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ABSTRACT

KEYWORDS: Weak Grid, Impedance, X/R Ratio, MATLAB

Weak Grid is a grid which has short-circuit capacity lower than the load demand. Due
to increase in renewable energy generation, the number of weak grids in operation have
increased. The attempt here is to identify whether a grid is weak or not. It is found that
X/R ratio of a grid can determine whether the grid is weak or not.For this reason, the
problem is tackled by using a method used to identify the impedance of a given grid. A
method used to identify the grid is implemented in MATLAB and verified by changing
the grid impedance values. For the identification of impedance, different disturbances

are created and generated and are successfully used to identify impedance of a grid.
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CHAPTER 1

INTRODUCTION

The present scenario in power systems has a dire requirement for increase in power
generation from renewable sources, which are solar and wind power. The power gener-
ated by these generators is not constant and keeps varying in intensity according to the
conditions present. The power grids which are connected using these kind of sources
are called weak grids. In weak grids, due to high ohmic value of source impedance due
to design restrictions, there is a significant drop in voltage when power is delivered to

the load.

By taking advantage of the ohmic characteristics of weak grid, the aim of project
is to identify the impedance of a grid, which will help in identification of a weak grid
from distribution point of view. Another aspect studied in the project is change in power

quality due to different disturbances which can occur in a grid.

1.1 Objective

The objective of project is to identify a method used for identification of grid impedance,

and to find a method which can use grid impedance to identify whether the grid is weak.

1.2 Organization of Report

Chapter 2 gives a brief introduction to grids an insight into how grids are classified.
Chapter 3 explains the method used for identifying the impedance of a grid.

Chapter 4 shows simulations done on impedance identification of grid and tests done to

verify the correctness of method used.

Chapter 5 is about how different disturbances occur in a grid and brief power quality

analysis for the disturbances.

Chapter 6 gives conclusion and scope for future work



CHAPTER 2

CLASSIFICATION OF GRIDS

Grid is an interconnected network of sources, loads and transmission lines which trans-

mits power from supplier to the consumer. It can be split into three parts

e Generation: Generating stations generate electrical power to be supplied to loads.

e Transmission: Transmission lines are high voltage lines which carry electrical
power from generators to consumers.

e Distribution: Distribution system is referred to load centers where the electrical
power is consumed.

2.1 Types of Grids

From the prospective of load, grids are classified depending on whether the load affects

the grid voltage and frequency as follows :

e Strong Grid
o Weak Grid

e Micro Grid

2.1.1 Strong Grid

A grid is generally referred to as an ideal strong grid when the the grid voltage and
frequency are independent of the nature of load, and the current drawn by the load.
However, in reality we can define strong grid as a grid in which there is minimal affect

of load and current drawn by the load on grid voltage and frequency.

Strong grid can be characterized as a grid which has short-circuit capacity much

greater than the load size, i.e. current drawn by the load.



Strong Grid

Fixed: V, f{ sem

Load

Figure 2.1: Strong Grid: Voltage and frequency unaffected by load

2.1.2 Weak Grid

A grid is referred to as weak grid when the short-circuit capacity of the system is less
than the load demand. Generally, as the size of weak grid is large, frequency of grid can

still be considered fixed even for small changes in local load.

Weak Grid 1% Load

Fixed: fyem

Livad

Figure 2.2: Weak Grid: Voltage is affected by the load

2.1.3 Micro Grid

Micro-grids are generally referred to loads which are kept in operation when connected
from the main grid by locally generated power matching the load. In this system, the
power generators have low short-circuit capacity and are used for low voltage, for ex-
ample an inverter providing power to a house when there is power outage.Hence, load

can affect both voltage and frequency of the system.

‘/’ \‘V.Yffm 1 1 ‘/’ system
DG Js Micro Grid s Load

lgen Uoad

Figure 2.3: Micro Grid: Both voltage and frequency are affected by the load



2.2 Weak Grid and its characterization

2.2.1 Properties of Weak Grid

The following figure shows the voltage-current characteristics of different grids and

loads.

additional

V a load
/ Strong Grid

/ additional
/ voltage
/ drop

) Weak Grid

>
1 base load I

Figure 2.4: Weak Grid Droop Characteristics in comparison to Strong Grid

In figure [2.4] solid line refers to voltage-current characteristics of source and dotted
line refers to voltage-current characteristics of load. The point of intersection of the
two characteristics gives the operation point of the grid. As we can see from the figure,
strong grid has a flat voltage-current characteristics whereas in a weak grid, current
drawn from grid causes a voltage drop, which is a droop function at the point of common
coupling (PCC'), where the slope depends on the grid impedance and the power factor
of load (Bollen et al.|(2005)).

