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Executive summary

The interconnection requirements and compelling technical standards from different
organizations such as IEEE, IEC and AEMO demand small scale DGs to operate with
characteristic similar to synchronous generator, subject to installed capacity. Hence it
becomes requirement for system/network operator to maintain voltage and frequency within
a specific band during all operating conditions of the power system to enhance the energy
contribution from small scale (kW-MW), scattered renewable energy based independent
power producers. This report discusses placement strategy that allows the network operator,
to place dynamic as well as static reactive power compensation system with necessary

controller in place that helps in maintaining the voltage of node to which DG is connected.

With the integration of DG units, there are more concerns on stable operation of distribution
networks under various small disturbances. Assessment of low-voltage-ride-through (LVRT)
capability has become an important issue before a DG unit can be connected to an existing
power system. Given the smaller geographical area, the generators and controllers are in a
close proximity in a distribution system as compared to transmission systems. Such
proximity may induce interactions among the machines leading to low frequency oscillations
and improper tuning of controllers. As a result, issues of oscillatory instability may become a
threat to secured operation of an emerging distribution system. Oscillatory instabilities in the
form of low frequency oscillations are highly undesirable.

The research objectives were to:

» Evaluate the effectiveness of proposed/new index & method for unified placement of
capacitor bank(s) and/or STATCOM(s), to improve the uptime of DGs in presence of
grid interconnection requirements (Chapter-1).

» Design of a controller for photovoltaic generator to damp low frequency oscillation of

a distribution system (Chapter 2).
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The outcomes from this research are as follows:

» The new sensitivity index dV/dlr has peen proved to be effective in detecting
appropriate location of STATCOM in presence of fixed compensation. As a result,
small scale DG units can remain connected to grid under abnormal conditions and
improving their uptime.

* This approach helps in placing capacitor banks and STATCOM in distributed manner
to improve voltage profile at DG and load bus.

* Reactive power control of PV is better for damping of low damped excitation modes.

* With the aid of a proper PV controller, a photovoltaic generator can effectively damp
low frequency oscillations in a distribution system.

* A desired damping ratio can be achieved by selecting an appropriate value of
controller gain. The controller is found to affect only the critical mode while the other

modes are mostly unaffected.

Milestone 6 & 7 Report: April 2011 4/19/2011 6



P1: Control methodologies of Distributed Generation for enhanced network stability and control

Chapter 1 A Grid compatible methodology for Reactive Power
compensation in renewable based distribution system

. Introduction
In recent years, several environmental and economic benefits have led large scale

integration of renewable energy based distributed generation (DG) in existing power
systems. Making renewable a dependable source of energy, despite its intermittent nature,
is a big challenge. Moreover, grid requirements and standards are trying to shape the
conventional control strategies to allow seamless integration of DG into the main grid. The
technical regulations or specific standards define the allowed voltage range that bounds the
maximum permitted variation of every bus bar voltage under both transient and steady state
conditions. The post fault voltage recovery time at DG bus is the crucial part of these
standards as it requests DG to trip, if recovery time exceeds certain limit [1], [2] . It is well
known that voltage control issue in power system has strong correlation with reactive power
compensation. Both static and dynamic compensators play an important role in voltage
stability. Optimum allocation of static compensators (such as capacitor banks) considering
location and size, is one of the foremost components in reactive power planning [3]. On the
other hand, Static Var Compensator (SVC) and STATic COMpensator (STATCOM) have
inbuilt potential to offer both dynamic reactive power compensation for transient voltage
stability improvement as well as steady state voltage regulation. For example, in a wind
turbine integrated system, dynamic reactive power compensation is provided by a
STATCOM or SVC located at the point of wind turbine connection [4], [5]. With voltage
source converter (VSC), STATCOM has the least delay associated with thyristor firing
resulting faster operation compared to a SVC [6]. However, these studies emphasize only
the role of SVC and STATCOM in improving voltage profile of DG bus. In few studies, On
Load Tap Changing Transformer (OLTC) along with reactive power generation capability of
DG units have been utilized to maintain the voltage profile at point of common coupling

under all operating conditions [7], [8], [9], [10], [11]. These approaches allow plant operators

Milestone 6 & 7 Report: April 2011 4/19/2011 7



P1: Control methodologies of Distributed Generation for enhanced network stability and control

to make large renewable energy based power plants grid code compliant. This issue takes a
new dimension when the penetration level of small scale independent power producers in an
area tends to increase. Due to the rapid growth of interest and investment in renewable
energy, a widespread integration of small DG units is expected in coming years. With
increased penetration of DG units, early tripping of DG due to local disturbance can further
risk the stability of the whole system. Grid standards have addressed this issue by
requesting distributed generators bellow certain size to operate with constant power factor
control mode [12]. Hence, system operator becomes responsible to maintain the voltage
profile within acceptable range at all nodes under all operating conditions. As a result, fault
tolerant control algorithm is required for DG integrated system, which improves the voltage
recovery time to avoid tripping of small scale DG units and also maintains acceptable
voltage at all buses under all operating conditions. In this study, an IEEE std 1547-2003
compatible methodology has been proposed to control voltage and reactive power of
distribution test system, where a mixture of static as well as dynamic compensators have
been considered. A sensitivity based approach has been proposed to decide and limit the
location of high-cost dynamic compensator device such as STATCOM. This unified
approach not only reduces the loss but also ensures faster recovery time and thus improves
uptime of DG. Feasibility of the proposed methodology has been demonstrated on two
distribution systems with different network and load configurations. This chapter is organized
as follows. Section Il gives a brief introduction to the available grid interconnection
requirements for distributed resources by utility grid. The section lll describes the detail
methodology followed to achieve improved voltage profile in pre-fault and post-fault
conditions. Section IV presents and analyses the results obtained to meet grid requirements.

Section V draws conclusions with scope of future work.

. Grid interconnection requirements & standards
Grid codes have been specified for wind power plant as well as for other distributed

generators under both steady state and dynamic conditions. Normally, these operations
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requirements for DG units are specified at the point of common coupling. In general, the
steady state operation requirements include power factor requirement of DG units, steady

state voltage operating range, frequency operating range and voltage quality [11].

1. Reactive power generation capability
In order to request increased real power generation in the system, different grid codes

around the world have limited reactive power capability of DG units to a minimum standard.
IEEE Std 1547-2003 does not allow DG units to regulate voltage at the point of common
coupling actively [12]. According to FERC orders 661 [13], power factor at the coupling point
must remain in between 0.95 leading to 0.95 lagging for large wind parks over 20MW. In
Australia, distributed generation with a capacity of less than 30MW shall not actively regulate
the voltage at coupling point and power factor must lie in between unity to 0.95 leading for

both 100% and 50% real power injections [14].

2. Steady state voltage; continuous operation range
The steady state voltage level at each load connection point is one of the most important

parameters for the quality of supply. Inclusion of DG has not affected this requirement. In
general it is expected that voltage of DG bus and load bus should remain within the range of

+10% of nominal voltage [14].

3. Interconnection system response to abnormal voltage
IEEE std. 1547-2003 states that any DG unit should cease energizing the electric power

system during abnormal system conditions according to the clearing times shown in Table .
Clearing time is the time between the start of an abnormal condition (due to some fault) and
DG ceasing to energize the local area [12]. The clearing time listed is a maximum threshold
for DG with capacity of 30 kW or less. For DG units with generation capacity greater than 30
kW, the listed clearing time is default value though this can vary with different utility
practices. Hence, the clearing time in Table has been taken as default value for the present

study. So DG can only be remain connected to the system supplying the demand in pre-fault
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as well as in post-fault condition, if the voltage recovery time is maintained less than the
tabulated clearing time.

Table 1 Interconnection system response to abnormal voltages [12]

Voltage range (p.u.) Clearing time (sec)
V<05 0.16
0.5=<V<0.88 2.00
1.1< V<12 1.00
V212 0.16

. Proposed methodology
Based on the literature review and existing grid requirements, a step by step methodology as

shown in flowchart of Figure 1 has been proposed to support grid compatible voltage profile
of a DG integrated distribution system. A detail of the solution algorithm is described in

section 1, followed by some other essentials to implement the proposed methodology.

Input: System,
Constraints, Load
profile,
Contingencies

Obtainthe Optimal
location and size of Cap
Bank using Tabu Search

x Display
Carry out Time domain Is voltage the size
Simulation with Pre- [ recovery YES | ofSTATCOM
defined set of as per grid and/forCap
contingencies std. Bankat node.
&

NO

Place the STATCOM of
| unitrating at a node with
Highest Sensitivity
Figure 1 : Flow chart: determination of type, size and location of reactive power controller.

1. Solution algorithm
The major steps to be followed to achieve regulated voltage throughout the system for pre-

fault as well as post-fault condition have been depicted in Figure 1. Total demand of real
power has been supplied by DG units present in the system. This approach converts the test
system to a normal interconnected Micro grid. With a multi-objective function of minimizing
grid loss and reactive power compensation requirement, optimal reactive power
compensator placement is performed. Steady state voltage requirement (at generator and

load terminals) is set as constraints for the objective function. Static load models need to be
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considered for this part of the methodology. Changing the loading condition, optimal solution
can be achieved from lightly loaded condition to peak load condition. For the present work,
peak load condition derived from realistic load curve has been utilized to get optimal location
and size of capacitors. With various faults in the system, time domain simulation is
performed to check dynamic voltage restoring capability of the generator and load bus.
Dynamic compensator (here STATCOM) is required only if static compensators fail to meet

the grid requirement as mentioned in Table . A new sensitivity index av/dl

R along its
direction is used to find out the best location among optimal capacitor nodes to replace that
capacitor by a STATCOM. After replacing the optimal capacitor by STATCOM on the bus

with highest sensitivity, voltage recovery time is calculated with time domain simulation for

de/dI

generator and load bus. Performance o R is compared with an existing sensitivity

index 4V /4Q  The procedure repeats itself till the voltage excursion of all nodes concerned
falls within the required range. Details of this procedure will be explained with simulation

results.

2. System model
Proper system modelling is required to investigate the feasibility of the proposed

methodology. Power system dynamics are commonly expressed as in (1.1) and (1.2) using
differential algebraic equation (DAE) form [15], which has been followed in this work.

X =f(xy,p), f: R 5 R (1.1)
0=g(X,y,p), g:R""™ > R" (1.2)
xeXcR", yeY cR", peP c R

In the parameter-state space of X ,Y P Xis a vector of Nstate variables, Yis a vector of

M algebraic variables and Pis a vector of k parameter variables, which are changing slowly.
The dynamic state X describes the generation dynamics of power systems such as exciter
control systems. Y stands for instantaneous variables, which satisfies algebraic constraints

in (1.2), such as power flow equations. Parameter P specifies particular system
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configurations and operation conditions, such as generation, loads, voltage setting points
etc. V-I characteristics of loads have been considered in load flow studies [16]. For load flow
studies and optimal compensation placement, static load models are relevant as these
express active and reactive powers as functions of the bus voltages. In general, a static load
model that represents the power relationship to voltage can be expressed in (1.3) and (1.4)

respectively.

-eli] -

b Q{\Um (1.4)

Here ™ and © stand for real and reactive power consumed at a reference voltage%. The
exponents "F and "% depend on the load type [17]. The loads are highly nonlinear and there
are a number of constraints to be met. This leads to an optimization technique for selection

of proper location and size of fixed compensator.

3. Optimal capacitor placement
The capacitor problem considered in this work is to determine the location, numbers and

sizes of capacitors to be installed in the test system. The objective function of the problem

can be expressed in (1.5) to minimize the capacitor investment and system energy loss [18]:

| L
MinF =" C.(a,)+ K x> P ; xT;
= = (1.5)

Where power flow equations are used as equality constraints and VAR source placement
restriction, reactive power generation restrictions, transformer tap-setting restriction, bus
voltage restriction and power flow of each branch are used as inequality constraints. In the

objective function, Land | respectively represent number of load levels and candidate

locations to install the capacitors. % stands for the set of fixed capacitors for optimal solution,

I, , . ,
9is the control scheme vector at load level j whose components are discrete variables.

Investment cost associated with capacitor installed at location 1 is given byCi(qi). Power loss
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Ploss T and K stands for electricity price.

at a load level J with time duration 'is given by
Tabu search, which is a heuristic optimal technique has been used as an optimization tool
for finding compensator placement and sizes [19] in the present work. DIGSILENT routine

has been used for this purpose [20].

4. Dynamic compensation system (STATCOM)
STATCOM is a Voltage Source Converter (VSC) based system that injects or absorbs

reactive current, independent to grid voltage unlike an SVC. However, reactive current s

injected or absorbed by the STATCOM will significantly influence the grid node voltage V as
shown in Figure 2. Based on the availability of energy source at the DC link, it is modelled
either only as reactive current source or as a current source with active and reactive
component. The current injected by STATCOM depends on pulse width modulation (PWM)
method used along with operational limits and characteristics of Insulated Gate Bi-polar
Transistors (IGBT) in use. Hence, current injected by STATCOM has appropriate limiters,

which are dynamic in nature [21]. As STATCOM can be modelled as reactive current source

for voltage stability improvement, sensitivity of node voltage to reactive current injection s

will be used to find the proper placement of STATCOM as mentioned earlier in section IlI-1.

A positive value of % indicates capacitive current, whereas a negative value stands for
inductive current. Rating of STATCOM on each location has been taken as equal to the
optimal reactive power requirement for that location found from optimization routine. To
maintain bus voltage constant, modulation index of VSC has been controlled with the control

block referred in [22].
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V (Bus voltage)

Coupling
Transformer

p oo Leakage

Impedance

V3 (STATCOM voltage)

Voltage Source
Converter (VSC)

Y
Ve
Figure 2 Basic STATCOM model.
Iv. Results and analysis

1. Test distribution system and analytical tool

To test the effectiveness of proposed methodology, two distribution test systems with

different configuration and load compositions have been considered in this part of research.

The first distribution system used in this work is a 23kV radial distribution system with 16

nodes. Total real and reactive power load in the system is 28.7MW and 9.48MVAr

respectively. Single line diagram of this test system is shown in Figure 3. This system is a

modified form of the one used in [23] and has been treated as a commercial feeder

throughout our study.

UTILITY

2 GRID _— @

Ik pxupaud s iu el
b © ; 5

7 12 - ])_16

Figure 3 Single line diagram of 16 bus test system.

An IEEE 43 bus mesh distribution system, with total real and reactive power load of

21.76MW and 9MVAr respectively has been studied as the second test system [24]. This
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test system has been shown in Figure 4. The system has five different levels of rated voltage
at 69kV, 13.8kV, 4.16kV, 2.4kV and as low as 0.48kV. This system has been treated as an

industrial feeder.

—— UTILITY
DG 2 GRID DG 1
100
I 12
3 4
5 6| 13
9 10 27
49 39 . -
‘ T 26 W 19 0T |
12 L3 16, *
3
25 17 18 32
31 -
2_1_ —_—
22 23

29

30
28
\—‘ 34 IJ_
35
33 41 38

Figure 4 Single line diagram of 43 bus test system.

2. Load composition and load curves
This study has considered practical scenarios of load composition as they have profound

impact on dynamic voltage control of distribution nodes. Utilities consider their loads into
various compositions with different percentages of loads. The breakdown typically used by
the utilities for commercial and industrial feeder have been shown in Table [25]. Here,
motors with power rating greater than 100hp have been treated as large motors, which are
principal loads in industrial feeder. Commercial feeder is dominated by 51% of small motors
representing air conditioners. These breakdowns of loads have been utilized for static load
modelling of both feeders.

