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Abstract

This work has attempted to investigate into deriving operating strategies for a

photovoltaic generator (PYG) embedded in a high voltage grid that can be applied for

security analysis and generator dispatch in a power system with PYGs. Such

investigations are yet to be reported in the literatures. The operating strategies have

been recommended based on extensive simulation studies with appropriate load flow

models of one or more PYGs (each 50 MWpk capacity) embedded at a voltage

controlled bus or a specified real and reactive power bus in two test systems of different

characteristics viz. a 138 kY 5-bus system (day peak 400 MW) and a 138 kY 14-bus

system (day peak 780 MW).
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Chapter 1

Introduction

1.1 General Considerations

Apart from the apprehension of depleting fossil fuel reserve, the concern for

global warming has become an impetus in the developed part of the world to integrate

photovoltaic generators (PYG) with the conventional power grid system. In the

developing part of the world the reason for using photovoltaic system is mainly the

inability to supply electricity to the vast population from the conventional grid and thus

there the photovoltaic is mainly used in the stand alone mode. In the long run there also

the photovoltaic (where possible) is expected to be interfaced with the grid.

Desired DC power can be generated from a set comprising an appropriate

number of series-parallel connected solar cells termed as the photovoltaic array [1].

Generated DC power is then converted to useful AC power by an inverter. The output

AC power of the inverter is provided to the grid system through a step up transformer.

Controlling the inverter is the main concern in interfacing the photovoltaic system with

the grid. Due to less switching loss and less total harmonic distortion (THD) pulse

width modulated (PWM) inverter [2] is preferable for interfacing a PYG with a grid

system.
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1.2 Review of Literature

In Germany, Australia and other developed countries large projects that involve

addition of solar electricity ranging from 10 MW [3] to more than 150 MW [4] to the

conventional high voltage grid are either already completed or expected to be

commissioned in next few years. But no information is available on their operating

strategies that could help utilities in planning, design and implementation of similar

projects. The available literature on this subject is also inadequate.

In the work [5] a prototype was developed for a smal1 photovoltaic module (only

110 W) interfaced with utility at 230 V through a 230 VHO% tap changing transformer.

The effects of changes of insolation from artificial sources and AC supply voltage on

the behaviour of the photovoltaic module were observed through this experimental

setup. However, the outcome of this smal1 scale model will be difficult to be

implemented and inadequate to be applied to predict in advance the performance of

bulk solar power generating stations when interfaced with high voltage grids. So

simulation studies are required for predicting the impacts of embedding a bulk

photovoltaic generator on the operation of power systems.

In the work [6] unit commitment and economic dispatch were done out of

academic interest to find the generation cost parameters in a 8-bus test system (peak

demand 344 MW) in which a 6 MW peak photovoltaic and a 6 MW battery (only 1.8%

of peak load) unit were considered to be interfaced. But as the battery storage is a very

expensive option coupled with the photovoltaic module cost, the future practical power

systems with large contributions from photovoltaic will exclude battery storage and

reduce production cost by reserving a proportionate thermal generation capacity for use

2



at night. However, the work [6] does not address the control and operational

performance of the photovoltaic embedded system.

1.3 Objectives of the Present Research

Load dispatching or steady state security assessment [7] of a conventional power

system requires that a load flow analysis be made in advance considering various

operating conditions and / or contingences (e.g. faults) in the system. The main

difficulty for doing this in a PVG embedded power system is lack of appropriate model

and method to predetermine the PVG control parameters and use those in load flow

analysis. The present work focuses on the following.

i) To predetermine the control parameters for operating a PVG interfaced

with the grid system through a pulse width modulated (PWM) inverter.

ii) To apply load flow analysis technique to determine the real and reactive

power flows, the voltage profile, the system loss, total harmonic

distortion (THD) at various buses and the modulation ratio of the

inverter considering the embedded PVG's available capacity and varying

the output of the conventional generators at a given day peak load.

iii) To predict the performance of the PVG embedded grid system under

dynamic conditions such as change in insolation and system loads.

iv) To compare the effects of embedding a PVG at various types of buses in

a conventional power system.

3



1.4 Organization of the Thesis

The presentation of the material studied in the present work is organized as

follows.

Chapter I presents the review of the literature, objectives of the thesis along

with the thesis organization.

Chapter 2 discusses the general characteristics of a photovoltaic generator, its

modelling, the inverter control, load flow with AC and DC sources, and harmonic load

flow. In this chapter an algorithm (real time compatible) has been proposed for the

predetermination of the inverter control parameters.

Chapter 3 presents the results of extensive load flow simulation tests of two

different systems viz. a 138 kV 5-bus system (day peak 400 MW) and a 138 kV l4-bus

system (day peak 780 MW) considering variable load, insolation dependent pva

current capacity, type of interfacing grid buses (constant voltage or PQ) and different

control modes for a PWM inverter. This also presents harmonic analysis for a pva

embedded in the 5-bus test system.

Chapter 4 presents the summary of the achievements made in the present work.

The appendixes provide supporting data and information.

4
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Chapter 2

Photovoltaic Generator and its Interfacing with the

Grid System

2.1 Introduction.

Photovoitaic generator (PVG) is an insolation (incoming solar radiation)

dependent DC electricity generator. Irregular solar irradiance makes a PVG an

intermittent power generator. For a grid connected PVG a PWM inverter is used to

convert the generated DC power into AC power at the grid frequency. However, this

conversion also produces harmonics whose frequencies are multiples of the

fundamental frequency i.e. the frequency of the grid with which the PVG is interfaced.

The influence of the PVG on the grid system operation can be assessed and the

operating strategies for such a system decided in advance and I or during operation

through a load flow analysis. The load flow analysis for a conventional power system

needs to be appropriately modified to model the inverter AC bus, inverter control

parameters, the grid bus at which the inverter is interfaced and the PVG's variable

capacity.

5



2.2 PVG Characteristics

A photovoltaic module consists of requisible number of cells connected in series

parallel mode as to provide the desired current and voltage. So a photovoltaic cell is the

basic building block of a photovoltaic module or an array of modules. A photovoltaic

cell consists of a p-n junction semiconductor which shows I-V characteristic similar to

that of a diode when biased in the dark (i.e. in absence of light). When light becomes

incident on a photovoltaic cell without voltage bias (i.e. short circuited) it creates an

electron-hole pair through absorbing photons with energy greater than the bandgap

energy of the semiconductor [1-2]. These carriers create a short circuit current (lph)

proportional to the incident radiation. When both light and voltage bias are present the

single photovoltaic cell current Ie is the difference between the short circuit current and

the dark current. Its equivalent circuit is shown in Figure 2.1. The circuit consists of a

light-dependent DC current source and an internal shunt resistance R,h and a series

resistance R,. The series resistance should be as low as possible and its shunt resistance

should be very high, so that most of the available current can be delivered to the load.

This is the reason that in many cases R,h and R, in the equivalent circuit are neglected.

R,

Light '\
rays

•

I •c

Figure 2.1 Equivalent circuit of a photovoltaic cell
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A photovoltaic cell current I, can be expressed by the following equations.

where,

is the dark current

q (=1.6*10.19 coulomb) is the charge of an electron

V, is the photovoltaic cell terminal voltage in loaded condition

k (=1.38*10.23 j / K) is the Boltzman constant

T is the cell temperature in oK

n (=1 or 2) is the diode quality factor

10 is the diode saturation current

Iph is the insolation dependent photovoltaic cell current in short circuited

condition

(2.1)

(2.2)

Equations (2.1) and (2.2) can be extended for a module or array taking into

account the number of parallel connections of the photovoltaic cells. The notation for

short circuit current for a module / array is Ipho as used in subsequent sections. The

highest value of Ipho attainable at the maximum insolation is termed Ipk and that is also

termed the rated peak capacity.

7



Figure 2.2 shows the I-V characteristic curves of a photovoltaic cell in the

presence of light and voltage bias for three different temperatures [2]. It is shown that

the cell current increases with solar irradiance (G, mW/cm2
). For a particular solar

irradiance cell current remains constant up to certain limit after that cell current starts

decreasing with increasing the cell voltage. The voltage upto which the cell current

remains constant is termed in this work as the nominal voltage which is almost constant

at various temperatures and insolations as in Figure 2.2. it is noteworthy that the knee

point is the maximum power point. In general the voltage for the corresponding

maximum power point is variable with temperature and insolation. The nominal voltage

is less than the maximum voltage power point voltage as well as the open circuit

voltage (zero photovoltaic current). It should be noted that the notions of nominal,

maximum power point and open circuit voltage also hold good for an array consisting

of many photovoltaic cells.

" "
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3

G~lOO mW/cm2

75 mW/cm'

50 mW/cm2

25 mW/cm'

Nominal
v ltage Maximum

power point
/voltagc

Moe

28°e

ooe

Open
circuit
voltage

vc (Photovoltaic cell voltage, V)
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 2.2 I-V characteristic of a single photovoltaic cell in the presence oflight

2.3 . Inverter Interface

A PVG is usually interfaced at a grid bus through a PWM inverter in which a

switching signal is generated by comparing the desired sinusoidal output (i.e. the

modulating signal or control signal) with high frequency triangular wave (carrier

signal). The points of intersections of the modulat.ing signal and the carrier signal are

the points at which the GTOs or thyrlstors of the inverter are switched on by tum.

