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Abstract

The deployment of reactive compensation and DG brings ample technological and environmental
benefits to the traditional distribution networks. The appropriate sizing and placement of capacitors

banks and DG help to reduce power losses and avoid transmission and distribution system expansion.

The objective of this thesis is to study thoroughly a specific low-voltage network by determining
its performance in different scenarios, in order to define voltages and currents in the various nodes
with different operating conditions of the network, for a given maximum load provided by historical
measures. The operating conditions cited include the reactive compensation using different methods
and distributed generation with reactive compensation.

The simulator used in this thesis is OpenDSS and as the name suggests is an open source primarily
designed to simulate the low-voltage systems, with the unique ability to analyse the unbalanced three
phase systems , especially with the connection of distributed generation. It performs in the frequency
domain analysis of the type of power flow, the harmonics, and dynamic analysis, considering not only
the conditions of peak load, but also the variation in time of the same, and then simulating both a

load curve and PV curves, respectively, in the case of passive users and active ones.

Initially the simulations analysis were carried out with only reactive compensation and then the
latter with a high degree of penetration of distributed generation. The lowest total voltage drop is
achieved with distributed compensation at 1/3 feeder length, whereas the connection of distributed

generation may reduce considerably the voltage drop along the feeder.






Introduction

In this project, a specific low voltage (LV) network was selected for detailed investigation.The
study comprised two parts parts; (i) Literature review on load modelling, data analysis and distri-
bution system analysis (ii) to set up detailed computer load flow models of the networks to evaluate
their performance under a range of operating conditions including the impact of shunt reactive power

compensation and embedded generation.

The network power factor was assumed 0.9, in order to stress the network and study the worst sce-
narios for a loading peak provided by Western Power Distribution. A new approach to modelling the
balanced/unbalanced LV networks was carried out using OpenDSS. Using the network data provided
by WPD, load flow models of the five networks were established. Four of the networks were modelled
with three-phase cables and assumed balanced three-phase loads. For the largest network, Angus
Street, which contains a significant proportion of single phase cable, a detailed unbalance network
model was set up. For Angus Street network, the base case study, the effect of load, power factor were
examined the effects of embedded generation and reactive power compensation were considered with
different approaches. The network simulation results were analysed and presented in terms of voltage
and current profiles as a function of feeder route length from the substation. This method of graphical
presentation facilitates an overall view of the performance of an entire network performance measured
against the relevant limits of current or voltage. The simulation results revealed that, generally, the
voltage profiles indicated a falling voltage with distance from the main substation and a significant
voltage drop across the 11kV /415 network supply transformer. It was noted that the voltage drop
across the supply transformer is more affected by variation in power factor than the voltage drop
across the feeders, due to its higher X/R ratio.

The X/R ratios of typical WPD low voltage network cables and lines lie between 0.1 and 0.75,
while the X /R ratio of the supply transformers are between 1.5 and 4.3. In the case of Angus St., a
significant unbalance in phase voltages was seen and, for the assumed loading conditions, the feeder
end voltages appeared close to the lower statutory voltage limit. The current flows were generally
within the rated ampacity of network cables, although, ratings were exceeded in some parts of the

Angus St. Network for some assumed load conditions.

A study into the effect of reactive compensation applied to LV networks has shown that shunt
compensation applied at the main substation may be useful to limit the voltage drop across the trans-
former. However, downstream compensation is not so effective in reducing feeder voltage drop but
may help to reduce network currents and help to operate within cable ampacity. The Angus street
network was modelled as an unbalanced network with detailed representation of all 3- phase and single
phase cables. The Angus St. simulation results also confirmed that reactive compensation applied at
low voltage supply substation can help to improve voltage. In addition, moderate quantities of em-
bedded generation can alleviate voltage drops and current loading along feeders. However, high levels
of DG on lighter loaded branches can overload cables. The merits of centralised versus distributed

3



compensation were investigated and it has been shown that although marginal improvement may be
obtained in overall voltage profiles by distributing reactive compensation some distance along feeders
(about one-third of the way in the case of Angus St), from a number of practical points of view,
centralised compensation provides the only credible solution. A review of commercially available low
voltage capacitors from a numbers of leading manufactures indicates that there are adequate size and

range of units available for application to voltage control on Iv distribution network.



Chapter 1

Load Modelling and Data Analysis
Techniques for LV Networks

1.1 Introduction

The load data is needed for defining the requirements of the network’s transfer capacity, approxi-
mating the losses or estimating the existing network capability to increase loads. Some specifications

are required in order to understand the meaning of load classification:
e System location: customer site, low voltage network, transformer, etc.;
e Customer class: industry, urban, rural, etc.;
e Time: year, day of week, weekend, time of day;
e Dimension: KW, A, Power factor;
e Load recording every: 5 min, 10 min, 15 min, 30 min, etc.

Losses along the network and voltage drop are caused basically by load influences. The network
voltage U is almost constant, whereas the current and the power factor vary with load. The more active
power demanded by load and the more load current is absorbed. As a consequence thermal losses in
electrical components increase, as they are proportional to the resistance of a component and square
of the load current. An important issue is the thermal ageing of a component such as transformer’s
coil insulators depending on the load capability. For this reason the load of the transformer should be
known. Once loads are classified, in order to get started with load modelling process it is necessary

to consider the two categories for different applications as follows:
e Static;
e Dynamic, Time-varying.

