scheme provides, increased reliability, better utilization of
microgrid power, reduced dc-link voltage rating, less bandwidth requirement of main

inverter, and reduced filter size [14].

Control algorithms are developed based on instantaneous symmetrical component
theory (ISCT) to operate DVSI in grid connected mode, while considering non-stiff
grid voltage [9],[14]. The extraction of fundamental positive sequence of PCC voltage
is done by using dq0 transformation [11]. The control strategy is tested with two voltage
source inverters connected to a three-phase four-wire distribution system. Effectiveness

of the control algorithm is validated through detailed simulation results.

4.1 DVSI Topology

The power circuit of the DVSI topology is shown in Fig. .| It consists of a neutral
point clamped (NPC) inverter to realize AVSI and a three leg inverter for MVSI. These
are connected to grid at the PCC and supplies non-linear and unbalanced load. The
function of the AVSI is to compensate the unbalance, reactive and harmonic compo-
nents in the load currents. Here, load currents in three phases are represented by 4, iy
and 7;. respectively. AlSo, ig(abe)s Lugm(abe) AN @9z (abe) TEPrEsent grid currents, MVSI
currents and AV SI currents in three phases respectively. The dc link of the AVSI utilizes

a split capacitor topology, with two capacitors C1 and C2.

The MVSI delivers the available power at the distributed energy resource (DER)
to the grid. The DER can be a dc source or an ac source with rectifier coupled to dc

link. Usually, renewable sources like fuel cell and photovoltaic energy sources generate
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Figure 4.1: Topology of DVSI scheme.

power at variable low dc voltage, while the variable speed wind turbines generate power
at variable ac voltage. Therefore, the power generated from these sources uses a power
conditioning stage before it is connected to the input of MVSI. In this study, DER is
the dc source formulated by PV array through a dc-dc converter. To eliminate the high
frequency switching components generated due to the switching of power electronic
switches in the inverters, an inductor filter is used. The system considered in this study
is assumed to have some amount of feeder resistance Rg, and inductance Lg. Due to
the presence of this feeder impedance, PCC voltages are affected with harmonics. The
extraction of fundamental positive sequence of PCC voltages and control strategy for
the reference current generation of two inverters in DVSI scheme are detailed in the

further sections.

4.1.1 Design of DVSI Parameters

The design of various parameters of AVSI and MVSI are discussed in the following

[14], [15], [16].

A. Auxiliary Voltage Source Inverter (AVSI)

The important parameters of AVSI like, dc link voltage (V;.), dc storage capacitor
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(C1 and (%), interfacing inductance (L ¢,), and hysteresis band (£, ) are selected based
on the design method of split capacitor DSTATCOM topology. The dc link voltage
across each capacitor is taken as 1.6 times the peak of phase voltage. The total dc-link

voltage reference (V) 1s found to be 1040 V.

The dc capacitor values of AVSI are chosen based on the change in dc-link voltage
during transients. Let the total load rating be S kVA. In the worst case, the load power
may vary from minimum to maximum i.e., from 0 to S kVA. AVSI needs to exchange
real power during transient to maintain the load power demand. This transfer of real
power during the transient will result in deviation of capacitor voltage from its reference
value. Assume that the voltage controller takes n cycles i.e., nT" seconds to act, where
T' is the time period of system voltage. Hence, maximum energy exchange by AVSI
during transient will be nST. This energy will be equal to change in the capacitor

stored energy. Therefore,
1 2 2
501(\/;@ — Vi) =nST (4.1)

where V.. and V., are the reference dc voltage and maximum permissible dc volt-
age across C during transient respectively. Here S = 5kV A, V., = 520V, Ve =
0.8 % Vyer or 1.2 % Voo, n = 1and T = 0.02 s. Substituting these values in (4.1)), the

dc-link capacitance (C) is calculated to be 2000 mF:

The interfacing inductance is given by

1.6V,

Lpy——
f 4h$fmam

4.2)

Assuming a maximum switching frequency (f,,.q.) of 10 kHz and hysteresis band (h,,)

as 5% of load current (0.5 A), the value of Ly, is calculated to be 26 mH.