Figure 2.3 shows a 6 pulse three phase inverter where VDC is the input DC voltage

(output voltage of the PVG) and VLL is the output AC line voltage. Figure 2.4 shows the

modulating, the carrier and the output AC voltage of a three phase.PWM inverter.

9



+

I
VDC
(PVG
output)

To
grid
bus

Figure 2.3 A 6 pulse three phase inverter

o

(a)

Vcontrol C

Voc

t

v

o
v

o

N

~-

N

--

t

I Fundamental
~ (vLd, /

-

o

(b)

Figure 2.4 Signals of a three phase PWM inverter (a) sinusoidal control signals and
triangular carrier signal (b) phase and line to line output voltage
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The amplitude modulation ratio (m,) of a PWM inverter is defmed as [2]

where,

m,
A

V control

A

Vlri

(2.3)

A

V comw' IS the peak amplitude of the sinusoidal control or modulating signal

V control

A

V tn is the peak amplitude of the triangular carrier signal

where,

A

V control = V control sin OJ 1 t

A A

V control :::;V tri

(2.4)

, The fundamental frequency component of the PWM inverter output phase

voltage (v AN )1 is in phase with v conttol for m, S 1,0 [2] so that

A

V control sinw t V DC = m sinw t VDC

'2 "2
(2.5)

A

Then (V AN )1 can be expressed as

A VDC(VAN), =m'(-2-) (2.6)

II
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which shows that in a sinusoidal PWM, the amplitude of the fundamental

frequency component of the output voltage varies linearly with rna (provided m, ~ 1.0).

Therefore, the range of rna from 0 to 1 is referred to as linear range.

The line to line three phase rms voltage is then expressed as

-13,
(VLL)! = .j2(VAN)!

=-13m (VDC).j2 • 2

= 0.612m ,V DC (2.7)

It should be noted that the fundamental component of the inverter output voltage

(Vi,,)! can also be obtained with a phase shift <pin, as in Figure 2.5 if the control signal

has a phase shift of <Pi". This can be done using a phase shifter for the control signal.

o

Figure 2.5 Magnitude and phase angle of the output voltage and control signal

12
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2.3.1 Proposed Method for Predetermining Inverter Control

Parameters

A PVG can be interfaced to a power system through a system bus which may be

a voltage controlled PV (specified real power and voltage magnitude bus) or a PQ

(specified real and reactive power injection i.e. difference between generation and load)

bus. Figure 2.6 shows a PVG embedded power system. A blocking diode to protect the

back flow to the PVG is implied. The PWM inverter's modulation index m, needs to be

adjusted for specified V;nv-<P;nvi.e. inverter AC bus voltage and phase angle or Pinv-Qinv

i.e. specified real and reactive power output of the inverter. The former is termed V;nv-

<P;nvcontrol and the latter P;nv-Q;nvcontroll110de.

PV or PQ bus of the
grid system

AC bus
of the inverter

Step up
transformer

PWM
inverter

VDC ~vnom-pho
(Nominal
voltage of
PVG)

Figure 2.6 A PVG embedded in a power system
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i) Vinv:!Qinvcontrol mode:

A voltage controlled bus, also termed as PV bus, generally corresponds to a

conventional generator where real or active power is fixed by turbine setting and

voltage magnitude is fixed by automatic voltage regulator depending on the machine

excitation. Power flow through a PV bus requires change in its voltage angle only. This

change is linear in nature. PV bus angle decreases with decrease in injected power to

PV bus. This relationship can be expressed as

({Jpv = ajPinjcct + b, (2.8)

The constants ai, bl of equation (2.8) can be determined considering various

magnitudes of injected power from an external source at the PV bus and repeating the

load flow analysis in each case. Then plotting the curve 'Prv vs Pin;,c!the constants ai,

bl can be determined.

Due to the voltage drop in the transformer, the voltage of the inverter AC bus

should be specified higher than the voltage of the PV bus of the system with which the

inverter is interfaced. The transfer of photovoltaic power (converted into AC) from

inverter AC bus to the PV bus of the system depends on the inverter AC bus voltage

magnitude and the difference of phase angles at the inverter AC and the PV buses. The

relationship between Vinv and available photovoltaic current Ipho and that between <Piny

and 'Prv can also be expressed linearly as follows.

14
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where,

Vinv = a2~Ipho + b2;

!(lill. = !(lpv + 0

Iphn>0 (2.9)

(2.1 0)

(2.11 )

Mphn IS the difference between peak photovoltaic current and available

photo voltaic current i.e. Mphn= Ipk - Iphn

o is the phase difference between the AC bus of the inverter and the PV bus of

the test system

The constants a2, b2, a3 and b3 of equations (2.9) to (2.11) can be determined

using an algorithm proposed in the form of the flowchart in the Figure 2.7. Here V;nv

and <Pinyare initially chosen slightly more than the Vpv and !(lpv i.e. the PV bus voltage

magnitude and phase angle. The latter i.e. !(lpv is obtained using equation (2.8) for the

intended power transfer equal to P;nj'''(O) The load flow is repeated unless the injectable

power is approximately equal to the product of available an available photovoltaic

current and the nominal pva voltage. Thus the V;nv and <p;nvvalues are fixed for the

chosen value of an available photo voltaic current Iphn' In this way another two sets of

V;nv-<Pinvare obtained for two other values of Iphn'

15
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Choose Iph,:S Ipk

P (0)_1 • Vinject -, phD nom-pho

Make
V (0) V

iov > PV
(0)

<Piny > CPPV

Run a Load flow for the
PVG embedded system

Make
V (0)

inv< Vinv
(0)

<piny < qlinv

>

<

Almost closer
Fix

Vinv = Vinv (0)

m - m (0)
yinv - 't'inv

Figure 2.7 Flowchart to determine Vinv and 'Pinv of the PWM inverter for specified
photovoltaic currents in the initial stage

The Vinv VS t-Iph, and i'J vs Mph, curves are plotted to determine the constants a2,

b2, a3 and b3. These constants are then substituted in equations (2.9) to (2.1 I). Finally

using the set of four equations (2.8) to (2.11) Vinv-'Piov can be computed readily for any

new value of Ipho without the need to execute the algorithm presented in the flow chart

of Figure 2.7 for a given power system.
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ii) P;nv-Q;nv control mode:

For P;nv-Q;nv control of the inverter P;nv can be specified by multiplying the

available lpho by V nom-phoi.e. the nominal voltage of the PVG. Q;nv can be considered

5%-7% of P;nv to maintain a satisfactory power factor of the inerter.

It should be noted that due to uncontrolled voltage magnitude and angle of a PQ

bus, V;nv-Cjl;nvcontrol mode is not feasible for the inverter of a PVG interfaced at a PQ

bus rather only P;nv-Q;nv control mode of PWM inverter is suitable. However, for a PVG

interfaced at a PV bus either Vinv-Cjlinvor Pinv-Qinv control mode can be adopted for the

inverter.

2.4 Load Flow Analysis

The equation used in each iteration k of basic Newton-Raphson's load flow [8]

method is given by

(2.12)

where,

J is the full Jacobian matrix to be computed and inverted in each iteration

I'!.Ifl is the vector of the incremental phase angles at all the PQ and PV buses

I'!. V is the vector of the incremental voltage magnitudes of all the PQ buses

17



i.e. mismatch in active power at each PV and PQ

bus

i.e. mismatch in reactive power at each PQ bus

In a PVG embedded power system the injected PVG power P;njectis fixed so

long a particular insolation persists. Therefore P;njectcan be considered in the specified

power for a bus in the load flow analysis. In case of V;nv-<jl;nvcontrol mode of the PVG

inverter when interfaced at a PV bus the net specified real power of that PV bus can be

represented as

(2.13)

where,

Then the mismatchL1P for the PV bus at where the PVG is connected is given by

where,

k+inverter bur )
L1Ppv = Prv - VpV IVi\GpV iCOSq>PVi + BpV isinq>PVi

i=! - - - -
(2.1 4)
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when i = inverter bus the phase angle fP, = fP,," which is predetermined by

equation (2.11) using the method mentioned in Sec. 2.3.1. Similarly Vi = Vinv is also

predetermined using equation (2.9) as in Sec. 2.3.1.

In case of the Pinv-Qinvcontrol mode for the PVG inverter (interfaced at a PV or

a PQ bus) its AC bus is included in the set of PQ buses of the grid system and then the

load flow is done as usual.

2.5 Harmonic Power Flow Analysis

A PVG embedded power system is subjected to a load flow analysis for each of

the considered harmonic frequency separately in a way similar to that at the

fundamental frequency. However, in harmonic power flow analysis at the harmonic

frequency (2nd and more) only the PVG inverter is the lone source while the

conventional fundamental frequency producing generator are considered turned off.

