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Abstract: Different metrics are used for measuring the goodness of packet routing between the source and destination
pairs in a communication network. One approach is to compute the paths from the measured metric values, which are
predetermined independently according to the network resources. The combination of some metrics of different natures
to get a composite cost function for the routing process is non-trivial. We consider two metrics, namely delay and
packet loss rate. The first one takes values from the large numbers and the second from the small. We propose some
methods for constructing composite functions of these metrics without any constraints and use them for the shortest
path calculations. We give the numerical results of the proposed composite functions versus the Dijkstra’s algorithm
with the individual metrics. We spot out the best function according to our computer simulation results. Our composite
function works for any arbitrary point-to-point networks. To the best of our knowledge, the technique is novel. Our

results show an efficient way to balance the effects of the metrics in the context of many-to-many routing.
Keywords: Cost function, delay, network communications, packet loss rate, QoS routing.

1. Introduction

One of the most important terms during the
transmission of voice or data among the networks is
Quality of Service (QoS). This key subject is the basic
factor specifying the QoS levels especially in
multimedia applications. There are many factors
having an influence on QoS of the network. One of
them is the route selection or routing, which includes
discovering different paths along a network. The
metrics in the routing process have been mostly
defined in the literature, according to their effects on
the whole QoS of the network. Hanzo Il and Tafazolli
[1] presented a metric classification related to network,
link, and physical layers of the OSI model. Some of
their metrics are end-to-end delay, packet loss rate,
jitter, link stability, and bit error rate. Yin, et. al. [2]
gave a similar metric list for performance measurement
of routing protocaols.

Several researchers have studied end-to-end
connection implementations that maintain the required
metrics in a reasonable range. QoS renegotiation,
which is the decision of the probable QoS values, must
be performed between network and application layers
to get the necessary performance level [3]. Application
layer requires some specific QoS values from the
transportation layer and then available QoS values
related to the network situation are decided. In various
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studies, this can be done by QoS negotiation. For example
Obreja and Borcoci [4] described an approach in which
each domain manager is able to establish QoS values
without having the traffic information of other domains.
Here, the processes of routing and QoS negotiation run
independently. During offline computation, paths are
chosen on a network where nodes are referred to domain
manages. Therefore any scalability problem is prevented.
Igbal, et. al. [5] proposed another QoS scheme which is
dependent on the negotiation between network and
application layers. Here, network layer gives the
information about network congestion to the application
layer. Source node’s applications adjust sending data rate
according to the congestion level of the traffic flows.
Routing is concerned in this scheme.

In the literature, Multi-Constrained Path Problem
(MCPP) provides to find multiple metric-constrained paths
along a network. MCPP is also considered as an optimality
problem [6-7]. Djarallah, et. al. [6] defined the metrics as
the vectors of weight parameters. So they performed the
metrics as non-composite numbers and computed them
discretely. After then they used these metrics to get the
optimal paths for the source-destination pairs. They
initialized an inter-domain route set on the way of this
solution. They obtained several feasible paths which satisfy
the predetermined metrics and then eliminated some of
them which have larger weights. On the last set, they
performed an objective function to select the optimal path.
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In another multiple metric method [8], the user requests
different QoS values and then each service provider
tries to find a suitable domain link based on these
requested values. Bertrand, et. al. [9] benefited from
some additive metrics and computed the total metric
values of the links in a relaxation step. They compared
these values with each other with the goal of finding
multiple paths and obtaining Virtual Shortest Path Tree
which includes the path with the minimum cost.

Masip-Bruin, et. al. [10] benefited from Enhanced
QoS Border Gateway Protocol to provide the paths. In
this scheme, a metric for a path segment is chosen and
then an assembling function is used to combine all
segment values as the whole path value. After the
computations, a decision step is applied through a
Degree of Preference function for getting the best path
related to the metric values, and also all available paths
are stored. In a different multi-constrained routing
solution, Shin, et. al. [11] initialized the process with
some subpaths and then performed their extensions to
reach the whole paths. In this scheme, the number of
subpaths is limited during the computations, but then
raised to find the rest of the paths in a probabilistic
way. Xue and Ganz [12] actuated the routing process
depending on the metrics of bandwidth and delay
consecutively. Similarly, Yuan and Liu [13] considered
k different metrics independently. The main drawback
of this method is that the authors should store all
optimal paths and provide the QoS requirements by
using the constraint of each metric.

In the literature, the path weights are commonly
computed based on different metrics independently and
then a comparison is made between all metrics to get
the best path. The challenging problem of combining
various metrics to analyze path optimality has been
studied within several algorithms as given briefly in
[14].

In this paper, we provide an easy computation to
find the path of optimal trade-off between two metrics
at the same time. These two metrics fall on different
number ranges, one is from very small real numbers,
and the other from large integers. We give the
structures of some composite functions, and use
experiments to find the most effective one. Our work
differs from the other works in the literature in the way
that the metrics are not necessarily in similar natures.
For example, Van Mieghem, et. al. [15] implemented
their algorithm with all constraints uniformly
distributed on [0, 1].

The rest of this paper is designed as follows.
Section 2 gives some necessary definitions. In Section
3, we define two basic composite functions and
construct a new composite function, of which we select
the terms carefully. Then, it is followed by
experimental results. Finally, we give the conclusion
and future work of this study in Section 4. In this
paper, we put aside the unpredictable practical network
environmental issues such as user request, admission
control, and security.

2. Definitions and Notation

The network, or graph, G=(V,E) in question is a
connected, and undirected, static point-to-point arbitrary
graph, where V ={1,2,...,n} is the set of nodes and E the
edge set. Each edge e has a two-dimensional cost (-,-), and
the two metrics inside are delay (D) and packet loss rate
(PL). The delay of e can be considered as the average time
for a message to wait in the outgoing buffer (queue) of e
before departure. The packet loss rate of e is the probability
of a message being lost during transmission through e. We
assume two conditions on these two metrics such as general
assumptions in the most QoS studies.

1. The delay and packet loss rate are static for each edge.
2. The delay and packet loss rate of an edge are not directly
proportional to each other.

We argue for assumption 1. Obviously, this assumption
may not be accurate as the metrics are affected by the
interference between messages. However, their dynamic
values are difficult to trace in real time, and even
sophisticated methods can only give approximation. More
importantly, there is no algorithmic difference between
using their actual values and using the approximated ones.
In practice, the system can use the latest known values and
construct the composite function after a certain period of
time.

We now argue for assumption 2. For unreliable protocol
like UDP, a lost packet will not be transmitted again, and
therefore, there will not cause any longer delay. For reliable
protocol like TCP, or the Data Link layer protocol, a lost
packet will be re-transmitted; however, such re-
transmission will not necessarily be placed back to the
waiting queue as a new coming packet. Hence, longer delay
will be experienced but it may not take the same amount of
time as before.

The values of delays are chosen from the positive integer
set, and those of packet loss rates from the positive real
numbers much smaller than 1. Followed from traditions, the
delay of a routing path p is the sum of all delays over all
edges along p. (Using product or sum depends solely on the
nature of the metric because they are mathematically
convertible to each other.) The definition of the packet loss
rate of p is similar, because we assume that the product of
the packet loss rates of any two edges is negligible. This
assumption allows us to simply minimize the sum of packet
loss rates in a path. Now, we argue that even without this
assumption, we can still translate the packet loss rate into
some other quantity and use this additive property again.
For every edge with packet loss rate PL, define the packet
transfer rate to be 1-PL, and the packet transfer rate of a
path to be the product of all packet transfer rates of the
edges along the path. Since each packet transfer rate is at
most one, it can be rewritten as a non-positive power of 2
(or e=2.716). Higher packet transfer rate can be achieved by
pushing up the sum of all the powers along the path. This
can be done by lowering the sum of the absolute values of
the powers. The argument is complete. In short, for packet
loss rate PL of an edge, we translate it into |log(1-PL)|. For
the simplicity of discussion, we leave this transformation to
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the engineers, and consider the sum of the packet loss
rates along a path as a parameter for optimization.

3. Constructing Composite Functions

We divide this section into three subsections: Basic
composite functions, a new composite function, and
practicing the composite functions without constraints.

3.1. Basic Composite Functions

We now study the cost function of a routing path. If
either the delay or packet loss rate is considered, we
can directly apply Dijkstra's algorithm for finding the
shortest path. However, mathematically, it is
impossible to achieve optimality for two metrics
simultaneously representing the delay and packet loss
rate of each edge. Figure 1 is an example, which shows
different paths from the source to destination based on
different metrics. In other words, we can only find
trade-offs between them.

D=110 _{ ) Destination

PL=0.001 __—

- / D=70

Source( }— /&
‘»\2 /PL=0.0001

S 4
D=355 /) —A)

PL-0.0001 N\ D-60
PL-0.0001

Figure 1. The edges with two metrics between the source and
destination nodes

A composite function of two metrics, namely x and
y, can be defined as either an ordered pair (x,y) or a
single value of a function of x and y. There are different
advantages for each of these approaches. For using
(x,y), each metric will be considered symmetrically,
and the main difficulty of the research work will focus
on the relationship between dimensionality and path
optimality. Such work is rather algorithmic than
practical, and extending the algorithm for more metrics
is by no mean trivial. In this paper, we use a single-
value composite function, and therefore, the path
optimality can be simply done by many existing
algorithms, while the research will emphasize on how
to construct the function with two metrics of different
characteristics. Another advantage of using one single
value is the feasibility of allowing more metrics for
future research. The goodness of a composite function
is measured by the ratio of the resulting cost to the
optimal cost, for each metric.

For the construction of a composite function, there
are more to consider. First, when one metric is zero (or
weighted zero), the format of the composite function
must be linear and homogeneous to the cost of a
routing path based on the other metric. Second, the
weighting of the two metrics can be adjusted. There are
two basic formats for the composite function (CF):

CF=C,D+C, PL @)
CF=C,D*PL+C_,D+C,PL, 0

where C;, Cp, and Cp_ are constants and designed by
system designers. The notation CF(p) is used for the sum of
all CF values of the edges along p. In using either equation,
we need to minimize CF(p). From the point of constructing
the function, we need to design two constants, Cp/Ct and
Cp/Cr, in Egn (2), if C1#0; however, only the fraction
CpL/Cp is needed in Eqgn (1), if Cp#0. Therefore, using Eqn
(1) is more convenient. For simplicity, we shall refer CF in
Egn (1) as CF1 and that in Eqn (2) as CF2.

A similar function of CF1 was proposed by Jaffe [16] to
meet different constraints in MCPP. According to his
approximation, the minimization of that function may also
give an optimal path that does not satisfy the constraints.
CF1 differs in the bound of D, which is not in the range [0,
1].

3.2. A New Composite Function

We propose a new composite function with considering
the Assumptions 1 and 2. With the assignment of the initial
values to the delay and packet loss rate of each edge on a
sample network, we introduce our composite function,
which covers both metrics together. The aggregation of the
two metrics from distinct ranges is the bottleneck in the
literature. To solve this problem, a common range for the
metrics is figured out to get a composite function as the
edge cost function for the routing process. This common
range is obtained by using ranking on the original metrics.
However, it is still not a universal technique for data
analysis due to its uncertain performance.

Ranking has been used for removing noises on the
original data, and has been verified successfully in many
cases. However, it can also remove some important
features of a parameter. To the extreme, we cannot judge
the goodness of a ranking function; however, we believe
that, in many cases, we can apply some statistical
techniques to construct a better composite function.

Suppose that we are given sets of data for different
parameters, and a good basic composite function B which
uses original data. We rank the data and study the
relationship between the original values and their ranks.
Since the ranking is a strict increasing bijective function of
the original data, the inverse function can also be used for
describing the relationship. We approximate this inverse
function by some simple functions like polynomial and
exponential functions. This approximate function is used
for substituting the original parameter in function B. We do
this for all parameters, and the resulting function is then
rank-based.

Now, the burden falls on experimental work for finding
the approximate inverse function.

Based on the above explanation of the ranking process,
the new composite function basically covers the rank,
which will be symbolized as R, for each metric value. In
this subsection, we focus on delay and packet loss rate. Let
D, and PL, be the values of delay and packet loss rate, and
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they have ranks Ry and Ry,

e. In this method we consider same ranks for the same
values in each order. For example, if the delay
sequence is 5, 10, 15, 15, 47 for five edges, then the
delay ranks become 1, 2, 3, 3, 4, respectively.
Mathematically, for each metric, our ranking is a
bijective function Rank( ) from the set of values of all
edges to an integer set {1, 2, ..., L}, for some positive L
(where L is the number of different values in the
domain), and Rank(D,) < Rank(Dy) if and only if D, <
De. After this ranking step, we do not need any other
optimization technique for the metric ratings between
the edges.

After the computations of the ranks, we construct
the composite function of two metrics from distinct
ranges as

respectively, for edge

CF, =Coef * Rp, + Base™™ (3)

where CF, is the numerical value of the composite
function for e. For simplicity, we refer the function in
Egn (3) as CF3. According to the values of the packet
loss rates which we use in the domain, each increment
is a factor of 10. Ranking can then be considered as a
base-10 logarithmic function of the original values. As
optimality is measured by the sum of the original
values along the routing paths, we use an exponential
function of the ranks in the composite function, instead
of the ranks themselves. For this reason, the Base value
in CF3 is selected as 10 according to this relation
between the packet loss rate and ranking. Experiments
show that with this modification of ranking technique,
we can adjust the weighting of delay and packet loss
rate efficiently in order to seek for a balance of their
performance. Note that Coef in CF3 is selected after
some practical results, which will be mentioned in
Section 3.3.

CF3 gives the cost function of e to be used in the
selection of the optimal path over a network by
Dijkstra’s algorithm. The cost function of a path p with
|E| edges can be calculated as

|

CF(p) =) CF, @)

e=1
3.3. Practicing the Composite Functions

In this subsection, first we get CF1 and CF2 as the
cost functions of an edge and then use Dijkstra’s
algorithm to observe the best paths according to these
functions. We refer these methods as Dijkstra(CF1)
and Dijkstra(CF2) respectively. After finishing this
step, we skip to CF3 practices and select the best Coef
value to complete CF3 by referring this method as
Dijkstra(CF3). Then we extend CF3 to get another
function.

In this paper, we computed all experimental results
over the network represented in Figure 2. This network
is a sample of mesh network and appropriate for the

selections of the paths with the specified hop numbers in
the comparisons. It covers 75 nodes and 100 full-duplex
edges.

Figure 2. The sample network

Each edge e in the network was provided with numerical
values of delay and packet loss rate. Delay values are
between [1, 150] and the packet loss rates should be one of
the values 0.000001, 0.00001, 0.0001, and 0.001. We
assign the metric values of the whole network as behaving
towards the normal distribution.

We selected five source-destination node pairs for each
hop number h, where h =2, 4, 6, 8, 10. h represents the
minimum edge number obtained manually along a path,
which starts from the predetermined source node and ends
in the destination. All functions try to find several paths
between two end nodes without considering their edge
numbers. We executed the application 400 times for each
node pair of each hop number. So we used 400 different
metric validations of the edges in the network. We
computed the average values of delay and packet loss rate
of the 2000 different best paths for each hop number.

For fine-tuning the performance, for convenience, we

start with C,, /Cy =1 in Eqn (1). If the worst case ratio
of delay is greater than that of packet loss rate, we decrease
Cp. I Cp; otherwise, increase it. The worst case ratio of a

parameter is referred to the maximum (over all values of h)
experimental performance ratio averaged over all
experiments. The same experiment is also done for the
terms in Egn (2). To speed up, binary search can be used.
The binary search can stop if the worst case ratios are less
than a threshold, say 5%, apart from each other. We finally

chose  C, /C,=185000  for  Dijkstra(CF1),

C,/C,=1/10 and C, /C, =185000  for

Dijkstra(CF2) to get the computational results in this
subsection.