Table 2 Typical load composition [25]

Load type Load Composition
Commercial Feeder Industrial Feeder
(16 bus system) (43 bus system)
Resistive 14 5
Small Motor 51 20
Large Motor 0 56
Discharge Lighting 35 19
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For each type of feeder, the customer load has its typical daily load curve (DLC) set [26].

Pavg/Pmax found from these DLC sets is presented in Table 3 and has been used in this work.

Table 3 Peak load data [26]

Load type Load Composition

Commercial Feeder (16 bus | Industrial Feeder

system) (43 bus system)
Pavg/Pmax 0.68 0.61
Peak load (MW) 42.72 28.82

3. Distributed generators and their size
DG units considered in this study are conventional synchronous generators with unity power

factor operation. DG connection details for both systems have been shown in Table at base
load condition. The location of DG units in 16 bus system has been chosen randomly at bus

3 and bus 6, whereas for 43 bus system locations are given in the system data.

Table 4 Distributed geneation: capacity and location

Distributed Generation Commercial Feeder | Industrial Feeder
(16 bus system) (43 bus system)
DG1 DG2 | DG1 DG2
Location bus 3 6 4 50
MVA rating 10 19.58 | 13 9.75
Power factor 1 1 1 1

4. Optimal capacitor placement and sensitivity indices
As described in section 1lI-3, ‘Tabu search’ technique has been used to find out the proper

location of fixed compensator in the system at peak load condition followed from Table 3.
Number of candidate buses has been chosen to 50% with an objective function of
minimizing grid loss with minimum available capacitor banks. Voltage limits at generator as
well as load bus has been set to 0.90pu to 1.1pu according to steady state voltage operating
range in [12].

Table summarizes the results for optimal capacitor places for 16 bus system whereas
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Table 6 shows the optimal capacitor places for 43 bus test system. Both tables contain

sensitivity values dV/dQ gng dV/dlg ot the optimal compensation nodes, which minimizes
iterations to find best node for dynamic compensation. These values are calculated
numerically with small perturbations. For 16 bus system, even at peak load, bus voltages
are not out of range of specified limits. But along with maintaining the voltage limits at nodes,
placing capacitor reduces the grid loss significantly. Grid loss has been found to reduce from
1.20MW to 0.90 MW with an inclusion of total 10.2MVAr of fixed capacitor at the listed nodes
in

Table . In 43 bus system, grid loss is reduced to 0.45MW from 0.54MW with an inclusion of
11.20MVAr of fixed capacitor, which is not very significant. But voltage profile along all the
load buses have been recovered to specified limit.

Table 5 Optimal capacitor solution for 16 bus system

Optimal Capacitor Size (MVAr) Sensitivity index

Node dv /dQ AV /diz (vp.u/ip.u.)
(Vp.u./MVAr)

7 1.8%2 0.0069 -0.1428 (Inductive)

5 1.8 0.0038 0.0769 (Capacitive)

11 1.8 0.0034 0.0667 (Capacitive)

15 1.8 0.0049 0.1 (Capacitive)

3 1.2 0.0048 0.11 (Capacitive)
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Table 6 Optimal capacitor solution for 43 bus system

Optimal Capacitor Size (MVAr) Sensitivity index
Node dv /dQ AV /dig (v u./ip.u.)
(Vp.u./MVAr)
49 0.6 0.044 0.20 (Capacitive)
29 0.6 0.046 0.25 (Capacitive)
21 0.6 0.088 0.33 (Capacitive)
51 0.6 0.046 0.2 (Capacitive)
41 0.6 0.048 0.2 (Capacitive)
25 0.6 0.006 0.03 (Capacitive)
30 0.6 0.047 0.25 (Capacitive)
39 1.1 0.044 -0.25 (Inductive)
17 1.1 0.055 0.25 (Capacitive)
35 1.2 0.049 0.2 (Capacitive)
18 1.2 0.048 0.2 (Capacitive)
37 1.2 0.068 0.33 (Capacitive)
33 1.2 0.049 0.25 (Capacitive)

5. Voltage recovery and STATCOM placement

According to [1] and [12], voltage recovery requirement specifies that the DG terminal
voltage must come back to 90% of its normal operating voltage within 2 sec after a fault
takes place. For the verification of dynamic voltage restoring capability of generator and load
buses, portion of static loads are converted to dynamic motor loads according to proper
percentages (as given in Table 2). Then, to check the voltage profile under abnormal
conditions, both systems are subjected to a three phase fault (with a fault reactance of 0.05

Q) near the generator bus and the fault is cleared after 12 cycles.
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The following test cases are investigated to find out possible solution for supporting above
requirement:
- Case 1: Without Capacitors;

- Case 2: With Capacitor at optimal locations;
- Case 3: Replacing capacitor with STATCOM at a bus with highest dv/dQ ;

- Case 4: Replacing capacitor with STATCOM at a bus with highest OIV/O"R(For both
inductive and capacitive values).

Figure 5-7 show the time domain simulation for 16 bus system at peak load condition. Figure

5-6 show excursions in voltage at buses 3 and 6 respectively with fault at bus 5. Load

terminal voltage profile has been plotted for the faulty bus 5 in Figure 7. A STATCOM is

placed at bus 7 and bus 3 alternately to find the effect of placement on voltage recovery time

and also to investigate effectiveness of sensitivity indices dV/dQ gy dV/dlr  without
capacitors, the system fails to reach required voltage after three phase fault takes place. For
generator bus 3, capacitors at optimal places with optimal sizes help to recover the bus
voltage within 1.15sec. STATCOM at bus 7 reduces the restoring time significantly to only

0.26sec.

1.4

--------- ‘Without Capacitors

----- ‘With Capacitors

— —With STATCOM on bus 3
—— With STATCOM on bus 7

e o T pl N N N R R
= e g s e o e e e ]
= e g g g
S
P
Y]]
=3
—
R
=
)
=
]
0.2
0
0 1 2 3 4 5 6 7 8 9 10

Time (Sec)
Figure 5 Voltage at bus 3 for peak load (16 bus system).

It is interesting to find that, though bus 3 is a DG bus, placing STATCOM on bus 3 results in

longer recovery time (1.26sec) than that on bus 7. Table 7 summarizes the voltage recovery
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time for both generator buses of 16 bus system. As the simulation results for 16-bus system

under peak load condition does not reflect any problem of slow recovery of voltage on DG

buses, base case study has not been considered.

14 | | ‘Without Capacitors
5 | ‘With Capacitors
— —With STATCOM at Bus 3
1.2 —— With STATCOM at Bus 7
S 1 T eam
=
gn . O R B -
c
~ 0.6
=
[=a]
0.4
0.2 K
0
0 1 3 4 5 6 7 8 9 10
Time (Sec)
Figure 6 Voltage at bus 6 for peak load (16 bus system).
1.4
""""" ‘Without Capacitors
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Figure 7 Voltage at bus 5 for peak load (16 bus system)
Table 7 Voltage recovery time for 16 bus system (peak load)
DG node Without With STATCOM | With STATCOM
Capacitors With Capacitors | at bus 3 atbus 7
3 (DG1) N/A 1.15 Sec 1.26 Sec 0.26 Sec
6 (DG2) N/A 1.59 Sec 1.97 Sec 1.26 Sec
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Time domain simulations for 43-bus system has been plotted with two cases- base load and
peak load. Simulation is carried out for all four cases mentioned earlier. Figure 8 and 9

show the simulation results for generator bus voltages with a three phase fault at bus 31 at
the base load condition. Sensitivity indices, dV/dQ gpg dV/dlg (capacitive), both have their

highest value at bus 21. 9V/l% (Inductive) is found only at bus 39 with a value of 0.25

(Vp.u. /I p.u.) as shown in

Table .
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Figure 8 Voltage at bus 4 for base load (43 bus system)
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Figure 9 Voltage at bus 50 for base load (43 bus system)
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Table summarizes the voltage recovery time at base loading, which shows that other than

STATCOM at bus 39, no controller arrangement can support grid requirement at bus 4 as

they have recovery time greater than 2sec. For bus 50, recovery time is found to be less

than 2sec in all arrangements considered. Figure 10 and 11 show the simulation results with

a three phase fault at bus 31 at peak load condition. Table summarizes the voltage recovery

times at peak load.

Table 8 Voltage recovery time for 43 bus system (base load)

DG node Without With Capacitors | With  STATCOM | With STATCOM
Capacitors at bus 21 at bus 39
4 (DG1) 3.12 Sec 2.35 Sec 2.49 Sec 1.61 Sec
50 (DG2) 0.71 Sec 0.54 Sec 0.42 Sec 0.37 Sec
1.2
1 o
=
2 0.8
-5
=10l
E 0.6
2
é o4 | e Without Capacitors
----- ‘With Capacitors
0.2 — —With STATCOM at Bus 21
\J ——With STATCOM at bus 39
0
0 1 3 4 5 6 7 8 9 10
Time (Sec)
Figure 10 Voltage at bus 4 for peak load (43 bus system)
Table 9 Voltage recovery time for 43 bus system(peak load)
DG node Without With Capacitors | With STATCOM | With STATCOM
Capacitors at bus 21 at bus 39
4 (DG1) 4.25 Sec 2.94 Sec 4.18 Sec 2.06 Sec
50 (DG2) 0.68 Sec 0.52 Sec 0.36 Sec 0.36 Sec
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Figure 11 Voltage at bus 50 for peak load (43 bus system).
It shows that placement of STATCOM on bus 39 results in reduced voltage recovery time
though it fails to meet grid requirement establishing the need for optimal size of STATCOM
and proper tuning of control parameters. Analysing the voltage recovery time from all three

Table 7-9, it can be concluded that, STATCOM should be placed at a bus with the highest

inductive 9V/dl% to support voltage recovery requirement of DG units in the system. This
scheme works efficiently as during the post fault recovery capacitive VAR is required, which
is made available by STATCOM. For a small radial system like 16 bus system, it has been
found that STATCOM is not even necessary to support voltage recovery, though wrong
placement of STATCOM leads to longer recovery time. But for 43 bus system with large
mesh configuration, STATCOM is required at both base and peak loading conditions to

support the voltage recovery within the specified limit.

v. Conclusions
In this chapter, we have investigated a new sensitivity index based methodology for

placement of shunt reactive power compensators. This approach helps in placing capacitor
banks and STATCOM in distributed manner to improve voltage profile at DG and load bus.

Results show that dynamic compensation may not be necessary for a small radial
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distribution system though further investigations are required to generalize this finding. The

new sensitivity index dV/dlr has been proved to be effective in detecting appropriate
location of STATCOM in presence of fixed compensation. As a result, small scale DG units

remain connected to grid under abnormal conditions improving their uptime.
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Chapter 2 An approach to control a photovoltaic generator to damp
low frequency oscillations in an emerging distribution system

. Introduction
Conventional distribution systems are regarded as passive networks, which do not have any

active source of power generation. The power flow pattern in such networks are
unidirectional[27]. However, structure of emerging distribution systems are changing from
passive to active network due to the integration of local energy resources in the form of
distributed generation (DG) units and their controllers [28]. The DG units may be either
utilizing renewable energy resources such as wind and solar or using conventional fossil
fuels such as cogeneration[27]. However, more concerns on rapidly diminishing fossil
resources and environmental degradation have encouraged integration of renewable
resources rather than fossil fuels. With the integration of DG units, there are more concerns
on stable operation of distribution networks under various disturbances. Assessment of low-
voltage-ride-through (LVRT) capability has become an important issue before a DG unit can
be connected to an existing power system[29],[30]. Given the smaller geographical area, the
generators and controllers are in a close proximity in a distribution system as compared to
transmission systems. Such proximity may induce interactions among the machines leading
to low frequency oscillations and improper tuning of controllers [31],[32]. As a result, issues
of oscillatory instability may become a threat to secured operation of an emerging
distribution system. Oscillatory instabilities in the form of low frequency oscillations are highly
undesirable. These oscillations must have acceptable damping ratios to ensure stable
operation of a power system[29]. In case of transmission systems, various controllers such
as power system stabilizers (PSS), Static Var Compensators (SVC) and STAtic
COMpensators (STATCOM) are commonly used for oscillation damping [32]. There are
various methods reported in the literatures to determine suitable locations and design
approaches of these damping controllers in a power system[33], [34]. However, installation

of such devices in a low voltage distribution system may not always be technically and
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economically attractive. Instead, one of the DG units in the system may be controlled to
improve system stability [35]. Given the structure of a photovoltaic (PV) system, which is
dominated by controllers, one of the controllers of PV system may be employed for
improving the oscillation damping. In this research, damping of a low frequency oscillation in
a distribution network is discussed and analysed. The network consists of synchronous
generators, induction generator and a PV source. The impact of PV system on a low
frequency mode is systematically assessed. Then, a control methodology is proposed for PV
system to enhance the damping of low frequency oscillations. Chapter 2 is organized as
follows: Section Il discusses about the modelling of PV generator and its associated
controllers. Section Il assesses the small signal stability of a test distribution system by
eigenvalue analysis. The impact of PV on system stability is demonstrated in section IV. An
approach to design a suitable controller for a PV system to damp the low frequency
oscillations on the system is presented in section V. This section also discusses the
effectiveness of the proposed controller. Finally, section VI summarizes the conclusions

drawn from the study.

.  Model of a Photovoltaic System
One of the popular DG units in present power distribution system is solar photovoltaic

(PV) system. The technology of PV system is different from the conventional synchronous
and induction generators used for power generation. Unlike conventional generators, PV
systems do not have any rotating mechanical parts and their system dynamics are
dominated by controllers[10]. The analysis of impact of PV on stability of a distribution
network requires an appropriate model of a PV system. A number of literatures discuss on
the modelling of photovoltaic systems[10],[11],[12]. Some of the works employ detailed
modelling for transient stability studies[10]. Approximate models are used for small signal
and steady state stability analysis [12],[13]. A comparison of detailed model and approximate
models for assessment of small signal stability is presented in [12]. It is recommended that

approximate models are enough to represent the small signal behaviour of a power system.
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Similarly, some literatures have discussed the impact of PV system on transient and small
signal stability of a power system[10],[12]. In many cases, PV system has been reported to
improve the damping of low frequency oscillations. The modelling approach of a PV

generator and power factor controller considered in this report is discussed in this section.

1. Model of Photovoltaic Generator
A schematic diagram of grid connected photovoltaic (PV) system is shown in Figure 12.

P P
SunRays PV DC  vsc
—_—
N A A P+iQ
hw C 2= Ve -
j— (ID:|Q)
(VSD’VSQ)
.
mD,mQ

Figure 12 : A schematic diagram of grid connected PV system.

Incidence of sun rays on PV panels induces photovoltaic current, which causes PV power

flow (P, ) from PV panels to DC link capacitor. P,, can be given as (2.1) [10],[11].

q Vdc
P, =nv,|1, —1 Jexp ——% |1
PV p“dc ph rs Xp(kTA ns j (2.1)

Where, n,and njare numbers of parallel strings and number of series connected PV
panels per string respectively. Similarly, v, is dc-link capacitor voltage.
Quantities g,k ,T and Adenote the unit charge, Boltzmann’s constant, cell temperature, and
p-n junction ideality factor respectively. Now, Iph is the photovoltaic current and is given by

(2.2).

S
=[lg + ki (T =TR)]— (2.2)

|
ph 100

Where, T; is the reference temperature of cell and | is the short circuit current of a unit
cell of PV at reference temperature and solar irradiation S. k; is the temperature coefficient.