This means a large passive circuit is connected to the harmonic generator. The voltage

magnitude of the harmonic source is to be specified for each harmonic order considered.

The power flow analysis then gives voltage at other buses for each of the considered

harmonic frequencies. Eventually the voltage THD at each bus is calculated using

equation (2.15).
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where,

(2.15)

(VLL), = Line to line rms voltage at the fundamental frequency

(VLL)h = Line to line rms voltage at a harmonic frequency of order h
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Chapter 3

Results and Discussion

3.1 Introduction

As mentioned in Chapter 2 a photovoltaic generator (PVG) which is by nature a

nonlinear and variable DC current source can be interfaced at an AC power system

through pulse width modulated (PWM) inverter. Since PVG represents a distributed

generation resource, its effect has been analyzed by embedding it at a PV bus or a PQ

bus of the test system and considering day peak load of the system. To derive the

operating strategies for such a system analysis for various options are needed. So the

lo~d flow analysis of a PVG embedded power system has been done considering

variable load, insolation dependent PVG current capacity, type of interfacing grid buses

(PV or PQ) and different control modes for a PWM inverter (such as Vinv-<Pinvor Pinv-

Qiov prespecified) in two test systems of different characteristics viz. 5-bus and l4-bus .

. Also Total Harmonic Distortion (THD) analysis was done for a representative case. A

widely used power system software named DlgS1LENT 13.0 has been used in the

present work as a tool for this plethora of simulations. The software has no direct

photovoltaic source model in its library but has DC current source (IDc~Ipho),PWM

inverter models etc. Analysis of a PVG embedded power system using DIgSILENT is

not automatic rather requires user s\cill to model and integrate the power system and

PVG components, predetermine the inverter control parameters and define the problem

in an intelligent and appropriate way. However, use of an established and general

21
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purpose software like DIgSILENT (instead of writing and usmg a prototype or

customized source code) validates the simulations.

The findings of the extensive simulation tests have been presented in the form of

quantitative results and general comments for typical cases in limited spaces.

3.2 Five Bus Test System and its Performance without Embedding

Photovo!taic Generator (PVG)

In this work a five bus 138 kV power system [8] with an installed capacity of

600 MW and a day peak load of about 400 MW as shown in Figure 3.1 has been

considered. Base values for the system is 100 MVA. Appendix-A.I and A.2 give

system data.

Table 3.1 shows the load flow results of the five bus system before embedding

PVG. The load flow using full Newton-Raphson method converged in 3 iterations for a

tolerance margin of 10-5 p.u.
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Geo 1 Load I

@ :Generator
V :Toload

• : Circuit Breaker

: Bus bar

G Load 2

ck bus) Bus 2

Bus 5 Bus 3

Load 5

us4
,

Load 3 g
Geo_3

,

B

Bus I (51a

Load 4
Figure 3.1 Single line diagram of a five bus test system without embedding PVG

(Bus 1: Slack, Bus 3: PV and remaining buses PQ type)

Table 3.1 Load flow results of the ~ower s stem without embeddin!! PVG

Bus Generation Load V ljl Bus Total Total
No.

P Q P Q
(p.u.) (deg) type MW10ss MVARloss

(MW) (Mvar) (MW) (Mvar)

1 235.1073 105.9110 65 30 1.0400 0.0000 Slack

2 0 0 115 60 0.9597 -6.3259 PQ

3 180 120.1047 70 40 1.0200 -3.7514 PV 10.1405 26.0213

4 0 0 70 30 0.9100 -10.8787 PQ

5 0 0 85 40 0.9630 -6.1421 PQ
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3.3 Determining Vinv-ljIinv for the Control of the PVG Interfaced at a

PV Bus in the 5-Bus System

As mentioned in Sec. 2.3.1 the phase angle of a PV bus related as injected power

Pinjeo'using equation (2.8).

(2.8)

To determine the constants aI, bl of equation (2.8) various magnitudes of power

were considered to be injected from an external source at the PV bus (bus 3) of the five

bus test system and the load flow analysis' done in each case. The corresponding phase

angle of bus 3 is shown in Table 3.2.

Table 3.2 Variation of the PV bus angle with additional power injected at the PV
b h 5 bus ID t e - us test svstem

81 Power injected at PV bus (bus 3) PV bus angle
no. Pinject fPpv

(MW) (deg)

I 40 -0.2246

2 20 -1.9792

3 10 -2.8630

Plotting the curve fPpv vs Pinjeotas shown in Figure 3.2 the constants have been

obtained as al = 0.0880, bl = -3.7514:

,
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i
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OJ)=~~~~.= -2.6E::.
~e-

-3.6

Pinjeci (Injected power at the PV bus, MW)

Figure 3.2 Variation ofPV bus angle of the five bus test system with injected power

Figure 3.3 shows the one-line diagram of a PVG interfaced at a PV bus (bus no

3) of the test system. In this work a 50 MW, 25 leApeak capacity PVG with a nominal

voltage of 2 kV has been considered to be interfaced through a 60 MVA PWM inverter

and a 60 MYA of transformer. PVG is connected to the DC side of the inverter bus. The

PWM inverter is connected between the DC side (PVG) bus and its AC side bus.

Nominal AC voltage of the inverter bus (Vinv) is 1 kV. A 60 MYA, 6% (impedance) and

1/138 kV transformer is connected between the AC side of the inverter bus and the PV

bus of the test system.

As mentioned in Chapter 2 the voltage drop in the transformer is to be

considered and the amount of this drop depends on the amount of power transfer i.e. the

current flow through it. So it is required to keep the AC side of the inverter bus voltage

level higher than the PV bus of the system. The transfer of photovoltaic power from the

25
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AC side of the inverter bus to the PV bus of the test system depends on the inverter AC

bus voltage magnitude and the difference of phase angles at the inverter and the PV

buses.

In the Vlnv-Cjllnv control mode of the PWM inverter AC bus voltage magnitude

and phase angle are specified. On the basis of the theory developed in the Chapter 2 the

magnitude and the phase angle of the AC side of the inverter bus voltage and angle for a

. particular insolation are calculated using equations (2.8), (2.9), (2.10) and (2.11)

rewritten below.

'Pry = alPlnjoct+ bl

Vlnv = a2 L'.Ipho + b2;

o = a3 L'.Ipho + b3

Cjllnv= 'Ppy + 0

(2.8)

(2.9)

(2.1 0)

(2.11 )
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Bus I (Slack bus) Bus 2

Load 2

AC side of inverter bus

Bus 5

Load 5

Bus 3

138/lkV _60MVA

Bus4

Load 4

DC side of inverter bus

t.
Y

DC . Current Source

Figure 3.3 Photovoitaic generator interfaced at a PV bus of the 5-bus test system

As mentioned in Sec. 2.3.1, the obtained Vio" tpiOYand Pioj," for three selected

values of Ipho are shown in Table 3.3. Substituting the values of Piojc" in equation (2.8)

{fpv is obtained corresponding to each Pioj'''.
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Table 3.3 PWM inverter bus voltage (V;ov) and phase angle ('I';ov)and the PV bus
phase angle ('Ppv ) of the test system for selected pbotovoltaic currents

SI Ipho illpho = Specified Specified Amount of Phase Phase
no. (kA) (lpk -lpho) Vinv tpinv power transfer angle of difference

(kA) (p.u.) (deg) fromPWM the PV between the
inverter to the bus of the AC side of the
PV bus of the test inverter bus
test system system and thePV

Pinject 'Ppv bus of the test
(MW) (deg) system

17 (deg)

I 25 0 1.0320 3.1520 48.9147 0.5531 2.5989

2 20 5 1.0297 1.7850 39.2488 -0.2975 2.0825

3 15 10 1.0275 0.4040 29.4863 -1.1566 1.5606

Plotting the curves V;ov vs illpho (Difference between peak photovoltaic current

and available photovoltaic current) as in Figure 3.4 and 0 vs Mpho as in Figure 3.5 the

constants have been obtained as a2 = -4.5 x 10'4, b2 = 1.0320 and a3 = -0.1039, b3 =

2.5989.