The worst case ratios of delay and packet loss rate for
Dijkstra(CF1) and Dijkstra(CF2) obtained for each hop
number are stated as in Table 1. The worst case ratios occur
around hop number 6 for both of the delay and packet loss
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rate values. Both of the functions are in balance
according to two metrics.

Table 1. Worst case ratios

Hop Delay Packet Loss Rate
Number
CF1 CF2 CF1 CF2
2 1,101004 | 1,101004 | 1,628099 | 1,628099
4 1,103260 | 1,103289 | 1,600887 | 1,600887
6 1,150929 | 1,151819 | 1,731111 | 1,728889
8 1,136208 | 1,136468 | 1,520000 | 1,520000
10 1,145566 | 1,145517 | 1,713450 | 1,713450
We now skip to find the Coef value in CF3.

Through the use of Eqn (4) as the path cost function in
Dijkstra(CF3), the correlated CF3 appears concretely
after implementing different Coef values and choosing
the most effective one, which concludes the paths with
the best aggregation of delays and packet loss rates.
Figure 3 and Figure 4 show the last delays and packet
loss rates provided by using different Coefs in CF3
with the constant Base value of 10. We practiced
several Coefs between 100 and 200 in Dijkstra(CF3)
and determined that the best values are around 120 and
125 according to the both of the metrics. The metric
values measured with the Coefs between 120 and 125
are represented in Table 2 for Hop Number=6. We
chose this hop number because that the main difference
between the Coefs can be seen clearly at that point. It
can be easily extracted from Table 2 that Coef=120 is
the best selection for CF3.

9 ‘ ; ; ; ; ‘ r
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Delay

=i Coef=100
! : ] = Coef125
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: ; ; : o | =¥ Coel200
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2 3 4 5 6 7 g 9 10
Minimurm Hop Number

Figure 3. Delays for different Coefs in CF3
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Figure 4. Packet loss rates for different Coefs in CF3

Table 2. The metric values with Coef between [120, 125]

Coef Delay Packet Loss
Rate
120 353,5145 0,000805
121 353,3715 0,000806
122 353,1195 0,000807
123 352,2650 0,000811
124 352,0160 0,000813
125 351,5465 0,000816

Consequently, we converted CF3 for each e with the
selected Coef and Base values into

_ * Re,
CF3=120 F\’De +10 5)

We now change only RPLe computation to find another

function. We match the packet loss rate values of the set
{0.000001, 0.00001, 0.0001, 0.001} to an integer set {2°,
2!, 2%, 2%} sequentially. We used the same Base 10 as in
Egn (5) and obtained

_ * ReL,
CF4 = Coef RDe +10 ©)

where CF4 is a new cost function of an edge to be used in
Dijkstra’s algorithm as Dijkstra(CF4). We practiced several
Coefs between 10* and 10° in Dijkstra(CF4) and determined
that the best value is 10° according to the both of the
metrics. After this result, we converted Egn (6) into

—_106 * ReL
CF4=10 RDe +10 @

For any CFx (x=1,2,3 or 4), we use the pseudocode of
Dijkstra(CFx) as illustrated in Figure 5.
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MAIN FUNCTION Dijkstra(CFx)
for hop_number=2:2:10
for SourceDest_pair=1:5
for r=1:runs %runs=400

over the network.
end
end

end

Get both metric validations of all edges from the source file.
Compute Ry, and R for each edge.

Compute CF, value of each edge.
Apply Dijkstra’s Algorithm based on the normalized CF, values to find the shortest path

Calculate average delay values of the shortest paths with the current hop_number.
Calculate average packet loss rates of the shortest paths with the current hop_number.

Figure 5. Pseudocode of Dijkstra(CFx)

A comparison between Dijkstra(CF1),
Dijkstra(CF2), Dijkstra(CF3), and Dijkstra(CF4) is
given in Figure 6 and Figure 7 against the related
values of each single metric version as Dijkstra(D) or
Dijkstra(PL). Dijkstra(CF1) and Dijkstra(CF2) overlap
in Figure 6 and Figure 7. The results of Dijkstra(CF1),
Dijkstra(CF2), and Dijkstra(CF3) are close to each
other. Dijkstra(CF4) improves the PL results. This is
very important for any network, especially for
multimedia networks.

The worst case ratios of the delay values for CF3
and CF4 are both 1.1x. On the other hand, the worst
case ratios of the packet loss rates are 1.7x and 1.6x
respectively. It tells that CF4 is better than CF1, CF2,
and CF3 according to the balance of two independent
parameters.
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Figure 6. Delays for all functions
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Figure 7. Packet loss rates for all functions
4. Conclusion

In this study, we proposed some effective composite
cost functions correlating two different metrics, namely
delay and packet loss rate, and represented the way and
rationale of their construction. We obtained the composite
functions to find the best path according to the metrics on
any arbitrary networks without any constraints. We
compared the composite functions against Dijkstra’s
algorithm with the individual metrics. The numerical results
show that our composite functions are good when
considering the balance between both metrics. The worst
case ratios between two metrics in our functions are well
balanced. The functions can also be extended to include
more than two metrics. They may also cover bandwidth or
jitter with supporting additional operations such as
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exponentials used in several studies related with
network traffic distributions.
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Abstract: Despite many advantages of distributed generation (DG) sources, they may have a negative effect on the
protection of distribution systems. In a distribution system, fuse-recloser protection scheme is designed such that the
recloser could operate faster than the fuse to prevent fuse burning; but, the presence of DGs in fault conditions may
lead to increased fuse current and thus faster performance of the fuse than the recloser and lack of coordination. In this
paper, effect of DGs on fuse-recloser coordination was studied using analytical relations and simulation. A useful
control method was presented for reducing the effect of DG on fuse-recloser coordination. Accordingly, direction of
DG current was changed by controlling DG reactive power at the fault time, which reduced the fuse current. Results of
the simulation on IEEE 13-bus system showed that the proposed control method was able to remove the negative effect

of DG on fuse-recloser coordination.

Keywords: Distributed generation (DG), distribution system, fuse-recloser coordination.

1. Introduction

Distributed generation (DG) systems such as
microturbines, solar cells, and photovoltaic systems are
constantly increasing their penetration into electrical
power networks [1]. Also, DGs have a suitable effect
on different network aspects through meeting load
demand increase without any need for developing
transmission system, transmission losses, voltage
regulation, reactive power compensation, and active
power injection [2, 3]. However, despite many
advantages of DGs for networks, they may have
negative effects on the protection of distribution
systems. For example, DGs can damage elements of
the network in the case of islanding and cause
problems for utilities [4].

DGs can have a negative effect on fuse-recloser
coordination. Fuse-recloser protection scheme is
designed such that the recloser acts faster than the fuse
to prevent fuse burning; but, the presence of DGs in
fault conditions may lead to increased fuse current,
which causes faster performance of the fuse than
recloser and thus lack of coordination [5-7]. To reduce
effect of DG on the protection scheme, different
methods have been proposed. In [8-10], attempts have
been made to specify the maximum capacity by
limiting DG capacity to reduce effect of DG on the
protection system. In some references such as [11,12],
the protection system has been modified and the grid is
restructured using additional reclosers and breakers or
directional and distance relays. Indeed, this method is

Received on: 11.01.2014
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less common in distribution systems. In [13-15], fault
current limiters (FCLs) have been used to reduce the effect
of DG on the protection coordination of the distribution
system. FCLs are the tools which show negligible
impedance grid in conventional performance; but, their
impedance rapidly increases in fault conditions. In [16], DG
current size was limited based on fault intensity at the fault
time.

In this paper, effect of DG on fuse-recloser coordination
was first studied. Then, a new control method was
presented for eliminating the effect of DG on fuse—recloser
coordination. Accordingly, DG current direction was
changed by changing the reactive power injected by DG
into the grid at the fault time, which reduced the fuse
current; as a result, the fuse did not operate before the
recloser and coordination was maintained. Results of the
simulation on the standard IEEE 13-bus system showed
accuracy and usefulness of the proposed method.

2. Effect of DG on fuse — recloser coordination

Studies have shown that most of the faults in air
distribution systems are temporary, and will be cleared
during fast reclosing actions [10]. Figure (1) shows a
sample of radial distribution feeder along with DG and
protective equipment, i.e. fuse and recloser. When a fault
occurs in the specified part, first, recloser R rapidly
operates on the fast current-time curve for one or more
times. If the fault exists after the first performance of the
recloser, it should be removed by the fuse; in case the fuse
cannot interrupt the fault current, then the recloser with
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slow current-time curve removes the fault. For suitable
coordination, current-time curve of the fuse and
recloser is selected and regulated so that their fault
current can be specified for all possible faults
according to Figure 2. In the absence of DG, when a
fault occurs with the fault current of Il within the
range between Imin and Imax, fault currents are equal
in the protective equipment; i.e.:

Ifault = IR = IF (1)

Where Iy, is the fault current seen by the recloser and

Ir is the fault current seen by the fuse. In such a case,
according to Figure (2), it is evident that the recloser
acts faster than the fuse and the fuse-recloser
coordination is always established. However, in the
presence of DG in fault current, other currents of fuse
and recloser are not equal and the current of the fuse is
higher than that of the recloser. In this state, the fuse is
more likely to act faster than the recloser against
temporary faults and thus balance is lost according to
Figure (3):

IF = IR + IMargin (2)
In which Iyargn is the difference between the

currents of recloser and fuse for establishing fuse-
recloser balance.

DG
Substation
| Recloser I DGl
@ [ ] + PCC
| |
v S R I Fl Fuse
fault

Figure 1. Sample typical distribution system.

Time(s)4
e(s) Fuse

.

Fault — 'Recloser — ! Fuse

Recloser Slow

~ I

Recloser Fast

-~
-

min | max Current(A)

Figure 2. Sample coordination between recloser and fuse

Time(syh

Fuse
IRecIoser I Fuse
\t\ Recloser Slow
C Recloser Fast
Margin 4 S
I min I max Current(A)

Figure 3. Fuse-recloser protection scheme in distribution feeder

On the other hand, according to Figure (1):

eg @3)

Zeq+Zf

lF = lR+ ]DG

Where Ipg is fault current of DG. Z,, is equivalent
impedance of substation and Z; is fault impedance. Thus, to
ensure the fuse-recloser coordination, it is necessary to:

lDG < lMargin 4

When DG capacity is higher or reactive power in
injected into the network while fault impedance is low [16],
equation (3) is not established and the current of the fuse
increases and exceeds the coordination limit. According to
Figure 3, point C is moved toward the right side, i.e. point
C' and fuse-recloser coordination is lost. Thus, it is
necessary to properly control DG current at fault moment in
order to maintain the fuse-recloser coordination.

Another point is that, according to voltage and current
vector diagram in Fig. 4, when DG supplies reactive power
of the grid, a more negative effect is made on the fuse-
recloser coordination than the case when DG injects active
power into the grid. Based on Fig. 5, in the injection case of
active power by DG, DG current (Ipg) is in phase with the
PCC voltage (Vpcc) and almost 90 degrees of phase
difference are observed between recloser current (Ig) and
Vpce. Therefore, the relationship in (5) can be obtained:

In the injection case of reactive power by DG, 90
degrees of phase difference are observed between DG
current (Ip;) and the PCC voltage; also, the following
equation is obtained:

I[p+Ipg = Iz + Ipg (6)

These equations demonstrate that the fuse current is
larger in the injection case of reactive power by DG,
representing that DG in reactive power supply has a higher
effect on fuse - recloser coordination than that in the active
power supply.
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»
»
-
VPCC

(b)

Figure 4. Voltage and current vector diagram (a) DG
generates active power, (b) DG generates reactive power

3. The proposed method for reducing DG
effect on fuse-recloser coordination

The proposed method for reducing DG effect on
fuse-recloser coordination in this paper was based on
the point that, change in the DG current direction leads
to reduced fuse current. In fact, this task was performed
by changing the direction of the reactive power
injected by DG at the fault time. In the case of fault
with low impedance (Z¢ < Z.), the following equation
can be written according to (3):

IF = IR + IDG (7)

Considering the above equation, the fuse current
can be reduced by changing the direction of DG
current; but, the way Iy changes at the fault time for
inducing coordination should be considered. If Ipg
changes at the fault time into I, so that the fuse
current and recloser becomes equal ( Iz = Iy ), then,
fuse-recloser coordination will be definitely maintained
within the current limit between I,,;, and I,,,, as
demonstrated in Fig 2. Therefore, equation (9) is
obtained by placing Iz = Iy in the equation (8):

Ig?2= g%+ Ipg 2+ 21y Ipe cosa 8)
cosa = — Ibs ©)
21,

This equation states that o (the angle between two
vectors I, and Ig) should be more than 90 degrees;
i.e. DG absorbs reactive power from the grid at the
fault time, which can be done in different states
according to Fig. 5. In other words, it is performed for
different DG currents (Ipgi,Ipgz,Ipgs, ) and 6;
angles (8,4, 0,, 85, ...); in all of these states, fuse current

should be equal to recloser current and placed on the radii
of the circle centered at O. Considering that a; = 8; + 90:

(10)

sin@, = 2L i=123,...

2 1R
Assuming that I4 and I are active and reactive components
of DG current and Ip; and 1'p; are DG short-circuit
currents before and after applying the control, then, DG
reactive current component is obtained using (11)
according to Fig. 6:

; __ tanbrs 11
lq ~ tan® ]q ( )

In this equation, angle 6 indicates the reactive power which
DG injects into the grid before applying the control and
angle 8’ shows the reactive power which DG absorbs after
applying the control at the fault time from the grid. As
discussed above, angle 8’ can have different values. In a
special case, if DG current is changed so that its active
component remains constant and only its reactive
component changes and & = ¢’; then, DG control structure
will be simplified; i.e. only the direction of DG reference
current component changes at the fault time. The above
state was simulated in this paper. On the other hand,
components of the reference DG active and reactive
currents could be obtained based on the reference DG
active and reactive power as follows [2]:

Pres = Valarer 12)

Qref = _leqref (13)

VPCC

Z6)\% |9 - .

Figure 5. Vector diagram of fuse, recloser, and DG current in
different states

Figure 6. Vector diagram of DG current in the proposed
control method
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Figure 7. DG control structure based on current-controlled inverter

In (12) and (13), V; is voltage component of Vpce on axis
d. Therefore, DG control structure is expressed as Fig. 7.
Based on standard IEEE.1547 [17], when Vpec <
0.88 pu, the grid is in an abnormal state. Accordingly,
DG detects the fault and the proposed control method can
be applied. The proposed algorithm for controlling DG
current to establish fuse-recloser coordination is shown in
Fig. 8.

Measured

No

Yes

A 4
Inverter

Figure 8. The proposed algorithm for determining DG
reference current

4. Simulation results

To evaluate the proposed method, IEEE 13-bus
distribution system [18] (Fig. 9) was simulated in
MATLAB software and an inverter-based DG [11] with
the control structure shown in Fig. 7 was connected at

node 645. To study fuse-recloser coordination a three-
phase fault was applied to bus 646. Characteristic
current-time curve of the fuse and recloser which was
used in this simulation is shown in Fig. 10. In this
simulation, before the presence of DG, point A occurs
for fault resistance of 11Q , and point B occurs for fault
resistance of 0.01Q. In other words, the recloser and fuse
operate correctly for fault resistances between 0.01 to
11.5 Q. Fig. 11 shows the consequence of adding DG at
low and high penetration levels (penetration level =
Ppe P x100) on the fuse and recloser current when a
0.01Q fault occurs. As Figure 11 reveals, after adding
DG at two penetration levels, recloser current remained
almost constant; but, fuse current increased. Fig. 12
demonstrates the difference between fuse and recloser
fast operation times after adding DG at different
penetration levels for a 0.01 Q fault.