Either model considers loads as a voltage magnitude function on the steady state representation
of the network in power flow studies. The static application considers only voltage depended char-
acteristic (expresses the active and reactive powers at any instant of time as functions of the bus
voltage magnitude and frequency at the same instant. Static load models are used both for essentially
static load components, e.g., resistive and lighting load, and as an approximation for dynamic load
components, e.g., motor-driven loads. In other words it is not dependent on time, and it describes
the relationship of the active and reactive power at all times to the voltage and/or frequency.):

Power Flow (as Harmonic Power Flow) and Voltage Stability, while the Dynamic application (usu-
ally represented by differential equations) considers both voltage-depended and frequency depended

5



1. Load Modelling and Data Analysis Techniques LV Networks

characteristics (as Transient and Dynamic stabilities); Dynamic load models can be used to represent
the function relation between the active or reactive power of load and the voltage and frequency of
load bus at the moment or several times intervals before the moment. Mathematics models have many
parameters that are difficult to be identified. Input/output models consider the load as a ”system”.
The input variables are the voltage U and frequency f on load bus; the output variables are all active
and reactive power of the load. [IEEE Task Force on Load Representation for Dynamic Performance]

The loads on a distribution system are typically specified by the complex power consumed. The
specified load will be the maximum demand derived by a sum of customers demand for each time
interval. This demand can be specified as kVA and power factor, kW and power factor, or kW and
KVAR.

1.2 Load Models

Loads on a distribution feeder can be modelled as wye-connected or delta-connected. The loads
can be three-phase, two-phase, or single-phase with any degree of unbalance, and can be modelled as
[7]:

e Constant impedance load (A static load model where the power varies directly with the square

of the voltage magnitude);

e Constant current magnitude (A static load model where the power varies directly with the

voltage magnitude);

e Constant real and reactive power (constant PQ - Model=1 in OpenDSS): A static load model
where the power does not vary with changes in voltage magnitude. It may also be called constant
MVA load model. In steady-state power analysis, load is normally modelled as a fixed PQ node,

which implies that the load is independent from voltage or frequencys;
e Constant P, Fixed Q;
e Constant P, Quadratic Q;

e Any combination of the above.

The general voltage-load current characteristic is plotted in fig 1.1 [19]. The load models developed
are to be used in the iterative process of a power flow program where the load voltages are initially
assumed. Then, the results of the power-flow analysis replace the assumed voltages with the actual
operating load voltages. All models are initially defined by a complex power per phase and an assumed
line-to-line voltage (delta load). The units of the complex power can be in volt-amperes and volts, or
per-unit volt-amperes and per-unit voltages (Grid only). For all loads the line currents entering the
load are required in order to perform the power-flow analysis.

An interesting aspect to investigate in distribution networks is the effect of composite loads, as
it is not covered in the literatures that consider DG in distribution networks, and their impact on
voltage profile. Common static load models for active and reactive power are expressed in polynomial
or exponential forms and can include, if necessary, a frequency dependence term. In this paper, we

use the exponential form to represent static load as:

PV) = P0<V)a (1.1)

(V) = Qo(v)ﬂ (12)



1.2 Load Models
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Figure 1.1: V-I characteristics curves for ZIP model

Where P and Q are active and reactive components of load, respectively, when the bus voltage
magnitude is V. The subscript 0 identifies the values of the respective variables at the initial operating
condition. The parameters of this model are the exponents o and 8. With these exponents equal to 0, 1
or 2, the model represents the constant power, constant current or constant impedance characteristics
of load components, respectively. [[EEE Task Force on Load Representation for Dynamic Performance]
Static models for dynamic load components should be used cautiously. Representation of loads by
exponential models with exponent values less than 1.0 (or by equivalent polynomial models) in a
dynamic simulation is questionable [Standard Load Models for Power Flow and Dynamic Performance

Simulation]

1.2.1 Voltage Dependency

Stability limits tend to increase with the same change of P(v) in the cases where loads are at
generating plants and at the sending end of the transmission line. In the studies of cases involving a
short circuit fault, the load characteristics during a fault might deserve far more attention than they
have customarily commanded. During a short circuit fault, bus-voltages are depressed, power balance
is lost, and generators are accelerating as a whole, but likely at all different rates (even at negative
rates). Load characteristics can have significant effects on the rates of acceleration or deceleration of
individual generators during the fault, and therefore, on eventual stability of the system. Accelerating
generators accelerate less during the fault with local constant-power loads than with local constant-

impedance load. Voltage dependency of reactive power, Q(v), affects stability in a somewhat more
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complicated manner primarily due to its effects on voltages, which in turn affect active power. It is
well evidenced that synchronous condensers improve stability and static reactive-power compensators,
which tend to stabilize voltages. One noteworthy characteristic of Q(v) is its nonlinearity presumably
caused by magnetic saturations in transformers and motors. Magnetic saturation depends on the volts
per hertz, and therefore, both the voltage and the frequency dependencies need to be considered to-
gether. Typically, the total transformer capacity far exceeds the total generator capacity by a roughly
estimated factor of 3 for the total power transformer capacity and by 1.5 for the total distribution
transformer capacity. Distribution transformers are often designed to operate closer to saturation,
and therefore their effects can be more significant.

1.2.2 Load Representation for Dynamic Performance

In general, the Distribution Network Operator (DNO) has an economic incentive to reduce losses
in their networks. Consumers pay the DNO the energy they consume times a standard loss coef-
ficient. Since the installation of DG will have an impact on distribution losses, it will thus have a
direct consequence on the DNO profit. If DG decreases actual network losses, the DNO’s profit will
increase, but if the opposite happens, the DNQO’s benefits will decrease. The IEEE Task Force on Load
Representation for Dynamic Performance defined the voltage dependent load models for residential,

industrial, and commercial loads as follows [6],
Py = ProVe (1.3)

QL =QroV” (1.4)
Where,

« active power exponent
B reactive power exponent
Pro active power operating point

Qo reactive power operating point

And,
15< a <2.0
3.0< 8 <4.0
0.9<V<1.1 p.u.