The relation between voltage drop and the load current is as shown in equation [2.1]

AU = (Rscos¢p + Xssing) I (2.1)



where
AU = Voltage drop at the PCC
R, = Grid Resistance as seen from PCC
X, = Grid Reactance as seen from PCC
¢ = Power Factor of load

I = Current flowing through the load

2.2.2 Characterization of Weak Grid

A grid can be characterized by different parameters. Beneath its voltage level and its
total power capability the short circuit capacity (SCC) can be defined. The SCC is
the amount of power flowing at a given point in case of a short circuit. It is mainly
dependent on the rated voltage, U and the absolute value of grid impedance Z,, which
can be measured at this point. The grid impedance is the sum of impedances of many
grid components and typically differs from region to region. One part of it consists
of the impedance of the transmission line itself which mainly depends on mate- rial,
diameter and length of the line. Transformers are used to connect lines with different
voltage levels. They are typically high inductive. To reduce the burden of the grid
from reactive power flows and to stabilize it, special compensation devices are installed
which are typically capacitive in nature. And different loads make a big contribution
towards the grid impedance as well. They can change during the day and can have

ohmic, inductive or capacitive character (Grunau et al.|(2012)).

If an active load with rated power of Sg is connected to the grid and grid impedance

is assumed to be Z;, short circuit ratio SC'R can be defined as shown in equation

scC U

SCR = S 7.5,

2.2)

If SCR of a grid is smaller than 10, the grid is considered as a weak grid Strachan
et al.| (2010).

Grid can also be characterized by the ratio of reactive and ohmic parts of the grid



impedance Z,, called % ratio(xrr). With the help of grid impedance and xrr, the

reactive amount X, and ohmic amount R, can be calculated from equations[2.3]and

Zs
Xy = —F/——— (2.3)

1+ ()2

Z
Ry= ——7—— (2.4)

V 1+ (wrr)?

Weak grids typically have a low xrr, such as 0.5, so they have an ohmic character.



CHAPTER 3

IMPEDANCE IDENTIFICATION PROCESS

There are various methods to identify grid impedance and each method has its own
advantages and disadvantages. The main aim is to achieve accurate measurement of
grid impedance in frequency spectrum for atleast fifteen to twenty harmonics which

will significantly help in power quality analysis of the grid as well.

The most important problem faced in impedance identification is that there is no
freedom to turn-off and turn-on the grid whenever there is a requirement for measure-

ment of impedance. So impedance identification measurements have to be done on-line.

The method presented in this chapter is aimed at identifying grid impedance for the
purpose of identifying a grid as a weak grid. Hence, these methods may not work well
for identifying grid impedance of all kinds of grids but will definitely work efficiently

for identification of a weak grid.

3.1 Method used for identification

From the impedance identification point of view, there is no significant difference be-
tween the system and its load, except for the system ability to deliver energy at the
fundamental frequency. Equivalent harmonic sources in the system and the load linear
models can be situated either in the system side or the load side of the PC'C, with dif-

ferent contributions to the observed voltage in the accessible cross-section(figure [3.1)).

By using different current measurements i, (t) and i;,,4(t) as shown in figure
it is possible to identify source impedance as well as load admittance. In general, as

| Zioaa(W)| >> | Zs(w)

, the disturbed current will mainly flow through system side and

hence, source impedance identification is easier (Staroszczyk (2005)).



Liys(t)

iload(‘[)

HGD

u(t)

Eys (™

Figure 3.1: Equilvalent model of system and load voltage/current signals

There is no measurement problem in direct signal (i(¢)/u(t)) observations, so the
knowledge of source impedance Z4(w) and load admittance Y,qq(w) fully describes
the linear model of the system. But as the requirement is the identification of source

impedance Z4(w), identification methods for load admittance are not discussed further.
The method for identification can be divided into two parts as follows:

e Generation of harmonics and measurement of signals

e Processing the acquired signals and identifying source impedance from the mea-
surements.