? N
646 645 632 633 g 634
[ ® ® 8 ®
611 684 671 692 675

652 680

Figure 9. IEEE 13-node test feeder system
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Fig. 12 represents that, in the presence of DG, the
fuse would opreate faster than the recloser and the
coordination would be removed. The fuse current was
higher when DG injected reactive power than the case
in which active power was injected. Difference in
operation time between fuse and recloser in this case is
shown in Fig. 13.

102
Fuse
N\
10* "
@ \ A
[ N\
E.. 0 N \ Recloser Slow
= 10 N \
N\
N !
NN B Recloser Fast
107 %
N
\
\
N\
s \
10" 1 2 3
10 10 10 10 10

multiples of pickup current

Figure 10. Fuse-recloser coordination in the simulated

system
24601
Ifuse (PDG/P =100%)
Irecloser
2440+ =— | fuse (PDG/P =10%)
__ 2420F
<
1=
g -
5 2400 —
[®]
23801
23601
0.22 0.24 0.26 0.28 0.3
time(s)

Figure 11. recloser and fuse currents in the presence of DG

By comparing Figs. 12 and 13, the negative effect
of DG on fuse-recloser coordination was revealed to be
higher than the injection case of the reactive power by
DG. Fig. 14 demonstrates that the presence of DG had
a lower effect on coordination at high fault impedance
(0.1 ohm); this effect was more evident when DG
supplied more power of the grid. Fig. 15 shows fuse
current with and without using the proposed control
method in a fault with 0.1Q resistance. It is clear that,
as a result of applying the proposed control method, the
fuse current was considerably reduced from the
coordination limit.

Fig. 16 shows that, after applying the control
method, direction of DG output reactive current
component was reversed compared to its previous
current at the fault time (t= 0.2 s). In other words,
direction of the DG reactive power was changed in

order to reduce the fuse current and maintain the fuse-
recloser coordination.

0 u T T T T T

-0.0005 —

-0.001 —

-0.0015 —

-0.002 —

TFuse — Trecloser(s)

-0.0025

-0.003

10 25 50 75 100
Ppe/P > 100 »

Figure 12. Difference between fuse and recloser operation
time after adding DG for 0.01Q fault (injection of active
power)

— : :

-0.001 —

-0.002 —

-0.003 —
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TFuse — Trecloser(s)

-0.005 —

-0.006

10 25 50 75 100
PDG/P x 100 —

Figure 13. Difference between fuse and recloser operation
time after adding DG for 0.01Q fault (injection of reactive
power)
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0.008

0.006 +— Bl
0.004 -
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Figure 14. Difference between fuse and recloser operation
time after adding DG for 0. 1Q fault



1926

M.R. SHAKARAMI et al. / IU-JEEE Vol. 15(2), (2015), 1921-1927

2450 | wewees | fuse (without control) q

& = | fuse (with control)
A

—_ . .

< 2400 ;

g - 1

: \

o

%)

= Coordination margine

o 2350 1

>

[V

23001 4
0.22 0.24 0.26 0.28 0.3
time(s)

Figure 15. Fuse current with and without applying the
control method at the fault impedance of 0.1 ohm in the
presence of DG
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Figure 16. DG reactive current component before and after
applying the control method
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Figure 17. Difference between fuse and recloser operation
time for 0.01 ohm fault by applying the control method

Fig. 17 shows effect of the proposed control method
on the coordination. Accordingly, it is clear that the
control method properly removed mis-coordination
resulting from the presence of DG at low fault
impedance.

5. Conclusion

In this paper, effect of DG on fuse-recloser
protection coordination was shown using analytical
relations and simulation. In fact, DG at low fault
impedance can remove fuse-recloser coordination. It
could also increase the current passing through the fuse
at the fault time and cause faster performance of the
fuse than recloser; this effect increased at the injection
time of reactive power by DG. To overcome this
problem, a simple and useful control method was
presented, based on which the direction of DG current
changed at the fault time in proportion to the fault
intensity. Simulation results on an IEEE 13-bus
distribution system showed that this method could
properly reduce the negative effect of DG on fuse-
recloser coordination. In addition to its simplicity, other
advantages of the proposed method were that it could
be applied on the DG side and did not need any changes
in the main adjustments of the protection system.
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Abstract: In this paper, a new modeling technique is introduced using Genetic Algorithm (GA). In this method, Genetic
algorithm (GA) is modified and used as an optimization method in geophysics applications. The problem at hand is to
find the best model for the cross-section, which its anomalies fit the observed ones. Optimization methods are generally
used in inversion problems to find some parameters, which describe underground structures. The model shape is
limited with the chosen parameters. In our modeling technique, firstly, cross section is divided into prismatic pieces.
Then, genetic algorithm finds models in each generation, which have geometries constitute of prismatic structures, and
obtains the best model that fits its anomaly to the observed one. In this process, the density differences of each prismatic
piece are assumed to be constant. Therefore, the model obtained by using GA, the structure is shape independent.
Moreover, any kind of structure can be modeled with the proposed method using constant density difference for
underground structure. We give two synthetic examples; the first one is U type and the other one is a basin model. Based
on the anomalies with acceptable errors, GA finds the models satisfactory. Mean Errors (MEs) of these two synthetic
modes are 0.087 mGal and 0.073 mGal respectively. Then, Godavari Valley models of [1], [2] are considered to
compare our proposed modeling technique. Our model is found to be similar to these models. After demonstrate the
reliability of the technique, proposed method is applied to Sivas-Gurun basin and the anomaly of the model has only

0.17 mGal ME.

Keywords: Genetic Algorithm (GA), Gravity anomaly modeling, Geophysics.

1. Introduction

The problem in modeling is to find the closest model for
the cross-section, which its anomalies fit the observed ones.
A new modeling technique in geophysics is introduced
using Genetic Algorithm (GA). In this method, Genetic
algorithm (GA) is used as an optimization method in
geophysics applications. One of the most popular and
conventional method to determine geometrical shape and
physical properties of subsurface geological anomalies is
the inversion technique. The parameters of the model such
as surface length, depth, and side angles according to the
surface are decided before the inversion and therefore, the
shape of the model, which is obtained after inversion, is
limited with the chosen parameters. Therefore, inversion
method is shape dependent.

Modeling the structure and finding its parameters
according to the anomaly are vital in geophysics. In GA

Received on: 25.02.2015
Accepted on: 17.05.2015

modeling technique, the cross section is first divided into
prismatic pieces (Figure 1). Then, genetic algorithm finds
models in each computation iteration, which have
geometries constitute of prismatic structures, and obtains
the best model whose anomaly fits observed one. In this
process, the density differences of each prismatic piece are
assumed to be constant, which means the average density
difference calculated from the anomaly map is used for
entire region of the model. Therefore, the model obtained
by using GA is shape independent in contradistinction to
inversion method. Thus, information about the dimensions
of the structure can be obtained.

Starting with a set of initial solutions, acceptable result
is achieved by modifying the solution set by mimicking the
evolutionary behavior of biological systems. Therefore,
Genetic Algorithm (GA) is used to find the parameters of
the structure causing the observed anomaly. Genetic
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algorithms are a searching method especially for the global
optimization of irregular, multi-modal functions, which
have lots of maxima and minima..

P
i
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Figure 1. Mapping the first individual to cross-section.

Genetic Algorithm technique (GA) is parameter-
optimization method especially applied for modeling
complex geophysical anomalies. The GA technique is an
inverse modeling technique, which works on finding the
geological anomaly by the well-known method of
minimizing the error between the observed and computed
anomalies. With this statistical approach, the obtained
results are not exact in nature, but give a model having an
anomaly which is as close as possible to the observed
anomaly.

2. Historical Note

It could be said that Genetic Algorithm was started by
[3], and GA has been developed by [4], [5], [6], and [7].

In geophysics gravity anomalies of the sedimentary
basin is interpreted by [2], then they proposed a model for
Godavari Vally. [1], applied asymmetrical trapezoidal
modeling for Godavari Vally and obtains close results. it is
also used the same region, Godavari Vally, to show the truth
of this modeling technique. A standard strategy in genetic
algorithm inversion is discussed in [8]. [9] use Genetic
Algorithm in plane-wave inversion method in seismograms.
[10] apply GA to background velocity inversion problems.
[11] use GA to find Hypocenter location. [12] use GA in
inversion of seismic refraction data. [13] and [14] use GA in
inversion problems. Genetic Cellular Neural Networks
(GCNN) is applied to geophysics by [15]. Real-valued
Genetic Algorithm (GA) was designed and implemented to
minimize the reflectivity and/or transmissivity of an
arbitrary number of homogeneous, lossy dielectric or
magnetic layers by [16]. But here, it can be modified GA to
find the model of the anomaly without using any parameter
about the shape of the model, which needs to be minimized,
as other studies.

3. Theoretical Background of Genetic
Algorithm
In the proposed algorithm, cross-section is divided into
prismatic pieces. The width and the height of the pieces
could be any value and determine the details of the model.
The value of each pieces can be 0 or Ap (average density

difference). Prismatic pieces, which have Ap values, form
the model. Genetic Algorithm (GA) searches the best
prismatic pieces to set their values to Ap. At the end of the
GA process, the best model, which its anomaly fits to the
desired one, is obtained.

In GA, all individuals are created in random manner in
the first generation. Each individual is assumed as a
different model. Therefore in the first generation or iteration
of GA there are lots of random models and the number of
individuals is known as population of GA. These
individuals are mapped to the cross-section and, weight
function of each individual is calculated. The weight
function to be minimized is the mean square error of the
anomaly of individual according to the desired anomaly.
Then, errors are found for each individual. Worst
individuals have large errors and best individuals have small
errors. Worst individuals are dismissed and the best ones are
taken. To complete the total number of individuals in the
current generation according to the population, best ones are
automatically repeated by the software themselves.
Different from the conventional GA, mutation is applied
before crossover. Every two individuals are designated as
parents and some mutations appeared in their genes. In
crossover, these specified two individuals create two
different child individuals and their genes are the
combinations of the previous two. After that, these
individuals are mapped to the cross-section and genes
without any neighbor -individual are dismissed. Hence, new
generation is created and all the steps of the algorithm are
repeated until the error is minimized sufficiently. If needed
or if there are some drill information, some prismatic pieces
of the cross-section is assumed to be the part of the model in
each individual in all generations of GA.

In general, average density difference is known or can
be computed for that cross-section. In this modeling
technique, GA can be run for different Ap values, hence, the
best Ap and the best model which its anomaly fits the
desired one are obtained.

4. Modeling in Geophysics: Concept of Genetic

Algorithm

In order to apply genetic algorithm to find the model of
the cross-section, which the most similar anomaly, the
proposed cross-section needs to be divided into rows and
columns. Each prismatic particle in cross-section is called
unit. Thus, cross-section can be represented as units with a
known depths and lengths. There are n, rows and n.
columns. The number of units is n, x n. In genetic
algorithm, each gene in an individual indicates each unit in
a cross-section. The value of the gene can be zero or density
difference of the model Ap. Therefore, individuals in the
cross-section can be represented as,
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In this formula, 1t is the vector of the t" generation. g is
an individual which consists of genes g. m is the number of
individuals in every generation and can be chosen arbitrarily
but must be even. If m is not large enough, error cannot be
minimized sufficiently. n is the number of genes and can be
computed as n = n, X Ng.

In the first generation, values of the genes are randomly
chosen as zero or Ap. Then, each individual is mapped to
cross-section as in Figure 1.

The anomaly of the cross-section for the first individual
at position z on the ground is computed as below
considering prismatic anomaly model [17],

n-1n-1

A(2)=).Y 2x6.67x10° x Dr x{(xx wdt- zxwdt)In
x=0 h=0 (2)

hx dpt +dpt)” +(xx wdt - zx wdt)’
[\/( (hfdpt)?z(xiwdt— Zxwdty? : ] (Gocwdt- 2wdt)- wen

(hx dpt +dpt)? +((x x wdt - zxwdt) - wdt)?
(hx dpt)? +((xx wat - z wat) - wlt)?

{ ]+ (hx dpt +dpt)(arctan
(Xdet-szdt) [xxwdt- zxwdt - wdt
- arctan

j— hx dpt(arctan
h*dpt +dpt h*dpt +dpt

X x wdt - zxwdtj (xxwdt— zxwdt - Wdt)}
- arctan
h*dpt

h* dpt

All the anomalies of points z from 0 to n.-1, A(z), are
computed and compared with the original anomaly. wdt and
dpt are width and depth of each unit. x and h are column and
row indexes of the units in cross-section. Mean Error (ME)
of the individual is designated as the weight function.
Ascending sort is applied to all individuals according to
their MEs and some of them at the bottom are dismissed
after this sort. The number of worst individuals is
determined by a rule of keeping the value below the half of
the number of individuals. The worst individuals are
replaced with the best ones, which are at the top of the list.
These individuals, which are obtained after this step, are
called chosen individuals.

Before creating the new generation, mutation is applied
to the chosen individuals. In this process, some genes are
changed with probability of mutation. The value of these
genes is turned to Ap (the contrast of the model) if it is O or
turned to O if it is Ap. Thus, generations can pass local
minimums and continues for global minimum of weight
function.

To avoid having the same individuals for next
generations, location of the individuals in (1) are changed,
which is called interleaving. Then, new generation is
obtained by using crossover technique. Every two
sequential individuals are separated into two parts and the

separation point is chosen randomly for each pair as shown
in below for the first pair.

oi=oligl0isalseaisale ol ©

gtz = 95,1 95,2 95,3 95,4 ° 95,5 95,6 """ 92.n Q)

Then these two individuals are crossed-over as shown in (5)
and (6).

81=811 81 85 814 85 8o &om ®)

th = gtz,l 9;,2 95,3 9;,4 g{,s g{,e """ O1n (6)

After these steps, cross-sections of the individuals
indicated may not have a block structure. Thus, units with a
density difference Ap in the cross-section, which don’t have
any neighbor units with a density difference Ap, are set to
zero. Then, whole process is repeated until the global
minimum or sufficient error minimization is reached. It is
given two synthetic examples; the first one is U type and the
other one is a basin model. Based on the anomalies with
acceptable errors, GA finds the models satisfactory. Mean
Errors (MEs) of these two synthetic modes are 0.087 mGal
and 0.073 mGal respectively.

5. Method Application and Results

5.1. Synthetic Data 1

In the first synthetic data, it is used U type model, which
is shown in Figure 2. The width and the depth of each unit
is 100m and the density difference Ap is 1 gr/cm®. The
anomaly of this model is calculated with the prismatic
model formulation, which is given in equation 2. Figure 2
shows the anomaly curve of the model.

In genetic algorithm, the purpose is to find a model, in
which its anomaly closes to the observed anomaly, given in
Figure 2. The first parameter of the genetic algorithm is the
number of individuals in one generation and it is chosen as
160. There are 210 genes in each individual. This value is
the number of units in the cross-section. The second
parameter is the number of individuals, which have worst
errors, and it is chosen as 16. These individuals are replaced
with the best 16 ones. The last parameter is the ratio of
mutation. In our experiments 0.3% seems to be the best
value for mutation.