Similarly, cell reverse saturation current ( |, ) is given by (2.3).
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[T (B
I, = IR{TJ exp[ KA [TR TD (2.3)

Tq E

Where, | er is the reverse saturation current at reference temperature 'R, and ~Cis the

band gap energy of a cell. For a particular grid connected PV system, Poy depends on Ve

for given conditions of solar irradiations and cell temperature. For the grid connected PV

system considered in this report, the variation PPV with Vee

is shown in Figure 13. It can be
observed that the PV system output becomes maximum 1 MW at Vic set at 1.1 kV. The

voltage of DC link capacitor (VdC) is set to extract maximum power from PV panel using

maximum power point tracking (MPPT) control[11]. In this paper, Vi s set to 1.1 kV. The
irradiation level (S) and cell temperature (T) considered are 700 W/m2 and 300K,

respectively.

04 \\
0 2 \
0 200 400 600 800 1000 1200 1400
Vae (V)

Figure 13: Relationship between dc-link voltage and output power of a PV array.

DC link capacitor voltage dynamics can be given by power balance equation as in (2.4).

av;
% dsc = Fpy — PDC

(2.4)

Where, Poc is the power transferred from capacitor to voltage source converter (VSC).

VSC feeds the power into the grid by converting the dc-signal into an appropriate ac-signal.

If Pis the power supplied to the grid, the expression for Poc can be given as (2.5).
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Poc =P+ Ploss (2.5)

Where, P, . is the power loss in VSC and interface impedance (R + j X). It is obvious
from, (2.4) and (2.5) that any disturbance in P will ultimately induces oscillations in v,

which must settle to v, determined by MPPT.

1. Power Factor Control
In Figure 12, relationship of active power (P) and reactive power (Q) with voltages and

currents in d- and g- axis reference can be given as in (2.6).

P =i(vSDiD +Vgol )

2
Q = 2(Vgoip ~Veio ) (2.6)

Where, /s> and V52 are the d- and g- axis components of PV terminal voltage.

Similarly, '© and o are d- and g- axis components of PV current into the distribution

network. In this paper, PV is desired to operate in power factor control mode. Since, vy, and
Vs, are determined by distribution network, power factor control can be achieved by

independent control of i, and iy .
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Figure 14: Single line diagram of a case distribution system[14].
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n.  Small Signal Stability of Distribution System

1. Description of Distribution System
The distribution system under study is shown in

Figure 14. This is a 43-bus distribution network with total load of 21MW and 8 MVAR [14].
The system is connected to external utility grid through Bus 100. The system is supplied by
two synchronous generators (G1 and G2) located at buses 50 and 4, respectively. In this
paper, a squirrel cage induction generator (SCIG) is added as a source (G3) of wind power
at bus 5. Similarly, VSC based photovoltaic generator (PV) is added at bus 10 as a source of
solar power. The capacity and operating modes of the generators are summarized in Table
1.

Table 1 Summary of Generators of Case Distribution System

Generation Power
Generator Mode of operation

(MW) factor

G1 5 Power factor control 1

G2 9 Terminal Voltage Control -

Reactive power
G3 5 -
consumption
PV 1 Power factor control 1

Synchronous generators are modeled by considering dynamics of rotor flux and rotor inertia
[8]. Exciter and governor models are also included in the synchronous generator model.
Similarly, wind generator is modeled by considering the dynamics of rotor flux and rotor
inertia[15]. The reactive power required by wind generator is partially supplied by a shunt
capacitor installed at the generator terminal. Rating of the shunt capacitor is taken to be one-
fourth of the active power generated by wind generator. PV is modeled by considering
dynamics of dc-link and d-axis and g-axis current controllers as discussed in Section Il. Now,
using the models of the generators, controllers and distribution network, small signal stability

can be assessed by eigenvalue analysis.
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2. Oscillatory Modes
Eigen values of the test distribution system are plotted in Figure 15. Since all the Eigen

values lie on left half of the complex plane, the system is asymptotically stable.

Eigenvalue Plot
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Figure 15: Eigenvalues of the distribution system.

The complex eigenvalue represent the oscillatory modes of the system. The dynamic

characteristics of the system depend on the damping ratio and frequency of the oscillatory

modes. Lower values of damping ratio for any oscillatory modes are undesirable for the

stability of a power system. In this paper, threshold value of damping ratio for any oscillatory

modes is taken as 5% to ensure the oscillatory stability of a system [3]. There are four

oscillatory modes, which are summarized in Table 2.

Table 2 Oscillatory Modes of Distribution System

Damping Frequency
Mode Eigenvalues
Ratio (%) (Hz)
1 -7.6 £ j25.7 28.3 4.2
2 -5.6 £ j19.2 28.2 3.2
3 -8.8 £ j19.6 41.0 3.4
4 -0.15 £ j5.7 2.74 0.9

It can be observed that oscillatory modes 1, 2 and 3 have frequencies of around 3 to 4 Hz

and well damped. However, mode 4 has lower values of frequencies and damping. Lower
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damping ratio of a low frequency mode is unacceptable for secured operation of a power
system [3]. Hence, mode 4 is a critical mode of the system in terms of stability.

The relationship among oscillatory modes and state variables of the system can be
observed by evaluating the participation factors (PFs) of each state on a particular mode.
For a particular mode, a generator and its state variables, which have the largest values of
participation factors is identified as dominant generator for that mode. The participation of

Ky state in the ' eigenmode may be given by (2.7).

P =Pl (2.7)
Where,

2 : Ky Entry of right eigenvector Z

Vi . Ky Entry of left eigenvector Vi
The modes, their dominant generators and corresponding dominant state variables are
shown in Table 3.

Table 3 Dominant Generators of Oscillatory Modes

Dominant Dominant Participation
Mode

generator states factor
Rotor angle 0.56

1 G2
Speed deviation 0.56
Rotor angle 0.58

2 G1
Speed deviation 0.58
d-axis rotor flux 0.73

3 G3
Rotor speed 0.67
d-axis rotor flux 0.48

4 G2
Exciter 0.50

It can be observed that G2 is the dominant generator for the critical mode. Critical mode is

associated with the excitation system of G2. This suggests that the damping of critical mode
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may be improved by controlling the excitation system of G2. Alternatively, a controller can be
installed at any bus of the distribution network to enhance the damping. In this paper, a PV
generator installed at the network has been proposed to be controlled to enhance the

damping of critical mode.

Iv. Impact of PV on Critical Mode

1. Participation Factor
The impact of PV on system oscillatory modes can be observed by evaluating participation

factors of PV state variables on oscillatory modes of the system. In this paper, three state

variables of PV system, i.e. 'D, lo and Vee

have been considered. The participation factors of
PV state variables were evaluated by using (10). The results are shown in Figure 16. It can
be observed that participation factors of PV states on system oscillatory modes are very
small. This suggests that an additional dynamic controller is required for a PV system to

effectively damp low frequency oscillation of a distribution system. Among the three state
variables of PV, dc-link voltage (VdC) has the least participations on the system modes. The
participation factor of o on critical mode (Mode 4) is larger than'o. This suggests that o

may be more effective than o to control damping of critical mode. This is elaborated with

more results in section V.

0.0002
0.00015
0.0001

0.00005

Participation Factor

Figure 16: Participation factors of PV states on oscillatory modes.
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2. Eigenvalue Sensitivity
Since PV can supply power at various power factors, different values of active and

reactive powers generated have different impacts on oscillatory modes. The impact on
system modes may be measured by eigenvalue sensitivity. In this paper, eigenvalue

sensitivity with respect to active and reactive power perturbations has been taken as a

sensitivity index. If Sev denotes active or reactive power supplied by PV, then eigenvalue
. A . Sy

sensitivity of a mode “7 with respect to perturbations in ~PV is given by (2.8).

oA
A
oA OSpy

L= 2.8
OSpy v 4 29

Vectors ¢ and Yiare right and left eigenvectors, respectively as defined in (2.7).
Eigenvalue sensitivity may be computed either by an analytical approach or by a numerical

approach [7]. In a numerical approach, sensitivity may be computed by evaluating two

Spy +ASpy

eigenvalue at Sev and slightly perturbed value . The sensitivities of the critical

mode with active and reactive powers calculated numerically are shown in Figure 17.
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Figure 17: Sensitivities of critical mode with active and reactive power output of PV at different loading
of distribution system.

The sensitivities are calculated at 50% loading, full loading and 50% overloading of the

distribution system. It can be observed that the critical mode is more sensitive with

perturbation of reactive power than active power in all cases of distribution system loading

conditions. Hence, PV reactive power control is more effective for critical mode damping as
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compared to active power control. This suggests that reactive power supply from PV is
better for damping of critical mode. Existing standards suggest the unity power factor
operation of a PV system in a distribution system [16],[17]. However, future development
may allow reactive power support from a PV system utilizing advanced features of
inverters[18]. Reactive power support is sometimes beneficial to damping of low frequency

oscillations as demonstrated in Section IV-3.

3. Time Domain Analysis
The impact of PV power factor on oscillation damping was observed through time domain

analysis. PV was operated in different power factors and corresponding impact on time
domain behavior was observed. A disturbance was imposed to the steady state system by
applying a three phase fault at bus number 3. The fault duration was assumed to be 90 ms.

The voltage across PV terminal was observed. The result is shown in Figure 18.
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Figure 18: Response of PV terminal voltage against fault at bus 3.
It can be observed that system is slightly better damped when PV supplies power at 0.8

power factor as compared to unity power factor. This shows that reactive power control can
be utilized to damp the system oscillations. However, operating PV at different power factors
slightly improves the damping, which may not be sufficient to achieve desired damping of
critical modes. Hence, additional controller for PV may be required to achieve desired

damping of critical mode. This will be discussed in the following sections.
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v. Design of feedback Controller
In this section, a design procedure of an additional controller for PV power factor for

system oscillation damping is presented. The first step towards the controller design is

selection of the most appropriate control signals.

1. Selection of control signals
A state space formulation of the distribution system with control input and output is given

as (2.9).
AX = AAX +BAU
(2.9)
AY =CAX + DAU
Now, controllability factor of mode i from jth input is given by (10).
wy =B (2.10)

Where, y; is i™left eigenvector. The input signal is modulated by a controller to achieve

desired response of the system. Similarly, observability factor of mode ifrom k™ output is

given by (2.11).
Vik :‘Ck¢i‘ (2.11)
Where, ¢, is the i" right eigenvector. The output is used as a signal for feedback controller.

Now, residues of i™mode with respect to j"input when k™ output is used at feedback
signal can be given as (12)[7].

Rijk = W Vi (2.12)
Residue has been used as an index for selection of control signals. The combination of

signals giving the highest magnitude of residue was selected for input modulation signal and

feedback signal for controller. In this report, two local signals i.e. deviations of PV terminal

voltage magnitude (AV) and angle (AS) were taken as possible signals for feedback
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controller. The outputs of the controller are used to modulate the reference signals, i.e. o
and larer . The residues of critical mode, when loref is modulated is shown in Figure 19.

Modulating ips
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0.002 —
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.
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EAV
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Residues of critical mode

Figure 19: Residues of system when d-axis current of PV is modulated.
It can be observed that using AV as feedback signal gives larger values of residues at full

load and at 50% overload of distribution system. However, AS as feedback signal gives

larger value of residue at 50% load of the distribution system. Hence, the controller designed

for full load using AV as feedback signal may not be effective at 50% load of the distribution

system. Similarly, the residues of critical mode when Yorer is modulated is shown in Figure

20.
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Figure 20: Residues of system when g-axis current of PV is modulated.
It can be observed that AV has larger magnitude of residues than AS in different loading

conditions of the distribution system. Hence, AVis an appropriate feedback signal for a

controller when o is modulated. It is obvious from (2.6) that power factor control can be
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achieved by modulating either oret o laret Hence, the input signal which gives larger values

of residues when AVor A8 is used as feedback signal can be used as input modulating
signal. It can be observed from Figure 19 and Figure 20 that using lorer as modulating signal

. . . i .
gives larger values of residues in all the cases. Hence, 2 has been used as modulating

signal.

2. Controller Design
We can design a lead lag compensator to place a mode at a desired location at negative

half of s - plane. The standard form of compensator design is given as (2.13) [8].

sT [1+sT, |
KH(S)_KHST L+5Tj (2.13)
Where,

¢:1800 _arg(Rijk) (2.14)
:T_zzl—sin(¢/m) (2.15)

T, 1-sin(g/m) '
— (2.16)

1 a)i\/g .
T, =al, (2.17)

Here, T is the washout time constant, which is usually taken as 5 — 10 sec, w, is the

frequency of the mode in rad/sec and Kiis the positive constant gain. ¢ is the amount of

phase compensation required and mis the number of compensation stages. The angle

compensated by each stage should not exceed 60 degree. A controller was designed for

modulating lorer to improve damping of critical mode. The calculated values of constants of

the controller are given in
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Table 4.
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Table 4 Parameters of the power factor controller

¢ a T1 Tz
(degree) m (degree) | (seconds) | (seconds)
102.8° 2 7.02° 1.78 0.22

The gain of the controller (K) was obtained by using root-locus technique. The trace of ¢ with
K is shown in Figure 21. Here, K was gradually increased from zero until the desired
damping ratio of the critical mode was obtained. It can be observed from Figure 12 that ¢ can
be increased by increasing the value of K. When K equals to zero, ¢ has the initial value of
2.74%. Similarly, K equals 0.38 makes ¢ equals to 10%. In this paper, K is set at 0.14 to

make { equals to 5%.
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Figure 21: Variation of damping ratio of critical mode with controller gain.

3. Effectiveness of the Controller
The effectiveness of the controller was evaluated by observing the damping ratios before

and after installing the controller for PV. The results are shown in Figure 22.
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Figure 22: Comparison of damping ratios with and without controller.
It can be observed that the supplementary controller effectively improves damping ratio of
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critical modes to the targeted value of 5%. The damping ratios of other modes are

unaffected. The impact of controller on time domain response of the system was observed.

A three phase fault was applied at bus 3. The fault was cleared after 90 ms and the

responses of voltage at Bus 10 with and without controller are shown in Figure 23. It can be

observed that the controller effectively improves damping of low frequency oscillations in a

distribution system.
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Figure 23: Comparison of time domain responses of voltage at Bus 10 with and without controller.

Similarly, time domain response of dc-link voltage of PV was observed under similar

disturbance scenario. The result is shown in Figure 24. It can be observed that oscillation in

dc-link voltage is better damped by the controller.
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Figure 24: Comparison of time domain responses of dc-link voltage with and without controller.

Vvl. Conclusions

In this chapter, small signal stability analysis of a renewable energy based electricity

distribution system has been presented. The modeling approaches for different DG units

have been discussed briefly. A PV system has been modeled using DC-link dynamics and
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dynamics of d-axis and g-axis components of output currents. A controller for PV generator
has been proposed and designed for enhancing the damping of a low damped critical mode.
Eigenvalue analysis for linearized system was used for assessment of small signal stability
and design of a controller for a PV generator. The effectiveness of the controller was
evaluated both by eigenvalue analysis and time domain simulation to justify the proposed
control methodology.

The chapter demonstrates that g-axis component of PV current participates more
effectively on critical mode as compared to the d-axis component. In different loading
conditions of the distribution system, g-axis component of PV current has been found to be a
better modulating signal to be utilized for designing an additional damping controller. Next,
critical mode was better damped when there is reactive power support from a PV generator
in a distribution system. Hence, operating PV at lower factor than unity has better impact on
damping of critical mode. In different loading conditions of distribution system, the critical
mode has higher sensitivity with respect to reactive power of PV as compared to the active
power. So, reactive power control of PV seems to be better for damping of low damped
excitation modes. Finally, the additional controller has been found to improve the damping of
the critical mode effectively by shifting the Eigen-values at desired location. Also, a desired
damping ratio can be achieved by selecting an appropriate value of controller gain. The
controller is found to affect only the critical mode while the other modes are mostly

unaffected.
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Chapter 3 Conclusions of milestones 6 and 7

Conclusions

Based on the analysis presented in chapters 1 & 2 following conclusions are drawn:

The reactive compensation device placement strategy devised in chapter | not only
helps in improving the voltage at DG bus but also improves the voltage at load bus,

thus helping in utilizing the natural damping provided by the load.