3.1.1 Derivation of expression

To obtain the expression for source impedance, a simple circuit consisting of a voltage
source with rms voltage V' and source impedance R, + j X is considered. This source
is connected to a load with load impedance Z; as shown in figure [3.2] For finding out the
effective source impedance, system is injected with harmonic currents by using simple
low impedance short for a short time at the PC'C', which in this case is the node which

connects source impedance and load.



Figure 3.2: Equivalent circuit used for analysis

For the circuit shown in figure by adding the short-circuit impedance Z,. and
switch Sy at the PCC, the circuit will look as shown in figure[3.3]

v </\’> vl 2[] “

Figure 3.3: Equivalent circuit with harmonic generating device

The circuit shown above has two modes of operation:

e Switch S is off

e Switch S is on

The figure below shows the circuit diagram when switch S is off. Voltage at the

PCC and system current when switch 57 is off are assigned U; and ;.

Figure 3.4: Effective circuit when switch S is off



The equations for circuit in figure are given below. By applying K'V L to the loop,

equation [3.1]is obtained.

V =(Rs+ jXs)is + Uy (3.1)
U1 - ’i1Zl (32)

The figure below shows the circuit diagram when the switch S; is on. Voltage at the
PCC and system current when switch S; is on are assigned U, and i,. The current

flowing through load is assigned 7.

Figure 3.5: Effective circuit when switch S is on

In circuit in figure 3.5|applying KV L for loop 1, we get

V = (R + j X, )is + (is — i3) Zs. (3.3)

For the same circuit, applying K'V L for loop 2, we get following equation
i3Z) + (i3 — i2) Zse = 0

= i :i2<1+ ZZ’) (3.4)

By applying KC'L at PCC, the current through Z,., i, flowing into Z. from the

source can be written as

lz,, = 12— 13 (3.5)

Voltage at PC'C, Us is the voltage across Z,.. Hence by Ohm’s Law,

Us =iz, Zs (3.6)

10



Substituting iz, from equation
Uy = (g — i3) Zse (3.7

Now, by substituting i3 from equation [3.4

o Z,
UQ = (7,2 — 19 (1 + Zslc>)Zsc

Uy = —i97; (3.8)

Using equation [3.7)in equation [3.3] we get

V = (Ry + jX,)is + Uy (3.9)

As the voltage generated by generator is same irrespective of load variations, V' in

equations [3.1)and [3.9)are equal. So RHS of equations [3.1]and [3.9) are equated.

(Rs + jXS)il +U, = (Rs +sz)i2 + U,

(Rs + jXs)(iy —iz) = Uy — Uy

Uy, —U
= Ry +jX, = 22— (3.10)
11 — 12
As Z, = Ry + j X,
z,= U (3.11)
11 — 12

As the analysis is done in frequency domain, the above equation is valid for fun-
damental frequency. By assuming that the voltage generated by generator has only
fundamental frequency, we can say that voltage generated at other frequencies is zero
whether the switch S; is on or off. Hence by analyzing the same circuit for different
frequencies will yield the same result, with the only difference being that V' is zero.
So, by transforming the voltage measured at PC'C' and current through the system to

frequency domain, Z, can be calculated at all the frequencies.

11



3.2 Signal Processing

The signals obtained are samples that are transformed into frequency domain for do-
ing calculations in order to obtain frequency spectrum of impedance. The current and
voltage signals obtained are converted into frequency domain by using Discrete Fourier
Transform (D F'T’). The system is injected with harmonic currents and data is collected

for one period in the disturbed state and for one period in normal state.

For a signal x,..[n] which is periodic with period L where n = 0,1,2,..., L — 1, the

signal can be converted to a finite-length signal z[n| for calculating its D F'T" as follows:

Tper[n], n=0,1,2,..L—1
xn| = (3.12)

0, otherwise

Now, for the finite length signal z[n], the DF'T coefficients are as follows:

T
)

27kn

X[kl=)» znlet, k=0,1,2,..L—1 (3.13)

i
o

According to the sampling frequency Fy chosen, frequencies can be correlated to X [k]

samples chosen as follows:

k
fl=%7 k=012.L-1 (3.14)

where f[k]| are the frequencies corresponding to X [k].