B. Main Voltage Source Inverter (MVSI)

The MVSI uses a three leg inverter topology. Its dc link voltage is obtained as
1.15 * V,,;;, where V,,,; is the peak value of line voltage. This is calculated to be 648
V. Also, MVSI supplies a balanced sinusoidal current at unity power factor. Therefore,

zero sequence switching harmonics will be absent in the output current of MVSI. This
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reduces the filter requirement for MVSI as compared to AVSI. In this analysis, a filter

inductance (L ,,) of 5 mH is used.

4.1.2 Advantages of DVSI

The various advantages of the proposed DVSI scheme over a single inverter scheme

with multifunctional capabilities [14],[16] are discussed here as follows.

1. Increased reliability: DVSI scheme has increased reliability, due to the reduc-
tion in failure rate of components and the decrease in system down time cost.
In this scheme, the total load current is shared between AVSI and MVSI. This
reduces the individual switch current and hence the power losses. The lower
heat dissipation due to reduced power losses across switches in turn decreases
the failure rate of inverter switches. Moreover, if one inverter fails, the other unit
continues its operation. This reduces the outage and hence the down time cost.
The system down time cost includes the repairing cost as well as the cost of lost
energy which could be otherwise supplied during the down time of the system.

The reduction in system down time cost improves the reliability.

2. Reduction in filter size: In DVSI scheme, the current supplied by each inverter
is reduced and hence the current rating of individual filter inductor reduces. This
reduction in current rating reduces the filter size. Also, in this scheme, hysteresis
current control is used to track the inverter reference currents. As given in equa-
tion (#.2), the filter inductance is decided by the inverter switching frequency.
Since the lower current rated semiconductor device can be switched at higher
switching frequency, the inductance of the filter can be lowered. This decrease in

inductance further reduces the filter size.

3. Improved flexibility: Both the inverters are fed from separate dc-links which
allows them to operate independently, thus increasing the flexibility of the system.
For instance, if the dc-link of the main inverter is disconnected from the system,

the load compensation capability of the auxiliary inverter can still be utilized.
4. Better utilisation of microgrid power: DVSI scheme helps to utilize full ca-
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pacity of MVSI to transfer the entire power generated by DG units as real power
to ac bus, as there is AVSI for harmonic and reactive power compensation. This

increases the active power injection capability of DGs in microgrid.

5. Reduced dc-link voltage rating: Since the main inverter is not delivering any
zero sequence load current components, a single capacitor three-leg VSI topology
can be used. Therefore the dc-link voltage rating of MV Sl is reduced as compared

to single inverter system. The reduction in dc-link voltage is explained as follows.

The dc link voltage of AVSI is selected to achieve good tracking performance. In
the DVSI scheme, AVSI uses a split capacitor VSI topology. The total dc link of AVSI
is obtained as 2 x 1.6V/,,, where V,,, is the peak value of phase voltage. This is calculated
to be 1040 V. The MVSI uses a three leg VSI topology. Its dc link voltage is obtained
as 1.15 = V,,,;, where V,,;; is the peak value of line voltage. This is calculated to be 648
V. Thus in DVSI scheme, the DG power available at the dc link of MVSI can be at
650 V. If a single inverter is used to supply an unbalanced non-linear load using a split
capacitor VSI topology, the microgrid power available at the dc link must be at 1040 V.

Therefore, the reduction in dc link voltage of MVSI is approximately 38%.

4.2 CONTROL STRATEGY OF DVSI SCHEME

4.2.1 Performance During Adverse Voltage Conditions

The propagation of unbalanced and non-linear load current through the feeder impedance
of distribution system makes the PCC voltages unbalanced and distorted. However, the
control algorithm for reference current generation using ISCT requires balanced sinu-
soidal PCC voltages. Therefore, the fundamental positive sequence components of the
PCC voltages are to be extracted for the reference current generation [11]. In this work,
dq0 transformation is used to extract the balanced sinusoidal voltages from unbalanced
and distorted PCC voltages. The PCC voltages in natural reference frame, vy, are

first transformed into dq0 reference frame using the equation
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where

sin @ sin(f7 — 120°)  sin(6; + 120°)
C=1/%| cosbf cos(fF —120°) cos(f; + 120°)