At the end of the 125" generation, it is interrupted the
process, because the error of the system has become quite
constant. The best individual is shown in Figure 2 with
dashed lines. Its anomaly and observed anomaly are given
in Figure 2. It is not easy to distinguish these two
anomalies, because the anomaly of the model, obtained
from genetic algorithm, fits the target anomaly exactly.
Mean error is only 0.087 mGal.
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Figure 2. First synthetic model: Observed and calculated cross
sections (width and depth of each unit is 100 meters and Ap =1
gr/cm®) and their related underground models. Observed cross-
section is indicated with solid line and its structure is given with
hatched area. For Ap =15 gr/cm?®, calculated cross section is
shown with (+) symbol. For Ap =0.8 gr/cm®, calculated cross
section is shown with (*) symbol. For Ap =1 gr/cm®, calculated
cross section is shown with (A) symbol and its model is given
with dashed lines in cross-section.

5.2. Synthetic Data 2

In the second synthetic data, we consider a basin model,
which is given in Figure 3. The width and the depth of each
unit is 100m and the density difference Apis 2 gricm®. The
anomaly of this model is calculated with the prismatic
model formulation, which is given in equation 2. Figure 3
shows the observed anomaly curve of the basin model.
There are 320 individuals in each generation and 210 genes
in each individual. The number of worst individuals, which
are replaced with the best ones, is chosen as 32. Lastly, ratio
of mutation is kept constant at 0.3%.

At the end of the 182" generation, the model with
dashed lines in Figure 3 is reached. Its anomaly and
observed anomaly are shown in Figure 3. It can be said that
these are exactly the same, because mean error is 0.073
mGal. Synthetic model and calculated model are very close
to each other. There are only two different units, which are
at the bottom of the model.

mGal
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20 =4 & —-a— calculated anomaly (& ;=2 gr/cm)
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— — +—calculated anomaly (a =25 gr/cn®)
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\

2000 2500
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700 m
1100 m
1000 — Synthetic Model
L 2 Calculated Synthetic Model
depth (m)
Figure 3. Second Synthetic Model: Observed and calculated

(Segmented Genetic Algorithm) cross sections (width and depth of
each unit is 100 meters and Ap =2 gr/cm®) and their related
underground models. Observed anomaly is given with solid line
and its structure is given with hatched area in the cross-section.
For Ap =2.5 gr/cm®, calculated anomaly is shown with (*)
symbol. For Ap =1.8 gr/cm?, calculated anomaly is shown with (s)
symbol. For Ap =2 gr/cm?, calculated anomaly is shown with (0)
symbol and its structure is given with dashed line in the cross-
section.

5.3. Real Data 1

In Figure 4. Godavari Vally, which is used in [1] and
[2], is modeled using GA. Depth and the widths of each
prismatic piece are 250m and 2.5km respectively. In [1] and
[2] Ap is used as -0.4g/cm®. Therefore, it is also used the
same value for Ap to compare the models. The anomaly of
the model is very close to the observed one and ME is 0.43
mGal. The lower depth of the model is 1.75 km. The
average upper and lower widths are 32.5km and 12.5km
respectively.
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Figure 4. Gravity anomaly profile over the lower Godavari Vally
and its models. Observed anomaly is shown with solid line.
Calculated anomaly using SGA is shown with (+) symbol (width is
2.5km and depth is 250m and Ap =-0.4 gr/cm®). SGA model is
given with hatched area. Bhaskara Rao and Venkateswarulu
(1974) model is given with dashed lines in cross-section. Bhaskara
Rao (1990) model is given with solid line in cross-section.

5.4. Real Data 2

As an application field, anomaly map placed at the
Northwest side of the mine ore in Sivas-Giiriin in Turkey is
chosen (Figure 5). It is assumed that the reason of the
anomaly can be the basin, which has —0.5 gr/cm® density
difference according to the crystallized limestone. At the
end of the studies on this field, it is found out that the oldest
units are the limestone the age of Upper Cretaceous
Cenomanien. Upper side of this part, Conglomerate at the
age of Neogene, red clay and sandstone are placed as a
discordant. The region has faults with direction of NE-SW
[17].

After two synthetic examples, real data is selected on the
Bouguer anomaly map of Sivas basin, which is shown in
Figure 6. Anomalies are measured every 50m and Ap is
known as -0.5 gr/cm® because of the geology. Low pass
filter with a 0.02 cutoff frequency is applied to the anomaly
map and this residual anomaly map is shown in Figure 7.
Profile A1-A2 in residual anomaly map is considered for
modeling with genetic algorithm. The width of the units is
50m. To find more precise result by genetic algorithm, the
depth of each unit is taken as 25m. There are 832

individuals in each generation and 416 genes in each
individual. The number of worst individuals is chosen as 41
and the ratio of mutation is chosen as 0.3% again.
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Figure 6. Bouguer anomaly map of Sivas-Turkey (interval contour
is 0.3 mGal).
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Figure 7. Residual anomaly map (interval contour is 0.1 mGal).

At the end of the 1000™ generation, the model in Figure
8 is reached and, Its anomaly and observed anomaly are
shown. The anomaly of our model and the original anomaly
are very close to each other. Mean error of the anomaly of
our model is only 0.17 mGal and it fits the original one.

6. Conclusion

A new modeling technique using a modified genetic
algorithm is very common. This method is quite different
and flexible than conventional inversion method. The
proposed modeling technique is applied to real anomaly
data after having good results with synthetic ones. As a field
application, firstly, gravity anomaly of Godavari Vally is
used and the model is compared to the references. Secondly,
gravity anomaly of carsick basin near Sivas-Giiriin in
Turkey is considered. Difference of anomaly in the field is
computed as -0.5 gr/cm®. Cross-section, which is taken from
Al-A2 profile in Figure 7 Bouguer anomaly map, is
indicated with a solid line in Figure 8.
The anomaly of the model, which is created by GA, is
shown in Figure 8 with dotted line. Both two anomalies are
fit satisfactorily. This modeling technique is so powerful
that it can be applied to any type of structure without any
prior information.

7. Steps of the methods

1. Dividing the cross-section into n, X n. units

2. Generating an initial population for GA

3. Mapping each individual in the population to the
cross-section

4. Setting units to zero whose neighbors are all zero

5. Computing the weight function

6. If the anomaly of any individual is close enough to
the desired one then STOP THE PROCESS

7. Sorting individuals (worst individuals are replaced
with the best ones)

8. Applying mutation

9. Interleaving the individuals (scrambling)

10. Creating the next generation using crossover

technique and GO TO STEP 3.

+ observed
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: . 400
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Figure 8. Observed and calculated anomalies and the models.
Observed anomaly is shown in (.) and calculated anomalies are
shown in () and (+) signs.
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Abstract: This paper describes a generalized dynamic model of multi-machine power systems for transient stability
analysis and its computer simulation using MATLAB/SIMULINK. The generalized model of the power systems can be
used for teaching the power system transient phenomena, as well as for research works particularly to improve
generator controllers with advanced technologies. Constructional details of various sub-models for the whole power
systems are given and their implementation in SIMULINK environment is outlined. The developed simulation model is
tested on 3-machine 9-bus power system and 10-machine 39-bus New England power system under different large
disturbances. For the studied cases, the critical clearing times (CCT) are calculated and the simulation results are
presented and discussed. Nonlinear time-domain simulation results obtained from several case studies validate the
effectiveness of proposed model for transient stability analysis. The proposed dynamic model has been employed to
support and develop power engineering education at both the undergraduate and graduate levels. Likewise, for
academic and educational use, all component sub-models are transparent and can simply be modified or extended.

Keywords: Transient stability, multi-machine power systems, MATLAB/SIMULINK, power system modeling, power

system simulation..

1. Introduction

The term "transient stability," in the power system
stability studies, mostly denotes the capacity of
synchronous machines for remaining in synchronism
for the short period of time subsequent to large
disturbances, including a fault on transmission
facilities, loss of a large load and sudden loss of
generation. The system response to such disturbances
contains generator rotor angles' large excursions power
flows, bus voltages and other system variables. It is
worth mentioning that, while steady-state stability is a
function only of operating conditions, transient stability
is a function of both the operating conditions and the
disturbances [1]. This entangles the transient stability
analysis noticeably. System nonlinearities, in large
disturbances, have a significant role.

To control transient stability or instability
subsequent to a large disturbance, or a number of
disturbances, time-domain simulation analysis is
commonly used to solve the nonlinear equations set
explaining the dynamic behavior of system. In that
case, conclusion pertaining to stability or instability
can be obtained from an inspection of the solution [2-
3]. Fault clearing time (FCT) and critical clearing time
(CCT) are significant parameters so as to preserve
power systems transient stability. The FCT is the time
upon which the fault is cleared following the fault
occurrence, while the CCT is the fault clearing time
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upon which the system is at the critically stable level. If the
actual fault clearing time in a system is below the CCT
level, the system will be stable [4].

Simulation programs for power system stability analysis
can be divided into two classes of tools: commercial
software packages and education/research-aimed software
packages. Various commercial software packages, such as
Power System Simulator for Engineering (PSS/E), Power
System  Simulator  (Simpow), DigSilent, EuroStag,
NEPLAN and PowerWorld, are on sale. These programs
allow users to access comprehensive component/system,
models and computationally efficient algorithms for the
analysis. Nevertheless, these programs are not appropriate
for educational and research fields because they generally
do not provide modification or incorporation of novel
component models and algorithms. In education and
research fields, flexibility and potential for simple
prototyping are much more crucial aspects than its
computational efficiency.

This paper discusses the use of SIMULINK software of
MATLAB in the dynamic modelling of multi-machine
power systems for transient stability simulation.
SIMULINK is a software package developed by
MathWorks Inc., which is one of the most widely used
software in academia and industry for modeling, analysis
and simulating dynamical systems. It can be used for
modeling linear and nonlinear systems, either in continuous
time frame or sampled time frame of even a hybrid of the
two. It provides a very easy drag-drop type graphical user
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interface to build the models in block diagram form. It
has many built-in block library components that you
can use to model complex systems. If these built-in
models are not enough for you, SIMULINK allows you
to have user defined blocks as well. Over the last
decade, the topic of power system simulation in
MATLAB/SIMULINK has been provided in [5-12].
The use of the MATLAB/SIMULINK for the
enhancement of power system component can allow
users to take full advantage of dealing with control
blocks and power system elements, corroborating new
component through comparison of the simulation
results for numerous events, and understanding of the
basic concepts of power system modeling and
simulation.

In this paper, we have developed SIMULINK-
based generalized dynamic model and an efficient
approach so as to examine the transient stability
performance of practical power systems, with
SIMULINK as a tool. The aim of the generalized
dynamic model is to provide an environment within
which students can quickly get started and provides
enough modeling flexibility to allow maodification or
addition of new generator, load, and control system
models. Whereas ease of use is mostly important for
coursework, the modeling flexibility is useful mostly
for research applications. All component sub-models
are transparent and can easily be modified or extended.
Emphasis has been given to keeping the component
sub-models transparent and simple. All component
sub-models are designed for use by undergraduate and
graduate students in the learning of power system
transient stability and for rapid testing of research
ideas. The proposed model for transient stability
simulation has been applied to different examples of
multi-machine power systems such as IEEE 9-bus and
IEEE 39-bus power systems. The nonlinear simulation
results have been carried out to assess the effectiveness
of the developed transient stability simulation model
under various large disturbances. We hope that this
attempt will add some more practical information in
this important and unexhausted domain.

2. Multi-machine Power System Model
Constructed Using SIMULINK

Regarding transient electromechanical phenomena
analysis of a power system, power flow algebraic
equations for the transmission network and for the
stator windings of the synchronous machines, together
with the differential equations for the rotor of the
synchronous machines are commonly used. For that
reason, the power system mathematical model can be
formulated by a set of differential and algebraic
equations (DAEs) [13]. In this study, the flux-decay
model with static exciter is employed to discuss the
synchronous machines.

The whole system is given with regard to
SIMULINK blocks in three main single sub-models.
One of the most significant characteristics of a model
in SIMULINK is its remarkable interactive ability. In

other words, it allows the display of a signal at any point
readily available; all one has to do is to add a Scope block
or, alternatively, an output port. What's more, giving a
feedback signal is as easy as drawing a line. A parameter
within any block can be regulated from MATLAB
command line or through an m-file program. This is a
predominantly helpful for multi-machine power system
transient stability study because the power system
configurations change before, during and after a fault.
Loading conditions and control measures can be employed
correspondingly.

2.1. Differential Equations

The differential equations of the machine and exciter for
the m machine, n bus system are expressed as follows [13]:

d_tlza)s a)i —1 |=1,2,...,m (1)
do,_Py R D(@-) i=12...m @

dEO’|i _ _E_(;i_ (Xg = X )ig +ﬁ i=12...m ©))
dt Too Too Too o
dEfdi Efdi KA' 1
—_ LAy Ly i=12,....m 4
dt T T refi i 1‘ ( )

Ai Ai

2.2. Stator Algebraic Equations

The stator algebraic equations describe the electrical
variables pertaining to the stator windings. The stator
algebraic equations are expressed as
V;sin(s, —6,) — x,;i

il

-0 i=12,...,m )

Eyi —V, c0s(3, —6,) — iy =0 i=12...,m (6)

2.3. Network Equations

The network equations can be expressed in power-
balance or current-balance form. In this study, the current-
balance form is employed and the loads are assumed to be
of the constant impedance type. In power system with m
generators, the nodal equation can be formulized as:

Il

Vi

-[v]| )

o 5

T j &-nl2

= iy + iy e i=12...m ®)
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where 1,..., 1 are the complex injected generator

currents at the generator buses. Assume that the

modified Y, represented as Y’ be divided as
LT'I n
m [ Y,

©)

Inasmuch as there are no injections at buses
m+1,...,n, we can leave them out in order to obtain

Il

Vi
Fl=[YR]| (10)
I, v,

m

where Y, = Y,-Y,Y;'Y, s the desired reduced
matrix. The reduced matrices for every network
condition (before, during and after fault) are computed

on account of the power system under study.

3. SIMULINK Models

The complete multi-machine power system embodied
with regard to SIMULINK blocks in a single integral model
by using Egs. (1)-(10) for transient stability study. The
complete system consists of three main sub-models:
differential equations sub-model, stator algebraic equations
sub-model, and network equations sub-model. The
SIMULINK-based general sub-models for computing of
differential equations and stator algebraic equations are
modeled and are given for all generators in Figure 1 and
Figure 2 respectively. We can see in the complete sub-
model of Figure 1 that Scope 1 and Scope 2 display the
individual generator angles and the angular velocities of the
all machines, respectively. In Figure 2, Scope 5 and Scope
6 monitor electrical power outputs and machine terminal
voltages responses respectively, for all generators. It is
worth mentioning that in Figure 1 and Figure 2; 6, o,
M,D, E, Ey, Ky, Ty, V,Vy, P, and P, are vector

signals having as many rows as the number of generators.