The above equations are used to obtain the frequency response of voltage and current
from which equation can be used to compute Z; at each frequency f[k| and hence

impedance-frequency plot is obtained.

12



CHAPTER 4

SIMULATION FOR IMPEDANCE IDENTIFICATION
OF GRID

The method explained in chapter [3] is implemented in simulations. For simulations,
MATLAB® and MATLAB SIMULINK® are used. Firstly, circuits used for simula-
tions are made in SIMULINK, and the voltage and current plots are obtained which
are then transferred into MATLAB workspace. In MATLAB, the voltage and current
data obtained are transformed into frequency domain by using F'F"T" module, which
efficiently calculates D F'T' of voltage and current. This data is used to calculate source

impedance Z; and the frequency plots of Z; are plotted.

To verify the accuracy of measurements, different known filters are used and the
changes in impedance plots are recorded. Then the changed plots are then compared to
the ideal plots of source impedance by taking a thevenin equivalent of source from the

obtained results.

4.1 Simulation Parameters

Simulations are done for different situations involving different sources and loads. The

common simulation parameters for all kinds of sources and loads used are as follows:

e Solver used: ode3 fixed step solver at step size of 1079,

e Sampling frequency used is 1 M H z.

Parameters used when load is modelled in a way that it takes time in order of micro
seconds to achieve stationary operation, system will reach steady-state immediately in

simulation, and the following parameters are used:

e Simulation is run for 0.08 s, which is four periods.

e Disturbance is given for 1 ms at 0.05 s, i.e. when voltage crosses 0 V' towards
negative peak.



. When load is modelled so that it takes long time to reach steady-state, Disturbance
is given and voltage and current data is collected only after the simulation reaches steady
state, and hence the values of simulation parameters are dependent on how long the load

takes to reach steady-state.

4.2 Simulation for a simple RL load

The circuit used here has a 230V voltage source with source impedance as shown in
figure The load used is a simple RL load with power ratings of 10K’V AQ0.8p f for
230V rated voltage.

R.=0.5Q Ls =31.83uH i

— W\ —— >

230V </\/> uls y 10KVA@0.8pf

Figure 4.1: Circuit used for simulation

4.2.1 System results registered and Impedance Plots

For the circuit shown in figure 4.1} the voltage and current plots are as shown in the

figures [4.2]and

From the plots shown in the two figures shown below, we can see that with a low-
impedance short, there is a disturbance in both voltage and current between 0.05 s and

0.051 s. This impulse is used to generate harmonics in the system.

14



Current (A)

L L L L L L L . L L L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 0.01 0.02 0.03 0.05 0.06 0.07 0.08

004
time (s) time (s)

Figure 4.2: Voltage-time plot for RL  Figure 4.3: System current-time plot
load for RL load

Figure .4] shows the Frequency spectrum of impedance obtained by using equa-
tion From the plot, it can be inferred that the source resistance is 0.5 €2 and source
reactance is an inductor, and its inductance L can be found out by the slope of the

reactance versus frequency plot by using following equation:
L, =— 4.1)

where m is the slope of reactance vs frequency plot.

2 _real(ZS)
x imag(Zg)

n

B

B

real(Z ), imag(Z )[L]

o
n

1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz)

Figure 4.4: Frequency response of real and reactive source impedance values for RL
load
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Here, the slope of the reactance-frequency plot is

02-0

m=———

1000 — 0

m=2x10""

So from equation 4.1
2 x 10~
g, =210
2

=3.183 x 10°H

= 31.83uH

4.2.2 Method Verification

For the purpose of verifying whether the obtained results are accurate, a few tests are

done on the system which are as follows:

e Test impedance plots by using capacitive filter with leakage resistance.

e Test impedance plot by using LC filter.

Verification using Capacitor at PC'C

For this verification, a capacitor with series leakage resistance is placed at the output of

source as shown in following figure.

R=0.5Q Ls=31.83uH i

_Wv m >
+
R=50mQ <
230V </\/> U |s, '\ 10KVA @0.8pf
C=30pH =T~

Figure 4.5: System with capacitor installed across the PC'C

Impedance frequency responses are recorded as shown in the following figures.