S
S
S

(4.4)

and 6 is the estimated phase of PCC voltage using the PLL shown in Fig. Since
the PCC voltages are unbalanced and distorted, the transformed voltages in dq0 frame
(vtq and vy,) contain average and oscillating components of voltages. These can be
represented as

Vg = Utq + Vtd, Vg = Vg + Vg 4.5)

where 7,4 and vy, represent the average components of v,y and vy, respectively. The
terms, v;q and vy, indicate the oscillating components of v, and vy, respectively. Now
the fundamental positive sequence of PCC voltages in natural reference frame can be

obtained with the help of inverse dq0 transformation as given by

+ —

Utal Utd
+ — T _

vt |z, (4.6)
_l’_

Utcl O

These voltages v}, v;;, and v;’; are used in the reference current generation algorithms,

so as to draw balanced sinusoidal currents from the source.
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An accurate detection of voltage phase, éf is required to extract the fundamental
positive sequence components of voltages using dq0 transformation. A modified syn-
chronous reference frame (SRF) based phase locked loop (PLL) [16] is used in this
work to get éf The schematic diagram of this PLL is shown in Fig. It mainly con-
sists of a PI controller and an integrator. In this PLL, the MAF output of SRF terminal
voltage in g-axis (v.,1) 1s compared with 0 voltage and error voltage thus obtained is
given to the PI controller. The frequency deviation Aw from the PI controller is then
added to the reference frequency wy and fed to the integrator to get éf It can be proved
that, when éf = wyt, the fundamental positive sequence of q axis voltage in dq0 frame

v, becomes zero and hence the PLL is locked to 6.

The unbalanced and distorted PCC voltages are expressed in terms of their positive

and negative sequence components as follows.
via(t) = Z V2(V, sin 6 + V, sin6;)
h=1

w(t) = Y \/§<vh+ sin(f; — %) +V;sin(6;, + §)>
h=1

) = o VA(vremop + 2+ vme - 2)) @
h=1

These voltages in natural reference frame are transformed to dq0 frame using equation

(4.3). The transformed voltages in g-axis is obtained as
Vi (t) = Z \/g(V,f(sin 07 —0F) — V" (sin6; + éf)) (4.8)
h=1

This g-axis voltage is given to a MAF with a window of one fundamental time period

(wot = 6). The output voltage from this MAF is given by

var(t) = VEVH(sinGl — 0F) — VAV (sinby +07)
Using equation @9), when wot = 6 = 6 the component v;oy will be zero. On the
one hand, if v,,; is made equal to zero in the PLL, the PLL output will be locked to 6; .

Therefore, the PLL gives the fundamental frequency (wy) of PCC voltages even under

unbalanced and distorted voltage conditions.
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4.2.2 Reference Current Generation Algorithm

ISCT was developed primarily for unbalanced and non-linear load compensations by
active power filters. The ISCT for load compensation is derived based on the following

three conditions.

1. The source neutral current must be zero. Therefore,

lsq T Tsp + 15 = 0. (4.10)

2. The phase angle between the fundamental positive sequence voltage (v} ;) and
source current (i) i .

LUy = Lisa + ¢. (4.11)
3. The average real power of the load (F;) should be supplied by the source.

+ + + 5
Vpn1lsa T Ugprsh + Vprlse = B 4.12)

Solving the above three equations, the reference source currents can be obtained as

+ +(,+ +
. Vpq + V3, — U
= < tal T 7Y ( thl tcl))Pl

sa +2
Zj:a,b,c Utj

+ +(t _ .+
Z:b = (Utbl + Y (Utcl +2Uta1)>ﬂ (413)
Zj:a,b,c Utj

_— <U;;1 + 7 (v — %))PZ

Zsc Z U+2
j=ab,c “tj

where v = tan ¢* /+/3. The term, ¢ is the desired phase angle between the fundamental

positive sequence of PCC voltage and source current. To achieve unity power factor for
source current, substitute v = 0 in equation (.13). Thus, the reference source currents

for three phases are given by

( U; ® >

A G DI Y (4.14)
s(abc) 2 l

zj:a,b,c U;;

where i}, i}, and 7;_ are fundamental positive sequence of load currents drawn from

sa’ s

the source, when it is supplying an average load power (F;). The power, P, , can be
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computed using a moving average filter with a window of one cycle data points using

equation (4.15)