Typical power component values in various categories and seasons are as follows [Bibliography on

load models for power flow and dynamic performance simulation],

TYPICAL LOAD TYPES AND EXPONENT VALUES

Residential ~ Commercial Industrial
o B o 7] a B
Day 0.72 2.96 1.25 350 0.18 6.00
Night 0.92 4.04 0.99 395 0.18 6.00
Day 1.04 4.19 1.50 3.15 0.18 6.00
Night 1.30 4.38 1.51 340 0.18 6.00

Load type

Summer

Winter

Table 1.1: Power component values in various categories for different classes
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Transformer saturation

Distribution transformers, which may be considered part of the load, normally operate with sig-
nificant magnetising induction saturation. Many field tests show large voltage sensitivity of reactive
power load following voltage changes. For small changes, reactive power may change as the third
to seventh power of voltage. To more correctly represent reactive power demand as seen from the
bulk power network, it may be desirable to have compatible transformer saturation models in both
stability and power flow programs. Transformer saturation will limit fundamental frequency tempo-
rary over-voltages. Accurate evaluation of potentially damaging temporary over-voltages, however,
requires evaluation by electromagnetic transients programs.

1.3 Statistical Approaches Used in Load Modelling

Load flow calculations on distribution networks, traditionally are performed by using a determinis-
tic approach referring to a particular pre-established load condition, for example the peak load instant,
or by using a statistical simplified method consisting in determining the peak load starting from sub-
scribed power demand. The aim of SLM is to provide an estimate of the load curve of any aggregate
of users connected to the network, starting from billing information. SLM considers all the users
subdivided into 30 homogeneous groups, called ”load classes”. Besides, the year has been represented
by means of 14 standard days (6 working-days, 4 Saturdays and 4 holidays), each of which represents
the homologue days of a period of one or several months. The load curve of each typical day has been
subdivided into 96 intervals. For each quarter of an hour 't’ of each typical day ’g’ and each load class
'c’, SLM determines the "mean value” and the ”variance” of the active and the reactive power, as well

as the ”covariance” between active and reactive power by means of the following expressions [22]:

Pc’g(t) = E.. Kpc4(t) (1.5)

Qcyg(t) = E..Kqc4(t) (1.6)

sz,g (t) = Ec.Hpc,g (t) + E?-Apc,g (t) (1.7)
562 4(t) = Bc-He,g(t) + B2 Aqeg(t) (1.8)
SPQS,g (t) = E..Hpqcq (t) + E?.)\pqc,g(t) (1.9)

Where,

E. is the yearly energy of the load class 'c’ of the users’ aggregate under examination;

Kpe,g(t), Hpe,g(t), ADe,g(t), Kqe,g(t), Hge,g(t), Ae,g(t), ADge,¢(t) are the parameters that constitute SLM.
The values of these last parameters are determined during the SLM construction activity, utilising
the load curves of sample users of the ’c’ class recorded during survey campaigns. The so structured
model ensures additivity property , meaning that it allows a very easy and correct estimate of the
mean values and the variances of the power of any aggregate of users belonging to the same class,
by simply applying the above expressions to an equivalent user from the point of view of energy con-
sumption. The covariance between the power of two users belonging to the same class, with E,,, and

FE,,, energy respectively, is:

COV[Prg(t), Po.g(t)] = Aperg(t). B Ery (1.10)

The mean value of the active and the reactive power of a group of users belonging to different classes

is provided by the summation of the mean Values of the powers of the individual classes:
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Py(t) = Pegl(t) (1.11)

Qg(t) = Qey(1) (1.12)

The variances and the covariances between active and reactive power were calculated as a summation
of the variances or covariances of the different classes that constitute the aggregate under examination.

This operation implicitly assumes the hypothesis of the statistical independence between the different
load classes.

1.3.1 Time and Peak Load Forecasts

The distribution planning is based on annual peak. This needs year-by-year expansion studies
during short-term period and plans for selected years in long-term period. It is common to set planning
periods of 1 - 7 years ahead for short-term forecast and longer period until 25 years ahead for long-
term forecast. The load forecast seeks the annual peak load and in some cases the seasonal peak load,
particularly when taking into account the weather conditions. This is because some equipment may
be overloaded in the summer due to the high ambient temperature in spite of getting its peak load less
than that in the winter. For accurate peak load forecast, the coincidence of service area peaks must
be studied. So, forecast of hourly loads of the peak day is usually performed not only for the peak
load as a value but also for the peak duration. It is important to study the peak duration because it

may allow the system equipment to operate on overload for a short period without failure, that is, no
need to replace or add new equipment.

1.3.2 Type of Customer

General shape of the load curves for the traditional customer classes is shown in Figure

Midday hours
Evening

Power demand
Power demand
Power demand

Early
morning

Hour 0 Hour 0
Residential Commercial Industrial

Hour

Figure 1.2: Curves for traditional customer classes

For residential class, the peak load is almost in the evening while for commercial class it is at
midday hours. The industrial class has low load at early morning, then approximately constant load

until shutting down in the afternoon. Distribution systems are planned considering three major points
related to each customer in each class:

e The peak load per customer;
e The total energy consumption represented by the area under the curve.

The load curves are recorded and measured over some specific period (1 day, 1 week, 1 month).

This period is divided into time intervals where the average power of an interval is calculated by
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dividing the area under the curve at this interval by the length of interval. This average power is

called "demand” and the time interval is called ”demand interval”.