Pmech o
- 1 » Integrator6 To Workspace deltas
+
pm ol 1 U ,
| 2*pi*f S r| 180/pi »| delta_angle
- 1 »
: > s o Power Angles
Pe Integrator Speed Deviations [del]
» - Sum10 [dw]
w
Scope 2 Scope 1
e [ [
Dampingls Scope3
p[ ]
Vref » Efd_min_max
® e
» >
- S Integrator 5 Eqd
v B Integrator 1 1
9 > < > [Eqd]
Add10
»l -
Scope 4
xd-xdd |—>
% Add11 > I:l

g )——>

Product3

Figure 1. Differential equations sub-model for transient stability simulation

Figure 3 illustrates the complete block diagram of
network equations for all generators in SIMULINK
environment. The SUBSYSTEM in Figure 3 is
expressed to calculate the value of electrical current
outputs for different generators and internal view of the
SUBSYSTEM is given in Figure 4. In Figure 4 it
includes a block to specify network admittance
matrices required for numerous conditions of the power
transmission network: before, during and after a
specified fault. These admittance matrices are
calculated by using an associated MATLAB program
prior to starting transient stability simulations of multi-
machine power systems, and fault location can be
randomly specified.

Likewise, prior to starting transient stability simulations,
it is mandatory to specify the initial conditions of a number
of quantities for all machines, consequently, a power flow
calculation is performed by using the same associated
MATLAB program, in which the pre-fault and the fault
clearing time are specified. The main SIMULINK-based
sub-models are simply modified for multi-machine power
systems with different number of generators and also
different network configurations. In addition, the
generalized dynamic model of multi-machine power
systems in SIMULINK environment also facilitates the
choice of simulation parameters, including start and stop
times, types of solver, step sizes, tolerance and output
options.
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Figure 2. Stator algebraic equations sub-model for transient stability simulation
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4. Results of Transient Stability
Simulations and Discussions

In this section, we illustrate the DAE model
discussed in the previous section and to validate
SIMULINK-based generalized model, the simulations
are carried out on a 3-machine 9-bus and 10-machine
39-bus New England power systems. To assess the
effectiveness of the proposed dynamic model,
nonlinear  time-domain  simulation  studies are
implemented on different severe fault conditions. In
transient stability simulation of multi-machine power
systems, Runge-Kutta 4 technique is used for

numerical integration of the differential equations and step
of integration is chosen as 0.005 s. All calculations were
done on a personal computer with 2.10 GHz Intel Core
Processor and 200 GB of RAM running
MATLAB/SIMULINK 7.11.0.

4.1. llustrative System example 1: Nine-bus three-
machine power system

In this example, we have considered the popular
Western System Coordinated Council (WSCC) 3-machine,
9-bus power system shown in Figure 5. This is also the
system appearing in [13-14] and widely used in literature.

—» Load C

@)

|
|
2

o

_li_

Load A

H|®|

Load B

IN

Figure 5. WSCC 3-generator 9-bus test system

We can see in the complete sub-model of Figure 1
that Scope 1 display the values of the 3-machine angles

in vector 5=, &, &, and Scope 2 display the
values of the 3-machine angular speeds in vector
o= o o, o . Itis worth mentioning that the

computation time for 3-machine 9-bus power system
3.28 s for 12 s of simulated real time. For time-domain
simulations, different three-phase faults have been
applied to demonstrate the effectiveness of the
proposed dynamic model as follows:

The performance of the proposed dynamic model
under transient conditions is substantiated by applying
a three-phase fault at t =1 s, on bus 9 at the end of line
8-9 is considered. The fault is then cleared by opening
the line 8-9. The CCT for this scenario was found to be
t, =0.192 s by using a trial-and-error approach. The

system responses are given for different values of fault
clearing time (FCT).

Case (a): FCT < CCT, the fault occurs at 1 s and is
cleared at 1.15s (FCT = 0.15s).

Case (b): FCT > CCT, the fault occurs at 1 s and is
cleared at 1.20 s (FCT = 0.20 s).

Figures 6-7 show the difference angles (J,, =9, -4,
and &, =5,—¢,) and the relative rotor angular speed
deviations (@, =@, —@, and o, = @, —®,), respectively,
for the system with FCT = 0.15 s. It is obvious from
Figures 6-7 that the power system is stable in Case (a).
Figures 8-9 show the system response for FCT = 0.20 s.

From the results, we see that the system is unstable in Case
(b) because all machines will lose synchronism.
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Figure 6. System response of &,, =6, -6, and &, =6, -,
for FCT =0.15s
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Figure 9. System response of w,, =w, —o, and o,, =, — o,

for FCT =0.20 s

4.2. llustrative system example 2: Thirty nine-bus
ten-machine power system

In this part of the study, the 10-machine 39-bus New
England power system shown in Figure 10 is considered
further demonstrate the versatility of the suggested dynamic

model. This is also the system appearing in [15-16] and
widely used in the literature.
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Figure 10. 10-machine, 39-bus New England test system
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We can see in the complete sub-model of Figure 1
that Scope 1 display the values of the 10-machine
angles in vector

6=6 6, 6 6, & 6 6 & O 510T
and Scope 2 display the values of the 10-machine
angular speeds in vector
w=0 w0, 0 0, 0O 0O 0O, 0O O a)loT.
The simulation was performed for 12 s and the
computation time for this large power system 13.56 s.
To assess the effectiveness of the proposed dynamic
model, nonlinear time-domain simulation studies are
implemented on different severe fault conditions. The
following cases are taken into consideration:

A three-phase fault is applied on bus 29 (near
generator 9) at the end of line 29-26 at t=1 s. The
fault cleared without line tripping and the original
system is restored upon the clearance of the fault. The
CCT for this scenario was found to be t, =0.125 s by
using a trial-and-error approach. The system responses
are given for Case (a) and Case (b).

Case (a): FCT < CCT, the fault was initiated at 1 s
and cleared at 1.10 s (FCT = 0.10 s).

Case (b): FCT > CCT, the fault was initiated at 1 s
and cleared at 1.13 s (FCT = 0.13 s).

In this scenario, G, and G, are nearest generators

to the fault location and therefore system responses are
given for only these machines. For Case (a) and Case
(b), the power system angle responses of G, and G,

with respect t0 G, (&, =0 -0, and &, =3, —4,),
are shown in Figure 11 and Figure 13, and the
variations of the relative speed deviation of G, and G,
with respect to G,, (@, =ay,—@, and o, =0, —@,),
are shown in Figure 12 and Figure 14. In Figures 11-
12, the FCT is set at 0.10 s while in Figures 13-14 the
FCT is set at 0.13 s. Figure 11 shows that the relative
rotor angles of the Generator 8 and Generator 9
oscillate and the system is said to be stable whereas
Figure 13 shows that the relative rotor angle of the
Generator 9 go out of step after a fault is cleared and
the systems becomes unstable.
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Figure 11. System response of &, =, — 3, and
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Figure 12. System response of @y, = w, — @, and
0y =0, — o, for FCT =0.10s

1000 T T

2 N ® ©

S8 9 9 9

s 8 & &
T T

681 and 691 (degree)
B u
8 8
7

w
S
3

N

=3

]
T

i
1)
S
\
N

=2
oL
o
NN
=
o

Figure 13. System response of J,, =J, — ¢, and
0y =0y — 06, for FCT =0.13 s

—_— gm0,

"\
————- 0, =00 %
0121 917%™ SV A

-

Figure 14. System response of @y, = w, —@, and
0y, =0, — o, for FCT =0.13s

The effectiveness of the suggested dynamic model
in multi-machine power systems is verified through the
nonlinear simulation results. In addition, it can be
deduced from Figures 6-9 and Figures 11-14 that the
FCT setting is a significant factor to determine the
power systems transient stability. If the FCT is set at a
longer time than the CCT of the faulted line, the system
will be unstable; otherwise the system will be stable.

5. Conclusion
SIMULINK is a powerful software package for the

study of dynamic and nonlinear systems. Using
SIMULINK, the simulation model can be built up
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systematically starting from simple sub-models. A self-
sufficient generalized dynamic model for transient
stability simulation of multi-machine power systems
has been given with full details, which can work as a
basic structure for advanced and detailed studies. The
models built in this way are easy to be understood by
students and engineers. The proposed dynamic model
has an open structure and all sub-models can be
modified or extended using various SIMULINK
constructs. The efficiency of the proposed
MATLAB/SIMULINK-based transient simulation
model has been tested and demonstrated through the
transient  stability  simulations under  various
disturbance conditions and different fault clearing
times, by using the three and ten machine study
systems. Several cases have been also carried out to
determine the effect of the clearing time of a fault on
the transient stability of multi-machine power systems.

The proposed dynamic model shows to be a
powerful didactic and research tool, able to provide
important information about various aspects of
transient stability phenomena. This educational model
is also used for illustration purposes during lectures, as
well as by students preparing personal assignments and
design projects. The authors believe that SIMULINK
will soon become an indispensable tool for the teaching
and research of power systems.

6. References

[1] Kundur P., Power system stability and control, New York,
USA: Mc Graw-Hill, 1994.

[2] Bettiol A. L., Souza A., Todesco J. L., Tesch JR Jr.,
“Estimation of critical clearing times using neural
networks”, In: |IEEE Power Tech Conference
Proceedings; 23-26 June 2003; Bologna, Italy: IEEE. pp.
1-6.

[3] Karami A., Esmaili S.Z., “Transient stability assessment
of power systems described with detailed models using
neural networks”, Int J Electr Power Energy Syst, Vol.
45, No. 1, pp. 279-29, 2013.

[4] Ahmed M.A. Haidar, M.W. Mustafa, Faisal A.F. lbrahim,
Ibrahim A. Ahmed., “Transient stability evaluation of
electrical power system using generalized regression
neural networks”, Applied Soft Computing, Vol. 11, No.
4, pp. 3558-3570, 2011.

[5] Ong C., Dynamic Simulation of Electric Machinery
Using MATLAB/SIMULINK. Upper Saddle River, NJ:
Prentice Hall, 1998.

[6] Allen E., White N.L., Yoon Y., Chapman J., llic M.,
“Interactive object-oriented simulation of interconnected
power systems using SIMULINK”, IEEE Trans. Educ,
Vol. 44, No. 1, pp. 87-94, 2001.

[7] Patel R., Bhatti T.S., Kothari D.P., “MATLAB/Simulink-
based transient stability analysis of a multi-machine
power system”, Int J Elec Eng Educ, Vol. 39, No. 4, pp.
320-336, 2002.

[8] Demiroren A., Zeynelgil H.L., “Modelling and
Simulation of synchronous machine transient analysis
using SIMULINK”, Int J Elec Eng Educ, Vol. 39, No.
4, pp. 337-346, 2002.

[9] Cho Y.S., Park J., Jang G., “A novel tool for transient
stability analysis of large-scale power systems: Its
application to the KEPCO system”, Simul Model Pract
Th, Vol. 15, No. 7, pp. 786-800, 2007.

[10] Panda S., “Differential evolutionary algorithm for
TCSC-based controller design”, Simul Model Pract Th,
Vol. 17, No. 10, pp. 1618-1634, 2009.

[11] Gelen A., Yalcinoz T., “An educational software
package for Thyristor Switched Reactive Power
Compensators using Matlab/Simulink”, Simul Model
Pract Th, Vol. 18, No. 3, pp. 366-377, 2010.

[12] Nguimfack-Ndongmo J.D.D., Kenné G., Kuate-Fochie
R., Cheukem A., Fotsin H.B., Lamnabhi-Lagarrigue F.,
“A simplified nonlinear controller for transient stability
enhancement of multi-machine power systems using
SSSC device”, Int J Electr Power Energy Syst, Vol. 54,
pp. 650-657, 2014.

[13] Sauer P.W., Pai M.A., Power system Dynamics and
Stability. Prentice Hall, 1998.

[14] Anderson P.M., Fouad A.A., Power System Control and
Stability. Ames, 1A: lowa State Univ. Press, 1977.

[15] Pai M.A., Energy function analysis for power system
stability. USA: Kluwer Academic publishers, 1989.

[16] Padiyar K.R., Power System Dynamics: Stability and
Control. Hyderabad, India: B.S. Publications, 2002.

Serdar Ekinci received B.Sc. degree
from Istanbul Technical University
(ITV) Control Engineering
Department in 2007. He earned his
M.Sc. degree in Electrical
Engineering from the same university
in 2010. He is currently a Ph.D.
student in  Istanbul  Technical
University. His areas of interest are
electrical power system, stability,
control technology and the applications of heuristic
optimization to power system control.

Aysen Demiroren received her B.Sc.,
M.Sc. and Ph.D. degrees from
Istanbul  Technical University in
Electrical Engineering in 1982, 1985
and 1994, respectively. Currently, she
is a full professor in Electrical
Engineering Department of Istanbul
Technical University. Her research
interests are power system dynamics,
stability and control, power generation
and alternative power sources, and applications of Al
techniques in power systems.




Xuebin TANG and Shuping JIN/ 1U-JEEE Vol. 15(2), (2015), 1945-1950

IU-§EEE

COMPACT TRIPLE-BAND BANDPASS FILTER
USING MULTI-MODE RESONATOR (MMR)
WITH MULTIPLE TRANSMISSION ZEROS

Xuebin TANG and Shuping JIN

Changzhou Institute of Mechatronic Technology, Changzhou, 213164, China.

tang_xue_bin@163.com, jinshuping@126.com

Abstract: In this article, a compact triple-band microstrip bandpass filter (BPF) with tunable centre frequencies and
bandwidths as well as multiple transmission zeros (TZs) is presented. The proposed filter is designed based on a novel
multi-mode resonator (MMR), and the even-/odd-mode analysis method is employed to investigate its resonant
characteristics. By changing the lengths of two loaded coupled open stubs and coupling space between them, two
resonant modes can be tuned and the bandwidth can be controlled. Also, two additional TZs are generated due to the
dual-finger feed structure. Moreover, these two TZs can be controlled by the lengths of two fingers, and high passhand
selectivity and band-to-band isolation level are achieved with ten TZs. The three centre frequencies of the proposed
triple-band BPF are located at 1.9, 3.55, and 7.33 GHz, respectively. In addition, the overall circuit size of the
fabricated filter is much smaller in comparison with previous works. For demonstration, a prototype filter is fabricated
and measured, and good agreements are obtained between the measured results and electromagnetic (EM) simulated

ones.

Keywords: Bandpass filter (BPF), multi-mode resonator (MMR), transmission zeros, triple-band filter.

1. Introduction

In modern wireless communication systems, multi-
service technology has been widely and aggressively
developed. Thus, as an important circuit block, multi-
band planar bandpass filters (BPFs) have gained a lot
of attention over past few years. Extensive efforts have
been made to design multi-band BPFs, and various
literatures about multi-band filters have been reported
[1-19]. Quarter-wavelength resonators [1-3] have been
employed to construct dual-band or tri-band BPFs. In
[4], and [5], tri-section stepped-impedance resonators
(SIRs) are utilized to design triple-band filters.
However, the insertion losses need to be improved and
the circuit sizes are comparatively large. Shorted-ended
SIRs [6], [7] have been used to realize dual- and triple-
band BPFs, whereas asymmetric SIRs are introduced to
design triple-band BPFs with compact size in
literatures [8], and [9]. Stub-loaded resonators (SLRs)
[10-12] and square ring loaded resonators (SRLRS)
[13], [14] are also proved to be capable of designing
triple-band filters. Recently, the design method to
achieve high performance multi-band BPFs utilizing
multi-mode resonators (MMRs) has been attracting
much more attention [15-19]. However, there is still
much research work to do to design filters with
compact circuit size and high skirt selectivity and

Received on: 22.11.2014
Accepted on: 04.02.2015

band-to-band isolation level with multiple transmission
zeros (TZs).