1 [ . . .
P = T (vt i + vglub + v 40 ) dt (4.15)
t1—T

where ¢, is any arbitrary time instant. Finally, the reference currents for the compensator

can be generated from the following.

-k

Zf(abc) = il(abc) - i:(abc) (416)

Equation (4.16) can be used to generate the reference filter currents using ISCT,
when the entire load active power, P, is supplied by the source and load compen-
sation is performed by a single inverter. A modification in the control algorithm is
required, when it is used for DVSI scheme. The following section discusses the for-
mulation of control algorithm for DVSI scheme. The source currents, 74(qy.) and filter
currents, i) Will be equivalently represented as grid currents, 74(,5¢) and AVSI cur-
rents, 7,4, (abe) respectively in further sections. Control strategy of DVSI is developed in
such a way that, grid and MV SI together share the active load power, and AVSI supplies

rest of the power components demanded by the load.

A. Reference Current Generation for Auxiliary Inverter

The dc link voltage of the AVSI should be maintained constant for proper operation
of the auxiliary inverter. The dc link voltage variation occurs in auxiliary inverter due to
its switching and ohmic losses. These losses termed as P, should also be supplied by
the grid. An expression for P, is derived on the condition that, average dc capacitor
current is zero to maintain a constant capacitor voltage [8]. The deviation of average
capacitor current from zero will reflect as a change in capacitor voltage from a steady
state value. A proportional integral (PI) controller is used to generate P, term as given
by

Ploss = Kpveyac + Ky / Evdcdt (4.17)

where ey4. = Vieres — Vde, V4. represents the actual voltage sensed and updated once in
a cycle. In above equation, K p, and K7, represent the proportional and integral gains

of dc link PI controller respectively. The P, term, thus obtained should be supplied
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by the grid, and therefore AVSI reference currents can be obtained as given in equation
(4.18). Here, the dc link voltage PI controller gains are so selected as to ensure stability

and better dynamic response during load change.

) ' ( Vi ) (P, + Pioss)

v =U— | == 12 l loss

pngra 2
Zj:a,b,c Ut—;

. : vy

Z/*lgwb =l — - | 12 (B + Ploss) (418)
Zj:a,b,c Utj

+

v
<k . tcl
Zug:cc = Ue — ( +2> (Pl + Ploss)
Zj:a,b,c Vtj

B. Reference Current Generation for Main Inverter

The MVSI supplies balanced sinusoidal currents based on the available renewable
power at DER. If MV SI losses are neglected, the power injected to grid will be equal to
that available at DER (P, ). The following equation, which is derived from ISCT can

be used to generate MVSI reference currents for three phases (a, b and c).

U:E be)1
amiase) = | 55— 29 | P (4.19)

j=a,b,c Utj

where P, is the available power at the dc link of MVSI.

The reference currents obtained from equations (#.18) and (@.19) are tracked by
using hysteresis band current controller (HBCC). HBCC schemes are based on a feed-
back loop, usually with a two level comparator. This controller has the advantage of
peak current limiting capacity, good dynamic response and simplicity in implementa-
tion [14]. A hysteresis controller is a high gain proportional controller. This controller
adds certain phase lag in the operation based on the hysteresis band and will not make
the system unstable. Also, the proposed DVSI scheme uses a first order inductor filter
which retains the closed loop system stability. The entire control strategy is schemati-

cally represented in Fig.