1.034

"•1::• 1.032>
.S
•-S~ 1.030

•
~
u ,; 1.028-<~ ••0

• .'" 0
1.026;@

,Q

C

"•S 1.024•".i1
0

1,022C-
•:>

1.02
0 5 10 15 20 25

~Jpho (Difference between peak PVG current and available PVG current, kA)

Figure 3.4 Voltage magnitude of the AC side of the PWM inverter bus with respect to
the difference between peak PVG current and available PVG current
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o 5 10 15 20 25

.b.Ipho(Differencc between peak PVC current and available PVG current, kA)

Figure 3.5 Phase difference between the AC side of the PWM inverter bus and the PV
bus of the test system with respect to the difference between peak PVG current and

available PVG current

3.3.1 Performance Analysis for Available Currents from PVG

On substituting values of the constants ai, bl, a2, b2, a3, b3, obtained in section

3.3 equations (2.8) to (2.1 I) become respectively as in equations (3.1) to (3.4)

rpPV = 0.0880*Pinje,,+ (-3.7514) (3.1)

Vinv = (-4.5 x 104)*Mpho + 1.0320; Ipho>O (3.2)

a = (-0.1039)* Mpho + 2.5989 (3.3)

q>inv = rppv + a (3.4) (
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Table 3.4 shows the load flow results corresponding to different pairs of Vinv-

qlinv specifications. Each pair has been computed using equations (3.1) to (3.4)

corresponding to available pva short circuit current (Ipho). The load flow converged in

6 iterations. The Table lists amount of active (Pinv) and reactive (Qinv) power output of

PWM inverter, amplitude modulation index (m,) of the PWM inverter, power factor

(PFinv) of the PWM inverter, net system loss in MW (MWlo,,) and MV AR (MV ARlo,,),

bus-voltage magnitude in per unit and phase angle for each bus except the slack bus,

active (P,l"k) and reactive (Q,l"k) power generation of slack bus generator.
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Table 3.4 Load flow results for various available currents from the PVG interfaced at a PV bus (bus no. 3) of the 5-bus test
d V;nv-(J);nvcontrol mode of the PVG .s stem an --_. &&& • "'& "'_ ••

Sl Ipho Specified Specified rna PFinv Pinv Qinv Pslack Qslack PGen3 QGen3 Total Total
no. (kA) VinvCP.u.) CPinv(deg) (MW) (MVAR) (MW) (MVAR) (MW) (MVAR) MW10ss MVARloss
1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 24 1.0315 2.8820 0.8609 0.9943 47.3446 5.0410 187.3699 112.2214 180 107.8678 10.3681 20.0892

2 16 1.0279 0.6830 0.8507 0.9941 31.4876 3.3628 203.0722 109.7269 180 111.0477 10.0733 20.7746

3 10 1.0252 -0.9880 0.8441 0.9933 19.5558 2.2744 215.0755 108.0985 180 113.8631 10.0755 21.9615

4 5 1.0230 -2.3955 0.8393 0.9879 9.5895 1.5328 225.2279 106.9074 180 116.4484 10.2282 23.3558

5 1 1.0213 -3.5299 0.8361 0.8326 1.6150 1.0745 233.4358 106.0684 180 118.6491 10.4359 24.7174

Table 3.4 (extended

Sl Ipho V2 CP2 V3 CP3 V4 CP4 Vs cps
no. (kA) (p.u.) (deg) (p.u.) (deg) (p.u.) (deg) (p.u.) (deg)

15 16 17 18 19 20 21 22

1 24 0.9604 -3.9773 1.02 0.3848 0.9122 -8.0351 0.9699 -4.3211

2 16 0.9603 -4.7528 1.02 -0.9833 0.9124 -8.9732 0.9647 -4.9222

3 10 0.9602 -5.3435 1.02 -2.0238 0.9124 -9.6883 0.9645 -5.3880

4 5 0.9600 -5.8419 1.02 -2.9007 0.9124 -10.2920 0.9642 -5.7666

5 1 0.9598 -6.2441 1.02 -3.6076 0.9123 -10.7795 0.9636 -6.0786
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Figure 3.6 shows variation of slack bus active and reactive power generation

with PVG current. Since the PVG injects real power into the system slack generator has

to generate less real power. The total active power loss shows a decreasing trend with

increase in the PVG current up to a certain level as shown in Figure 3.7. Then it slightly

increases because the inverter switching loss usually varies nonlinearly with the input

DC i.e. the PVG current. Since the generator of the PV bus (Bus 3) generates less

reactive power with increase in PVG current and hence the reactive power transferred

from the PVG, generator of the slack bus generates more reactive power. However, the

total reactive power loss in the system decreases with increase in PVG current as shown

in Figure 3.7.
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Figure 3.6 The active power and the reactive power generation of the slack bus
generator versus PVG current
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Figure 3.7 The active power and the reactive power losses in the system versus
photovoltaic current

The voltage magnitudes of all the PQ buses and AC side of the inverter bus

excepting bus 4 increase slightly with PVG current while all the bus voltage phase

angles increase with increase in PVG current. The PQ bus 4 being further away from

the PVG interfaced bus i.e. bus 3, experiences slightly nonlinear variation in voltage

magnitude with increase in the PVG current.

,.
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3.3.2 Variation of Inverter Power Factor, Bus Specified Voltage and

Angle, and Modulation Index with PVG Current

The power factor of the inverter is cos(tan-1 Q;n, ). Figure 3.8 shows an abrupt
Piny

variation of the power factor in the lower range of PVG current while a gradual change

(almost small variation) with the higher range ofPVG current.

1
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'".oS 0.94•..
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I'<~

> 0.87
~ 0.86I'<

0.85 j0.84

0.83
0 5 10 15 20 25 30

Ipbo (Photovoitaic current, kA)

Figure 3.8 Variation of the powerfactor of the PWM inverter with PVG current

Figure 3.9 shows that the specified inverter AC side voltage Vinv and angle <Piov

increase linearly with the PVG current.
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Figure 3.9 The specified inverter AC side bus voltage and angle versus photovoltaic
current

Unlike specified V;nv and (jl;nv, the modulation index of the PWM inverter

increases slightly with pva current as in Figure 3.10. It can also be observed that for

the specified V;nv-(jl;nv sets this index does not exceed unity and hence complies with the

operational constraint of a sine PWM inverter. Also the inverter voltage V;nv will be in

phase with the control signal or modulating sine wave. Figure 3.11 shows that the

specified inverter AC voltage varies almost proportionately with the modulation index

rna so long rna <1.0.
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3.3.3 Performance when Same Vinv-lI'invare Specified in Case of

Change in Available PVG Current

To investigate into the effects of using the same V;nv-CP;nv for the inverter when

the available PVG current changes depending upon insolation, several simulations were

done. A representative case is shown in Table 3.5 and 3.6 for 01020%variation in the base

Table 3.5 shows the results for a V;nv = 1.0230 p.u. and a CP;nv = -2.3955°

(obtained using equations 3.1 to 3.4) specifications for the inverter control where the

PVG current was 5 kA. If those specifications were not updated as seen in Table 3.5,

the modulation index becomes low or exceeds unity value in some cases when the PVG

current varies between 4 kA to 6 kA (01020%).However, it causes same real and reactive

power transfer to the system but with a slightly disproportionate variation in the real

power loss. On the other hand, updating V;nv-CP;nv with a change in the PVG current

improves significantly the real and reactive power loss as well as power transfer to the

system, the inverter power factor and the modulation index. Also the PVG terminal

voltage remains close to the nominal voltage i.e. 2 kV.

However, for 0104%variation e.g. 4.8 kA to 5.2 kA, specifying same V;ov-CP;nv

produces insignificant change as may be seen from a comparison of Table 3.5 and Table

3.6. So same V;nv-CP;nv specifications can be recommended only for a slight variation

(0104%)in the available PVG current.
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Table 3.5 Load flow solutions at a given load for change of PVG current without
V fi . f hundatin!! ;nv""lDinvsoeci lcations or t e inverter

SI Ipho Specified Specified rna PFinv Piny Qinv Total Total
no. (kA) Vinip.u.) lpinv(deg) (MW) (MVAR) MWloss MVAR,o,"

I 4 1.0230 -2.3955 0.6580 0.9875 9.5895 1.5328 10.4327 23.3558

2 4.8 1.0230 -2.3955 0.8027 0.9875 9.5895 1.5328 10.2655 23.3558

3 5 1.0230 -2.3955 0.8393 0.9875 9.5895 1.5328 10.2282 23.3558

4 5.2 1.0230 -2.3955 0.8758 0.9875 9.5895 1.5328 10.1950 23.3558

5 6 1.0230 -2.3955 1.0554 0.9875 9.5895 1.5328 10.0988 23.3558

Table 3.6 Load flow results at a given load for change of PVG current with the
correspondin Vinv-lIlinvsoecifications for the inverter

SI Ipho Specified Specified rna PFinv Piny Qinv Total Total
no. (kA) Vinv(p.u.) lpinideg) (MW) (MVAR) MW,o," MVAR,,,,

I 4 1.0226 -2.6791 0.8386 0.9825 7.5932 1.4386 10.2755 23.6441

2 4.8 1.0229 -2.4520 0.8391 0.9871 9.1902 1.4928 10.2372 23.4328

3 5 1.0230 -2.3955 0.8393 0.9875 9.5895 1.5328 10.2282 23.3558

4 5.2 1.0231 -2.3391 0.8395 0.9878 9.9883 1.5730 10.2194 23.2794

5 6 1.0234 -2.1126 0.8402 0.9902 11.5839 1.6312 10.1865 23.0845

3.3.4 Performance with Variation of System Load

The impact of using same control parameters (V;nv-<P;nv)for the inverter was also

analyzed for 5% to 25% decrease or increase in the day peak load of 405 MW at various

available peak insolation. Tables 3.7 and 3.8 respectively shows the load flow records

for a Ipho= 5 kA and 25 kA. The generation of the generator at the pva interfacing bus

i.e. gen no. 3 was decreased in proportion to the decrease in the load so that the

available pva capacity (Ipho)could be fully utilized and as a result slack generation also

decreased. On the other hand, when the load was increased the available pva capacity
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was fully utilized while generation at bus no. 3 and slack generator increased to supply

the remainder of the required generation. The al and bl constants in equation 3.1 were

found almost the same for 5% to 25% load variation as those for the base load of 405