16
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Figure 4.6: Frequency Response of real and reactive source impedance values with Ca-

pacitive filter at the PCC

The way to verify the correctness is to find out simple thevenin equivalent impedance

of the source with respect to load. The load sees the source as a voltage source in paral-

lel to a capacitor. For finding the thevenin equivalent impedance, the source is shorted

and the the output impedance is found out as shown in the figure below.

A

R=0.5Q R=50mQ

Ls=31.83uH C=30uH

Figure 4.7: Thevenin equivalent impedance of system as seen by load

By using the impedance obtained in above circuit, impedance-frequency plot is ob-

tained and is plotted in the figure below. This is used to verify correctness of the method.
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Figure 4.8: Ideal Frequency Response of real and reactive source impedance values for
capacitive filter

Verification using L.C filter at PC'C'

For this verification, an LC filter with series leakage resistance is placed at the output
of source as shown in following figure.

R=0.5Q Ls=31.83uH i

—VWW— >
+
R=150mQ
10KVA@0.8pf
230V <f\/> coom== U |S1 X
L = 530uH )

Figure 4.9: System with LC filter installed across the PC'C

Impedance frequency responses are recorded as shown in the following figures.
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\
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(] 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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Figure 4.10: Frequency Response of real and reactive source impedance values with LC
filter at the PCC
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Thevenin equivalent impedance of source as seen by load can be calculated by using
the circuit in figure 4.11] By using the impedance obtained in the circuit, impedance-

frequency plot is obtained and is plotted in the figure below. This is used to verify

correctness of the method.

R=50mQ 4
R=0.5Q
* C=30pnH
Ls = 31.83uH
s=31.831 L = 530uH

Figure 4.11: Thevenin equivalent impedance of system as seen by load

The plot obtained by using the equivalent impedance is shown in figure d.12]

2
_real(ZQ)
_imag(ZS)
1.5
g
Nr
=)
<
£
N 05
=
2
0]
_0 5 1 1 1 1 1 1 1 1 1
(] 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Frequency (Hz)

Figure 4.12: Frequency Response of impedance magnitude ideal plot with LC filter at
the PCC

4.3 Simulations for LC parallel load

The load used for this simulation is an LC parallel load as shown in the figure below.

19
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Figure 4.13: System with load as parallel combination of inductor and capacitor

The simulation results for the above circuit are shown in the following subsection.

4.3.1 System results registered and Impedance Plots

The current and voltage disturbances obtained are plotted in figure 4.14]

Voltage (V),Current (A)

— Voltage]
— Current

Hor

time (s)

1 1 1 1 1 1 1 1 1
0.0102  0.0104 0.0106 0.0108 0.011 0.0112 0.0114 0.0116 0.0118 0.012

Figure 4.14: Voltage and current differences during disturbance vs time
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The impedance plot obtained is shown in figure Source resistance obtained

is 0.5 €. The slope of source reactance plot is m = (0.2 — 0)/(1000 — 0) and from

equation 4.1} inductance is found out to be 31.83,.H.

4.3.2 Method Verification

The results are verified by using same methods used in section |4.2.2

Verification using Capacitor at PC'C'

The circuit used for verification is shown below.

R=0.5Q Ls =31.83uH

—AMA——T
C=IpyF ——
R=10Q
= G=1uF
230V C@ R=50mQ S '\ l
L = 100uH

Figure 4.16: LC load with capacitor at PC'C'

For the above circuit, the impedance-frequency response obtained is shown below.
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Figure 4.17: Frequency response of real and reactive source impedance values for LC
load with capacitor at PC'C'

The Frequency response obtained is compared to the impedance response obtained

from thevenin equivalent of source impedance at the PC'C' shown in figure [4.8] and it

can be seen that the two plots match and hence the response obtained can be concluded

as correct response.
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Verification using LC filter at PC'C'

The circuit used for verification is shown below.

R=0.5Q Ls=31.83uH

—VW\—
C=IpyF ——
RI:IOQ%
230V <f\> ResomO S, 5( —— C=1pF
L= 100uH§3
L = 530uH

Figure 4.18: LC load with capacitor at PC'C'

For the above circuit, impedance-frequency response is shown in the figure below.
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Figure 4.19: Frequency response of real and reactive source impedance values for LC
load with LC filter at PC'C

The Frequency response obtained is compared to the impedance response obtained
from thevenin equivalent of source impedance at the PC'C' shown in figure §.12] and it
is found that the two plots match and hence the response obtained can be concluded as

correct response.