Load Factor and Diversity Factor

Load factor (LF) is defined as the ratio of average to peak load. The value of the average load is

the total energy consumed during an entire period divided by the number of period hours[18].
Thus,
LF — (KW (average)) _ (KWh) (1.13)
- (KW (Maximumdemand)) (KW (Mazimumdemand)xHours) '

To measure and record the daily load curve of two customers, it will not be the algebraic sum of the
two customers’ individual load curves. This is because the appliances of the two customers do not
work in synchronism. It is found that as the number of customers is increased, the load curve gets
smoother and the peak value is decreased because of the non-coincidence of individual peaks [10] as

shown in figure: The ratio of measured peak load of a number of customers to the summation of

Two Homes Five Homes

N
\)
-~
=
-
(6]
-~
=

Load / cust.
Load / cust.

Hour Hour

Twenty Homes One Hundred Homes

—
($)]
-~
=
—
()]
~
=

Load / cust.
Load / cust.

Hour Hour

Figure 1.3: Effect of non-coincidence of individual peaks of some customer’s groups

individual peaks is defined as the coincidence factor (CF), that is,

Measuredpeako fload)

(
F =
¢ > ( Individualpeaks)

(1.14)

It is evident that the CF decreases as the number of customers in a group increases.

1.4 Measuring and Recording Load Behaviour

The load behaviour represented by daily, monthly, or annual load curves is an important tool
for forecasting. So, the data of these curves must be collected accurately as the load behaviour is

based on them. The load curve shape can change depending on the method of measuring and cyclic
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recording of these data. The measuring method determines the quantity to be measured. Whether it
is the instantaneous load or the energy consumed during a period. This is referred by what is called
”sampling method.” The data cyclic recording means the number of time intervals per period at which
the measured data are recorded, for instance, every 10, 15 or 20 minutes.

There are two sampling methods used:

1. Sampling by Integration: In this method, the measuring instrument measures and records the
energy consumed during the sampling interval, that is, integrates the area under the load curve
of each interval to be stored and recorded;

2. Discrete Instantaneous Sampling Method: It measures and records the load at the beginning
of each sample interval. So, the changes of load during the interval are missed, that is, not

measured.

Thus, for the erratic load curve, the sampling by integration is preferred where the error will be

large in case of using discrete instantaneous method.

Sampling Rate

The sampling rate, which is the frequency of measuring and recording the load data, depends on
the number of customers in a group and the method of sampling. If the number of customers in a
group is increased, the peak load of the group is decreased and the peak duration is getting longer.
So, the length of sampling period can be longer. In this case, the discrete instantaneous sampling may
be used without a risk of big error. Of course, by decreasing the number of customers in a group,
the peak load per customer and its duration decrease. The load curve becomes more erratic. So, the
sampling rate should be high, that is, small sampling period. The preferred sampling method in this
case is sampling by the integration method[10].

1.5 Load Analysis: Statistics, Errors, and Estimates

The distribution of the load for a particular hour of the day can be approximated by a Gaussian
distribution curve, which is characterised by its mean value and standard deviation. Load curves
can then be used to simulate the load of one customer belonging to a particular customer group by
scaling the annual units of that customer to the average of that group. A load of curve for a group of
customers can be constructed by summing the individual customer load curves statistically.

Computer simulations such as power-flow studies give exact answers, but in reality we never
know the absolutely true state of a physically operating system. KEven when great care is taken
to ensure accuracy, unavoidable random noise enters into the measurement process to distort more
or less the physical results. However, repeated measurements of the same quantity under carefully
controlled conditions reveal certain statistical properties from which the true value can be estimated.
If the measured values are plotted as a function of their relative frequency of occurrence, a histogram
is obtained to which a continuous curve can be fitted as the number of measurements increases
(theoretically, to an infinite number). The continuous curve most commonly encountered is the bell-
shaped function p(z) shown in figure 1.4. The function p(z), called the Gaussian or normal probability
density function, has the formula,

1 1 Z*LLZ

)= —— €2\ ) .
p(2) V) (1.15)

and the variable representing the values of the measured quantity along the horizontal axis is known

as the Gaussian or normal random variable z. Areas under the curve give the probabilities associated
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with the corresponding intervals of the horizontal axis. For example, the probability that between the

points a and b of figure 1.4 is the area given by

b b 122
Pra<z<b) = / p(z)dz = (0\277)/ e%(T) dz (1.16)

Where the symbol Pr(.) means the probability of (.) occurring. The total area under the curve p(z)
between -oco and +00 equals 1 because the value of z is certain (with probability equal to 1 or 100%)
to lie between arbitrarily large extreme values. The Gaussian probability density function p(z) is
completely determined once the parameters p and o are known. Figure 1.4 shows that p(z) has its
maximum value when z equals p, which is the expected value of z denoted by E(z) and defined by

+oo
w=E(z)= / zp(z)dz (1.17)
—0o0
area
=Pr(a <z <b)
Pr(y <y<y")
p-4do u-20 t a b p+20 p+do
-4 -2 0 y oy 2 4

Figure 1.4: The gaussian probability density function p(z) and standard gaussian density function

p(y)

The expected value p is often called the mean since the values of z are symmetrically clustered
about u. The degree to which the curve of p(z) spreads out about u (that is, the width) depends on

the variance o2 of z defined by

+o00o
0% = Bl — p)?] = / (2 — u)*plz)dz (1.18)