MW so that the same Vin'-<Pin, could be specified for load variation of up to 01025%

provided the corresponding PVG available capacity does not change. The inverter

power factor and modulation index also remain within usual and acceptable range.
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S!. IlLoad rna PFinv Pinv Qinv Pslack Q,lack PGen3 QGen3 Total Total
no. (%) (MW) (MVAR) (MW) (MVAR) (MW) (MVAR) MW10ss MVARloss

1 -25 0.8280 0.9881 9.7147 1.5127 177.9516 76.5994 121.5225 63.0450 5.8607 5.5278

2 -20 0.8347 0.9877 9.6402 1.5246 187.3248 82.4482 133.2180 121.5225 6.5980 8.56014

3 -15 0.8393 0.9875 9.5894 1.5328 196.7375 88.3992 144.9135 133.2180 7.4013 11.8486

4 -10 0.8417 0.9873 9.5633 1.5370 206.1912 94.4564 156.6090 144.9135 8.2720 15.4033

5 -5 0.8417 0.9873 9.5629 1.5370 215.6874 100.6240 168.3045 156.6090 9.2133 19.2351

6 +5 0.8343 0.9877 9.6444 1.5240 234.8144 113.3110 191.6955 168.3045 11.3200 27.7783

7 +10 0.8267 0.9882 9.7290 1.5104 244.4490 119.8410 203.3910 191.6955 12.4923 32.5169

8 +15 0.8166 0.9887 9.8449 1.4919 254.1340 126.5030 215.0865 203.3910 13.7486 37.5873

9 +20 0.8037 0.9893 9.9940 1.4681 263.8719 133.3040 226.7820 215.0865 15.0958 43.0067

10 +25 0.7885 0.9902 10.1783 1.4387 273.6653 140.2520 238.4775 226.7820 16.5364 48.7945

Table 3.7 Load flow results for the variation in load (IlLoad) from the day peak of 405 MW while PVG current is 5 kA
d V;nv = 1.0230 D.U•• (J);nv=-2.39550

<t, . ••.•..... ~
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SI. L\Load rna PFinv Piny Qiov Pslack Qslack PGen3 QGen3 Total Total
no. (%) (MW) (MVAR) (MW) (MVAR) (MW) (MVAR) MW10ss MVARloss

1 -25 0.8528 0.9945 49.8751 5.2537 137.7315 83.2208 121.5230 69.0576 6.0716 2.2783

2 -20 0.8555 0.9944 49.7167 5.2731 147.1880 88.8793 133.2180 76.4168 6.8108 5.2960

3 -15 0.8579 0.9944 49.5797 5.2898 156.6860 94.6379 144.9140 83.9306 7.6136 8.5685

4 -10 0.8599 0.9943 49.4651 5.3039 166.2271 100.5010 156.6090 91.6050 8.4823 12.1056

5 -5 0.8615 0.9943 49.3738 5.3151 175.8128 106.4720 168.3050 99.4465 9.4198 15.9182

6 +5 0.8634 0.9942 49.2660 5.3283 195.1257 118.7580 191.6960 115.6600 11.5129 24.4181

7 +10 0.8637 0.9942 49.2518 5.3300 204.8570 125.0840 203.3910 124.0490 12.6752 29.1323

8 +15 0.8634 0.9942 49.2662 5.3283 214.6413 131.5390 215.0870 132.6380 13.9197 34.1764

9 +20 0.8626 0.9942 49.3106 5.3228 224.4812 138.1300 226.7820 141.4370 15.2508 39.5674

10 +25 0.8613 0.9943 49.3870 5.3135 234.3796 144.8650 238.4780 150.4600 16.6731 45.3248

Table 3.8 Load flow results for the variation in load (L\Load)from the day peak of 405 MW while PVG current is 25 kA
d V;nv = 1.0320 P.u .• (j);nv=3.15200
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3.4 Performance Analysis under Pinv-QinvControl Mode of PVG

Inverter Interfaced at a PV Bus in the 5-Bus System

The performance of the pva interfaced at the PV bus was investigated under

Pinv-Qinvspecifications mode of control for the inverter at different available currents

from pya. Table 3.9 shows the key results for load flow.

As mentioned in Sec. 2.3.1 Pinywas specified by multiplying the available Ipho

by the nominal voltage of the pva (2 kV in the specified system). Qinvwas considered

5%-7% of Pinyprovided the ~Pi~' + Q :"' does not exceed the rated peak capacity of the

pya. However, Qin, was also varied within 8% to 10% of Pinythat resulted in lower

power factor.

Compared to the Vinv-<Pinvcontrol, the mode of Pinv-Qinvcontrol does not involve

any hassle to compute Pinv-Qinvto be specified. However, for the same Ipho it results in

less reactive power transfer to the grid while MW and MYAR losses are also slightly

higher than those under Vinv-<Pinvcontrol.
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Table 3.9 Results for P;nv""Q;nvcontrol mode of the inverter for the PVG interfaced
at a PV bus (bus no. 3)

SI IphoSpecified Specified rn, PFinv Total Total V2 V4
no. (kA) Piny Qinv MW10ss MVAR,o," (p.U.) (p.U.)

(MW) (MVAR)

I 24 48 2.4 0.8402 0.9988 10.3153 22.7882 0.9604 0.9122

2 16 32 1.6 0.8313 0.9988 10.0520 22.5414 0.9603 0.9124

3 10 20 I 0.8212 0.9988 10.0739 23.2126 0.9602 0.9124

4 5 10 0.5 0.8006 0.9988 10.2499 24.3457 0.9600 0.9124

5 I 2 0.1 0.6030 0.9988 10.8005 25.6353 0.9598 0.9123

Table 3.10 shows the load flow output for a Ipho= 24 kA using same P;nv-Q;nv

specifications for 5% to 25% decrease or increase in the day peak load of 405 MW. It is

evident that the same P;nv-Q;nvcould be specified for load variation of up to ",25%

provided the corresponding PVG available capacity does not change and has been

utilized fully as mentioned in section 3.3.4.
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Table 3.10 Load flow results for the variation in load (LlLoad) from the day peak of 405 MW while PVG current is 24 kA
and Pinv= 48 MW, Qinv=2.4 MV AR

Sl. LlLoad rna PFinv Pinv Qinv Pslack Qslack PGen3 QGen3 Total Total
no. (%) (MW) (MVAR) (MW) (MVAR) (MW) (MVAR) MW10ss MVARloss

1 -25 0.8424 0.9988 48.00 2.40 139.5685 82.8664 121.5225 72.0563 6.0140 4.9228

2 -20 0.8424 0.9988 48.00 2.40 148.8693 88.5626 133.2180 79.4128 6.7603 7.9755

3 -15 0.8424 0.9988 48.00 2.40 158.2326 94.3539 144.9135 86.9243 7.5692 11.2783

4 -10 0.8424 0.9988 48.00 2.40 167.6610 100.2441 156.6091 94.5965 8.4431 14.8408

5 -5 0.8424 0.9988 48.00 2.40 177.1569 106.2378 168.3046 102.4355 9.3846 18.6736

6 +5 0.8424 0.9988 48.00 2.40 196.3637 118.5547 191.6955 118.6422 11.4823 27.1970

7 +10 0.8424 0.9988 48.00 2.40 206;0810 124.8887 203.3910 127.0252 12.6450 31.9138

8 +15 0.8424 0.9988 48.00 2.40 215.8791 131.3476 215.0865 135.6063 13.8886 36.9539

9 +20 0.8424 0.9988 48.00 2.40 225.7623 137.9384 226.7820 144.3958 15.2174 42.3342

10 +25 0.8424 0.9988 48.00 2.40 235.7354 144.6686 238.4775 153.4047 16.6359 48.0733

44 .;.•.•~



3.5 Performance Analysis of PVG Interfaced at aPQ Bus in the 5-

Bus System

PQ bus is referred to as a load bus at which active power and reactive power are

specified. Owing to the uncontrolled voltage magnitude and angle of a PQ bus Vinv-qJinv

control mode is not feasible for the inverter of a PVG interfaced at a PQ bus. Only Pinv-

Qinvcontrol mode ofPWM inverter is suitable.

Figure 3.12 shows the one-line diagram of a PVG interfaced at a PQ bus (bus

no. 4) of the 5 bus test system.

The method to specifY the values for the Pinv-Qinvcontrol mode of the PWM

inverter is same as that for the Pinv-Qinvcontrol when the PVG is interfaced at the PV

bus as mentioned in Sec. 3.4. Table 3.11 shows the results for the various available

PVG currents. It is evident that the voltage magnitudes of the interfaced PQ bus (bus 4)

and the neighbouring PQ bus (bus 5) show significant improvement with increase in the

available PVG current compared to the cases where PVG was not interfaced and

interfaced at a PV bus.