4.4 Simulations for Permanent Magnet DC Motor
In order to verify whether the method is applicable for loads which generate harmon-

ics, a permanent magnet DC machine is used which takes input from Rectifier circuit

connected to the PC'C'. The circuit is as shown in the figure below.
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L,=28mH

R=0.5Q Ls=31.83uH i i i R,=2.581Q
D1 D3

_Wv 11k
+ A

230V (’\D U (s )\

D4 A D2 A

Figure 4.20: System loaded with a PMDC machine

The dc motor is run with constant speed of 50 rad/s. From observations, it is found
out that the motor reaches steady-state operation in two seconds. Hence, the system

observations and disturbance observations are recorded only after two seconds.

4.4.1 System results registered and Impedance Plots

The system is disturbed with a low-impedance short for 1 ms at simulation time 4.01 s.

The voltage and current plots for the system are shown in following figures.

ent (A)

Voltage (V)

Curre

. . . . . S . . . . .
394 396 398 4 4.02 4.04 4.06 394 3.96 398 4 4.02 4.04 4.06
time (s)

Figure 4.21: Voltage-time plot of sys- Figure 4.22: System-side current vs

tem loaded with PMDC time plot for system
motor loaded with PMDC motor

As the voltage is converted to DC, the current-time plot suddenly switches from pos-
itive peak to negative peak in a very short period of time for every cycle. The obtained
current-time plot is shown below. F'F'T is taken for current and voltage disturbances

and frequency response of impedance is obtained as shown in the figure below.
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Figure 4.23: Frequency response of real and reactive source impedance values for sys-
tem loaded with PMDC machine

From the above plot, it can be said that source resistance is 0.5 €2. The slope of
source reactance plot is m = (0.2 — 0)/(1000 — 0) and from equation inductance
is found out to be 31.83u H.

4.4.2 Method Verification

Verification using Capacitor at PCC

The following circuit is used for verifying the results. The Capacitor is connected in

parallel to line output.

L,=28mH
R=0.5Q Ls=31.83uH i i R,=2.581Q
—AAN e J_ Dl D3
C =30pF
230V (’\D s\
R=50mQ
D4 A D2 A

Figure 4.24: DC machine loaded system with capacitor at PC'C'

Frequency response of source impedance obtained is shown in figure below.
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Figure 4.25: Frequency response of real and reactive source impedance values for sys-
tem loaded with PMDC motor

The Frequency response obtained is compared to the impedance response obtained
from thevenin equivalent of source impedance at the PC'C' shown in figure 4.8 and it is

found that the two plots match and hence the response obtained is accurate.

Verification using LC filter at PC'C'

Following figure shows the circuit used for verification. The capacitor in circuit [4.24]is

replaced by an LC filter.
L,=28mH
d11%
R=0.5Q Ls=31.83uH i i R,=2.581Q
—WW\—1 D1 D3
C =30uF J_
230V (’\D s\
R=150mQ
L = 530uH Di A 0 A

Figure 4.26: DC machine loaded system with LC filter at PC'C

Frequency response of source impedance is shown in figure below.
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Figure 4.27: Frequency Response of real and reactive source impedance values for sys-
tem loaded with PMDC machine and LC filter at PC'C

The Frequency response obtained is compared to the impedance response obtained
from thevenin equivalent of source impedance at the PC'C' shown in figure #.12]and it
is found that the two plots match and hence the response obtained can be concluded as

correct response.

4.5 Simulation for a Three-bus System

The following single-line diagram shows a three-bus system taken from example 6.8
of Saadat (2002). Voltage and impedance values are given in per unit system and power

is converted to per unit system with 100/ V A base.

The load center in the figure below is bus 2 which consumes a real power of 400 M W
and reactive power of 250MV AR, and converting them to per unit using 100/ V A

base, the real power and reactive power are 4pu and 2.5pu respectively.