This paper presents a compact triple-band BPF using a
novel MMR. The proposed MMR is symmetric in structure,
and the even-/odd-mode analysis method is employed to
investigate its resonant characteristics. By properly tuning
the design parameters, the resonant frequencies can be
freely chosen. In addition, by changing the lengths of two
loaded coupled open stubs and coupling space between
them, two resonant modes can be tuned and the bandwidths
can be controlled. Also, two additional TZs are generated
due to the dual-finger feed structure and can be controlled
by the lengths of two fingers. Thus, high passband
selectivity and band-to-band isolation level are obtained
with nine TZs. In order to validate the design method, a
triple-band filter centred at 1.9/3.55/7.33 GHz with 3-dB
fractional bandwidths (FBWSs) of 14.2/7.9/11.6% is
simulated and fabricated. The simulation works of the
prototype filter are performed by using a commercial
electromagnetic (EM) simulator IE3D, and the measured
results show good agreement with the simulated ones.

2. Analysis of the Proposed MMR

Fig. 1(a) shows the specific geometrical schematic of
the proposed MMR. It is mainly constructed by a
meandered square-loop loaded with a pair of coupled open
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stubs. Since the proposed MMR is symmetrical in
structure, the even-/odd-mode analysis method can be
adopted to analyze its resonant characteristics. Its even-
and odd-mode equivalent circuits are illustrated in Figs.
1(b) and (c), respectively. The microstrip lines with
electrical lengths of 6,, 6, and 6; have the same
admittance of Y. Thus, the input admittances of the
even- and odd-mode equivalent circuits can be found
as follows
tand +tan g, +tan 6,

1-tan ¢ (tan 6, + tan 6,)

in—even —

D

y _ tang, +tan 6, —cot 6,
in-odd tan 6, (tan 6, —cot 4,) -1

2

The even-mode resonance occurs under the
condition of Yi,.even = 0, and the odd-mode resonance
occurs when Yin.oqq = 0, that is

tang, +tan6, +tang, =0 for even mode

©)
tang, +tan g, —cot 6, =0

4)

From Figs. 1(b), and (c), one can clearly observe
that there are four different resonant sections of the
proposed MMR, i.e., the sections with lengths of L, +
L, and L, + L. in even- and odd-mode equivalent
circuits. Therefore, the even- and odd-mode resonant
frequencies, fevent, feven2, fodar, aNd foqg2, generated by the

for odd mode

0 Y
7

Yin-odd 01 Y

(©

Fig. 1. (a) Specific geometrical schematic of the proposed MMR. (b) Even- and (c) odd-mode equivalent circuits.

four resonant sections can be approximately estimated by
equations (5) - (8) [8] as

fevenl ~ L n=123, ... (5)
2L+ L) o

fevenz ~ L n=1,2,3,...... (6)
2(La + Lc)‘\'geﬁ

foddlzL n=1,3,5,...... )
4( La + Lb) /geﬁ

foddZ = fevenZ (8)

where fqenr and fogqr are the even- and odd-mode resonant
frequencies generated by the resonant section with length of
L, + Ly, and feeny and foqqp are the even- and odd-mode
resonant frequencies created by the L, + L. section,
respectively. The number n denotes the nth spurious
resonant frequency and

e+l & -1 h) % wY
PRI [1+12—j +o.04(1——j ©)
2 2 w h

is the effective dielectric constant, where ¢, and h denote the
relative dielectric constant and thickness of the substrate,
respectively. Thus, desired resonant frequencies can be
obtained by properly selecting the design parameters
according to equations (5) - (8).

Figs. 2(a) and 2(b) depicts the resonant characteristics
of the proposed MMR under weak coupling with varied L,
and S;. Fig. 2(a) reveals that fogq; and foqq decrease with the
increase of L, whereas foeni, fevenz, and feens remain
constant. This conclusion can also be observed from
equations (5) - (8). Moreover, it can be observed from these
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two plots that, the second passband formed by f,qq; and
feenz Can be easily tuned by controlling the coupling
strength between the two loaded coupled open stubs
which is determined by the value of Ly, and S;.

—Lh=l‘15 mm

704 —L,=3.15mm
— L =5.15mm
-80 T T T T T T
1 2 3 4 5 6 7 8
Frequency (GHz)
(@)

Frequency (GHz)

(b)

Fig. 2. Simulated |S,4| of the proposed MMR under weak
coupling with varied (a) Ly, and (b) S;.

3. Analysis of Transmission Zeros

Y, 6,
—» pathl

—— path 2
———

Y, 6,

Fig. 3. Transversal signal interference model of the proposed
BPF.

Port 1 Port 2

As shown in Fig. 5, ten TZs are created in the
frequency responses which improve the passband
selectivity significantly. Among these TZs, TZ; and
TZy are inherent TZs of the proposed MMR as can
be seen from Fig. 2. TZ, and TZ; are generated due
to the loaded coupled lines. By changing the coupling
length and gap between the two open stubs, i.e., the
coupling strength between them, these two TZs can be
tuned. As demonstrated in Figs. 2(a) and 2(b), TZ, and
TZg decrease with the increase of L, and the decrease
of Sy, i.e., these two TZs decrease with the increase of
coupling strength between the two loaded coupled open

stubs. In addition, TZ,, TZ3, TZ;, and TZg are introduced by
the dual-finger feed scheme. These four TZs decrease with
the increase of lengths of the two fingers.

Among these ten TZs, TZs is generated by the
transversal signal interference effect [20]. As can be
observed from Fig. 4, there are two different transmission
paths for signals to transmit from port 1 to port 2, i.e., the
upper path 1 and the lower path 2. Its transversal signal
interference model is shown in Fig. 3. The characteristic
admittance of the two transmission paths are the same as Y,
and electrical lengths of 6, and 6, respectively. The
transmission zeros occur under the following condition:
,91_92:(2n+1).7; atfr; n=0,1,2,....... (10

where frz denotes the transmission zero frequency. That
means the difference between the electrical lengths of two
transmission paths equals odd multiple of z. Thus, the
phases of the two signals transmit from port 1 to port 2
through path 1 and path 2 are inverted at port 2, which
results in out-of-phase cancellation and TZs are generated.
In this work, TZs is the case of n = 0.

4. Design Procedure

After the resonant characteristics of the proposed MMR
is clear, the triple-band BPF can be designed accordingly.
The specific configuration of the proposed triple-band BPF
is shown in Fig. 4. This filter is mainly constructed by the
proposed MMR discussed in the last section. By
meandering the L, section in Fig. 1(a) and using a dual-
finger feed structure with source-load coupling, the triple-
band filter is obtained.

Fig. 5 demonstrates the simulated insertion losses of the
proposed triple-band filter with the variation of L. One can
clearly observe that the value of Lg affects coupling strength
of the third passband without influencing the first and
second passhbands. The parameter Ly is selected as 8.1 mm
after EM simulation and optimization (IE3D in this work)
to obtained the desired coupling strength of the third
passhand. Also, the spurious frequencies at about 5.65 and
5.81 GHz are suppressed due to the decrease of the TZ
introduced by the finger Lg + L.

Thus, the design procedure is listed as the following
steps. Firstly, the length L, + L. is determined by the centre
frequency of the first passband (f;), and its value can be
calculated from equation (6). Secondly, the initial length of
L, can be obtained with reference to equation (7). Then,
tune the value of L, and S; to achieve the desired bandwidth
of the second passband. At last, the lengths of two fingers
of the dual-finger feed structure, i.e., Lg + Lg and Ly + Ly,
are tuned to obtain desired coupling strength to form the
three passbands, and to generate two TZs at desired
frequencies. These two TZs introduced by the two fingers
are located at the frequencies where the physical lengths of
the corresponding finger is equal to quarter-wavelength.

5. Results

In order to demonstrate the validity of the above-
mentioned design method, the proposed triple-band BPF
is designed and fabricated on a Rogers Duroid 4003
substrate with a thickness of 0.508 mm, a dielectric



1948

constant &, of 3.55, and a loss tangent of 0.0027. The
layout of designed filter is shown in Fig. 3. The
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—»{ [«—S;

simulation works are carried out by the full-wave EM

Ly

Ls

—>|SA<— Lo

L

Fig. 4. Specific configuration of the proposed triple-band BPF. (W= 0.2 mm, L; =12.2 mm, L, =15.8 mm, Ly =2.1mm, L, =1.2
mm, Ls=2.1mm, Lg=6.2mm, L; =3.4mm, Lg=11.89 mm, Ly =8.1mm, Liyp =11.7mm, L;; =1.5mm, S; =S, =S5 =0.1 mm, S3
=0.2 mm, S;=0.5 mm).

-10

=20

-30

IS,,] (dB)

40 -

—L,=7.1 mm
=504 |—L=7.6 mm
—L,=8.] mm

-60 T T T T

2 4 6 8

Frequency (GHz)
Fig. 5. Simulated |S,4| of the proposed triple-band BPF with
varied Lg.

Fig. 6. Photograph of the fabricated triple-band filter.

simulator IE3D, and the measurements are performed

with an Agilent’s N5244A network analyzer.

Based on the design method described above, the
structural parameters are obtained as follows: W = 0.2 mm,
L;=12.2mm, L, =15.8 mm, L;=2.1mm, Ly =

T T T
04
10+
S 201
o
3
% =30+
g
A -404
50 | —— Simulation !
U |[= = Measurement
-60 r T T T
0 2 4 6 8
Frequency (GHz)
Fig. 7. Simulated and measured results of the designed triple-band
filter.

1.2mm, Ly =21 mm, Lg = 6.2 mm, L; = 3.4 mm, Lg =
11.89 mm, Lg=8.1mm, Ljp=11.7mm, L;; =1.5mm, S; =
S, =S5 =0.1 mm, S3 = 0.2 mm, S; = 0.5 mm. The overall
circuit size occupies only 12.2 mm x 15.8 mm, ie.,
approximately 0.123 A4 x 0.159 Aq, where A is the guided
wavelength at the center frequency of the first passband
(1.9 GHz). Obviously, the proposed triple-band BPF is very
compact in size.

The photograph of the fabricated prototype triple-band
filter is shown in Fig. 6, and Fig. 7 plots the simulated and
measured results of fabricated prototype filter. From Fig. 7,
it can be observed that the measured and simulated results
are in good agreement with each other. The measured
center frequencies (CFs) of the fabricated triple-band filter
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are 1.9/3.55/7.33 GHz, with the measured 3-dB FBWs
of 14.2/7.9/11.6%, the minimum insertion losses (IL:

better

than 18/20/17 dB, respectively. It is worth

mentioning that, ten TZs are generated at about 2.1, 2.63,

Sz1|) of 0.86/1.1/1.23 dB and the return losses (RL: |Sy1|)

2.85,3.2,4.4,5.51,

Table 1. Comparison of the proposed filter with other reported triple-band filters.

Refs. CFs (GHz) IL (dB) RL (dB) FBW (%) TZ Cireutt Size
(Ag % Ag)
2] 1.8/3.5/5.8 0.88/1.33/1.77 21.3/15.8/15.7 7/5/3.5 7 0.108 x 0.521
[4] 1/2.4/3.6 2/1.9/1.7 14/16/20 N/A 0 0.191 x 0.191
[71 1.57/3.9/7 2/2.1/1.8 22/16/18 4.1/213 6 0.113 x 0.145
[9] 2.49/3.6/5.62 1.83/2.95/2.41 12/10/22 9.5/5.3/7.5 3 0.185 x 0.487
[11] 2.45/3.5/5.2 1.2/1.5/1.6 16.3/17.9/12.9 9.6/13.1/7.9 4 0.18 x 0.27
[13] 2.4/3.5/5.2 1.57/1.6/1.77 15/15/20 8.6/7.8/4.9 0 N/A
This work 1.9/3.55/7.33 0.86/1.1/1.23 18/20/17 14.2/7.9/11.6 10 0.123 x 0.159

(TZ denotes the number of transmission zeros.)

5.93, 6.2, 7.8 and 9 GHz, which improve the band-to-
band isolation level and passband selectivity
significantly. The comparison of the proposed filter
with other reported triple-band filters is tabulated in
Table 1. It can be observed that, the proposed triple-
band BPF exhibits excellent performances of compact
size, multiple transmission zeros, high skirt selectivity,
low insertion loss, and high band-to-band isolation
level.

6. Conclusion

In this paper, a compact triple-band microstrip BPF
using a novel MMR with multiple TZs is presented.
The proposed MMR is analyzed by even-/odd-mode
analysis method to investigate its resonant
characteristics. Then, a prototype triple-band BPF is
designed, fabricated, and measured. Good agreement
was obtained between the simulated and measured
results. By properly tuning the design parameters, the
resonant frequencies can be freely chosen. In addition,
by changing the lengths of two loaded coupled open
stubs and coupling space between them, two resonant
modes can be tuned and the bandwidth of second
passhand can be controlled. Moreover, ten TZs are
generated due to dual-finger feed structure, source-load
coupling, transversal signal interference effect, and
loaded coupled open stubs, which improves the band-
to-band isolation level and passhand selectivity greatly.
The proposed compact triple-band filter is actually
suitable for multi-band and multi-service applications
in modern wireless communication systems.
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Abstract: An adaptive channel estimation method, to be used in Power Line Communication systems with Orthogonal
Frequency Division Multiplexing modulation, is presented in this paper. The proposed Maximum A-Posteriori based
estimator assumes that the channel is frequency selective and slowly time varying and estimates the subchannel
correlations adaptively. The performance of the estimator is investigated by evaluating the Mean Square Error of
estimations. The simulations are done using measured channel data with additive white Gaussian noise assumption,
which show that the proposed estimator has better performance compared to Maximum Likelihood estimation. The
performance of the proposed estimator is also analysed under the assumption of colored noise, which is the common
case in power lines. The simulations have declared that the performance of the proposed estimator is quite satisfactory,

even when the noise is coloured.

Keywords: MAP Channel Estimation, Orthogonal Frequency Division Multiplexing, Power Line Communication.

1. Introduction

Nowadays Power Line Communication (PLC) is
one of the popular topics, which provides a competitive
technique for in-home communication applications [1-
4]. PLC uses the pre-existing power line network;
therefore it does not require any communication
specific wiring. Remarkable studies are being carried
out in the area of PLC, trying to increase the data rates
in preceding systems [5]. Unfortunately, since they are
not designed for communication but for power
transmission, unstable varying channel characteristics
of power line networks is one of the major limiting
factors for the data rate of PLC modems that has to
compete with alternatives. For communication, though
they are wired, power line channels have multipath
characteristics (caused by the signal reflection and
divergence by the impedance mismatching between the
existing branch lines and loads) like the wireless
channels [5]. Additionally, the parameters of the
multipath channels vary with different network
topologies and loads. Moreover, PLC may be impaired
by disturbances, such as narrowband interference and
additive, white/colored and/or impulsive noise [5]. All
these factors increase the degree of complexity of PLC
systems.

The well-known multicarrier modulation technique,
Orthogonal Frequency Division Multiplexing (OFDM),
has been popular for high data rate wireless
communication systems. Today, OFDM has also been
selected by Home Plug Powerline Alliance as their

Received on: 06.03.2015
Accepted on: 26.06.2015

power line modulation standard [1-3]. As known, OFDM
divides the wide band into many narrower subbands to
overcome multipath fading effects and uses orthogonal
carriers in transmission for bandwidth efficiency.
Unfortunately, significant variations in time and frequency
characteristics of power lines may drastically reduce the
efficiency of OFDM systems. The performance may be
improved by using an adaptive structure to adjust the
subcarrier parameters to the channel conditions after
channel estimation. Additionally, subcarrier orthogonality
within an OFDM symbol should be established for perfect
synchronization and channel estimation is a part of the
synchronization process. Thus, final performance of an
OFDM system is highly dependent on the quality of the
channel estimation.