45



Gen I

G
Load I

Bus I (Slack bus)

Bus 5

Load 5

Load 2

Bus 2

Bus 3

Load 3
Bus 4 AC side of inverter bus

g
Gen 3

Load 4
138/lkV 60MV A

DC side of inverter bus

DC - Current Source t ;y

Figure 3.12 One line diagram of a 5-bus power system where PVG is interfaced
at a PQ bus

MW and MV AR losses of the system decrease reasonably and become less than

the losses before interfacing the PVG. On the other hand, when the PVG was interfaced

at a PV bus under Vinv-q>invcontrol, MW and MYAR losse,s (Table 3.4) decreased with

PVG current but the MW loss was not less than that before interfacing the PVG.
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It is also observed that the modulation index (rna) of the inverter remains lower

than the case when PVG was interfaced at a PV bus.

It should be noted that if the set of equations (2.8), (2.9), (2.10) and (2.11) is

applied in the same way as that done for PV bus to exercise V;nv-q>;nvcontrol mode for

the PVG interfaced at a PQ bus, unique values of the constants of the equations i.e. a2,

b2, a] and b3 cannot obtained. In other words the constants determination process for

V;nv-q>;nvcontrol mode using a test sei of injections from the PVG requires arbitrary

choice of the constants in case of a PQ bus.

It was also observed through simulations iliat P;nv-Q;nv specification for a given

Ipho remains valid for ,"25% variation in the system load as in the case for interfacing

PVG with a PV bus under P;nv-Q;nvcontrol.

"At a glance" comparison of voltage profiles and MW losses for interfacing a

PVG at a PV and at a PQ bils has. been shown in Figure 3.13 and Figure 3.14

respectively. From ilie comparisons it is evident that interfacing a PVG at PQ bus is

preferable when there is option to interface it either at a PQ bus or at a PV bus.
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Table 3.11 Load flow results for various available currents for the PVG interfaced at a PQ bus (Bus No.4) of the 5 bus test
",.~ ••"' ••.••.•.••..•.•.••IIlV XIIIV _•••••••..•••••..•.•.•.•.••..•""- ••..••.•.•.•.•_•.•.._-

Sl Ipho Specified Specified Vinv <piny rna PFinv Pslack Q,lack P3 Q3 Total Total
no. (kA) Piny Qinv (p.U.) (deg) (MW) (MVAR) (MW) (MVAR) MW10ss MVAR,o"

(MW) (MVAR)
1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 24 48 2.4 0.9531 -0.7519 0.7825 0.9988 183.5640 105.4063 180 104.6619 7.2811 10.0682

2 16 32 1.6 0.9422 -4.0176 0.7656 0.9988 200.2137 104.6741 180 108.4018 7.6617 11.0970

3 10 20 1 0.9323 -6.5281 0.7488 0.9988 213.0338 104.6913 180 112.0882 8.5084 16.7795

4 5 10 0.5 0.9229 -8.6732 0.7234 0.9988 223.9535 105.1050 180 115.7862 9.4045 20.8912

5 1 2 0.1 0.9145 -10.4321 0.5405 0.9988 232.8568 105.7168 180 119.1885 10.6214 24.9054

- ---- _._- _._---- -
Sl Ipho Vz Ijlz V3 1jl3 V4 1jl4 Vs Ijls
no. (kA) (p.u.) (deg) (p.u.) (deg) (p.u.) (deg) (p.u.) (deg)

15 16 17 18 19 20 21 22

1 24 0.9603 -4.5884 1.02 -0.6934 0.9435 -3.7432 0.9742 -3.6788

2 16 0.9602 -5.1479 1.02 -1.6794 0.9355 -6.0517 0.9716 -4.4808

3 10 0.9601 -5.5795 1.02 -2.4392 0.9280 -7.8231 0.9691 -5.0939

4 5 0.9600 -5.9481 1.02 -3.0875 0.9206 -9.3325 0.9667 -5.6135

5 1 0.9598 -6.2496 1.02 -3.6173 0.9140 -10.5661 0.9645 -6.0356
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3.6 Performance Analysis for 14-bus System with Embedded PVG

Figure 3.15 shows the single line diagram of a 14 bus 138 kV power system [9]

with an installed capacity 11OOMW and a day peak load of about 780 MW. Base values

for the system is 100 MV A. Appendix-A.3 and A.4 give system data.
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The PVG is considered to be of 50 MW peak capacity with a nominal voltage of

2 kV and interfaced through a 60 MVA PWM inverter and a 60 MY A of transformer.

As mentioned in Sec. 3.3 and 3.4 either Vinv-<Piovor Pinv-Qinvcontrol mode is applicable

for the operation of the PWM inverter when interfaced with a PV bus. For interfacing

with a PQ bus only Pinv-Qinvcontrol mode is applicable.

For Vinv-<Pinvcontrol mode when the PVG is interfaced at the bus no. 6 (PV bus),

specified values ofVinv-<Pinvwere computed using the following set of four equations.

<piny= 'Ppy + a

(2.8)

(2.9)

(2.10)

(2.11 )

The constants have been determined to be as follows usmg the procedures

mentioned in Sec. 3.3.

al= 0.1401, b1= -13.3929

a2= - 4.5 x 10-4, b2=1.0820, a3=0.0960, b3=2.5989.

Table 3.12 shows the key results for Vinv-<Pinvcontrol after interfacing the PVG

at bus no. 6 of the 14 bus system. It is observed that both modulation index and power

factor of the inverter increase with available PVG current. Since the PVG has been

modeled by an ideal DC current source that can not consider the power output limit of a

PVG at a given insolation due to DIg SILENT limitations, the simulations at lower

available PVG currents (7 kA and less) show that nominal PVG output voltage (DC bus
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voltage) can not be maintained rather the voltage rises abnormally being accompanied

with a drastic fall in the modulation index.

Table 3.12 Load flow results for variations in available current from the PVG
interfaced at a PV bns (bus no. 6) of the 14 bus test system and Vmv""ljlinvcontrol

mode of inverter

Sl Ipho Specified Specified rna PFinv Piny Qinv Total Total Votage of
~o. (kA) Vinv q>inv (MW) (MVAR) MW10ss MVAR,o" the

(p.u.) (deg) inverter's
DC side
VDc
(kV)

I 24 1.0815 .4.5105 0.8958 0.9933 47.5080 5.5079 23.8380 102.8734 2.0030

2 16 1.0779 -7.4570 0.8879 0.9931 31.5640 3.7100 24.3649 107.8486 2.0023

3 10 1.0752 -9.6889 0.8815 0.9915 19.6166 2.5669 24.9790 112.5535 2.0044

4 9 1.0748 -9.9990 0.8633 0.9917 17.9613 2.3284 25.0951 113.3670 2.0447

5 8 1.0743 -10.3980 0.8670 0.9912 15.8387 2.1106 25.2243 114.3510 2.0338

6 7 1.0739 .10.8000 0.8728 0.9894 13.7092 2.0069 25.3584 115.2570 2.0186

7 6 1.0734 .10.7990 0.7399 0.9943 13.6889 1.4650 25.5174 115.8060 2.3780

8 5 1.0730 -10.8990 0.6307 0.9964 13.1445 1.1148 25.7650 116.3660 2.7867

9 I 1.0713 .13.0040 0.2486 0.8905 2.0749 0.9544 32.2266 121.2893 7.0449

The effect of using same Vinv-lpinvwhen the insolation change was analyzed. It

was found to produce insignificant change for up to 0,4% variation in the insolation for

a given load.

The impact of embedding the pva at the same bus has also been analyzed

considering Pinv.Qinvcontrol of the inverter. As in Sec. 3.4 for Pinv.Qinvcontrol mode,

the specified Piny is calculated multiplying available pva current and nominal voltage

of the pva while specified value Qinvis computed taking 5%.7% of Piny.As mentioned

before computations for the Pinv-Qinvcontrol mode is easier than for the Vinv-lpinvcontrol
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mode. Compared to the V;ov-<P;nvcontrol, the MW loss is less in general and the DC bus

voltage can be maintained close to the nominal value (Vnom-pho) for the PVG current up

to 4 kA through P;nv-Q;nvcontrol as shown in Table 3.13.