The placement strategy use only voltage at a node as a feedback signal to control the

STATCOM output that helps in reducing the cost.

The simulation platform which has been developed in DIGISILENT not only helps in
testing the performance of controller under all operating conditions but also allows

improving performance of the methodology and controller functioning.

Reactive power support from a PV generator is beneficial for damping of low frequency

oscillations of a distribution system.

The proposed control methodology of PV generator can effectively improve the

damping of low frequency oscillations.

An appropriate placement of STATCOM and a PV controller design on PV can
enhance the voltage and small signal stability respectively. With these outcomes, more
DG’s can be incorporated into the distribution and sub-transmission grid without

violating the voltage limit and oscillations due to small perturbations.
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Appendix Software environment

1. DIgGSILENT platform for capacitor and STATCOM placement for Voltage stability

A DIgSILENT PowerFactory R14.0 based dynamic model of a distribution system has been
constructed for the work. Following PowerFactory core functions have been used with
required modification and organization of cases.

1. Optimization Tools for Distribution Networks

By means of command edit dialogues it is possible to calculate the optimal placement, type
and size of capacitors in radial distribution networks; the optimal separation points of
meshed networks and the optimal type of reinforcement cables and overhead lines.

PowerFactory applies 2 different optimization approaches for capacitor placement:

Gradient Search: This search is fast and mostly will find a solution that performs well - even
if not the mathematically exact global optimum.

Reactive Tabu Search: This search finds the exact optimum, but may be more time-
consuming.

In our work, Reactive Tabu search algorithm has been utilized to get optimal location and
size of cap-banks.

2. Models for Stability Analysis

In the majority of cases the standard IEEE definitions for controllers, prime movers and other
associated devices and functions are used. For systems and configurations for which no
IEEE models exist, such as STATCOM, composite model with composite frame has been
built to represent the device. The composite models are based on composite frames and are
used to combine and interconnect several elements (built-in models) and/or common
models. The composite frames enable the reuse of the basic structure of the composite
model.

3. Stability and EMT Simulations

The transient simulation functions available in DIGSILENT PowerFactory are able to analyze
the dynamic behavior of small systems and large power systems in the time domain. These
functions therefore make it possible to model complex systems such as industrial networks
and large transmission grids in detail, taking into account electrical and mechanical
parameters. The process of performing a transient simulation typically involved the following
steps:

a) Calculation of initial condition with a load flow calculation

b) Definition of result variables and/or simulation events where 2phase short circuit fault
has been considered

¢) Optional definition of result graphs and/or other virtual instruments

d) Execution of simulation

e) Creating additional result plots or virtual instruments, or editing existing ones

f) Changing settings, parameters, repeating calculations.
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2. MatLab tools for small signal stability studies

A MATLAB/Simulink based dynamic model of a distribution system has been constructed
for the research. This software utilizes some of the MatLab commands and other user
defined routines for the analysis. It has the flexibility to expand in the future as per the
requirement. Currently, the software has following major capabilities applicable for small
signal stability analysis as follows:

1) Initialization: This command initializes the dynamic variables of the machines for
dynamic simulation. Inputs to this command are line data, bus data, generator data
and constants of the controllers.

2) Networksolver: Network solver is a Simulink model of the distribution system with
DG units and controllers. It has facilities of observing time domain responses of the
bus voltages, generator rotor angles and rotor speeds.

3) Eigensensitivity: This command calculates eigenvalue sensitivity of a mode with the
specified parameter of distribution system.

4) Participation: this command calculates participation factors of the state variables on
different modes.

5) RIplot: This command generates the root-locus plot of the steady state system.

6) Controllerdesign: this command evaluates the parameters of controller designed

based on classical residue technique.
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An Index and Grid Compatible Methodology
for Reactive Power Compensation in Renewable
Based Distribution System

T. Aziz, Student Member, IEEE U. P. Mhaskar, T. K. Saha, Senior Member, IEEE and
N. Mithulananthan, Senior Member, IEEE

Abstract— In recent years, the penetration level of renewable
based Distributed Energy Resource units (DER) with varying
sizes has increased significantly. System standards that have been
developed to accommodate the DER units demand small size of
DER units to operate with constant power factor mode and large
size of DER units in voltage control mode. The constant power
factor operational mode of small scale DER units results in
exposing them to the problem of slow voltage recovery. This
paper proposes an index and a methodology for placement of
shunt FACTS controllers to improve the voltage recovery at all
buses of interest. The case studies involving two different IEEE
test systems validate the proposed Index and methodology.

Index Terms— Distributed Energy Resources, sensitivity index,
STATCOM, voltage recovery.

. INTRODUCTION

I n recent years several environmental and economic benefits
and policies have led to increased penetration of intermittent
Distributed Energy Resource (DER) units into the electricity
grid. System operators have addressed the issue of increased
penetration by specifying the grid integration requirements at a
Point of Common Coupling (PCC). The independent power
producers are placing fast and slow acting reactive power
controllers at PCC to meet grid requirements. The static
reactive power controllers maintain a steady state voltage
profile while dynamic reactive controllers are more effective in
maintaining the voltage profile during sub-transient/transient
conditions. For example, in the case of a large wind farm
system, a placement of STATCOM at PCC improves its Low
Voltage Ride Through (LVRT) capability [1].

A comprehensive literature review of the placement of
STATCOM and other reactive power compensation systems
suggests that the present studies and methods are focused
towards large DER unit based systems and their integration,
especially to fulfill voltage related grid interconnection
requirements under all operating conditions [2], [3], [4], [5].
The voltage related issues reach a new dimension when small
scale DER units in an area tend to increase. The grid codes and

This work was supported by the CSIRO Intelligent Grid Flagship
Collaboration Research Fund. Tareq Aziz (taziz@itee.uq.edu.au),
U.P.Mhaskar (udaymhaskar@gmail.com), T. K. Saha (saha@itee.uq.edu.au)
and N. Mithulananthan (mithulan@itee.uq.edu.au) are with the School of
Information Technology and Electrical Engineering, The University of
Queensland, QId 4072, Australia.

standards address these issues by requesting DER units below
a certain size to operate with constant power factor control
mode and request them to trip if abnormal conditions persists
for more than a stipulated period [6]. This not only affects the
uptime of small scale DER unit but also reduces the maximum
utilization of renewable energy resources in the system. The
problems mentioned can be alleviated by choosing an
appropriate location and type of reactive power controller in
such a manner that results in cost effective quick recovery of a
voltage at all nodes of interest. This paper addresses the issues
mentioned above in two steps. The first step develops a
sensitivity index that utilizes the characteristic and essential
variables (current and voltage) of Voltage Source Converter
(VSC) based series and shunt FACTS controllers. The second
step develops a method that utilizes that sensitivity index along
with an optimization procedure and time domain simulation to
find out the location of shunt reactive power controllers. The
paper is organized as follows:

Section 1l gives a brief introduction to the available grid
interconnection requirements for the DER unit. Section Il
describes the detail methodology proposed to improve the
voltage profile in pre-fault and post-fault scenarios. Section 1V
presents and compares the results obtained towards the
improvement in DER unit uptime. Section V describes the
conclusions and contributions of the work.

Il. GRID INTERCONNECTION REQUIREMENTS

Grid interconnection standards specify the required behaviour
of renewable and non-renewable independent power plants at
PCC under all operating conditions. Generally, they deal with
the following issues of power system control [6],[7],[8]:

1. Steady state voltage and reactive power control;

2. Steady state frequency and active power control;

3. Response to abnormal voltage;

4. Voltage flicker and harmonics;

5. Data exchange with system operator.

A. Reactive power generation capability

In order to ensure increased real power generation in the
system and for ease of control, different grid codes around the
world limit the usage of reactive power capability of DER unit
to a minimum level. For example, IEEE std. 1547-2003 does
not allow a DER unit to regulate voltage at point of common
coupling actively [6]. Federal Electric Regulatory Commission



(FERC), USA, specify power factor at a point of common
coupling as 0.95 leading to 0.95 lagging for large wind parks
as found from system impact studies [7]. In Australia,
Australian Electricity Market Operator (AEMO) request
distributed generation with a capacity of less than 30MW to
maintain a power factor between 1 to 0.95 leading for both
100% and 50% real power generation [8].

B. Steady state voltage: continuous operation range

Steady state voltage level at each node is one of the most
important parameters for the quality of supply. In general, it is
expected that voltage of a node remains within the range of
+10% of nominal value irrespective of the presence of DER
units in the network [8].

C. Response of DER unit to abnormal voltage

IEEE and other standards request DER units of below a
certain size to cease energizing during abnormal system
conditions according to the clearing time shown in Table I [6].

TABLE |
DER UNIT RESPONSE TO ABNORMAL VOLTAGE [6]
Voltage Range (p.u.) Clearing time (sec)
V<05 0.16
0.5< V<0.88 2.00
11< V<12 1.00
V>12 0.16

The clearing time listed in Table I is a maximum threshold
for DER units with a capacity of 30 kW or less. For DER units
with generation capacity greater than 30 kW, the listed
clearing time is a default value though this can vary amongst
the utilities.

D. Voltage flicker and harmonics
IEEE and IEC standards request DER units to maintain the
harmonics injected and flicker level below optimal value [6].

The issue of slow voltage recovery demands more attention
above all mentioned requirements to improve the uptime and
hence renewable energy penetration/utilization. The next
section describes the sensitivity index and methodology
developed to alleviate this problem.

I11. SENSITIVITY INDEX AND FORMULATION OF METHODOLOGY
FOR SHUNT REACTIVE POWER CONTROLLERS

Based on the literature review and analysis of grid
interconnection requirements, a new sensitivity index and a
methodology are proposed to improve the uptime of small
scale DER units. The following section describes detailed
derivation of index and methodology.

A. Formulation of sensitivity Index for VSC based series and
shunt FACTS controller

For incorporation of VSC based FACTS controllers in voltage
stability studies the following issues are important:
1) Formulation of Equations:
o Choice of controllable variables (Node voltage
and angle in conventional tools)

2

e Choice of output variables (shunt, real and
reactive power injections and/or current
injected)

2) Methods of Solution:

o Stability assessment using P-V curve.

e Time domain simulation representing load
dynamics, control strategy for excursion in
voltage at nodes of interest.

The above choices are dictated by the basic operating
characteristics, response time, control capability of the devices
and intended duration of a study [9]. The indices and
methodologies use power balance equations to carry out the
analysis. However, for a system with large dispersed DER
units, a fault may trigger a delayed voltage recovery in a
system, tripping DER units in a few seconds. The VSC based
series and shunt FACTS controllers inject real and reactive
components of voltage/current independent of a node
voltage/line current within a few milliseconds. Thus, for the
studies intended (placement and sizing of VSC based reactive
power controllers); the power system along with VSC based
FACTS controllers need different representation.

/8
"?i‘i’i Videi
(Pser Qser)

Fig.1. Branch with series FACTS controllers.

List of symbols

Xsh State of a shunt connected system;

\Y/ node voltage magnitude;

Ush Damping controller input for shunt connected

controller;

User Damping controller input for series connected
controller;

Ish magnitude of current injected by shunt FACTS
controller;

Xer  State of series connected system;

o Phase angle of voltage at node;

B Phase angle of current flowing in a branch;

I Magnitude of current flowing in a branch;

Ir Injected shunt reactive current;

Vr Series injected voltage in quadrature with line- current;
Psh Shunt injected real power;

Per  Series injected real power;

Qs Shunt injected reactive power;

Qsr  Series injected reactive power;

[Yil  Magnitude of element in Y., matrix, connected
between i and j node;

0ij Angle of element in Y .4 mMatrix, connected between i
and j" node;

nj Set of nodes connected to node j where series FACTS
controller are not connected;

f Set of branches connected to node j where series
FACTS controllers are connected,

P Node incident matrix connected i"" FACTS controller

with j™ node (P'is a transpose of P matrix).



The set of governing eqgns. for a power system with series
connected VSC based FACTS controller (see Fig. 1) is as
follows:

X sh = fsh(Xsh,V , Ush) (1)

X ser = fser(Xser, I ,User) 2

Ish _ Ynode P Vv
Vbr B Pt Zbr I (3)

Utilizing the variables such as injected series real power,
reactive voltage and shunt real power and reactive current and
rearranging those results in egn. 4-5.

Pser - \/pI - _VJI COS((j)j - B) =+ \/ilcos(d)i - B)
Ve = (Qu /1) = ~VjIsin(o, — B) + Vlsin(o, —B)

=Y VLY, [ cos(o; —o—0;) + Y VI cos(d; —B)

ienj lerj
== ShJ =Y V1Y, Isin(o; —o;—8;) + > Vil sin(; —B8)
j ienj lerj

For sensitivity analysis, linearising eqns. 4-5 around the
operating point, we have:

AF)sh All AlZ A13 A4 Ad)

AIR — AZl A22 A23 A24 AV

AP Ay A, Ayn A48 (6)
AVi| Ay A, Ayl

Where, elements of various sub-matrices in eqn. 6 are as
follows:

(4)

®)

A= oP, A= P, A= oP,, A oP,,
|, i i i i i . |, — i
il ] 8¢j 12\l ] V 13l ] aﬁj 1l ] alj
0l 0l ol ol
A (Ivj):ivA (I,J):i,A (l,J):i,A (Ivj):i
21 96 2 oy B B 2% al
i i i i
dP dP oP. oP.
A31(i:j) — Asz(' J) — vAsa(i-D :ﬂ,AM(i,j): -
9, av, 2, al,
oV, V, oV,
Auli.) === Al =~ Al ) = —2 Al ) = — =
0, v J y

Considering the power system with only shunt VSC based
FACTS controllers, we have:

Ad=AAP, +BAI, )
AV =CAP, +DAI,

Simplification of set of eqns. (7) results in the expression of
sensitivity as in egn. 9.

AV _ -1
= [Azz —Au[AL % Am]] (8)

Al

The next section describes the algorithm that utilizes AV/Aly as

a sensitivity index to find out the best location for a shunt
dynamic reactive power controller along with placement of a

3

capacitor bank in a distribution system to alleviate the slow
voltage recovery problems.

B. Methodology for placement of shunt reactive power
controller

The major steps followed to secure the voltage profile
throughout the system for all operating conditions steady state
and transient are depicted in Fig. 2. Inclusion of a DER unit
results in reduction of real power intake from the utility grid.
This approach converts the test system to a weak
interconnected micro-grid. Using “Tabu-search” based multi-
objective optimization; functions like grid loss and placement
of static reactive power compensation are optimized; egn. 10
describes the cost function utilized [10].

I L
MinF=3"C, q; +Kx> P.,xT, 9)
i=1 j=1
Steady state voltage requirement (at generator and load
terminals) is set as constraints for the optimization problem.

In eqn. 10, L and | represent the number of load levels and
candidate locations to install the capacitors. Q; is a set of fixed

capacitors for optimal solution, Q’is the control scheme
vector at load level j whose components are discrete variables.
Investment cost associated with a capacitor installed at
location iis given by C, g, . Power loss at a load level j with

time duration T, is given by P,

price. With application of various faults in the system, time
domain simulations were carried out to check dynamic voltage
restoring capability at the generator and load bus.

xT, and K stands for electricity

Input: System,
Constraints, Load
profile,
Contingencies

Obtain the Optimal
locationandsize of Cap |«
Bankusing Tabu Search

Display
Carry out Time domain Is voltage the size
Simulation with Pre- recovery E of STATCOM
defined set of asper grid and/orCap
contingencies std. Bankat node.
lNO

Place the STATCOM
at a node with
Highest Sensitivity

Fig.2. Flow chart for determination of reactive power controller location.