Although the number is very limited compared to
wireless OFDM systems, channel estimators to be used for
OFDM systems in PLCs have also been proposed in the
literature [6-19]. For example in [7], two non-adaptive
algorithms, namely least squares and transform domain, are
proposed, which are applied to estimate frequency response
in the pilot signals, when impulsive noise corrupts the
signal. In [8], a low computational complexity methodology
for transfer function parameter estimation is presented. In
[9], authors proposed a systematic technique to analyze the
complex impulse response of PLC channel under additive
white noise consideration. There are also some adaptive
estimation techniques, such as in [10], an adaptive variable
step size based on fuzzy inference algorithm is proposed. In
[11], a decision directed method by a neural network for
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channel estimation in PLCs with impulsive noise is
proposed.

In this paper we aim to develop a channel estimator
for OFDM systems in PLCs, with acceptable
complexity and performance, where there is a need as
far as we see. As known, the estimators are mainly
grouped as Maximum Likelihood (ML) based or
Maximum A-Posteriori (MAP) based techniques.
Typically, in OFDM systems subchannel coefficients
are highly correlated. Therefore, the ML estimates will
have a higher Mean Square Error (MSE) especially for
low Signal to Noise Ratios (SNR), since the ML-based
estimators ignore the correlation between subchannels,
and the MAP based estimation techniques will perform
better: However, in practical systems, a priori channel
information will not be available at design stage.
Further, because of time varying characteristics of
subchannels, as in PLCs, an adaptive MAP estimator
which estimates the channel covariance matrix
dynamically is needed. Therefore, we have adapted the
simplified MAP estimator given in [20], which yields
the wireless channel estimates using a parametric
correlation model with white noise assumption, for
PLC channels. We aim to widen the work done for the
wireless channels to the PLCs. We have determined the
MSE of the estimates to see the resultant performance
of the adapted estimator. The performance of the
estimator is evaluated under the constraint of white and
coloured noise and we have used real world data taken
from the literature in the simulations of the PLC
channels.

This paper is organized as follows: The power line
channels are investigated in section 2. The adaptive
simplified MAP estimator is presented in Section 3.
Simulation results follow in Section 4. Finally the
conclusions are given.

2. Power Line Channels

For a typical multipath channel, each path is
associated a propagation delay and an attenuation
factor, which are usually time varying due to changes
in propagation conditions. Then, a multipath fading
channel is modeled by a time varying linear filter with
impulse response:

Lp
h(z,t) = Zai Coe-1, C, 1)

where a‘(: stands for Dirac’s delta function, L, is

~

total number of paths, time varying & € and 7, €

are the path attenuation and propagation delay of
the i-th path, respectively. The frequency response
of the multipath channel is found to be

Lp
H(f )= Zai GO @)

For high frequency signals that carry data, PLC
channels have frequency selective and time varying
behavior which depends on the network topology and
wire type. The time variations are caused by the
connection/disconnection of electrical devices to the
network and by the nonlinear behavior of some electrical
devices with respect to the mains voltage. The
measurements and studies done have shown that a PLC
channel may be modeled as a multipath channel whose
frequency response is given by [21]

s {ag+agtkdi _; )
H(f,t)=Zgi,t . (a0+anf )d.ejznfﬁ./vp{ -
i=1

where 0;. is the time dependent weighting factor of i-

f[ao+a1f )di . . .
th path. e is the attenuation portion (&, and
a, are attenuation parameters, k is the exponent of the
attenuation factor, d; is the length of i-th path) and

~joat Gvp . . .
€ is the delay portion (v, is the propagation

velocity).

We have chosen three different PLC channel models
taken from the literature: The first channel, CH1, is a 4-
path multipath which is suitable for PLC channels with
1-4 branch network topology and short distance in the
range of 100-200m [21]. The attenuation parameters are

a,=0, a=7810" k=1, and the propagation
velocity V, =1.5-10° CH2 is again for short distance
channels with an 8-path multipath, but with different
attenuation parameters: @, =0, a, =1-107", k=0.6 [6].

CH3 has 15 path, and is a model for networks longer
than 300m, with a more complicated network topology

[7]. The parameters are 8, =0, a =7.8-10" k=1,
and v, =1.5-10°  Channel parameters, path weighting
factor g;; and path length d;, for CH1, CH2 and CH3
are listed in Table 1, Table 2 and Table 3, respectively.

Table 1. Channel | (CH1) Parameters

Path no 1 2 3 4
9 0.64 | 0.38 |-0.15| 0.05
d; (M) 200 | 222.4 | 244.8 | 267.5

Table 2. Channel Il (CH2) Parameters

Path no 1 2 3 4
i 0.6 0.11 | -0.12 | 0.11
4, (M) 15 22 28 35

Path no 5 6 7 8
9it 0.07 | -0.07 | 0.06 | -0.01

d (M) | 41 48 53 59
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Table 3. Channel 111 (CH3) Parameters

Path no 1 2 3 4 5
i 0.029 | 0.043 | 0.103 | -0.058 | -0.045
d; (M) 75 85 942 | 119.2 | 123.3
Path no 6 7 8 9 10
9t -0.040 | 0.038 | -0.038 | 0.071 | -0.035
d; (M) | 166.7 | 216.7 | 268.3 | 342.5 | 408.3
Path no 11 12 13 14 15
9ie 0.065 | -0.055 | 0.042 | -0.059 | 0.049
d, (M) | 4725 | 616.7 | 800 | 941.7 | 10417

For a PLC channel, different noise sources may be
considered which are basically grouped in two: The
first group is background noise (a combination of
colored background noise, narrowband noise and
periodic impulsive noise asynchronous to the mains
frequency), which remains stationary over periods of
seconds or minutes [22]. The second group is called as
impulsive noise (a combination of periodic impulsive
noise synchronous to the mains frequency and
asynchronous impulsive noise) and is time variant in
terms of microseconds to milliseconds.

In a communication system, usually background
noise limits the channel capacity. The additive
background noise in a PLC system has a Power
Spectral Density (PSD) which decreases as the
frequency increases (colored noise), but the noise is
almost white for a frequency higher than 15 MHz [14].
Considering 0-30 MHz band in simulations, the
assumption of colored noise will be more realistic. An
additive colored noise model obtained from the
measurements has a PSD [22]

~ b
A€ =b, +b, |f[? dBm/Hz )

where by, b, and b, are parameters depending on

measurement locations and f is the frequency in
MHz.

The time domain impulsive noise is modelled
well with Middleton’s Class-A noise model. In an
OFDM system, this noise is randomized via the
FFT operation, thus impulsive noise is spread over
all carrier frequencies [23]. In [24], the authors
show that FFT results with Gaussian distributed
noise if the input noise has a Nakagami-m
distribution. [25] gives a detailed characteristic of
frequency domain narrowband disturbance noise,
whose amplitude is normally distributed for high
frequencies. In our simulations, we used a
simplified noise model, assuming the impulsive
noise to be also Gaussian in frequency domain.
Thus, there exists an additive colored Gaussian
noise only, the background noise, which models all
the noise sources.

3. Adaptive Channel Estimator

Assuming that the channel is frequency selective for the
whole band, but flat for subbands and the channel is
stationary inside the observation interval, for an OFDM
system with N subcarriers, after removing the modulation
effects the received Nx1 vector r is:

r=z+n (5)

where the additive noise n and the channel coefficients z
are Nx1 vectors, and are samples from zero mean jointly
Gaussian complex random processes with NXN covariance
matrices C, and C,, respectively. The MAP estimation of
the channel is [20]:

2wap =A-r where A=C, €, +C, " ©)
The MSE matrix for the MAP estimates is given by [20]:

MSE . = AC, A" + @ -1, C, € -1, "
-C,-C,€,+C, 'C, -0

where Iy is the NxN identity matrix and ()" means
Hermitian of the matrix. Note that, under the constraint of
white noise (noise samples are mutually independent,

C, =021y, where o? is white noise variance), Eqn (7)

simplifies to MSEyap = 0,°A |
Without a priori knowledge of the channel, i.e. the

Maximum Likelihood (ML) estimation, A will be the
identity matrix. Then the ML estimate and its MSE are [20]

Zy =T, (8)
MSE,, =C, . )

The simplified MAP (SMAP) estimator proposed in [20]
assumes that the channel power delay profile is exponential.
Then, the correlation between subchannels is given by

~ 1
“ 1+ j2mr -k N

C,Ck (10)

where | and k are subchannel indices and 7, =7, /T is
the rms delay spread of the channel relative to the OFDM

symbol duration T,. For flat fading 7c is zero, and as the

channel gets closer to independent fading 7¢ goes to

infinity. The estimates obtained from the SMAP estimator
are given by [20]:

2SMAP = Afc PAETI (11)

where A€, := C, fc: C.+C,¢€ jl and 7,

estimate of the parameter 7. . Thus, 7. is estimated and fed

is an
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to the MAP estimator for calculating the covariance
matrix C, and the matrix A. Accordingly, the block
diagram of the estimator becomes as shown in Figure
1.

MAP estimator  |_y, % qunp

7

C

A 4

7, estimation

Figure 1. Block diagram of SMAP estimator

7, is obtained from the neighbor subband frequency

response correlation. For the PLC channels, there are
sudden changes in the amplitude and phase in some
frequencies; thus subchannel correlation may differ
dramatically. In this paper, to be more robust, we
propose to use the correlation between 1, 2 and 3 far
neighbor subchannels, instead of only one. i.e.,

S R A A AR (VPR

C, (2=
z |r2|2+|r3|2_|_..._|_|rN|2 (12)
C, (3= IRY A A TR P
z — |r3|2+|r4|2+...+|rN|2 (13)
CZ (,4:: r1~|’:+r2.r5*+...+ rN73'I',:; "

e ]

Briefly, we find three different estimates of 7. using
Eqn Eqgn (12), Egn (13), Eqgn (14) and Egn (10) and
take the arithmetic average in calculating the final
estimate. Following, an alpha tracker is used as in
[20] for averaging in time to overcome the variations

in 7, from symbol to symbol. Then

Tc :a'rciil_‘_(_a:é:c: (15)
where i is the symbol number and the tracking
parameter « is in the range (0,1). « should be
chosen according to time varying characteristics of
the channel. Thus, high « value yields less noisy
estimates, but needs more time for setup.

4. Simulation Results

HomePlug AV standard [1] states that OFDM with
1155 subcarrier is used as modulation scheme in the
band 1.8 to 30 MHz. For the simulations, taking the
standard as reference, the band is chosen as 0-30 MHz
(elementary period T is 1/30 ps) and the subcarrier
number, N, is 1200 (25 kHz subbands).

Figure 2a, Figure 2b and Figure 2c depict multipath
characteristics of PLC channels given, namely CH1,
CH2 and CH3, respectively. The amplitudes and

phases are determined from the samples taken from the
amplitude and the phase spectra of the channels. i.e.

a, =|H&/NT Land ¢, =arg€ €/NT _,  (16)

where k is the subchannel indices and elementary period T.
As seen from the figures, the frequency selectivity is lowest
for CH2. For CH1 amplitude attenuation exists that rapidly
increases with frequency. Note that for CH3, there are
sudden changes in the multipath characteristics in 0-200
subbands (0-5 MHz), which is more serious in 0-100
subbands (0-2.5 MHz band).
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Figure 2a. Amplitude and phase response of CH1 versus

subcarrier index.
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subcarrier index
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We have wused autocorrelation method in
estimating correlation matrix of the channels given.
Figure 3 gives the frequency domain correlation of
the middle subchannel with the other subchannels
for the given PLC channels. As seen, although all
channels are somehow correlated, CH2 has the
highest correlation between the subchannels.

o o o
S o ®

frequency domain correlation

o
N

0 200 400 600 800 1000 1200
subcarrier index (n)

Figure 3. Frequency domain correlation, middle
subchannel (n=600) with others versus subcarrier index,
N=1200, CH1, CH2, CH3.

Assuming the channels are stationary in the
observation period and the noise is additive white
Gaussian, simulation results of rms error versus
subchannel number for CH1, CH2 and CH3 are
given in Figure 4a, Figure 4b and Figure 4c,
respectively. Simulation parameters are selected to
be SNR=10 dB, N=1200, and 0=0.9. The given
simulation results are the mean of 1000 runs. The

estimated values of 7, are found to be 43.55, 3.75,

and 34.58 for the channels CH1, CH2, and CHS3,
respectively. The subchannels of CH2 have higher
correlation, while CH1 and CH3 subchannel
correlations are close. This result is found to be in
good agreement with Figure 3. The dashed lines are
used for showing the rms error of the MAP
estimator with the computed covariance matrix
using autocorrelation method. As seen from the
figures, MSE of the proposed estimator is very low
compared to ML estimator and nearly the same
with the performance of MAP estimator with
computed covariance. But for CHS3, there is
degradation in the estimation performance, for
lower bands (1-100 subband, or equivalently 0-2.5
MHz). This seems to be because of the lower
correlation between the subbands in this low band.
Since this low band is not used in HomePlug AV
standard, this degradation will not affect the system
performance.
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Figure 4a. SMAP channel estimator rms error versus subcarrier
index, SNR=10 dB, CH1, white noise.
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Figure 4b. SMAP channel estimator rms error versus
subcarrier index, SNR=10 dB, CH2, white noise.
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Figure 4c. SMAP channel estimator rms error versus subcarrier
index, SNR=10 dB, CH3, white noise.

The performance of the proposed estimator is also
analyzed under the assumption of colored noise, whose

PSD is given in (4) with parameter values b, = -140,

b, =38.75 and b,= -0.72. Simulation parameters are
selected to be SNR=10 dB, N=1200, 6=0.9 and 1000 runs.

The estimated values of 7. are found to be 41.07, 3.51, and

32.24 (very close to the white noise corruption case) for
CH1, CH2, and CHS3, respectively. Simulation results of
rms error versus subchannel index for CH1, CH2 and CH3
are given in Figure 5a, Figure 5b and Figure 5c,
respectively. As seen, the performance of the proposed
estimator is very low compared to ML estimator under the
constraint of colored noise for all channels, as in white
noise case.
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Figure 5a. SMAP channel estimator rms error versus
subcarrier index, SNR=10 dB, CH1, colored noise.
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Figure 5b. SMAP channel estimator rms error versus
subcarrier index, SNR=10 dB, CH2, colored noise.

;—:—?—ﬁ:
0.015 ML ,
S
5
2 oo1r 1
=
I
@]
0.005 SMAP 1
0 ; ; : P
0 200 400 600 800 1000 1200

subcarrier index (n)

Figure 5c. SMAP channel estimator rms error versus
subcarrier index, SNR=10 dB, CHS3, colored noise.

5. Conclusions

We have applied an adaptive simplified MAP
channel estimator, which was proposed for wireless
OFDM systems with white noise assumption, to PLC
systems with white and colored noise. The simplified
MAP estimator first estimates the subchannel
correlation and then feeds it to the MAP estimator
block, where it is used in obtaining the covariance
matrix. The simulations showed that the performance
of the proposed estimator with additive white Gaussian
noise is always better than the ML estimator’s, which
is the expected, because MAP based estimators
outperform when the subcarrier channel taps are
correlated. Finally, it is shown that the proposed
channel estimator may safely be used when the

corrupted noise is colored, since it has a quite good
performance under this circumstance.
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Abstract: This paper proposes a three phase shunt active power filter with photovoltaic array and battery, incorporated
with DC-DC boost converter. The filter consists of a three phase voltage source PWM converter with a DC capacitor at
the input side. It provides source harmonic reduction with reactive power compensation for loads. The PV array is
connected to VSC (Voltage Source Converter) with the help of boost converter in order to maintain the load. The
instantaneous p-q theory based control algorithm is proposed for the shunt active power filter. In this algorithm, the PI
controller is used to regulate the DC link capacitor voltage of the converter with respect to the reference value and the
reference current calculation is done according to it. The hysteresis PWM current controller gives the switching to the
converter. The effectiveness of the proposed system is verified by using the MATLAB/Simulink software.