— 00

Thus, the variance of z is the expected value of the square of the deviations of z from its mean;
smaller values of 02 provide narrower and higher curves with each having unity area centred about
1. The positive square root of the variance is the standard deviation o of z. The mean and variance
are important parameters of many commonly encountered probability density functions. Each such
function has a curve with underlying areas, which quantify the probabilities of the associated random

variable. The Gaussian distribution plays a very important role in measurement statistics. Because
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the density p(z) can not be directly integrated, the areas under the curve, as shown in the figure,
have been tabulated for the standard Gaussian density function p(y), which has the parameters 1,=0
and o,=1. Separate tables of the Gaussian distribution for other values of 1 and o are unnecessary
since we can rescale the horizontal axis of figure 1.4 , and thereby transform from z to y, using the

change-of-variable formula

y:<Z;“) (1.19)
then,
_ L[ (G
Pr(a) = \/577/0 ev2? Jdy (1.20)
a Pr(a) a Pr(a) a Pr(a)
0.05 0.01993879 0.8 0.28837865 1.55 0.45998771
0.1 0.03982781 0.85 0.3026926 1.6 0.47054288

0.15 0.05961765 0.9 0.31646559 1.65 0.48154586
0.2 0.07925967 0.95 0.32970504 1.7 0.49314435

0.25 0.09870633 1 0.34242516 1.75 0.50549841
0.3 0.11791159 1.05 0.35464722 1.8 0.51878079
0.35 0.13683131 1.1 0.3664 1.85 0.53317733
0.4 0.15542354 1.15 0.3777201 1.9 0.54888737
0.45 0.173649 1.2 0.3886524 1.95 0.56612404
0.5 0.19147137 1.25 0.39925033 2 0.58511472

0.55 0.20885771 1.3 0.40957632 2.05 0.60610136
0.6 0.22577882 1.35 0.41970216 2.1 0.62934087

0.65 0.2422096 1.4 0.42970934 2.15 0.6551055
0.7 0.25812945 1.45 0.43968947 2.2 0.6836832

0.75 0.27352264 1.5 0.44974462 2.25 0.71537801

Table 1.2: Standard Gaussian Distribution

It is evident that dz=ody, and if z takes on values between ’a’ and ’b’, then y must lie between

the corresponding numbers y'=(a-u)/o and y”=(b-u)/o. Hence, substituting for y in

b 1 b —21(z—u) )
Prla<z<b) = 2)dz = ——— 7 dz 1.21
( )= [ o) o | (1.21)
We obtain ) )
1 voo(=1,2 1 Y19
Pr(a<z<b):7/ 6<2y)ady:—/ 6(2y)ady (1.22)
(ov2m) Jy Vor v

=Pr(y <y<vy)

Which shows that y is the random variable with the standard Gaussian probability density. Thus,
changing scale from z to y allows us to use the tabulated values of y, for any random variable z with
normal probability density function as shown in fig.1.5 [17].

In the new scale y tells us how many standard deviations from the mean the corresponding value of
z lies. The area under the Gaussian density curve is distributed as follows: 68,27% within the z-limits
p £ o, 9545% within the z-limits p £+ 20, and 99,73% within the z-limits pu £+ 30. Accordingly,
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= 99.7% within >
3 standard deviations of the mean

~<——95% within———
2 standard deviations
of the mean

~68% within->-,
1 standard
deviation

of the mean

pw—3c u—20 p—o L pto uwt20p+ 30
Figure 1.5: Standard Normal Probability Density Function

the probability is 99% that the value of Gaussian random variable z lies within 30 of its mean pu.
Henceforth, we assume that the noise terms e, ez, es, and ey are independent Gaussian random
variables with zero means and the respective o, 03, 03 and o3. Two random variables e; and e;
are independent when E( e;e;)=0 for i # j. The zero-mean assumption implies that the error in each
measurement has equal probability of taking on a positive or negative value of a given magnitude.

The product of the vector e and its transpose is given by:

€1 [ e? €163 €1€3 €1€4]
e e; €263 eye,
ee’ = |, [[ex e, €3 €] = 261 "2 e
3 6361 6362 63 324
€4 (e, e, €462 e e; €4

The expected value of ee” is found calculating the expected value of each entry in the matrix.
The expected values of all the off-diagonal elements are zero because the errors are assumed to be
independent; the expected values of the diagonal elements are nonzero and correspond to the variance
E[ e?]= o2 for i from 1 to 4. The resultant diagonal matrix is usually assigned the symbol R, and the

expected value becomes

E[e?] - ' o - '

EleeT = | . Eledl - . |_| a5 -, .
[ee” ] ; -+ Eles] E[e?] . - 03 |,
: 4 : O4

Furthermore, in order to measure real power, reactive power, voltages, and currents, for instance
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in substations, wattmeters, var meters and current meters are used respectively. These quantities
are monitored by current and potential transformers installed on the lines and on transformers and
buses of substations of the system. The data acquired by the energy control centre always contains
inaccuracies since physical measurements cannot be entirely free of errors or noise [15]. These errors
can be quantified in a statistical sense. Because of noise, the true values of physical quantities are
never known and it is necessary to consider how to calculate the best estimates of the unknown quan-
tities. The best estimates are chosen as those, which minimise the weighted sum of the squares of the

measurement error.
Measurements (Z) = True values from system model (hx)+ errors (e).

The measurement 77 is the sum of the Gaussian random value e; and the constant term hx.
The addition of the constant term to e; shifts the curve of el to the right by the amount of the true
value (or to the left if the amount is negative). The shift in no way alters the shape and spread of
the probability density function of el. Hence, Z; also has a Gaussian probability density function

with a mean value p; equal to the true value and a variance o7 equal to that of e;. More accurate
2

e

measurements are given by choosing the weight wi as the reciprocal of the corresponding variance o

Errors of smaller variance thus have greater weight.

1
w;, =R 1= (1.23)
' (03)
Once the variance is known, the corresponding standard deviation is known too and the probability

that the ammeter is functioning properly is given by 100% - o.