—» 400MW
( ) 0.01 +j0.03 0.0125+j0.025 [, 250MVAR

V,=1.05.£0°

V,=1.04./-0.498°

Figure 4.28: Single line model of three-bus system used for simulation
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4.5.1 System results observed

The simulation circuit is shown below.

e
|+ ! Scopel

AV —TT-m

0.0125 + j0.025

Step1
0.02 + j0.04

e AT ] Siep
—al- Vv
v LOAD

o 0.01 +j0.03 o
v

1.04/_-0.498 @> 1'05’*"&:‘ @)J
I
:
]

&S

Figure 4.29: Simulation circuit for the three-bus system

For the circuit shown, source impedance plots obtained are shown in figure #.30|
and [A.31] The source resistance obtained from figure 4.30]is 7.69m2. The slope of
reactance-frequency plot is m = (0.3077 — 0)/(1000 — 0) = 30.77 x 10~°. Hence,
from equationd.1} L = 48.97uH.

~ 001F
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tance (Q)
o

g g
= 0,005 1 =

0.5

i i i i i i i i i i i i i i i i i i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz) quency (Hz)

Figure 4.30: Frequency Response of Figure 4.31: Frequency Response
source resistance  for of source reactance for
three-bus system three-bus system

4.5.2 Method Verification

For verification, the following simulink circuit is used where the verifying circuits are

connected between node 1 and node 2.
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Figure 4.32: Simulation circuit for verification of correctness of impedance for three-

bus

Verification using capacitor at PC'C

A capacitor of value 100 F" with a leakage resistance of 150mS?2 is connected between

node 1 and node 2 of figure #.32] The circuit is now simulated to obtain frequency

response of impedance.
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Figure 4.33: Frequency Response of Figure 4.34: Ideal Frequency Response

real and reactive source
impedance for capacitive
loading at PC'C’

of real and reactive source
impedance for capacitor
loading at PCC

The thevenin equivalent impedance of the source as seen by load at PC'C'is obtained

by using the source impedance obtained in section and the capacitor connected.

Source impedance-frequency plot is obtained using this method is used to verify the

frequency response found out by using low-impedance short-circuiting method.
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Verification using LC filter at PC'C'

A LC filter with inductance of 50u/ and capacitance of 100uF' with a leakage resis-
tance of 150m(? is connected between node 1 and node 2 of figure #.32] The circuit is

now simulated to obtain frequency response of impedance.

—real(Z)
- - -imag(Z,)|

real(Z,), imag(Z,)[Q]
real(Z,), imag(Z, (2]

i Ml i i i i i i i i i i i i i i i i
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Figure 4.35: Frequency Response  Figure 4.36: Ideal Frequency Response

of real and reactive of real and reactive source
impedance for LC load- impedance for LC loading
ing at PCC at PCC

The thevenin equivalent impedance of the source as seen by load at PC'C'is obtained
by using the source impedance obtained in section [4.5.1] and the LC filter connected.
Source impedance-frequency plot is obtained using this method is used to verify the

frequency response found out by using low-impedance short-circuiting method.
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CHAPTER 5

SIMULATION OF SYSTEM DISTURBANCES AND
POWER QUALITY MEASUREMENT

In this chapter, different system disturbances are created and the effect of disturbances
on change in power quality is observed and noted. It can be observed that by artificially

creating these kind of system disturbances, we can also obtain the grid impedance.

Power quality is measured by means of Total Harmonic Distortion(7'H D) which
indicates distortion level relative to the fundamental component of signal. If the rms

value of current signal measured is /, then 7'H D of the signal in percentage is given by

VE+LR+1+.. . + 12

THD =
Iy

x 100 (5.1)

where [,, is RMS value of harmonic n

and /; is RMS value of fundamental frequency

5.1 Simulation of Voltage Swell

Voltage swell phenomenon where there is a sudden increase in voltage for 4-5 cycles
and normal operation is resumed after 4-5 cycles. Here voltage swell is created by
artificially increasing the load for 5 cycles and by decreasing load to its previous state

after 5 cycles. The voltage and current signals are shown in the figures below.