The placement of STATCOM is considered only when a static
compensator (capacitor bank) fails to maintain the voltage
profile as required by the system operator. For the placement

of STATCOM, the proposed sensitivity AV/AL; along with its

direction is used to find out the single best location amongst
the optimal capacitor nodes. The node having the highest

inductive AV/AL; indicates the necessity of STATCOM at that

node. Replacing the optimal capacitor on that node by
STATCOM, a voltage recovery time is obtained with the help
of time domain simulation for the generator as well as load
node. The procedure is repeated till the voltage excursion of
all nodes concerned falls within the boundary specified by



standard/grid code. Performance of AV/AL; is compared with

an existing sensitivity index AV/AQ .

IV. RESULTS AND ANALYSIS

A. Test distribution systems

To test the effectiveness of the proposed methodology, two
distribution test systems with different configurations and load
compositions are considered in this work. All studies reported
are carried out using DIigSILENT [11]. The first test
distribution system consists of 16 buses as shown in Fig. 3.
Total load in the system is 28.7MW and 9.48MVAr,
respectively. This system is treated as a commercial feeder for
the intended study. The second system has been obtained from
[12], with 21.76MW and 9MVAr of real and reactive power
load as shown in Fig. 4. This system is treated as an industrial
feeder for the intended study.
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Fig.3. Single line diagram: 16 bus test system.
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B. Load composition and load curves

This study considers practical scenarios of load
composition as they have a profound impact on voltage at
various nodes. The breakdown typically used by the utilities
for commercial and industrial feeders have been shown in
Table Il [13]. Here, motors with power ratings greater than
100 hp have been treated as large motors, which are principal
loads in an industrial feeder. A commercial feeder is
dominated (51%) by small motors representing air
conditioners. This breakdown of loads is utilized for static
load modeling of both feeders.

TABLEII
TYPICAL LOAD COMPOSITION [13]

4

the 16 node system are chosen randomly at node 3 and node 6,
whereas for the 43 node system locations is maintained as
given by the system data.

UTILITY
DG2 O GRID DG 1 T
o
| s
4

j‘ 4L
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Fig.4. Single line diagram: 43 bus test system.

TABLE 11l
PEAK LOAD DATA [14]

Load type Load composition
Commercial feeder (16 Industrial feeder
node system) (43 node system)
Pavg/Pmax 0.68 0.61
Peak load (MW) 42.72 28.82
TABLE IV

DISTRIBUTED GENERATION: CAPACITY AND LOCATION

Distributed Commercial feeder Industrial feeder
generation (16 node system) (43 node system)
DER DER DER DER
unit 1 unit 2 unit 1 unit 2
Location node 3 6 4 50
MVA rating 10 19.58 20 20
Power factor 1 1 1 1

Load type Load composition
Commercial feeder Industrial feeder
(16 node system) (43 node system)
Resistive 14 5
Small motor 51 20
Large motor 0 56
Discharge lighting 35 19

For each type of feeder, the customer load has its typical daily
load curve (DLC) set [14]. Pay/Pmax found from these DLC
sets is presented in Table 111 and has been used in this work.

C. Distributed generator and its size

DER units considered in this study are conventional
synchronous generators (this is mainly due to rotor angle
stability issues) with unity power factor operation. The DER
unit connection details for both systems have been shown in
Table IV at base load condition. The location of DER units in

D. Optimal capacitor placement and sensitivity Index values

As described in section I11-B, ‘Tabu search’ technique has
been used to find out the proper location of a fixed
compensator in the system at peak load conditions followed
from Table Ill. The number of candidate nodes has been
chosen to 50% with an objective function of minimizing grid
loss with minimum available capacitor banks. Voltage limits
at generator as well as load node have been set to 0.90 p.u. to
1.1 p.u. according to steady state voltage operating range in
[6]. Table V summarizes the results for optimal capacitor
places for the 16 node system whereas Table VI shows the
optimal capacitor places for the 43 node test system. For the
16 node system, placing capacitors of 10.2 MVAr reduces the
grid loss significantly from 1.20 MW to 0.90 MW (see Table
V) and helps in maintaining the voltage profile within steady
state limit.

TABLE V
OPTIMAL CAPACITOR SOLUTION FOR 16 BUS SYSTEM

Optimal Capacitor size Sensitivity index
Node (MVAI) AV/AQ AV/Al,
(Vpu/MVAr) (Vp.u/lp.u.)
7 3.6 0.0069 -0.1428 (Inductive)
5 1.8 0.0038 0.0769 (Capacitive)
11 1.8 0.0034 0.0667 (Capacitive)
15 1.8 0.0049 0.1 (Capacitive)
3 1.2 0.0048 0.11 (Capacitive)




In the 43 node system, with inclusion of 11.20 MVAr of
fixed capacitor bank, has improved voltage profile but
marginal reduction in grid loss from 0.54 MW to 0.45 MW has

been obtained.
TABLE VI
OPTIMAL CAPACITOR SOLUTION FOR 43 BUS SYSTEM

Optimal Capacitor size Sensitivity index

Node (MVA) AV/AQ AV/Al,

(Vp.u/MVAr) (Vp.u/lp.u.)
49 0.6 0.044 0.20 (Capacitive)
29 0.6 0.046 0.25 (Capacitive)
21 0.6 0.088 0.33 (Capacitive)
51 0.6 0.046 0.2 (Capacitive)
41 0.6 0.048 0.2 (Capacitive)
25 0.6 0.006 0.03 (Capacitive)
30 0.6 0.047 0.25 (Capacitive)
39 1.1 0.044 -0.25 (Inductive)
17 1.1 0.055 0.25 (Capacitive)
35 1.2 0.049 0.2 (Capacitive)
18 1.2 0.048 0.2 (Capacitive)
37 1.2 0.068 0.33 (Capacitive)
33 1.2 0.049 0.25 (Capacitive)

E. Voltage recovery and STATCOM placement

According to [6], voltage at DER units must come back to
90% of their normal operating voltage within 2 sec after
initiation of abnormal condition. For the verification of
dynamic voltage restoring capability using STATCOM for
generator and load nodes, a portion of static loads is converted
to dynamic motor loads according to the percentages as given
in Table Il. Tables V and VI contain sensitivity values AV/AQ

and AV/AL, at the optimal compensation nodes, which

minimizes iterations to find best node for dynamic
compensation. These values are calculated numerically with
small perturbations. To check the voltage profile under
abnormal conditions, both systems are subjected to a three
phase fault (with a fault reactance of 0.05 Q) near the
generator node and the fault is cleared after 12 cycles. The
following test cases were investigated to find out possible
solutions for supporting the above requirements:

Case 1: Without capacitor;

Case 2: With capacitor at optimal locations;

Case 3: Replacing capacitor with STATCOM at a node with
highest AV/AQ ;

Case 4: Replacing capacitor with STATCOM at a node with
highest AV /Al (For both inductive and capacitive values).

During the simulation studies, STATCOM s equipped with a
voltage controller [15]. Figs. 5 to 7 show the time domain
simulation for the 16 node system at peak load condition. Figs.
5 and 6 show excursions in voltage at nodes 3 and 6 (which are
DG nodes) respectively with fault at node 5. Load terminal
voltage profile is plotted for the fault at node 5 in Fig. 7. A
STATCOM is placed at node 7 and node 3 alternately to find
the effect of placement on voltage recovery time and also to
investigate effectiveness of sensitivity indices
AV /AQand AV/ Al respectively.  As shown in Fig. 5

without capacitors, the system fails to reach the required
voltage due to three phase fault contingency. For generator

5

node 3, capacitors at optimal places with optimal sizes help to
recover the node voltage within 1.15sec. STATCOM at node 7
reduces the restoring time significantly to only 0.26 sec. It is
interesting to find that, though node 3 is a DER unit node,
placing STATCOM on node 3 results in a longer recovery
time (1.26 sec) than that on node 7. Table VII summarizes the
voltage recovery time for both generator nodes of the 16 node
system. As simulation results for the 16 node system under
peak load condition does not reflect any problem of slow
recovery of voltage of DER unit nodes, base case is not
considered. Time domain simulations for the 43 node system is
plotted with two cases- base load and peak load. Simulation is
carried out for all four cases mentioned earlier. Figs. 8 and 9
show the simulation results for generator node voltages with a
three phase fault at node 31 at base load condition. Sensitivity
indices, AV/AQand AV/AIl, (Capacitive), both have their

highest value at node 21. AVv/Al, (Inductive) is found only

at node 39 with a value of 0.25 (AV p.u. /Alg p.u.) as shown
in Table VI.
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Fig.5. Voltage at bus 3 of 16 bus test at peak load conditions.

TABLE VII
VOLTAGE RECOVERY TIME FOR 16 BUS SYSTEM -PEAK LOAD
. . With With
DER unitnode | ‘Vithout With | staTCOM | STATCOM

capacitors | capacitors

at node 3 at node 7

3 (DER unit 1) N/A 1.15 sec 1.26 sec 0.26 sec

6 (DER unit 2) N/A 1.59 sec 1.97 sec 1.26 sec

Table VIII summarizes the voltage recovery time at base
loading, which shows that other than STATCOM at node 39,
no controller arrangement can support grid requirement at
node 4 as they have a recovery time greater than 2sec. For
node 50, recovery time is found to be less than 2sec in all
arrangements considered. Figs. 10 and 11 show the simulation
results with a three phase fault at node 31 at peak load
condition. Table IX summarizes the voltage recovery times at
peak load. It shows that placement of STATCOM on node 39
results in reduced voltage recovery time supporting grid
requirement whereas the other arrangements fail to meet the
standard. Analyzing the voltage recovery time from all three
Tables VI1I-IX, it can be concluded that STATCOM should be
placed at a node with the highest inductive AV/AIl, to



support voltage recovery requirement of DER units in the
system. Also, it is important to note that SVC behaves as a
fixed capacitor or variable inductor as compared to
STATCOM, hence when needed the reactive power supplied
by the SVC is a strong function of voltage of a terminal to

improvement in voltage profile at all concerned nodes but also
allows in utilizing inherent damping capability of the power
system.

which it is connected [16].

TABLE VIII

VOLTAGE RECOVERY TIME FOR 43 BUS SYSTEM -BASE LOAD

DER unit node Without With With With
Capacitor | Capacitor | STATCOM | STATCOM
S S at node 21 at node 39
4 (DER unit 1) 3.12 sec 2.35 sec 2.49 sec 1.61 sec
50 (DER unit2) | 0.71 sec 0.54 sec 0.42 sec 0.37 sec

For a small radial system like the 16 node system, it has
been found that STATCOM is not even necessary to support
voltage recovery, though wrong placement of STATCOM
leads to longer recovery time.
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Fig.6. Voltage at bus 6 of 16 bus system at peak load conditions.
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Fig.7. Voltage at bus 5 of 16 bus system at peak load conditions.

But for the 43 node system with large mesh configuration,
STATCOM is required at both base and peak loading
condition to support voltage recovery. Further tuning of
control parameters of STATCOM can result in reduction of
voltage recovery time. Figs. 12 and 13 show excursion in
generator rotor angle as a function of placement of
STATCOM and capacitors. From Figs. 12-13 it can be
concluded that the fast recovery of voltage not only leads to
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Fig.8. Voltage at bus 4 of 43 bus system at base load conditions.
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Fig.9. Voltage at bus number 50 of 43 bus system at base load conditions.
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Fig.10. Voltage at bus 4 of 43 bus system at peak load conditions.

TABLE IX
VOLTAGE RECOVERY TIME FOR 43 BUS SYSTEM —PEAK LOAD
DER unit node Without With With With
Capacitor | Capacitor | STATCOM | STATCOM
S S at node 21 at node 39
4 (DER wunit1) | 2.95sec 2.10 sec 2.24 sec 1.67 sec
50 (DER unit2) | 0.60 Sec 0.42 Sec 0.39 Sec 0.30 Sec
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V. CONCLUSIONS

In this paper, we have developed and investigated a new
sensitivity index based methodology for placement of shunt
reactive power compensators. This approach helps in placing
capacitor banks and STATCOM in a distributed manner to
improve voltage profile at all nodes of interest. Results show
that dynamic compensation may not be necessary for a small
radial distribution system though further investigations are
required to generalize this finding. The new sensitivity index

AV/Al,has been proved effective in detecting the

appropriate location of STATCOM also in the presence of
fixed compensation. As a result, small scale DER units remain
connected to the grid under abnormal conditions improving
their uptime. Further work is required to obtain a precise and
quantitative relationship between disturbance magnitude, post
fault recovery of voltage and the required controllable range.
Future work will focus on the optimal mixture of static and
dynamic compensation and sizing of STATCOM and
optimizing its controller parameters for achieving voltage
control with improvement in DER unit uptime.

VI. APPENDIX

Although not investigated in this paper another closely related
formulation can be obtained, by making large sub-matrices of
the Jacobean in egn. 6 constant, with assumptions as follows
[17]:
o COS(¢; _(bj) ~1
o sin(d, 7¢j) ~0;
e Vvoltage at the node approximately 1 p.u.;
o effect of shunts and tap changing action of
transformers are neglected in calculating Ays;
o effect of phase shifters in neglected in calculating Ay;
o effect of series devices on the diagonal elements of
Aq1, Az, Asr, Ag, is neglected,;
o effect of resistances is neglected in the calculation of
All;
Then it can be shown that
A= B' = A constant matrix;
A= B" = A constant matrix;
and
A12=A21=0.
As a result the linearised Jacobean becomes

AP, B 0 A; A,lAd
Al 0 B" A, A,lav
APser N AS]. A32 A33 A34 AB (10)
AVq An An Ag Ayl

Thus simplified relation for sensitivity index AV/Al, can be
as follows:

AV
Al
Similar relationship for sensitivity index with series FACTS

controllers can be obtained using eqn. 11 but not discussed
here.

w1

- (11)
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An Approach to Control a Photovoltaic
Generator to Damp Low Frequency Oscillations
in an Emerging Distribution System

S. Dahal, Student Member, IEEE, N. Mithulananthan, Senior Member, IEEE, T. Saha, Senior Member,
IEEE

Abstract—Factors like diminishing fossil fuels and
environmental concerns are driving the integration of locally
available energy resources at a distribution level. As a result, a
number of stability issues have become a concern for utilities at
distribution systems. One of the important stability concerns is
the small signal stability caused by electromechanical or other
low frequency oscillations. The oscillations with lower values of
frequency and damping may cause instabilities. In such cases, a
suitable control methodology must be applied to ensure the
stability of an emerging distribution system. In this paper, a
methodology to control the power factor of photovoltaic
generator (PV) is proposed for enhancement of system stability.
The impact of PV power factor control on a low damped mode is
assessed by using both eigenvalue sensitivity and time domain
analysis. An appropriate signal for the proposed controller is
identified by residue technique. The effectiveness of the
controller is tested in IEEE 43 bus test distribution system with
distributed generators. Results show that reactive power support
from PV is better for damping of critical mode.

Index Terms— Damping controller, distributed generation,
eigenvalue analysis, photovoltaic generation, small signal
stability.

1. INTRODUCTION

ONVENTIONAL distribution systems are regarded as
passive networks, which do not have any active source of
power generation. The power flow pattern in such networks
are unidirectional[1]. However, structure of emerging
distribution systems are changing from passive to active
network due to the integration of local energy resources in the
form of distributed generation (DG) units and their controllers
[2]. The DG units may be either utilizing renewable energy
resources such as wind and solar or using conventional fossil
fuels such as cogeneration[1]. However, more concerns on
rapidly diminishing fossil resources and environmental
degradation have encouraged integration of renewable
resources rather than fossil fuels.
With the integration of DG units, there are more concerns
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on stable operation of distribution networks under various
disturbances. Assessment of low-voltage-ride-through (LVRT)
capability has become important before a DG unit can be
connected to existing power system[3],[4]. Given the smaller
geographical area, the generators and controllers are in a close
proximity in a distribution system as compared to transmission
systems. Such proximity may induce interactions among the
machines leading to low frequency oscillations and improper
tuning of controllers [5],[6]. As a result, issues of oscillatory
instability may become a threat to secure operation of an
emerging distribution system.