1.6 Forecasting Methodology

It is evident that forecasting must be a systematic process dependent on the time period for which
it is going to be used. Forecasting methodologies can be classified on the method used. In a more

definitive way, they can be categorised as:
e Deterministic;
e Probabilistic;
e A combination of both deterministic and probabilistic methods.

e Artificial intelligence-based techniques, like neural networks, fuzzy logic, expert systems and
support vector machines. In load forecasting, optimal algorithms often require the knowledge
of underlying densities of measurements and/or noise. As these densities are usually unknown,
assumptions are frequently made that compromise the algorithms performance. A common
approach to this problem is data density estimation. If a particular density form is assumed
or known, then parametric estimation is used. If nothing is assumed about the density shape,

non-parametric estimation is the choice [16].

The deterministic approach basically studies the system stability, given a set of network configurations,
system loading conditions and disturbances, etc. Since the operation of the power system is stochastic
in nature and so are the disturbances, probabilistic approaches have been proposed in order to consider
various uncertainties in power systems, such as the loading conditions, fault locations and types, etc
[24].

The statistical methods forecast the current load value by using a mathematical combination of
the previous loads and/or previous or current values of exogenous factors, typically weather and
social variables. Statistical approaches usually require a mathematical model that represents load as
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a function of different factors. The two important categories are: additive models and multiplicative
models. They differ in whether the forecasted load is the sum (additive) of a number of components
or the product (multiplicative) of a number of factors. The additive models are by far more popular.
An additive model for predicting the total load Lt may take the form:

Li=L'+ LY + L + ¢ (1.24)

Where L? is the base (or normal or weather-normalized) part of the load, which is a set of standardised
load shapes for each type of day that has been identified as occurring throughout the year, L}’
represents the weather sensitive part of the load, L§ is a special event component that creates a
substantial deviation from the usual load pattern for holidays and other special days, and €; is the
noise. The base load may be further decomposed into the trend (or trend-cycle) component Ty, the
seasonal component S; and the stochastic component Y;.

Accordingly, the statistical approaches are mathematically based on:
e Extrapolation;
e Correlation;

e A combination of both.

1.6.1 Extrapolation Technique

This is simply a ”fitting a trend” approach and the mode of load variation can be obtained from
the pattern of historical data and hence the curve fitting function is chosen. Selected well-known

functions for the curve fitting are listed below:
e Straight line: Y = a + bx
e Parabola: Y=a-+bx+cx?

e Exponential: Y = c.edx

1.6.2 Correlation Technique

This technique is based on the calculation of correlation coefficient, which necessitates the cal-
culation of what is known as variance and covariance as below. Assume two random independent
variables x and y, that is, the events x = x; and y = y;, are independent events. The product of two
random independent variables, xy, is a random variable x;y;, that is, the expectation of a product is
the product of the expectations (only for independent type). That is, E(xy)=E(x)E(y),

Where E represents the ”expectation of”.
Assume E(x) = pux and E(y) = uy, where p is defined as the number of events/number of possible
outcomes. Therefore, E(xy) =gy 1y
To measure the deviation from its expected value pu, the quantity o, defined as standard deviation, is
introduced:

o=+E(X —pu)? (1.25)

The variance is defined as
0? = E(X — p)? (1.26)

The covariance of two independent variables is given by

02, = B(X — ) E(X - ) (1.27)
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Sample variance If x1, x9, x3,..., x,, are n independent observations of a variable x, the sample variance
is defined by

53, = (53 (i~ 2)? (1.25)

Where x is the arithmetic mean of the variables, that is,

(1.29)

z= =

(x1 + 22+ 23+ .. +2) lzf
n T n

Fori= 1,2, 3,..., n. It should be noted that unlike the theoretical o2, the sample variance is computed
from the observed samples and hence it is actually available. Methods based on correlation technique
relate the load to its dependent factors such as weather conditions (humidity, temperature, etc.)
and economic and general demographic factors. This could clearly include population data, building

permits, and so on.

1.6.3 Method of Least Squares

A curve fit in a polynomial form is represented as below:

Y =a, + a1z + asz® + ... + A 2™ (1.30)

Start with ”simple regression” to fit the straight line Y = a1 + asz to rectangular points shown in
Fig.1.6.

Y
A

Observations
—

Figure 1.6: Fitting a straight line

The deviation of observation points from the assumed straight line should be minimised. Assuming
a set of data ( x;,y;), i = 1, 2, 3,..., n is represented by some relationship Y = f(x), containing r

unknowns aq, as, as, ..., a,, the deviations, sometimes called residuals Ri, are formed by

R; = f(x;) —yi (1.31)
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The sum of squares of residuals is

S = ZR? = suml[f(z;) — yi)? (1.32)

The unknown polynomial coefficients, a’s, can be determined so that S is minimum by applying the

relations

8S;
6@1- n

For i=0,1,...,r This particular form of Equation is known as the ”"normal equations” and the technique

0 (1.33)

is called the ”principle of least squares”. The residuals in this case (straight line curve fit) are

R; = (a1 + azx;) — y; (1.34)
So that,
S = Z R? = minimum (1.35)
i=1,2,3,...n.
Thus,
S = [(a1 + aszy) — y1)* + [(a1 + asxs) — yo]?® + ... + [(a1 + az,) — yn)? (1.36)

Differentiating S partially with respect to al and a2, the two relations below are deduced:

08;

9o, 0 =2[(ay + asz1) — y1]* + [(a1 + asza) — y2]® + ... + 2[(a1 + aszy) — yn] (1.37)

08S;
8a2

=0 =2x1[(a1 + a2x1) — y1] + 222[(a1 + asx2) — y2] + ... + 22,[(a1 + a2zn) — yn) (1.38)

Rearrange the two relations to be written in the form

nai + (Z x;)ag = Zyi (1.39)

(Z z;)ar + (Z x7)ag = szyz (1.40)

i=1,2,3,...,n, and in a matrix form

Ku K| || _ |G
Ko Kaof |a2 Cy

where K11 = n, K2 = in,Klz = Ko, Ko = lez,cl = Zyi,cz = Zfiyi~F07"i =
1,2,3,....,n.