Table 3.13 Load flow results for variations in available current from the PVG
interfaced at a PV bus (bus no. 6) of the 14 bus test system and P;nv-Q;nvcontrol

mode ofinverter

Sl Ipho Speci- Speci- Vinv <Piny m. PFinv Total Total Votage of
no. (kA) fled fled (p.u.) (deg) MW10ss MVAR'n" the

Piny Qinv
inverter's

(MW) (MVAR) DC side
VDC
(kV)

I 24 48 2.4 1.0787 -4.3874 J.8798 0.9987 23.8325 105.9002 2.024

2 16 32 1.6 1.0760 -7.3551 0.8711 0.9987 24.3557 109.8412 2.0304

3 10 20 I 1.0738 -9.6022 0.8608 0.9987 24.9715 113.9860 2.0447

4 5 10 0.5 1.0719 -11.4901 0.8395 0.9987 25.6455 118.2398 2.0887

5 4.5 9 0.45 1.0717 -11.6800 0.8350 0.9987 25.7230 118.7058 2.0992

6 4 8 0.4 1.0715 -11.8690 0.8293 0.9987 25.8032 119.1794 2.1127

7 3 6 0.3 1.0712 -12.2490 0.8122 0.9987 25.9746 120.1489 2.1557

8 2 4 0.2 1.0708 -12.6300 0.7760 0.9987 26.1769 121.1485 2.2547

9 I 2 0.1 1.0704 -13.0111 0.6324 0.9987 26.5969 122.1783 2.7645

The effect of load variation up to ,,25% from the day peak load 780 MW when

insolation remains unchanged has been analyzed with and without updating V;nv-<P;nv

corresponding to available PVG current of 10 kA. It was observed that updating V;nv-

<p;nvdoes not produce significant difference in the output results for a load variations of

up to ,,25%. This was also valid for P;nv-Q;nvmode of control i.e. updating P;nv-Q;nvis

not required so long the load change witlrin ,,25% at a given insolation.
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Following three additional cases have also been analyzed through load flow

analysis using P;ov-Q;nvcontrol mode.

I. A PVG interfaced with a PQ bus

2. Two PVGs interfaced with a PV and a PQ bus concurrently

(one at each bus)

3. Two PVGs interfaced with two different PQ buses

concurrently (one at each bus)

Table 3.14 compares one of the key performance e.g. MW losses of the system

for the three cases with P;nv-Q;nvcontrol and that before embedding a PVG. Figure 3.16

compares the system voltage profile before and after interfacing the PVG for all the

cases and show better profile for embedding PVGs at PQ buses. Also it is worth noting

that embedding higher number of PVGs can reduce the system loss more.

Table 3.14 MW loss in the 14 bus system before and after interfacing the PVG in
four cases with Pinv-Qinvcontrol mode of the inverter

81 Ipho PVGata Two PVGs ata Two PVGs at Before
no. (kA) PQbus PV and a PQ bus two different PQ buses PVG

concurrently concurrently

Voe Total Voe Voe Total Voe Voe Total Total
(kV) MW1o," (PVG (PVG MW10ss (PVG (PVG MW10ss MW10ss

at bus at bus at bus at bus
no. 6) no. 12) no. 12) no. 14)

I 24 2.0241 27.0437 2.0240 2.0241 24.2407 2.02404 2.02564 17.3064

2 16 2.0306 26.7640 2.0304 2.0306 24.2311 2.0306 2.0317 18.4247

3 10 2.0449 26.6267 2.0447 2.0449 24.7978 2.0449 2.0457 20.5503 26.1382

4 5 2.0888 26.5604 2.0887 2.0888 25.6726 2.0888 2.0893 23.2629

It should be noted that the load flow analysis converged in 4 iterations before

and after interfacing the PVG.
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Figure 3.16 shows the voltage profile at all buses in the 14-bus test system before and after interfacing the PVG for four cases with
Pinv-Qinv control mode of the inverter
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3.7 Analysis of Total Harmonic Distortion (THD) due to an

Embedded PVG

The output voltage of an inverter is not a perfect sine wave and contains

harmonics i.e. multiples of fundamental frequency jj. For a PWM inverter the

percentage of the fundamental components in terms of the input DC voltage is always a

linear function of the amplitude modulation ratio m, if rna :0:1.0.

,
V control

Vtri

where,

m, is the amplitude modulation ratio and for linear modulation lIla :0:1.0

,
V co,"O' is the peak amplitude of the control or modulating signal

,
V tri is the amplitude of the triangular or carrier signal

A V DC
(V AN)l=m,(--)

2

where,

(V AN ),is the peak amplitude of the fundamental frequency component

(3.5)

(3.6)

VDC is the input voltage of the inverter i.e. the DC bus voltage which is also

equal to the output nominal voltage (Vnom-pho) of the PVG interfaced with the

grid through the inverter
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Equation (3.6) can be expressed in terms of the line-to-line voltage as,

.J3A
J2 (V AN)'

or

where,

(V LL ), = 0.612 m,
VDC

(VLL)1 is the line-to-line rms voltage of the fundamental frequency

As for instance,

(3.7)

for m, =0.8, (V LL)' - 0.49
VDC

In a work [2] the typical frequency spectrum of a PWM inverter output voltage

waveform has been analyzed to determine the order of harmonics present as in equation

(3.8) and their ratio to the input DC voltage at a given modulation index m, as in Table

3.15. It should be noted that while the fundamental component is a linear function ofm,

(for m, :::1.0) the harmonics amplitudes do not vary linearly with rna.

h = j mJoC k

where,

(3.8)

h is the order of harmonics excluding 3 or multiple of 3 for the line-to-line

voltage,
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values of parameters j and k are related as follows in their usual range

J I 2 3 4

k 2,4 1,5 2,4 1,5,7

frequency modulation ratio, m! = f, ,
f,

when j; is the carrier or triangular wave frequency, and

f, is the fundamental frequency

The value m! is usually an odd integer >9 and typically equal to 39 i.e. j; =1.95

kHz so that the switching loss is not much and audible noise is not produced being

outside the 6 kHz to 20 kHz range.

Table 3.15 Harmonic order and corresponding values of (Y LL )h
YDC

for ma=O.8and

39m(=
Harmonic order Line-to-line harmonic voltage as a ratio of input DC voltage

h (Y LL )h

YDC

35 0.005
37 0.135
41 0.135
43 0.005
73 0.008
77 0.192
79 0.192
83 0.008
113 0.064
115 0.108
119 0.108
121 0.064
149 0.010
151 0.051
155 0.064
157 0.064
161 0.051
163 0.010
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Using the value of h and corresponding (V LL )h
VDC

equation (3.9) can be obtained.

, m,=0.8 and equation (3.7) the

(3.9)

Using the equation 3.9 and the ratios of (VLL
)h in the Table 3.15 the line-to-

VDC

line harmonic voltage magnitudes have been calculated in this work as in Table 3.16 as

percentage of the inverter fundamental output voltage magnitude.

Table 3.16 Percentage values of the harmonic voltage magnitudes in terms
of fundamental freQuencv output volta"c
Harmonic voltage magnitude in % of inverter fundamental

Harmonic order
output voltage magnitude

h (V LL )h

(V LL)1

35 1.02

37 27.55

41 27.55

43 1.02

73 , 1.00

77 23.98

79 23.98

83 1.00

113 7.99

115 13.49

119 13.49

121 7.99

149 1.25

151 6.37

155 7.99

157 7.99

161 6.37

163 1.25
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The harmonics as percentage of the fundamental obtained in Table 3.16 have

been specified as input data for doing a harmonic power flow analysis using the

DIgSILENT 13.0. Then the THD is obtained.

For the 5-bus test system the case of interfacing a PVG with a PV bus under

Vinv-<Pinvor Pinv-Qinvcontrol was analyzed for THDs at different available PVG currents.

THDs at all the grid buses for Ipho=1 kA and 24 kA are shown in Table 3.17 as the

representative cases. Notably the THD analysis is found almost the same for Vinv-<Pinvor

Pinv-Qinvcontrol mode. It was observed that the THD at a bus decrease with increase in

the distance from the AC side of the inverter bus and shows slightly higher value for the

higher available PVG current. The THD at the inverter AC bus, the grid system bus 3 at

which the PVG was considered interfaced and at its neighbouring buses (bus I and bus

2) exceeded the IEEE standard 519 limit [10] i.e. 2.5% for 138 kV system. This

suggests the need of an appropriate filter at the inverter AC bus.

Notably use of higher switching frequency [2] outside the range of audible noise

i.e. f, <6 kHz or f, >20 kHz may also make the filtering of harmonic easier though the

switching loss will increase.

Table 3.17 Voltage THD for all the buses while the PVC is interfaced at a PV bus
(bus 3) of the S-bus test system corresponding to harmonic generated as in Table

3.16

Sl. No. Jphn Voltage THD in % of system voltage
(kA)

Bus 1 Bus2 Bus 3 Bus 4 BusS AC bus of inverter

I I 7.57 18.78 23.97 1.77 1.55 58.98

2 24 7.63 18.92 24.15 1.78 1.56 58.98
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The THD in case of interfacing a PVG with a PQ bus through the PWM inverter

in the 5-bus test system has been analyzed for different available PVG currents and

shown for all the system (grid) buses for I kA and 24 kA in Table 3.18. It was observed

that the THD at the inverter AC bus and only at bus 4 where the PVG was considered

interfaced exceeded the IEEE standard limit i.e. 2.5% for 138 kV system. So it is

evident that the PWM inverter gives less distortion and affects THDs at less number of

buses when the PVG is interfaced at a PQ bus than at a PV bus.

Table 3.18 Voltage THD for all the buses while the PVG is interfaced at a PQ bus
(bus 4) of the 5-bus test system corresponding to harmonic generated as iu Table

3.16

SI. No. Ipho Voltage THD iu % of system voltage
(kA)

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 AC bus ofinverter

I I 0.22 1.23 1.10 12.25 1.17 58.98

2 24 0.22 1.27 1.14 12.32 1.20 58.98

Also noteworthy is that like PVG at a PV bus, an appropriately designed filter at

the inverter bus can reduce harmonics so that the high THD at the interfacing bus will

come down to the IEEE limit as approved in the case of a PVG interfaced at a PQ bus.