300)
40|

200)

20]
100)

oltage (V)
urrent (A)

oF 1 g 0

v
C

~100f
=20]

=200f
—40F

=300f

. ; . ; . ; . . ; . A . ; .
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0 0.05 0.1 0.15 0.2 025 0.3 035 0.4
time (s) time (s)

Figure 5.1: Voltage swell caused by Figure 5.2: Current change caused by
sudden decrease of load voltage swell



The voltage swell can be seen from time 0.2s to 0.3s. The T'H D values for voltage

and current are shown below:

Table 5.1: Voltages and current 7' H D percentages during normal operation and during

swell

Voltage TTHD | Current TTHD
Normal Operation | 9.069 x 1072 | 9.069 x 1073
During Swell | 9.054 x 1072 | 9.069 x 1073

For voltage swell, by using equation [3.11] impedance-frequency response is ob-

tained as shown in the figure below.
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Figure 5.3: Frequency response of impedance found by using voltage swell method

From the above plot, it can be said that source resistance is i, = 0.5 €2. The slope

of source reactance plot is m = (0.2—0)/(1000 — 0) and from equation 4.1} inductance

is L, = 31.83uH.

5.2 Simulation of Voltage Sag

Voltage sag phenomenon where there is a sudden decrease in voltage for 4-5 cycles and

normal operation is resumed after 4-5 cycles. Here voltage sag is created by artificially

reducing the load for 5 cycles and by increasing load to its previous state after 5 cycles.

The voltage and current signals are shown in the figures below.
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Figure 5.4: Voltage sag caused by sud-  Figure 5.5: Current change caused by
den decrease of load voltage sag

The voltage sag can be seen from time 0.2s to 0.3s. The T'H D values for voltage

and current are shown below:

Table 5.2: Voltages and current 7'H D percentages during normal operation and during

sag

Voltage TTHD | Current T'"HD

Normal Operation | 9.069 x 1073 | 9.069 x 1073
During Sag | 9.069 x 1072 | 9.069 x 1073

For voltage sag, by using equation [3.11] impedance-frequency response is obtained

as shown in the figure below.
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Figure 5.6: Frequency response of impedance found by using voltage sag method

From the above plot, it can be said that source resistance is 2, = 0.5 §2. The slope

of source reactance plot is m = (0.2—0)/(1000 — 0) and from equation4.1] inductance

is Ly = 31.83uH.
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5.3 Simulation for disturbance by adding sudden RL

load to a DC motor system

System here drives a DC motor through a full-bridge rectifier. This system has switched
current waveform and hence has high 7'/ D. This system is additionally loaded with
RL load in parallel to the DC motor system for a short time and then removed. Voltage

and current signals are shown in the figures below.
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100)
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~100f
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-300f

L L L L L
39 395 4 4.1 4.15 4.2 1) 395 4 4.05 4.1 4.15 42
time (s)

L
4.05
time (s)

Figure 5.7: Voltage change caused by Figure 5.8: Current change caused by
sudden RL switching on sudden RL switching on
motor load motor load

Voltage and current 7'H D values when system is loaded with RL load and during

normal operation are shown in the following table.

Table 5.3: Voltages and current 7'H D percentages during normal operation and when
loaded with extra RL load

Voltage THD | Current T"H D

Normal Operation 3.45 41.94

Loaded with Extra RL load 3.191 18.95

For RL loading of system with DC motor, by using equation [3.11] impedance-

frequency response is obtained as shown in the figure below.
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Figure 5.9: Frequency response of impedance found by sudden RL switching on motor
load

From the above plot, it can be said that source resistance is s = 0.5 §2. The slope
of source reactance plot is m = (0.2 —0)/(1000 — 0) and from equation[4-1] inductance
is Ly = 31.83uH.
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CHAPTER 6

CONCLUSIONS

6.1 Conclusion

By using the method used in Staroszczyk| (20035)) as a reference, a new method for
grid impedance identification has been found out. The new method is used and grid
impedance has been identified for a frequency spectrum from 0H z to 10kH z for dif-
ferent kinds of loads by using a single source. The method is also tested for a three-bus
system with two sources supplying a same load and the obtained results are verified by

adding different impedances in parallel to the source, and the results are as expected.

Different system disturbances are also created by using switched loads, sudden load
changes, etc. and the power quality analysis has been done for the created disturbances.

Source impedance has also been found out with the help of the disturbances created.

6.2 Future Work

In the method used for impedance identification, filters can be introduced and the sam-
pling frequency for measuring signals can be reduced. A grid impedance identification

tool can be implemented, which can portable and can measure real-time grid impedance.
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