The same procedure can be applied when the curve fit is a polynomial of the mth order, where (m +

1) linear equations are obtained to be solved for (m + 1) unknowns.
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1.6.4 Time-Trend Method

The time-trend method determines the overall trend in historical kWh sales or kW peaks, and
develops the forecast based upon that trend known as extrapolation of historical trend [14]. Trending
methods forecast future load growth by extrapolating past and present trends into the future. Trending
methods are most often categorized according to the mathematical technique used to perform the
trend extrapolation. Trending methods work with historical load data, extrapolating past load growth
patterns into the future. In this type, the variable to be predicted is expressed purely as a function of
time [12]. This function of time is obtained as the function that best explains the available data and
is observed to be the most suitable for short-term projections. The most common trending method is
polynomial curve fitting, using multiple regressions to fit a polynomial function to historical peak load
data and then extrapolating that function into the future to provide the forecast. Polynomial form
is the general formula to fit the curves (straight line, parabola, Saturation curve). It depends on the
order of the polynomial. Using multiple regressions and deducing the normal equations, it is possible
calculate polynomial coefficients. In forecasting a variable that the utilities are concerned with, such
as the annual peak load on feeders and substation buses. First, it is necessary to choose or determine
a suitable order of the polynomial. The coefficients of this polynomial are then calculated and from
that the value of the peak load at any time in the future can be determined. This needs historical
data that represent the peak load values at equal spaced time intervals (hourly, weekly, monthly, or
annual). The data points must exceed the number of coefficients. Assuming that a cubic polynomial

curve fit is used to forecast the peak load of one of the feeders in a distribution system, its form is

Ln(t) = CL3t3 + a2t2 + alt —+ ag (141)

L, (t)= annual peak load estimate for feeder n for year t

Where: t represents the year, beginning with t = 1 for the first time period of load history.
as, az, a1, anda, are the coefficients of the particular polynomial for feeder n and can be determined
by using the multiple regressions method. They may vary from one feeder to another according to the
historical data. The same polynomial curve fit could be used for all feeders in the distribution system.
On the other hand, different forms of polynomial equations to different feeders could be applied. It
depends on the feeder’s historical data and the best polynomial to choose. The first step to apply
multiple regressions technique is to determine the parameter matrix P. The number of rows of this
matrix is equal to the number of years/months of data, while the number of columns is equal to the
number of polynomial coefficients. The second step is to determine the load vector L, whose elements
are the peak load readings of the past years/months. The third step is to determine the coefficients
as,as, a1, and a, by applying the equation

C, =[PP 'PTL, (1.42)

Where
CT = lazazaya,) (1.43)

n

Substituting coefficients’ values into EquationL, (t) = ast® + ast? + a1t + ag, the projected value of

the peak load for any year following the last historical data point can be calculated.

1.6.5 Regression Methods

Regression is one of the most widely used statistical techniques. The general purpose of multiple
regression is to learn more about the relationship between several independent or predictor variables.
Multiple regression is based on least squares: the model is fit such that the sum-of-squares of differences
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of observed and predicted values is minimised. For electric load forecasting regression methods are
usually used to model the relationship of load and other factors such as weather, day type and customer
class. The model expresses the load as a linear function of one or more explanatory variables and an
error term:

Ly =ao+a LY + .+ apLt™ + ¢, (1.44)

Where L; is the load, L,El), Ce Lgk) are explanatory variables correlated with the load and,
ai,...,ar are the regression coefficients and e¢; is the noise. The explanatory variables can be simple,
like maximum daily temperature, or complex functions of simple variables, such as squared difference
between maximum and minimum daily temperatures. In its classical form, multiple regression assumes
that the relationship between variables is linear. Fortunately, multiple regression procedures are not
greatly affected by minor deviations from this assumption. However, it is good practice to always
look at a scatterplot of the variables of interest. If curvature in the relationships is evident, one may
consider either transforming the variables, or explicitly allowing for non-linear components. Despite
the large number of alternatives the linear regression models are still among the most popular load-
forecasting approaches.

1.6.6 Stochastic Time Series: Autoregressive Model

Time series models are based on the assumption that the data have an internal structure, such
as autocorrelation, trend or seasonal variation. The forecasting methods detect and explore such a
structure [11]. If the load Lt is assumed to be a linear combination of previous loads, then the Auto-
Regressive (AR) model can be used to forecast future load values. A pth-order autoregressive, AR(
p), model is defined as:

p
L, — Z GiLi1=¢ (1.45)

i=1

Where ¢, is a random load disturbance (or prediction error), and ¢1,...,¢, are the unknown AR
coefficients. The order of the model tells how many lagged past values are included. The simplest
AR model is the first-order AR(1). The ¢’s are assumed to be Gaussian with zero mean and finite
variance 2. Intuitively, a process [; is stationary if its statistical properties do not change over time.
More precisely, the probability distributions of the process are time-invariant. It assumes that the
mean, variance and autocorrelation structures do not change over time. Strictly speaking, the mean
and variance are constant and the auto-covariance is a function of (t - s) only. The auto-regression
model can be also viewed as a special case of the multiple regression model, where the independent

or predictor variables are the past values of the process itself.