Oscillatory instabilities in the form of low frequency
oscillations are highly undesirable. These oscillations must
have acceptable damping ratios to ensure stable operation of a
power system[3]. In case of transmission systems, various
controllers such as power system stabilizers (PSS), static var
compensators (SVC) and static compensators (STATCOM)
are commonly used for oscillation damping [6]. There are
various methods reported in the literatures to determine
suitable locations and design approaches of these damping
controllers in a power system[7], [8]. However, installation of
such devices in a low voltage distribution system may not
always be technically and economically attractive. Instead,
one of the DG units in the system may be controlled to
improve system stability [9]. Given the structure of a
photovoltaic (PV) system, which is dominated by controllers,
one of the controllers of PV system may be employed for
improving the oscillation damping. In this paper, damping of
a low frequency oscillation in a distribution network is
discussed. The network consists of synchronous generators,
induction generator and a PV. The impact of PV system on a
low frequency mode is systematically assessed. Then, a
control methodology is proposed for PV system to enhance the
damping of low frequency oscillations.

The paper is organized as follows: Section II discusses
about the modeling of PV generator and its associated
controllers. Section III assesses the small signal stability of a
test distribution system by eigenvalue analysis. The impact of
PV on system stability is demonstrated in section IV. An
approach to design a suitable controller for a PV system to
damp the low frequency oscillations on the system is
presented in section V. This section also discusses the
effectiveness of the proposed controller. Finally, section VI
summarizes the conclusions drawn from the study.



II. MODEL OF A PHOTOVOLTAIC SYSTEM

One of the popular DG units in present power distribution
system is solar photovoltaic (PV) system. The technology of
PV system is different from the conventional synchronous and
induction generators used for power generation. Unlike
conventional generators, PV systems do not have rotating
mechanical parts and their system dynamics are dominated by
controllers[10].

The analysis of impact of PV on stability of a distribution
network requires an appropriate model of a PV system. A
number of literatures discuss on the modeling of photovoltaic
systems[10],[11],[12]. Some of the works employ detailed
modeling for transient stability studies[10]. Approximate
models are used for small signal and steady state stability
analysis [12],[13]. A comparison of detailed model and
approximate models for assessment of small signal stability is
presented in [12]. It is recommended that approximate models
are enough to represent the small signal behavior of a power
system. Similarly, some literatures have discussed the impact
of PV system on transient and small signal stability of a power
system[10],[12]. In many cases, PV system has been reported
to improve the damping of low frequency oscillations.

The modeling approach of a PV generator and power factor
controller considered in this paper is discussed in this section.

A. Model of Photovoltaic Generator

A schematic diagram of grid connected photovoltaic (PV)
system is shown in Fig. 1.

P P,
SunRays PV DC _vsc
N 0
AN P+j0
I € = Ve .
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(VSstsg)
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mp,m,

Fig. 1. A schematic diagram of grid connected PV system.

Incidence of sun rays on PV panels induces photovoltaic
current, which causes PV power flow (P, ) from PV panels
to DC link capacitor. Py, can be given as (1) [10],[11].
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Boy =1, l:lph -1, {exp[kTAni] —1}} (1)

where, n » and n are numbers of parallel strings and
number of series connected PV panels per string respectively.
Similarly, v,, is dc-link capacitor voltage. Quantitiesq ,k , T’
and A denote the unit charge, Boltzmann’s constant, cell
temperature, and p-n junction ideality factor respectively.
Now, [ oh is the photovoltaic current and is given by (2).

S
1ﬂ11=[ISC+kT(T_TR)]ﬁ 2

where, T} is the reference temperature of cell and /. is
the short circuit current of a unit cell of PV at reference
temperature and solar irradiation S. kT is the temperature
coefficient. Similarly, cell reverse saturation current (/) is
given by (3).

3
=1 | exp| o L L 3)
8 T, kA |T, T

where, [,, is the reverse saturation current at reference
temperature 7, and E is the band gap energy of a cell.

For a particular grid connected PV system, P,, depends on
v,. for given conditions of solar irradiations and cell
temperature. For the grid connected PV system considered in
this paper, the variation P with v, is shown in Fig. 2. It
can be observed that the PV system output becomes maximum
1 MW at v, setat 1.1 kV. The voltage of DC link capacitor (
V,.) is set to extract maximum power from PV panel using
maximum power point tracking (MPPT) control[11]. In this
paper, Vv, is set to 1.1 kV. The irradiation level (S) and cell
temperature (7) considered are 700 W/m? and 300K,
respectively.
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Fig. 2. Relationship between dc-link voltage and output power of a PV
array.

DC link capacitor voltage dynamics can be given by power
balance equation as (4).

C av;,
2 dt

where, P, is the power transferred from capacitor to
voltage source converter (VSC). VSC feeds the power into the
grid by converting the dc-signal into an appropriate ac-signal.
If Pis the power supplied to the grid, the expression for
P, can be given as (5).

_PPV_PDC 4)

Poe =P+ P s 5)

where, P, is the power loss in VSC and interface
impedance (R + j X). It is obvious from, (4) and (5) that any
disturbance in P will ultimately induces oscillations in v,
which must settle to v, determined by MPPT.

B. Power Factor Control

In Fig. 1, relationship of active power (P) and reactive
power (Q) with voltages and currents in d- and - axis
reference can be given as (6).

{P = %(VSDiD +Vsolo )

., . )
0=+ (VSQZD —Vsplp )

(6)

where, Vg, and Vg, are the d- and g- axis components of
PV terminal voltage. Similarly, i,, and i, are d- and g- axis
components of PV current into the distribution network.
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Fig. 5. Single line diagram of a case distribution system[14].

In this paper, PV is desired to operate in power factor
control mode. Since, Vg, and Vg, are determined by
distribution network, power factor control can be achieved by
independent control of #,, and iQ. For a given network
condition, PV power factor can be set to desired value by
appropriate values of currents, i.e. ij,,. and iy, . Then, i),
andi,, can be controlled to follow i, . and i, by using
proportional and integral (PI) controllers as shown in Figs. 3
and 4. The outputs of the controllers, i.e. m, andm, are
control parameters of VSC.

Lores + K, mp
_ 1+T,s
Ip
Fig. 3. d- axis current controller.
forer + K, g
= 1+7,s
0

Fig. 4. g-axis current controller.

III. SMALL SIGNAL STABILITY OF DISTRIBUTION SYSTEM

A. Description of Distribution System

The distribution system under study is shown in Fig. 5. This
is a 43-bus distribution network with total load of 21MW and
8 MVAR [14]. The system is connected to external utility grid
through Bus 100. The system is supplied by two synchronous
generators (Gl and G2) located at buses 50 and 4,
respectively. In this paper, a squirrel cage induction generator

(SCIG) is added as a source (G3) of wind power at bus 5.
Similarly, VSC based photovoltaic generator (PV) is added at
bus 10 as a source of solar power. The capacity and operating
modes of the generators are summarized in Table 1.

TABLEI
SUMMARY OF GENERATORS OF CASE DISTRIBUTION SYSTEM

Generator Ge(rllclr‘;t)lon Mode of operation l;;::::
Gl 5 Power factor control 1
G2 9 Terminal Voltage Control -
G3 5 Reactive power consumption -
PV 1 Power factor control 1

Synchronous generators are modeled by considering
dynamics of rotor flux and rotor inertia [8]. Exciter and
governor models are also included in the synchronous
generator model. Similarly, wind generator is modeled by
considering the dynamics of rotor flux and rotor inertia[15].
The reactive power required by wind generator is partially
supplied by a shunt capacitor installed at the generator
terminal. Rating of the shunt capacitor is taken to be one-
fourth of the active power generated by wind generator. PV is
modeled by considering dynamics of dc-link and d-axis and g-
axis current controllers as discussed in Section II. Now, using
the models of the generators, controllers and distribution
network, small signal stability can be assessed by eigenvalue
analysis.

B. Oscillatory Modes

A distribution network with DG units and their controllers
can be represented by sets of differential and algebraic
equations (DAEs). Ifx is a set of dynamic variables and y is a
set of algebraic variables, then DAEs can be written as (7) [7].



{)’c f(x,»)
0=g(x,y)

The differential and algebraic equations (DAEs) of (7) can
be linearized and rearranged at an operating point (x,, ), )as

(8).

()

AX| | fe S [AX
0 g &, |AY
where f, =0df /dX|,,f, =0f/dY|,,g, =0dg/dX|,,

and g = dg /oY |, . If g, 1s a non singular matrix, (6) can
be reduced as (9).

®)

AX = AANX )
where 4=(f, - f, g;l g ) represents the system state matrix
of the distribution system. The system is stable, if all the
eigenvalues of 4 have negative real part. Eigenvalues of the
test distribution system are plotted in Fig. 6. Since all the
eigenvalues lie on left half of the complex plane, the system is
asymptotically stable.
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Fig. 6. Eigenvalues of the distribution system.

The complex eigenvalues represent the oscillatory modes of
the system. The dynamic characteristics of the system depend
on the damping ratio and frequency of the oscillatory modes.
Lower values of damping ratio for any oscillatory modes are
undesirable for the stability of a power system. In this paper,
threshold value of damping ratio for any oscillatory modes is
taken as 5% to ensure the oscillatory stability of a system [3].

There are four oscillatory modes which are summarized in

Table II.
TABLEII
OSCILLATORY MODES OF DISTRIBUTION SYSTEM

Mode Eigenvalues l[{)::ir:)p(l‘;)g) Fre?I}Ilz)n ¥
1 -7.6 £ j25.7 28.3 4.2
2 -5.6 + j19.2 28.2 32
3 -8.8 + j19.6 41.0 3.4
4 -0.15 £ j5.7 2.74 0.9

It can be observed that oscillatory modes 1, 2 and 3 have
frequencies of around 3 to 4 Hz and well damped. However,

mode 4 has lower values of frequencies and damping. Lower
damping ratio of a low frequency mode is unacceptable for
secure operation of a power system [3]. Hence, mode 4 is a
critical mode of the system in terms of stability.

The relationship among oscillatory modes and state
variables of the system can be observed by evaluating the
participation factors (PFs) of each state on a particular mode.
For a particular mode, a generator and its state variables,
which have the largest values of participation factors is
identified as dominant generator for that mode. The
participation of k,, state in the i, eigenmode may be given
by (10).

P = Pl i (10)

where,

Dy

W, k, entryof left eigenvector ¥/,

: k,, entry of right eigenvector ¢,

The modes, their dominant generators and corresponding
dominant state variables are shown in Table III.

TABLE III
DOMINANT GENERATORS OF OSCILLATORY MODES

Dominant Dominant Participation
Mode
generator states factor
Rotor angle 0.56
1 G2 P
Speed deviation 0.56
) Gl Rotor an'glc.a 0.58
Speed deviation 0.58
3 G3 d-axis rotor flux 0.73
Rotor speed 0.67
d-axis rotor flux 0.48
4 G2 -
Exciter 0.50

It can be observed that G2 is the dominant generator for the
critical mode. Critical mode is associated with the excitation
system of G2. This suggests that the damping of critical mode
may be improved by controlling the excitation system of G2.
Alternatively, a controller can be installed at any bus of the
distribution network to enhance the damping. In this paper, a
PV generator installed at the network has been proposed to be
controlled to enhance the damping of critical mode.

IV. IMPACT OF PV ON CRITICAL MODE

A. Participation Factor

The impact of PV on system oscillatory modes can be
observed by evaluating participation factors of PV state
variables on oscillatory modes of the system. In this paper,
three state variables of PV system, i.e. i, iQ and v, have
been considered. The participation factors of PV state
variables were evaluated by using (10). The results are shown
in Fig. 7. It can be observed that participation factors of PV
states on system oscillatory modes are very small. This
suggests that an additional dynamic controller is required for a
PV system to effectively damp low frequency oscillation of a
distribution system. Among the three state variables of PV, dc-
link voltage (v, ) has the least participations on the system
modes. The participation factor of iQ on critical mode (Mode



4) is larger thani;,. This suggests that i, may be more
effective than i, to control damping of critical mode. This is
elaborated with more results in Section V.
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Fig. 7. Participation factors of PV states on oscillatory modes.

B. FEigenvalue Sensitivity

Since PV can supply power at various power factors,
different values of active and reactive powers generated have
different impacts on oscillatory modes. The impact on system
modes may be measured by eigenvalue sensitivity. In this
paper, eigenvalue sensitivity with respect to active and
reactive power perturbations has been taken as a sensitivity
index. If §,, denotes active or reactive power supplied by
PV, then eigenvalue sensitivity of a mode ﬂi with respect to
perturbations in S, is given by (11).

o1 " (aSPV J“)"

= (11)
9S py )

Vectors @, and I/, are right and left eigenvectors,
respectively as defined in (10). Eigenvalue sensitivity may be
computed either by an analytical approach or by a numerical
approach [7]. In a numerical approach, sensitivity may be
computed by evaluating two eigenvalues at S,, and slightly
perturbed value S ,, +AS,, . The sensitivities of the critical
mode with active and reactive powers calculated numerically

are shown in Fig. 8.
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Fig. 8. Sensitivities of critical mode with active and reactive power output
of PV at different loading of distribution system.

The sensitivities are calculated at 50% loading, full loading
and 50% overloading of the distribution system. It can be
observed that the critical mode is more sensitive with

perturbation of reactive power than active power in all cases
of distribution system loading conditions. Hence, PV reactive
power control is more effective for critical mode damping as
compared to active power control. This suggests that reactive
power supply from PV is better for damping of critical mode.
Existing standards suggest the unity power factor operation
of a PV system in a distribution system [16],[17]. However,
future development may allow reactive power support from a
PV system utilizing advanced features of inverters[18].
Reactive power support is sometimes beneficial to damping of
low frequency oscillations as demonstrated in Section IV-C.

C. Time Domain Analysis

The impact of PV power factor on oscillation damping was
observed through time domain analysis. PV was operated in
different power factors and corresponding impact on time
domain behavior was observed. A disturbance was imposed to
the steady state system by applying a three phase fault at bus
number 3. The fault duration was assumed to be 90 ms. The
voltage across PV terminal was observed. The result is shown
in Fig. 9.
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Fig. 9. Response of PV terminal voltage against fault at bus 3.

It can be observed that system is slightly better damped
when PV supplies power at 0.8 power factor as compared to
unity power factor. This shows that reactive power control can
be utilized to damp the system oscillations. However,
operating PV at different power factors slightly improves the
damping, which may not be sufficient to achieve desired
damping of critical modes. Hence, additional controller for PV
may be required to achieve desired damping of critical mode.
This will be discussed in the following sections.

V. DESIGN OF FEEDBACK CONTROLLER

In this section, a design procedure of an additional
controller for PV power factor for system oscillation damping
is presented. The first step towards the controller design is
selection of the most appropriate control signals.

A. Selection of Control Signals

A state space formulation of the distribution system with
control input and output is given as (12).

AX = AAX + BAU
AY = CAX + DAU

Now, controllability factor of mode i from jth input is
given by (13).

(12)



w, = ‘y/l.Bj‘ (13)

where, Y/, is i" left eigenvector. The input signal is

modulated by a controller to achieve desired response of the

system. Similarly, observability factor of mode i from k"
output is given by (14).