Applying Kirchoff’s current law (KCL) at the PCC in Fig. 4.3

Ungaj = Uy — (igj + iugmg), J = a,b,c (4.20)
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Figure 4.3: Schematic diagram showing the control strategy of DVSI scheme

By using equations (4.18) and (4.19)), an expression for reference grid current in phase-a

(4;,) can be obtained as

+

-k Vta
iy = [ =29 ) [(P + Poss) — Py (4.21)
Zj:a,b,c Utj
It can be observed that, if the quantity (P, + Ps,) is greater than F,,, the term

(P + Pioss) — Pyg] will be a positive quantity, and i, will be in phase with v},,. This
operation can be called as the grid supporting or grid sharing mode, as the total load
power demand is shared between main inverter and grid. The term, P, is usually

very small compared to F,. On the other hand, if (P, + F,.ss) is less than P,,, then

1y
[(P1+ Pioss) — P,] will be a negative quantity, and hence i, will be in phase opposition
with v; . This mode of operation is called the grid injecting mode, as the excess power

is injected to the grid.

4.3 SIMULATION RESULTS

The simulation model of DVSI scheme as shown in Fig. is developed in MATLAB

simulink to evaluate the performance. The simulation parameters of the system are
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given in Table. The simulation study demonstrates the grid sharing mode operation

of DVSI scheme in steady state as well as in transient conditions.

Voltage (V)

Voltage (V)

i I i I I i I i I I
03 0. 0.3z 033 0.34 035 0.36 0.37 0.38 0.33 0.4

(b) Time (s)

Figure 4.4: Without DVSI scheme: (a) PCC voltages and (b) Fundamental positive
sequence of PCC voltages

The distorted PCC voltages due to the feeder impedance without DVSI scheme are
shown in Fig. f.4] (a). If these distorted voltages are used for the reference current
generation of AVSI, the current compensation will not be proper. Therefore, the funda-
mental positive sequence of voltages are extracted from these distorted voltages using
the algorithm explained in Section 4.2.1. These extracted voltages are given in Fig.[4.4]

(b). These voltages are further used for the generation of inverter reference currents.

Fig. @.5] (a)-(d) represents active power demanded by load (/7), active power sup-
plied by grid (F;), active power supplied by MVSI (F,,) and active power supplied by
AVSI (P,) respectively. It can be observed that, until t = 0.35 s, MVSI is generating 2.7
kW power and the load demand is 4.3 kW. Therefore, the remaining load active power
1.6 kW is drawn from the grid. Att = 0.35 s, the microgrid power is decreased to 1.1
kW. As the load demand is 4.3 kW, The remaining load active power 3.2 kw is drawn
from the grid. In both the time periods, the microgrid is operating in grid sharing mode.

One can also operate the microgrid in grid injecting mode if microgrid power is more
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Parameters Values

Grid Voltage 400 V (L-L), 50 Hz
Feeder impedance R, =050, Ly =1.0mH
AVSI Cy = Cy = 2200 uF, Vierer = 1040V

Interfacing inductor, L, = 20mH
Interfacing resistance Ry, = 0.25 €2
Hysteresis band (h,) = 0.1A

MVSI Dc-link voltage, V., = 650V
Interfacing inductor, L, = 5mH
Interfacing resistance Ry, = 0.25 (2
Hysteresis band (£h,,) = 0.1A

Unbalanced linear load Zia = 65+525 Q
Za =40+515 Q)
Z1a =52+518 Q)
Nonlinear load R =200
DC voltage controller gains Kp, =10, Ky, =0.05

Table 4.1: System Parameters for Simulation Study of DVSI Scheme

than the load active power. Fig. |.6|(a)-(c) shows the load reactive power (Q);), reactive
power supplied by AVSI (Q),,) and reactive power supplied by MVSI (Q),,,) respectively.

It shows that, total load reactive power is supplied by AVSI, as expected.

Fig. (a)-(d) shows the plots of load currents (7;(apc)), currents drawn from grid
(g(abe))» currents drawn from MVSI (4,,4(apc) ), and currents drawn from the AVSI (4,5 (abc))
respectively. The load currents are unbalanced and distorted. The MVSI supplies a bal-
anced and sinusoidal currents during grid supporting mode. The currents drawn from
grid are also perfectly balanced and sinusoidal, as the auxiliary inverter compensates

the unbalance and harmonics in load currents.