3.8 Summary of Operating Strategies for PVG Embedded Power

System

Based on extensive simulations on two test systems of different characteristics

viz. a 5 bus and a 14 bus system the salient operating strategies may be formulated as

"follows
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I) The PWM inverter that interfaces the PVG at a PV bus can be controlled

2) The Vinv-<Pinvto be specified are computed using a pre determined set of 4

simple algebraic equations in a trivial time that require knowledge of peak

(Ipk i.e. rated) and available (Ipho)photovoltaic current, and nominal voltage

of a PVG i.e. Vnom.phowhich is the inverter DC side bus voltage V DC.

3) The Viov-<Pinvspecified under the day peak load remains valid up to ,,25%

variation in the load for a given Ipho provided the corresponding PVG

capacity has been fully utilized.

4) The Vinv-<Pinvspecified for a given Iphocan also be used if Iphovaries by ,,4%

provided the system load does not change. Beyond this range, the PWM

inverter's modulation index will exceed unity ifVinv-<Pinvare not updated and

the DC bus voltage can not be maintained at the nominal value.

5) Compared to Vinv-<Pinvcontrol, Pinv-Qinvspecification is easier. This requires

setting Pinyas the product of available Iphoand nominal voltage Vnom-pho.The

Qinv is set as 5% to 7% of Piny to achieve near unity power factor of the

inverter. The specification of Pinv-Qinv for a given Ipho remains valid for

,,25% variation in system load like Vinv-<Pinv. However, for a variation in

Ipho,Piov-Qinvcan easily be respecified.

6) The PWM inverter that interfaces a PVG at PQ bus can be controlled using

only Pinv-Qinv control mode. In this case also Pinv-Qinv updating is not

essential unless the load varies beyond ,,25%.

7) In general embedding a PVG at a PQ bus provides better performances than

when embedded at a PV bus. Also the more the number ofPVGs embedded

the better will be the system performances.
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8) The PWM inverter should preferably be operated in linear modulation range

(m, :'01.0).Because this will provide a PWM output and the fundamental

frequency component of inverter output voltage will vary almost

proportionately with the modulation index. However appropriate filter needs

to be used to reduce THD at various system buses to the acceptable limit

regardless of the value of the modulation index.
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Chapter 4

Conclusion

4.1 Conclusion

Operating strategies for a PVG embedded in a large high voltage system has not

been investigated into adequately till now. In this work this has been attempted. Due to

be fewer harmonic, easier control and smaller switching losses PVG is interfaced using

the pulse width modulated (PWM) inverter. Based on extensive load flow analysis of

two test systems of different characteristics viz. a 138 kV 5-bus system (day peak 400

MW) and a 138 kV l4-bus system (day peak 780 MW) the salient operating strategies

can be formulated as follows

i) PVG can be interfaced at any PV or PQ bus of the system.

ii) For the interfacing of the PVG at a PV bus the PWM inverter can be

controlled using Vinv-<Pinvor Pinv-Qinvcontrol mode.

iii) The specified values of Vinv and <Pinyhas been computed using a pre

determined set of 4 simple algebraic equations in a trivial time for the

available solar insolation where knowledge of peak (lpk i.e. rated) and

available (lpho) photovoltaic current, and nominal voltage of a PVG i.e.

Vnom-phowhich is the inverter DC side bus voltage . These quantities can

always be monitored from a single photovoltaic cell installed at the same site

and then extending those for the number of cells in series and parallel paths

in the PVG.
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iv) The V;n,-<P;n,specified under the day peak load remains valid up to 01025%

variation in the load for a given Ipho provided the corresponding pva

capacity has been fully utilized ..

v) The V;n,-<P;nvspecified for a given Iphocan also be used if Iphovaries by 0104%

provided the system load does not change. Beyond this range, the PWM

inverter's modulation index will exceed unity if V;nv-<P;nvare not updated and

the DC bus voltage can not be maintained at the nominal value.

vi) Compared to V;nv-<P;nvcontrol, P;nv-Q;n, specification is easier. This requires

setting P;nvas the product of available Iphoand nominal voltage Vnom-pho.The

Q;nv is set as 5% to 7% of P;nv to achieve near unity power factor of the

inverter. The specification of P;nv-Q;nv for a given Ipho remains valid for

01025% variation in system load like V;nv-<P;nv. However, for a variation in

Ipho,P;nv-Q;nvcan easily be respecified.

vii) The PWM inverter that interfaces a pva at PQ bus can be controlled using

only P;nv-Q;nv control mode. In this case also P;nv-Q;nv updating is not

essential unless the load varies beyond 01025%.

viii) In general embedding a pva at a PQ bus provides better performances than

when embedded at a PV bus. Also the more the number of pyas embedded

the better will be the system performances.

ix) The PWM inverter should preferably be operated in linear modulation range

(m, :":1.0). Because this will provide a PWM output and the fundamental

frequency component of inverter output voltage will vary almost

proportionately with the modulation index. However appropriate filter needs

to be used to reduce THD at various system buses to the acceptable limit

regardless of the value of the modulation index.
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4.2 Recommendations for Further Research

The following points are worthy of further investigations.

a)

b)

The proposed operating strategies can be implemented

developing an experimental prototype.

The results of simulation studies can be applied in the

practical generation and load dispatch and security analysis of

a grid system in which one or more PVGs are embedded.
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APPENDIX-A

10fTable A.l Line data 0 the 138 kV 5-bus system, base value = OMVA

Line, Length R X Charging*
bus to bus (km) (Q) (Q) Mvar

I to 2 64.4 7.9856 32.0068 4.1

I to 5 48.3 5.9892 24.0051 3.1

2 to 3 48.3 5.9892 24.0051 3.1

3 to 4 128.7 15.9588 63.9639 8.2

3 to 5 80.5 9.981999 40.0085 5.1

4 to 5 96.5 11.966 47.9605 6.1

. . charging MVAR x 10'* half chargmg susceptance m 1115- r:;
2,,3 (VLLinkV)2

Table A.2 P, Q and V at eaeh bus of the 138 kV 5-bus system,
base value = 100 MVA

Bus Generation Load V <p Bus
No. P Q

(p.u.) (deg) type
P Q

(MW) (Mvar) (MW) (Mvar)

I ...... . ..... 65 30 1.04 0 Slack

2 0 0 115 60 1.00 0 PQ

3 180 ...... 70 40 1.02 0 PV

4 0 0 70 30 1.00 0 PQ

5 0 0 85 40 1.00 0 PQ

(
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100MVAt bT b\ A 3 L' d t fth 138 kV 14 ba e me a ao e - us sys em, ase va ue =
Line, R X Half line Charging susceptance

bus to bus (p.u.) (p.u.) (p.u.)

\ to 2 0.0\938 0.059\7 0.02640

2 to 3 0.04699 0.\9797 0.02\90

2 to 4 0.058\\ 0.\7632 0.0\870

\ to 5 0.05403 0.22304 0.02460

2 to 5 0.05695 0.\7388 0.01700

3 to 4 0.0670\ 0.\7103 0.0\730

4 to 5 0.01335 0.04211 0.00640

5 to 6 0.0 0.25202 0.0

4 to 7 0.0 0.\76\5 0.0

7 to 8 0.0 0.176\5 0.0

4 to 9 0.0 0.556\8 0.0

7 to 9 0.0 0.11001 0.0

9 tolO 0.03181 0.08450 0.0

6 to 1\ 0.09498 0.19890 0.0

6 to 12 0.12291 0.25581 0.0

6 to 13 0.066\5 0.13027 0.0

9 to 14 0.12711 0.27038 0.0

10 to \1 0.08205 0.\9207 0.0

12 to 13 0.22092 0.19988 0.0

\3 to 14 0.17093 0.34802 0.0

(
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Table A.4 P, Q and V at each bus of the 138 kV 14-bus system,
base value = 100 MV A

Bus Generation Load V Ip Bus
No. P Q P Q

(p.u.) (deg) type

(MW) (Mvar) (MW) (Mvar)

I ...... . ..... 0 0 1.060 0 Slack

2 240 0 65.10 52.08 1.045 0 PV

3 150 ...... 282.60 226.08 1.010 0 PV

4 0 0 143.40 114.72 0 0 PQ

5 0 0 22.80 18.24 0 0 PQ

6 120 ...... 33.60 26.88 1.070 0 PV

7 0 0 0 0 0 0 PQ

8 120 ...... 0 0 1.090 0 PV

9 0 0 88.50 70.80 0 0 PQ

10 0 0 27.00 21.60 0 0 PQ

11 0 0 10.50 8.40 0 0 PQ

12 0 0 18.30 14.64 0 0 PQ

13 0 0 40.50 32.40 0 0 PQ

14 0 0 44.70 35.76 0 0 PQ

(
"
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