Vik =|Ck¢[| (14)

where, @,is the i th right eigenvector. The output is used as

a signal for feedback controller. Now, residues of i" mode

with respect to j & input when k th output is used at feedback
signal can be given as (15)[7].

Rijk = WiV

15)
Residue has been used as an index for selection of control
signals. The combination of signals giving the highest
magnitude of residue was selected for input modulation signal
and feedback signal for controller.

In this paper, two local signals i.e. deviations of PV
terminal voltage magnitude (AV) and angle (Ad) were
taken as possible signals for feedback controller. The outputs
of the controller are used to modulate the reference signals, i.e.
Ipy and Iy, . The residues of critical mode, when 7, is
modulated is shown in Fig. 10.
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Fig. 10. Residues of system when d-axis current of PV is modulated.

It can be observed that using AV as feedback signal gives
larger values of residues at full load and at 50% overload of
distribution system. However, Ad as feedback signal gives
larger value of residue at 50% load of the distribution system.
Hence, the controller designed for full load using AV as
feedback signal may not be effective at 50% load of the
distribution system.

Similarly, the residues of critical mode when i, is
modulated is shown in Fig. 11.
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Fig. 11. Residues of system when g-axis current of PV is modulated.

It can be observed that AV has larger magnitude of
residues than AQ in different loading conditions of the
distribution system. Hence, AV is an appropriate feedback
signal for a controller when i, is modulated.

It is obvious from (6) that power factor control can be
achieved by modulating either i, ori,,, . Hence, the input
signal which gives larger values of residues when AV or Ad
is used as feedback signal can be used as input modulating
signal. It can be observed from Figs. 10 and 11 that using
iQref as modulating signal gives larger values of residues in
all the cases. Hence, iQref has been used as modulating signal.

B. Controller Design

We can design a lead lag compensator to place a mode at a
desired location at negative half of § - plane. The standard
form of compensator design is given as (16) [8].

KH(s) =k T_| 1*5T, (16)
1+sT| 1+5T,
where,
¢=180° —arg(R,;) (17)
:Ezl—s%nm/m) a8)
T, 1-sin(¢/m)
1
7 =— (19)
' oo
T, =af, (20)

Here, 1 is the washout time constant, which is usually
taken as 5 — 10 sec, @, is the frequency of the mode in rad/sec
and K is the positive constant gain. ¢ is the amount of phase
compensation required and 71 is the number of compensation
stages. The angle compensated by each stage should not
exceed 60 degree.

A controller was designed for modulating i,,, to improve
damping of critical mode. The calculated values of constants
of the controller are given in Table IV.

TABLE 1V
PARAMETERS OF THE POWER FACTOR CONTROLLER

¢ a T, T,
(degree) (degree) (seconds) (seconds)
102.8° 7.02° 1.78 0.22

The gain of the controller (K) was obtained by using root-
locus technique. The trace of { with K is shown in Fig. 12.
Here, K was gradually increased from zero until the desired
damping ratio of the critical mode was obtained. It can be
observed from Fig. 12 that  can be increased by increasing
the value of K. When K equals to zero, { has the initial value
of 2.74%. Similarly, K equals 0.38 makes { equals to 10%. In
this paper, K is set at 0.14 to make  equals to 5%.
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Fig. 12. Variation of damping ratio of critical mode with controller gain.

C. Effectiveness of the Controller

The effectiveness of the controller was evaluated by
observing the damping ratios before and after installing the
controller for PV. The results are shown in Fig. 13.
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Fig. 13. Comparison of damping ratios with and without controller.

It can be observed that the supplementary controller
effectively improves damping ratio of critical modes to the
targeted value of 5%. The damping ratios of other modes are
unaffected.

The impact of controller on time domain response of the
system was observed. A three phase fault was applied at bus
3. The fault was cleared after 90 ms. The responses of voltage
at Bus 10 with and without controller are shown in Fig. 14. It
can be observed that the controller effectively improves
damping of low frequency oscillations in a distribution
system.
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Fig. 14. Comparison of time domain responses of voltage at Bus 10 with and
without controller.

Similarly, time domain response of dc-link voltage of PV
was observed under similar disturbance scenario. The result is
shown in Fig. 15. It can be observed that oscillation in dec-link
voltage is better damped by the controller.
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Fig. 15. Comparison of time domain responses of dc-link voltage with and
without controller.

VI. CONCLUSION

In this paper, small signal stability analysis of a renewable
energy based electricity distribution system has been
presented. The modeling approaches for different DG units
have been discussed briefly. A PV system has been modeled
using DC-link dynamics and dynamics of d-axis and g-axis
components of output currents. A controller for PV generator
has been proposed for enhancing the damping of a low
damped critical mode. Eigenvalue analysis for linearized
system was used for assessment of small signal stability and
design of a controller for a PV generator. The effectiveness of
the controller was evaluated both by eigenvalue analysis and
time domain simulation to justify the proposed control
methodology.

The paper demonstrates that g-axis component of PV
current participates more effectively on critical mode as
compared to the d-axis component. In different loading
conditions of the distribution system, q-axis component of PV
current has been found to be a better modulating signal to be
utilized for designing an additional damping controller.

Next, critical mode was better damped when there is
reactive power support from a PV generator in a distribution
system. Hence, operating PV at lower factor than unity has
better impact on damping of critical mode. In different loading
conditions of distribution system, the critical mode has higher
sensitivity with respect to reactive power of PV as compared
to the active power. So, reactive power control of PV seems to
be better for damping of low damped excitation modes.

Finally, the additional controller has been found to be able
to improve the damping of the critical mode effectively by
shifting the eigenvalues at desired location. Also, a desired
damping ratio can be achieved by selecting an appropriate
value of controller gain. The controller is found to affect only
the critical mode while the other modes are unaffected.
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An Index and Grid Compatible Methodology
for Reactive Power Compensation in Renewable
Based Distribution System
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Abstract— In recent years, the penetration level of renewable
based Distributed Energy Resource units (DER) with varying
sizes has increased significantly. System standards that have been
developed to accommodate the DER units demand small size of
DER units to operate with constant power factor mode and large
size of DER units in voltage control mode. The constant power
factor operational mode of small scale DER units results in
exposing them to the problem of slow voltage recovery. This
paper proposes an index and a methodology for placement of
shunt FACTS controllers to improve the voltage recovery at all
buses of interest. The case studies involving two different IEEE
test systems validate the proposed Index and methodology.

Index Terms— Distributed Energy Resources, sensitivity index,
STATCOM, voltage recovery.

. INTRODUCTION

I n recent years several environmental and economic benefits
and policies have led to increased penetration of intermittent
Distributed Energy Resource (DER) units into the electricity
grid. System operators have addressed the issue of increased
penetration by specifying the grid integration requirements at a
Point of Common Coupling (PCC). The independent power
producers are placing fast and slow acting reactive power
controllers at PCC to meet grid requirements. The static
reactive power controllers maintain a steady state voltage
profile while dynamic reactive controllers are more effective in
maintaining the voltage profile during sub-transient/transient
conditions. For example, in the case of a large wind farm
system, a placement of STATCOM at PCC improves its Low
Voltage Ride Through (LVRT) capability [1].

A comprehensive literature review of the placement of
STATCOM and other reactive power compensation systems
suggests that the present studies and methods are focused
towards large DER unit based systems and their integration,
especially to fulfill voltage related grid interconnection
requirements under all operating conditions [2], [3], [4], [5].
The voltage related issues reach a new dimension when small
scale DER units in an area tend to increase. The grid codes and
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standards address these issues by requesting DER units below
a certain size to operate with constant power factor control
mode and request them to trip if abnormal conditions persists
for more than a stipulated period [6]. This not only affects the
uptime of small scale DER unit but also reduces the maximum
utilization of renewable energy resources in the system. The
problems mentioned can be alleviated by choosing an
appropriate location and type of reactive power controller in
such a manner that results in cost effective quick recovery of a
voltage at all nodes of interest. This paper addresses the issues
mentioned above in two steps. The first step develops a
sensitivity index that utilizes the characteristic and essential
variables (current and voltage) of Voltage Source Converter
(VSC) based series and shunt FACTS controllers. The second
step develops a method that utilizes that sensitivity index along
with an optimization procedure and time domain simulation to
find out the location of shunt reactive power controllers. The
paper is organized as follows:

Section 1l gives a brief introduction to the available grid
interconnection requirements for the DER unit. Section Il
describes the detail methodology proposed to improve the
voltage profile in pre-fault and post-fault scenarios. Section 1V
presents and compares the results obtained towards the
improvement in DER unit uptime. Section V describes the
conclusions and contributions of the work.

Il. GRID INTERCONNECTION REQUIREMENTS

Grid interconnection standards specify the required behaviour
of renewable and non-renewable independent power plants at
PCC under all operating conditions. Generally, they deal with
the following issues of power system control [6],[7],[8]:

1. Steady state voltage and reactive power control;

2. Steady state frequency and active power control;

3. Response to abnormal voltage;

4. Voltage flicker and harmonics;

5. Data exchange with system operator.

A. Reactive power generation capability

In order to ensure increased real power generation in the
system and for ease of control, different grid codes around the
world limit the usage of reactive power capability of DER unit
to a minimum level. For example, IEEE std. 1547-2003 does
not allow a DER unit to regulate voltage at point of common
coupling actively [6]. Federal Electric Regulatory Commission



(FERC), USA, specify power factor at a point of common
coupling as 0.95 leading to 0.95 lagging for large wind parks
as found from system impact studies [7]. In Australia,
Australian Electricity Market Operator (AEMO) request
distributed generation with a capacity of less than 30MW to
maintain a power factor between 1 to 0.95 leading for both
100% and 50% real power generation [8].

B. Steady state voltage: continuous operation range

Steady state voltage level at each node is one of the most
important parameters for the quality of supply. In general, it is
expected that voltage of a node remains within the range of
+10% of nominal value irrespective of the presence of DER
units in the network [8].

C. Response of DER unit to abnormal voltage

IEEE and other standards request DER units of below a
certain size to cease energizing during abnormal system
conditions according to the clearing time shown in Table I [6].

TABLE |
DER UNIT RESPONSE TO ABNORMAL VOLTAGE [6]
Voltage Range (p.u.) Clearing time (sec)
V<05 0.16
0.5< V<0.88 2.00
11< V<12 1.00
V>12 0.16

The clearing time listed in Table I is a maximum threshold
for DER units with a capacity of 30 kW or less. For DER units
with generation capacity greater than 30 kW, the listed
clearing time is a default value though this can vary amongst
the utilities.

D. Voltage flicker and harmonics
IEEE and IEC standards request DER units to maintain the
harmonics injected and flicker level below optimal value [6].

The issue of slow voltage recovery demands more attention
above all mentioned requirements to improve the uptime and
hence renewable energy penetration/utilization. The next
section describes the sensitivity index and methodology
developed to alleviate this problem.

I11. SENSITIVITY INDEX AND FORMULATION OF METHODOLOGY
FOR SHUNT REACTIVE POWER CONTROLLERS

Based on the literature review and analysis of grid
interconnection requirements, a new sensitivity index and a
methodology are proposed to improve the uptime of small
scale DER units. The following section describes detailed
derivation of index and methodology.

A. Formulation of sensitivity Index for VSC based series and
shunt FACTS controller

For incorporation of VSC based FACTS controllers in voltage
stability studies the following issues are important:
1) Formulation of Equations:
o Choice of controllable variables (Node voltage
and angle in conventional tools)
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e Choice of output variables (shunt, real and
reactive power injections and/or current
injected)

2) Methods of Solution:

o Stability assessment using P-V curve.

e Time domain simulation representing load
dynamics, control strategy for excursion in
voltage at nodes of interest.

The above choices are dictated by the basic operating
characteristics, response time, control capability of the devices
and intended duration of a study [9]. The indices and
methodologies use power balance equations to carry out the
analysis. However, for a system with large dispersed DER
units, a fault may trigger a delayed voltage recovery in a
system, tripping DER units in a few seconds. The VSC based
series and shunt FACTS controllers inject real and reactive
components of voltage/current independent of a node
voltage/line current within a few milliseconds. Thus, for the
studies intended (placement and sizing of VSC based reactive
power controllers); the power system along with VSC based
FACTS controllers need different representation.

/8
"?i‘i’i Videi
(Pser Qser)

Fig.1. Branch with series FACTS controllers.

List of symbols

Xsh State of a shunt connected system;

\Y/ node voltage magnitude;

Ush Damping controller input for shunt connected

controller;

User Damping controller input for series connected
controller;

Ish magnitude of current injected by shunt FACTS
controller;

Xer  State of series connected system;

o Phase angle of voltage at node;

B Phase angle of current flowing in a branch;

I Magnitude of current flowing in a branch;

Ir Injected shunt reactive current;

Vr Series injected voltage in quadrature with line- current;
Psh Shunt injected real power;

Per  Series injected real power;

Qs Shunt injected reactive power;

Qsr  Series injected reactive power;

[Yil  Magnitude of element in Y., matrix, connected
between i and j node;

0ij Angle of element in Y .4 mMatrix, connected between i
and j" node;

nj Set of nodes connected to node j where series FACTS
controller are not connected;

f Set of branches connected to node j where series
FACTS controllers are connected,

P Node incident matrix connected i"" FACTS controller

with j™ node (P'is a transpose of P matrix).



The set of governing eqgns. for a power system with series
connected VSC based FACTS controller (see Fig. 1) is as
follows:

X sh = fsh(Xsh,V , Ush) (1)

X ser = fser(Xser, I ,User) 2

Ish _ Ynode P Vv
Vbr B Pt Zbr I (3)

Utilizing the variables such as injected series real power,
reactive voltage and shunt real power and reactive current and
rearranging those results in egn. 4-5.

Pser - \/pI - _VJI COS((j)j - B) =+ \/ilcos(d)i - B)
Ve = (Qu /1) = ~VjIsin(o, — B) + Vlsin(o, —B)

=Y VLY, [ cos(o; —o—0;) + Y VI cos(d; —B)

ienj lerj
== ShJ =Y V1Y, Isin(o; —o;—8;) + > Vil sin(; —B8)
j ienj lerj

For sensitivity analysis, linearising eqns. 4-5 around the
operating point, we have:

AF)sh All AlZ A13 A4 Ad)

AIR — AZl A22 A23 A24 AV

AP Ay A, Ayn A48 (6)
AVi| Ay A, Ayl

Where, elements of various sub-matrices in eqn. 6 are as
follows:

(4)

®)

A= oP, A= P, A= oP,, A oP,,
|, i i i i i . |, — i
il ] 8¢j 12\l ] V 13l ] aﬁj 1l ] alj
0l 0l ol ol
A (Ivj):ivA (I,J):i,A (l,J):i,A (Ivj):i
21 96 2 oy B B 2% al
i i i i
dP dP oP. oP.
A31(i:j) — Asz(' J) — vAsa(i-D :ﬂ,AM(i,j): -
9, av, 2, al,
oV, V, oV,
Auli.) === Al =~ Al ) = —2 Al ) = — =
0, v J y

Considering the power system with only shunt VSC based
FACTS controllers, we have:

Ad=AAP, +BAI, )
AV =CAP, +DAI,

Simplification of set of eqns. (7) results in the expression of
sensitivity as in egn. 9.

AV _ -1
= [Azz —Au[AL % Am]] (8)

Al

The next section describes the algorithm that utilizes AV/Aly as

a sensitivity index to find out the best location for a shunt
dynamic reactive power controller along with placement of a
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capacitor bank in a distribution system to alleviate the slow
voltage recovery problems.