Fig. (a) shows the plot of fundamental positive sequence of PCC voltage (v;";)
and grid current in phase-a (iy,) in grid sharing mode. From Fig. .§| (a) , one can ob-
serve that, when microgrid power decreases at ¢ = 0.35s the grid current drawn gets
increases. Fig. (b) establishes that, MVSI current in phase-a is always in phase
with fundamental positive sequence of phase-a PCC voltage. The same is true for other
two phases. Thus the compensation capability of AVSI makes the source current and
MVSI current at unity power factor operation. The dc link voltage of AVSI is shown

in Fig. 4.9 It indicates that the voltage is maintained constant at a reference voltage
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Figure 4.5: Active power sharing (a) Load active power (b) Active power supplied by
grid (¢) Active power supplied by MVSI (d) Active power supplied by AVSI

(Vderes) Of 1040V by the PI controller.
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Figure 4.6: Reactive power sharing (a) Load reactive power (b) Reactive power supplied
by AVSI (c) Reactive power supplied by MVSI.

4.4 Conclusions

A dual voltage source inverter scheme (DVSI) is proposed for microgrid systems with
enhanced power quality. A control algorithms are developed to generate reference cur-
rents for DVSI using instantaneous symmetrical component theory (ISCT). The pro-
posed scheme has the capability to exchange power from distributed generators (DGs)
and also to compensate the local unbalanced and non-linear load. The performance of
the proposed scheme has been validated through simulation studies. As compared to a
single inverter with multifunctional capabilities, the DVSI has many advantages such
as, increased reliability, lower cost due to the reduction in filter size and, more utiliza-
tion of inverter capacity to inject real power from DGs to the microgrid. Moreover, the
use of three phase, three wire topology for main inverter reduces the dc link voltage re-
quirement. Thus, a DVSI scheme is a suitable option for microgrid supplying sensitive

loads.
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CHAPTER 5

CONCLUSIONS AND FUTURE SCOPE

Multifunctional grid tied inverters are widely used in microgrid applications simulta-
neously to inject the generated power from distributed generation (DG) units and to
control the power quality aspects at the PCC. The control strategies and topologies of
these inverters are quite significant in deciding the power transfer and load compensa-
tion capabilities of DG interfaced distribution system. This thesis has focused on the
dual voltage source inverter topology to improve the power injection and load compen-
sation. The theoretical analysis supported with detailed simulation studies have been

presented.

A dual voltage source inverter scheme (DVSI) is proposed for microgrid systems
with enhanced power quality. Control algorithms are developed to generate reference
currents for DVSI using instantaneous symmetrical component theory (ISCT). The pro-
posed scheme has the capability to exchange power from distributed generators (DGs)
and also to compensate the local unbalanced and nonlinear load. The performance of
the proposed scheme has been validated through simulation and experimental studies.
As compared to a single inverter with multifunctional capabilities, a DVSI has many
advantages such as, increased reliability, lower cost due to the reduction in filter size
and, more utilization of inverter capacity to inject real power from DGs to microgrid.
Moreover, the use of three-phase, three-wire topology for main inverter reduces the dc
link voltage requirement. Thus, the DVSI scheme is a suitable option for microgrid

supplying sensitive loads.

5.1 Future Scope

Following are the future scopes of the work done in this thesis.

e The dual inverter scheme and their control algorithm discussed in this work in-

volves the operation in grid connected mode. However, a microgrid is required to



change its operation to islanded mode, whenever a power quality event occurs at
the grid level. Also, a smooth change over from grid connected mode to islanded

mode has to be ensured. These aspects have to be analysed in detail.

The dual inverter scheme uses a first order inductor filter to filter out the switch-
ing ripples generated due to the fast switching of inverter switches. The filter
performance can be improved by using higher order filters like LC or LCL filter.

The addition of higher order filter may affect the stability of the system.

All control algorithms discussed in this thesis assumes a constant frequency for
the source voltage. However, the frequency in a microgrid may vary within a
permissible range depending on the power difference between generation and
load demand. This variation in frequency has to be considered in the control

algorithm for dual inverter scheme.
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