Keywords: Photovoltaic,Shunt Active power filter, Voltage source converter, p-q theory, Total Harmonic Reduction.

1. Introduction

Due to the increasing power demand, technology
advancement and environmental issues, systems based
on renewable energies are rapidly developing
nowadays. Recently many of the researches are aimed
at using this renewable system to provide power
quality at the utility side of the distributed systems [1].
Photovoltaic (PV) cell or solar cell, fuel cell (FC), wind
power are major types of renewable energy sources.
From the above sources the PV cell and fuel cell are
the low DC voltage generating systems. For getting the
required voltage PV is the right choice and can be
connected in series to get the necessary DC voltage.
This generated DC voltage from the PV array is again
increased by using the DC/DC converter from low
voltage to high voltage, according to the need of
application.

The distribution systems are always facing the
power quality problem with the intrusion of nonlinear
loads. Some of the industrial and commercial loads
with non linearity are personal computers, electronic
lighting ballasts, variable and adjustable speed drives,
electronic house hold appliances, etc. These loads
create the power quality problems like harmonics in
source current, high neural currents, unbalanced loads
and high reactive power compensation, etc. The
solution for the above power quality issues are
provided by many compensators like shunt active
power filter (SAPF), dynamic voltage restorer (DVR)
and unified power quality conditioner (UPQC), etc. [2].

Received on: 12.06.2014
Accepted on: 09.07.2015

Even though all these compensators are well known for its
merits, but all suffers by its own drawbacks like usage of
high passive elements, increase in size, more losses, slow
response, etc. But compared to all the above devices, the
SAPF has faster response with full current and voltage
compensation. There are different topologies and control
techniques of SAPF are available in the literature [3], for
mitigating the current harmonics, reactive power
compensation and load balancing [4]. Among such, the
single phase VSC with instantaneous p-g theory [5] is most
suitable for compensation of current and voltage under
harmonics condition.

The objective of this paper is to maintain the DC link
voltage of the VSC to provide continuous compensation
current and voltage. The main purpose of the PV array is to
drive the single switch IGBT (Insulated Gate Bipolar
Transistor) boost converter for high voltage to maintain the
voltage at DC link side. For continuous compensation, the
PV is used as the source for boost converter in day time and
battery/ FC in night time. If the compensation is not
required or during the excess power of PV, battery is
charged. The maximum power point algorithm is not
discussed in this paper and the boost converter uses PWM
(Pulse Width Modulation) technique for utilizing constant
input from source.

2. Design of SAPF

The The boost converter fed single phase VSC
connected with nonlinear loads at the Point of Common
Coupling (PCC) is shown in Figure 1. The single phase
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VSC [6] consists of single switch IGBT, inductors, DC
link capacitor. The voltage across the DC link capacitor
[4], [7] can be calculated by using the formula,

2 (1
Vg = £§(Ma] ®

Where Ma is the modulation index and its value is 1,
VL is the line voltage. The Vdc obtained is 653.197 V
for VL=400 V and it is chosen as 670 V.

Nonlinear load
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Figurel. Proposed three phase three wire VSC based on PV
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where: Vref is the reference DC voltage and Vol the
minimum voltage level of DC bus, a the overloading
factor, Vph the phase voltage, Iph the phase current, and
T the time by which the DC bus voltage is to be
recovered. The value of capacitor is calculated as 2324
uF by considering the values for Vref = 670 V, Vol =
660 V, Vph = 400/\3 =230.94 V, T = 300 ps and the
value of Iph, a is 57.2 A and 1.3 respectively. So the
capacitor value is chosen as 2500 pF. The VSC is
connected to the three phase lines at the PCC through
the star/delta transformer. The primary winding voltage
of the transformer is selected as 230 V for the line to
line voltage of 400 V. The voltage ratio of the
transformer is 1:1. The secondary voltage is also chosen
like the same primary voltage.

3. Modeling of PV

A PV cell is a semiconductor material and it works
on the photo voltaic effect. A group of PV cells are
connected in series to meet out the required voltage and
current [8]. The equivalent circuit of the PV cell is
shown in the Figure 3. The voltage produced by PV cell
depends on factors like solar irradiation level and
temperature with respect to the time to time weather
conditions, as it is shown in Figure 2. The Table 1
shown below shows the solar radiation in Tamil Nadu
(TN) in the year 2012-2013 and the annual radiation is
5.44 kWh/m2.

The first page of the manuscript must contain the title of
the paper, author(s) name(s) and affiliation(s) all centered on
the top of the page and spanning both columns. The title
must be written using 14-point Times, boldface type with
single spacing. Initially capitalize the title except for articles,
coordinate conjunctions, or prepositions. Full names of
authors should be given. There must be one-line separation
between the title and author name(s), and two-line
separation between the authors and their affiliation(s). A
one-line separation is needed between the author
affiliation(s) and the abstract.

Table 1. Temperature observed in TN during the year 2012-2013

Temperature in ° C

Month Max Min kWh/m?
Aug-12 34.2 21.3 5.21
Sep-12 34 20.6 4.78
Oct-12 35.2 19.9 4.4
Nov-12 34.3 18.5 4.32
Dec-12 32.4 18.8 4.78
Jan-13 31.3 17.6 5.5
Feb-13 32,5 21.7 6.4
Mar-13 38 23.1 6.76
Apr-13 36.4 19.8 6.83
May-13 35.2 20.15 6.8
Jun-13 35.7 19.83 59
Jul-13 36.5 20.75 4.67
Aug-13 34.8 20.3 4.43

Average 34.65 20.17 5.44

Solar radiationin TN

T
A
] —

Figure 2. Solar radiation in Tamil Nadu during the year 2012-
2013
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Table 2. Electrical Characteristics of SHARP ND-Q250F7

solar panel
Maximum power 250W
(Pmax)*
Tolerance of Pyax +5%/-0%
Type of the cell Polycrystalline Silicon
Cell Configuration 60 in Series
Open circuit Voltage(Voc) 38.3V
Maximum Power 29.8V
Voltage(Vom)
Short Circuit Current(ls) 8.90A
Maximum Power Current 8.4A
(lom)
Module Efficiency(%) 15.3%
Temperature -0.485%/°C
Coefficient(Ppmax)
Temperature Coefficient -0.36%/°C
(Voc)
Temperature Coefficient 0.053%/-C
(Isc)

The PV parameters are taken from the SHARP ND-
Q250F7 datasheet which is having the illumination of 1
kKW/m2 solar irradiance at a cell temperature of 25°C.
The electrical characteristic of the PV model is given in
the Table 2.

(D) ¥ $n

Figure 3. Equivalent model of PV cell

By applying Kirchoff’s current law to this circuit
=1, -1, 3)
where:

Isc is the short circuit current i.e., equal to the

photon generated current
Id is the current shunted through intrinsic diode.

The diode current 1o is given by the Schottky’s
diode equation

1y =1,V KT _g @)

where:
lo is the diode saturation current (A)

-19
q is the electron charge [1.602% 10C ]
-23
k is the Boltzmann constant [1.3806><:Lo ‘]/K ]
V is the voltage across the PV cell
T is the junction temperature in kelvin (K)
Combining the equations (3) and (4),

=1, -1,V KT —1) ©)

The reverse saturation current lo is constant under
constant temperature. Now I= 0 substitute in equation (3)
and consider the series resistance Rs and shunt resistance
Rp, the equation becomes

_ v/ KT
=1, -1, —1)—(V+IR)/R, ©)

Practical arrays are composed of several connected
photovoltaic cells and the observation of the characteristics
at the terminals of the photovoltaic array requires the
inclusion of additional parameters to the basic equation (3).

V +IRg
I:IPV—IO(exp Va —1)—((\/+IRS)/RP) )

t
where:
a is the diode ideality constant
N KT
V,=—

q , is the thermal voltage of array with Ns
cells connected in series.

The equations from (3) to (7) are used to simulate PV
model in MATLAB/Simulink.

The proposed PV based VSC operates in three modes
viz,

Model: Compensation by PV in day time, in this mode
the voltage from PV arrays operates the single switch boost
DC-DC converter fed VSC which compensates the source
current as well as charges the battery (48 V).

Mode2: Continuous Compensation by PV, in this mode
continuous source current compensation is provided by PV
based single switch boost DC-DC converter without
charging the battery.

Mode3: Compensation in night time, in this mode
battery / FC supplies the boost converter to provide
compensation.

4. Control of Single switch boost converter

The single switch boost converter is used to increase the
input voltage to get the required output voltage [9]. The PV/
battery based boost converter is shown in the Figure 4. The
circuit operation can be explained in two modes [10-11]. In
mode 1, the input current is charges the inductor L when
the switch S is in ON condition upto a period of Toy and in
mode 2, when S is OFF, the inductor discharges. In this
mode 2, the inductor voltage adds with the supply voltage
and the current is made to flow through the load via Diode
(D) for a period of Togr.

iﬂr”*“ﬁj
. | E c f-dec
= ||

Figure 4. Boost converter
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The input voltage to boost converter is 48 V and the
output voltage obtained is 670 V in order to maintain
the DC link voltage of the Shunt active filter. The
switching frequency used is 20 kHz and the value of
the inductor is chosen as 0.0151 mH. The value of
capacitor C is 2500 pF and it is chosen as per the
equation (2). The output voltage Vo equation for the
single switch boost converter is given in the equation
as follows and it is higher than the input voltage Vs and
it is shown in the equation as,

T
V.=V |— (8)
0 ‘s|T_
=]
1
VO =VS(1_ Dj (9)
T,
Dutycycle, D = ¢,
ON " ToFF

Vo= Vqe, Vs= Vin, = PV or battery voltage,
Here

Ton - ON period of boost converter switch,
Torr - OFF period of boost converter switch.

5. Control algorithm of SAPF

Many control algorithm available in the literature
viz, instantaneous reactive power theory (p — q theory)
[5], synchronous reference frame theory, power
balance theory etc., for controlling the shunt active
filter by generating a reference current. The
instantaneous reactive power theory (p — g theory) is
found suitable for the control of three phase VSC [12-
13] and the control block is shown in the Figure 5.

The system voltages (vSa, vSb, vSc) and the load
currents (iLa, iLb, iLc) are sensed and converted to a-
B-0 reference frame by applying the Clarke matrices,
shown on equations (10) and (11).

101 1
Vs0 2 ‘/E \/El \/51 Vsa
= /=1 -= ==V (10)
VSO{ 3 2 2 sb
'sp 0 BB
L 2 2 |
11 1]
i o J2 2 2 i o
. 2 1 1 1. 1
La|=V3 b g g | )
'Lp o Y3 V3l
L 2 2 |

After the transformation to a-p-0 reference frame, the p-
g theory components are calculated using the equations (12-
13),

p:VsaiLa+VSﬂiLﬂ:ﬁ+5 (12)

q:VsaiLa _VsaiL/i’ :§+5 (13)

Here p is the instantaneous real power, and
q is the instantaneous imaginary power.
P - mean value of the instantaneous real power. It

corresponds to the energy per unit time that is transferred
from the power source to the load. It is the only desired
power component that is to be supplied by the power
source.

P -alternating value of the instantaneous real power. It
is the energy per unit time that is exchanged between the
power source and the load.

g - mean value of instantaneous imaginary power,

q - alternating value of instantaneous imaginary power.

The instantaneous imaginary power (g) corresponds to the
power exchanged between the system phases and there is
no transference or exchange of energy between the power
source and the load [14]. It is the undesirable power
component and should be compensated.

In addition to the power components, the capacitor
voltage is regulated by using the pr component in the DC
side of the shunt active power filter. This regulation is done
with a proportional controller [15] and the error between
the reference voltage Vref and the voltage measured at the
dc side of the inverter Vdc.

Pr = I(p (Vrer —Vae) (14)
For eliminating the harmonics components of active p

and reactive powerq , the reference compensation current
is calculated by

iref C_«a 1 Vo Vo _5
S e . (15)
|:|ref ,C_,B:| Vg +V§ |:_V,B Va:| |:_ (q +q)}

. . 1 . .
Iref,c 0 =ILoﬁ la_HLb'HLc_ (16)

By taking the inverse Clarke transformation to the
currents in the o-p-0 coordinates, the reference
compensation currents in the a-b-c coordinates iref a,
iref_b, iref_c are determined and expressed as given below
equation 17.
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F i}
— 1 0 |

_re ,C_a 2l 1 1 \/g .re ,C_0

'ef.C_b|7V3| 7z "2 2 |'ref.C_a

Iref .C _c 1 1 J3|'refCc_p
V2 2 2

17)
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The hysteresis current controller is employed for
each phase to generate the switching patterns for the
PV based VSC. It forces a bang — bang instantaneous
control to draw the sinusoidal current. This current
follows the reference signal within a certain band
limits.
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Figure 6. Source current and source voltage before
compensation by PV based SAF
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Figure 5. Control Structure for VSC

The actual current ifa, ifb, ifc is compared with
reference current iaref, ibref, icref and the resulting
error ea, eb, ec is subjected to a hysteresis controller to
determine the gating signals of the VSC as shown in
Figure 5.

6. Results and discussion

The three phase VSC based shunt active filter is
modeled and simulated with the help of MATLAB
SIMULINK software and its tool boxes. The source
voltage and source current under nonlinear condition
and without compensation is shown in Figure 6. The
source current without compensation for Phase A and
its FFT analysis with harmonic spectrum is shown in
Figure 7. The load is changed to two phase load at 0.1 s
and for the same, the load currents are made zero
between 0.2 to 0.3 s. At 0.3 s, these loads are applied
again and the source current is still sinusoidal even if
the load current is zero, as shown in Figure 8. From the
waveform, it is observed that source current THD is
reduced and current is made sinusoidal. The source
current for phase A after compensation with its
harmonic spectrum is shown in Figure 9. The
parameters used for the simulation is given in
Appendix A. The solar PV panel data are given in
Table 2. The source current THD (Total Harmonic
Distortion) for the proposed PV based three Phase VSC
shunt active filter is given in Table 3.
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Figure 7. Phase A current waveform taken before
compensation
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Figure 8. Source current waveform obtained after
compensation
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Figure 9. THD measurement of phase A after compensation
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Table 3. Source current THD for single switch boost
converter fed three phase shunt active filter

Source PV fed VSC based shunt active filter
current THD Without With
compensation compensation
Phase A 20.98 4.47
Phase B 19.84 478
Phase C 19.82 4.89

7. Conclusions

The working of the photovoltaic/battery based three
phase shunt active power filter is simulated in
MATLAB SIMULINK software. An instantaneous p-q
theory for source harmonic reduction and reactive
power compensation has been presented in this paper.
The DC link voltage of the shunt active filter is
maintained by using the single switch boost converter.
The source current THD of the phase A is reduced
from 20.98 % to 4.47 %.

Appendix:Simulation Parameters

3-phase AC line voltage 400V,50Hz
Non-linear load Three phase diode bridge
rectifier with R load
AC inductor 3.5mH
DC bus capacitor 2500uF
DC bus voltage 670V
Pl controller for DC K, =0.01, Ki=1
voltage
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