B. Methodology for placement of shunt reactive power
controller

The major steps followed to secure the voltage profile
throughout the system for all operating conditions steady state
and transient are depicted in Fig. 2. Inclusion of a DER unit
results in reduction of real power intake from the utility grid.
This approach converts the test system to a weak
interconnected micro-grid. Using “Tabu-search” based multi-
objective optimization; functions like grid loss and placement
of static reactive power compensation are optimized; egn. 10
describes the cost function utilized [10].

I L
MinF=3"C, q; +Kx> P.,xT, 9)
i=1 j=1
Steady state voltage requirement (at generator and load
terminals) is set as constraints for the optimization problem.

In eqn. 10, L and | represent the number of load levels and
candidate locations to install the capacitors. Q; is a set of fixed

capacitors for optimal solution, Q’is the control scheme
vector at load level j whose components are discrete variables.
Investment cost associated with a capacitor installed at
location iis given by C, g, . Power loss at a load level j with

time duration T, is given by P,

price. With application of various faults in the system, time
domain simulations were carried out to check dynamic voltage
restoring capability at the generator and load bus.

xT, and K stands for electricity

Input: System,
Constraints, Load
profile,
Contingencies

Obtain the Optimal
locationandsize of Cap |«
Bankusing Tabu Search

Display
Carry out Time domain Is voltage the size
Simulation with Pre- recovery E of STATCOM
defined set of asper grid and/orCap
contingencies std. Bankat node.
lNO

Place the STATCOM
at a node with
Highest Sensitivity

Fig.2. Flow chart for determination of reactive power controller location.

The placement of STATCOM is considered only when a static
compensator (capacitor bank) fails to maintain the voltage
profile as required by the system operator. For the placement

of STATCOM, the proposed sensitivity AV/AL; along with its

direction is used to find out the single best location amongst
the optimal capacitor nodes. The node having the highest

inductive AV/AL; indicates the necessity of STATCOM at that

node. Replacing the optimal capacitor on that node by
STATCOM, a voltage recovery time is obtained with the help
of time domain simulation for the generator as well as load
node. The procedure is repeated till the voltage excursion of
all nodes concerned falls within the boundary specified by



standard/grid code. Performance of AV/AL; is compared with

an existing sensitivity index AV/AQ .

IV. RESULTS AND ANALYSIS

A. Test distribution systems

To test the effectiveness of the proposed methodology, two
distribution test systems with different configurations and load
compositions are considered in this work. All studies reported
are carried out using DIigSILENT [11]. The first test
distribution system consists of 16 buses as shown in Fig. 3.
Total load in the system is 28.7MW and 9.48MVAr,
respectively. This system is treated as a commercial feeder for
the intended study. The second system has been obtained from
[12], with 21.76MW and 9MVAr of real and reactive power
load as shown in Fig. 4. This system is treated as an industrial
feeder for the intended study.
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Fig.3. Single line diagram: 16 bus test system.
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B. Load composition and load curves

This study considers practical scenarios of load
composition as they have a profound impact on voltage at
various nodes. The breakdown typically used by the utilities
for commercial and industrial feeders have been shown in
Table Il [13]. Here, motors with power ratings greater than
100 hp have been treated as large motors, which are principal
loads in an industrial feeder. A commercial feeder is
dominated (51%) by small motors representing air
conditioners. This breakdown of loads is utilized for static
load modeling of both feeders.

TABLEII
TYPICAL LOAD COMPOSITION [13]
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the 16 node system are chosen randomly at node 3 and node 6,
whereas for the 43 node system locations is maintained as
given by the system data.

UTILITY
DG2 O GRID DG 1 T
o
| s
4

j‘ 4L
‘ 21

Fig.4. Single line diagram: 43 bus test system.

TABLE 11l
PEAK LOAD DATA [14]

Load type Load composition
Commercial feeder (16 Industrial feeder
node system) (43 node system)
Pavg/Pmax 0.68 0.61
Peak load (MW) 42.72 28.82
TABLE IV

DISTRIBUTED GENERATION: CAPACITY AND LOCATION

Distributed Commercial feeder Industrial feeder
generation (16 node system) (43 node system)
DER DER DER DER
unit 1 unit 2 unit 1 unit 2
Location node 3 6 4 50
MVA rating 10 19.58 20 20
Power factor 1 1 1 1

Load type Load composition
Commercial feeder Industrial feeder
(16 node system) (43 node system)
Resistive 14 5
Small motor 51 20
Large motor 0 56
Discharge lighting 35 19

For each type of feeder, the customer load has its typical daily
load curve (DLC) set [14]. Pay/Pmax found from these DLC
sets is presented in Table 111 and has been used in this work.

C. Distributed generator and its size

DER units considered in this study are conventional
synchronous generators (this is mainly due to rotor angle
stability issues) with unity power factor operation. The DER
unit connection details for both systems have been shown in
Table IV at base load condition. The location of DER units in

D. Optimal capacitor placement and sensitivity Index values

As described in section I11-B, ‘Tabu search’ technique has
been used to find out the proper location of a fixed
compensator in the system at peak load conditions followed
from Table Ill. The number of candidate nodes has been
chosen to 50% with an objective function of minimizing grid
loss with minimum available capacitor banks. Voltage limits
at generator as well as load node have been set to 0.90 p.u. to
1.1 p.u. according to steady state voltage operating range in
[6]. Table V summarizes the results for optimal capacitor
places for the 16 node system whereas Table VI shows the
optimal capacitor places for the 43 node test system. For the
16 node system, placing capacitors of 10.2 MVAr reduces the
grid loss significantly from 1.20 MW to 0.90 MW (see Table
V) and helps in maintaining the voltage profile within steady
state limit.

TABLE V
OPTIMAL CAPACITOR SOLUTION FOR 16 BUS SYSTEM

Optimal Capacitor size Sensitivity index
Node (MVAI) AV/AQ AV/Al,
(Vpu/MVAr) (Vp.u/lp.u.)
7 3.6 0.0069 -0.1428 (Inductive)
5 1.8 0.0038 0.0769 (Capacitive)
11 1.8 0.0034 0.0667 (Capacitive)
15 1.8 0.0049 0.1 (Capacitive)
3 1.2 0.0048 0.11 (Capacitive)




In the 43 node system, with inclusion of 11.20 MVAr of
fixed capacitor bank, has improved voltage profile but
marginal reduction in grid loss from 0.54 MW to 0.45 MW has

been obtained.
TABLE VI
OPTIMAL CAPACITOR SOLUTION FOR 43 BUS SYSTEM

Optimal Capacitor size Sensitivity index

Node (MVA) AV/AQ AV/Al,

(Vp.u/MVAr) (Vp.u/lp.u.)
49 0.6 0.044 0.20 (Capacitive)
29 0.6 0.046 0.25 (Capacitive)
21 0.6 0.088 0.33 (Capacitive)
51 0.6 0.046 0.2 (Capacitive)
41 0.6 0.048 0.2 (Capacitive)
25 0.6 0.006 0.03 (Capacitive)
30 0.6 0.047 0.25 (Capacitive)
39 1.1 0.044 -0.25 (Inductive)
17 1.1 0.055 0.25 (Capacitive)
35 1.2 0.049 0.2 (Capacitive)
18 1.2 0.048 0.2 (Capacitive)
37 1.2 0.068 0.33 (Capacitive)
33 1.2 0.049 0.25 (Capacitive)

E. Voltage recovery and STATCOM placement

According to [6], voltage at DER units must come back to
90% of their normal operating voltage within 2 sec after
initiation of abnormal condition. For the verification of
dynamic voltage restoring capability using STATCOM for
generator and load nodes, a portion of static loads is converted
to dynamic motor loads according to the percentages as given
in Table Il. Tables V and VI contain sensitivity values AV/AQ

and AV/AL, at the optimal compensation nodes, which

minimizes iterations to find best node for dynamic
compensation. These values are calculated numerically with
small perturbations. To check the voltage profile under
abnormal conditions, both systems are subjected to a three
phase fault (with a fault reactance of 0.05 Q) near the
generator node and the fault is cleared after 12 cycles. The
following test cases were investigated to find out possible
solutions for supporting the above requirements:

Case 1: Without capacitor;

Case 2: With capacitor at optimal locations;

Case 3: Replacing capacitor with STATCOM at a node with
highest AV/AQ ;

Case 4: Replacing capacitor with STATCOM at a node with
highest AV /Al (For both inductive and capacitive values).

During the simulation studies, STATCOM s equipped with a
voltage controller [15]. Figs. 5 to 7 show the time domain
simulation for the 16 node system at peak load condition. Figs.
5 and 6 show excursions in voltage at nodes 3 and 6 (which are
DG nodes) respectively with fault at node 5. Load terminal
voltage profile is plotted for the fault at node 5 in Fig. 7. A
STATCOM is placed at node 7 and node 3 alternately to find
the effect of placement on voltage recovery time and also to
investigate effectiveness of sensitivity indices
AV /AQand AV/ Al respectively.  As shown in Fig. 5

without capacitors, the system fails to reach the required
voltage due to three phase fault contingency. For generator
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node 3, capacitors at optimal places with optimal sizes help to
recover the node voltage within 1.15sec. STATCOM at node 7
reduces the restoring time significantly to only 0.26 sec. It is
interesting to find that, though node 3 is a DER unit node,
placing STATCOM on node 3 results in a longer recovery
time (1.26 sec) than that on node 7. Table VII summarizes the
voltage recovery time for both generator nodes of the 16 node
system. As simulation results for the 16 node system under
peak load condition does not reflect any problem of slow
recovery of voltage of DER unit nodes, base case is not
considered. Time domain simulations for the 43 node system is
plotted with two cases- base load and peak load. Simulation is
carried out for all four cases mentioned earlier. Figs. 8 and 9
show the simulation results for generator node voltages with a
three phase fault at node 31 at base load condition. Sensitivity
indices, AV/AQand AV/AIl, (Capacitive), both have their

highest value at node 21. AVv/Al, (Inductive) is found only

at node 39 with a value of 0.25 (AV p.u. /Alg p.u.) as shown
in Table VI.
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Fig.5. Voltage at bus 3 of 16 bus test at peak load conditions.

TABLE VII
VOLTAGE RECOVERY TIME FOR 16 BUS SYSTEM -PEAK LOAD
. . With With
DER unitnode | ‘Vithout With | staTCOM | STATCOM

capacitors | capacitors

at node 3 at node 7

3 (DER unit 1) N/A 1.15 sec 1.26 sec 0.26 sec

6 (DER unit 2) N/A 1.59 sec 1.97 sec 1.26 sec

Table VIII summarizes the voltage recovery time at base
loading, which shows that other than STATCOM at node 39,
no controller arrangement can support grid requirement at
node 4 as they have a recovery time greater than 2sec. For
node 50, recovery time is found to be less than 2sec in all
arrangements considered. Figs. 10 and 11 show the simulation
results with a three phase fault at node 31 at peak load
condition. Table IX summarizes the voltage recovery times at
peak load. It shows that placement of STATCOM on node 39
results in reduced voltage recovery time supporting grid
requirement whereas the other arrangements fail to meet the
standard. Analyzing the voltage recovery time from all three
Tables VI1I-IX, it can be concluded that STATCOM should be
placed at a node with the highest inductive AV/AIl, to



support voltage recovery requirement of DER units in the
system. Also, it is important to note that SVC behaves as a
fixed capacitor or variable inductor as compared to
STATCOM, hence when needed the reactive power supplied
by the SVC is a strong function of voltage of a terminal to

improvement in voltage profile at all concerned nodes but also
allows in utilizing inherent damping capability of the power
system.

which it is connected [16].

TABLE VIII

VOLTAGE RECOVERY TIME FOR 43 BUS SYSTEM -BASE LOAD

DER unit node Without With With With
Capacitor | Capacitor | STATCOM | STATCOM
S S at node 21 at node 39
4 (DER unit 1) 3.12 sec 2.35 sec 2.49 sec 1.61 sec
50 (DER unit2) | 0.71 sec 0.54 sec 0.42 sec 0.37 sec

For a small radial system like the 16 node system, it has
been found that STATCOM is not even necessary to support
voltage recovery, though wrong placement of STATCOM
leads to longer recovery time.
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Fig.6. Voltage at bus 6 of 16 bus system at peak load conditions.
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Fig.7. Voltage at bus 5 of 16 bus system at peak load conditions.

But for the 43 node system with large mesh configuration,
STATCOM is required at both base and peak loading
condition to support voltage recovery. Further tuning of
control parameters of STATCOM can result in reduction of
voltage recovery time. Figs. 12 and 13 show excursion in
generator rotor angle as a function of placement of
STATCOM and capacitors. From Figs. 12-13 it can be
concluded that the fast recovery of voltage not only leads to
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Fig.8. Voltage at bus 4 of 43 bus system at base load conditions.
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Fig.9. Voltage at bus number 50 of 43 bus system at base load conditions.
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Fig.10. Voltage at bus 4 of 43 bus system at peak load conditions.

TABLE IX
VOLTAGE RECOVERY TIME FOR 43 BUS SYSTEM —PEAK LOAD
DER unit node Without With With With
Capacitor | Capacitor | STATCOM | STATCOM
S S at node 21 at node 39
4 (DER wunit1) | 2.95sec 2.10 sec 2.24 sec 1.67 sec
50 (DER unit2) | 0.60 Sec 0.42 Sec 0.39 Sec 0.30 Sec
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Fig.11. Voltage at bus number 50 of 43 bus system at peak load conditions.
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Fig.12. Excursion in rotor angle for generator at bus 4 of 43 bus system at
peak load condition.

Rotor Angle (in radian)

Bt B V) G )" G/ — Without Capacitors
08 N With Capacitors
5% » — —With STATCOM at Bus 21
—— With STATCOM at Bus 39
-1
0 1 2 3 4 5 6 7 8 9 10

Time (Sec)

Fig.13. Excursion in rotor angle for generator at bus number 50 of 43 bus
system at peak load condition.

V. CONCLUSIONS

In this paper, we have developed and investigated a new
sensitivity index based methodology for placement of shunt
reactive power compensators. This approach helps in placing
capacitor banks and STATCOM in a distributed manner to
improve voltage profile at all nodes of interest. Results show
that dynamic compensation may not be necessary for a small
radial distribution system though further investigations are
required to generalize this finding. The new sensitivity index

AV/Al,has been proved effective in detecting the

appropriate location of STATCOM also in the presence of
fixed compensation. As a result, small scale DER units remain
connected to the grid under abnormal conditions improving
their uptime. Further work is required to obtain a precise and
quantitative relationship between disturbance magnitude, post
fault recovery of voltage and the required controllable range.
Future work will focus on the optimal mixture of static and
dynamic compensation and sizing of STATCOM and
optimizing its controller parameters for achieving voltage
control with improvement in DER unit uptime.

VI. APPENDIX

Although not investigated in this paper another closely related
formulation can be obtained, by making large sub-matrices of
the Jacobean in egn. 6 constant, with assumptions as follows
[17]:
o COS(¢; _(bj) ~1
o sin(d, 7¢j) ~0;
e Vvoltage at the node approximately 1 p.u.;
o effect of shunts and tap changing action of
transformers are neglected in calculating Ays;
o effect of phase shifters in neglected in calculating Ay;
o effect of series devices on the diagonal elements of
Aq1, Az, Asr, Ag, is neglected,;
o effect of resistances is neglected in the calculation of
All;
Then it can be shown that
A= B' = A constant matrix;
A= B" = A constant matrix;
and
A12=A21=0.
As a result the linearised Jacobean becomes

AP, B 0 A; A,lAd
Al 0 B" A, A,lav
APser N AS]. A32 A33 A34 AB (10)
AVq An An Ag Ayl

Thus simplified relation for sensitivity index AV/Al, can be
as follows:

AV
Al
Similar relationship for sensitivity index with series FACTS

controllers can be obtained using eqn. 11 but not discussed
here.

w1

- (11)
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