1.6.7 ARIMA model approach for short-term load forecasting

Autoregressive integrated moving average (ARIMA) is a popular procedure among the statistical
models for time series analysis and forecasting applications [13]. The ARIMA model originates from
the autoregressive (AR) model, moving average (MA) model, and the combination of AR and MA
(ARMA) models. Generally, AR, MA, and ARMA time series models are stationary; however, if the
series are non-stationary, these series are transformed into a stationary time series using the difference
process. Specifically, the autoregressive integrated moving average (ARIMA) model has three types
of parameters:

e The autoregressive parameters (¢1, ..., ¢p);

e The number of differencing passes at lag 1 (d);
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e And the moving average parameters (1, ..., dq).

In the notation (introduced by Box and Jenkins) a series that needs to be differenced d times at
lag 1 and afterwards has orders p and q of the AR and MA components, respectively, is denoted by
ARIMA((p,d,q) and can be conveniently written as:

$p(B)VIL; = 64(B)es (1.46)

Where,

Vi, = (1 — B)ay (1.47)

is the lag 1 differencing operator, B is the backward shift operator, i.e. B"z; = 2, — h,¢(B) is a
shorthand notation for
¢(B)=1—¢p1B—...— ¢,B", (1.48)

and 6(B) is a shorthand notation for

§(B)=1+6B+...+6,B1 1.49
q

1.6.8 ARIMA model procedure

The ARIMA modelling procedure, which was developed by Box and Jenkins (1976), consists of

three iterative steps:
1. Model identification;
2. Parameter estimation;

3. Diagnostic checking.

The procedure of the ARIMA model is itemised as follows:

Step 1: Model identification. Determines whether the time series is stationary or non-stationary.
If the time series is non-stationary, it is transformed into a stationary time series using a suitable
degree of differencing.

Step 2: Parameter estimation. Once the tentative model is formulated, the related model param-
eters are estimated using the least squares scheme. Parameters are estimated to have zero gradient
of forecasting errors to the historical load data. The primary objective of this parameter estimation
is to minimise the forecasting error and determine both the model order and its parameters.

Step 3: Diagnostic checking. When the parameters have been well estimated, examining the
residuals validates the tentative model accuracy. The residuals should simulate the noise process.
These steps are repeated until an adequate model is identified. When the steps in ARIMA modelling
are completed, a specific ARIMA model is applied to predict the future load, typically 24 h ahead.

1.7 A State Estimation Framework

A Measurement Based Load Modelling establishes a relationship between certain independent
variables such as weather conditions, the day type and the total load. It aims to extract regression
coefficients from static past data for possible future forecasting. These models could also incorporate
dynamic behaviour such as in ARMAX (Auto Regressive Moving Average and Explanatory variable
(X)). The multiple regressions explain the formulation of such modelling as follows [20].

St = crwe + € (1.50)
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Figure 1.7: ARIMA modelling procedure scheme

Where S; measured system load data, t sampling time, x; vector of adapted variables such as time,
temperature, light intensity, wind speed, humidity, day type (workday, weekend), etc., ¢; regression
coefficients, and €; model error at time t. Households belonging to the direct electric heating group,
for instance, will have different regression coefficients to those belonging to the district heating group.
The target of this load modelling type is estimating unmeasured load points based on statistical
information and other variable measurements, or forecasting future load. A pure time series model

with no additional explanatory variables is proposed in [21], as shown by:

kWhi,today—l
kWhif 1,daybe fore

kWhi,today = kWhi,daybefore (151)

The previous model requires the past hour consumption of customer i. Smart meters, however, collect
electricity consumption data at half hour or one hour intervals and this metering data will be sent to
the utility the following day. With one day data delay other time series models such as Autoregressive
Integrated Moving Average (ARIMA) will also fail to keep up with the dynamism of the load [20].
ARX (Auto Regressive with exogenous input) model could be applied, since it utilises previous day
AMR (Automatic Metering Reading) metered consumption data as well as same day explanatory
variables such as temperature, day structure, humidity, etc..

The state estimation framework presented in [19] as shown in figure 1.8 consists of three funda-

mental functions:
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Figure 1.8: A state estimation framework for an active distribution network

1. the measurement based modelling;
2. the component based modelling as illustrated in 1.2;

3. load flow analysis.

The measurement based modelling, explained in previous, provides real time or near future fore-
casts of the loading situation while the component based modelling in section 1.2 is used to undertake
an effective and detailed load flow analysis by translating nodal power demand to voltage magnitude
and phase figure 1.8.

1.7.1 Auto-Regressive with exogenous input model

ARX model is an autoregressive model supported by exogenous variables and it is used to perform
one day ahead load forecasting. The model has lagging hourly consumption information from the same
hour in the previous week and the previous day same hour load, since available measurements are only
from the previous day’s metering. The effects of the previous two hours’ temperatures together with
real time temperature are included in the explanatory variable. The day structure effect is included

through weekday and weekend dummy variables, as follows:

Yi=c+a1Yi_os + Y168 + 3Ty + oy Ty 1+

(1.52)
asTi o+ agDLg+ arWD + asWE + ¢

Where,
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Y; : kWh consumption at hour t

T; : Temperature at hour t

DL, : Day length to represent the light amount of day d

WD: Weekday dummy variables (0 orl)

WE : Weekend dummy variables (0 or 1)

c: Constant

¢; : White noise

The parameters aq, @, s, ..., ag could be estimated using an Ordinary Least Squares (OLS) estimator
(See subsec:1.6.3) [23].






Chapter 2

Distribution Systems Analysis

2.1 Introduction

For distribution networks load-flow studies are essential to determine the capability of a network
under all loading conditions and network configurations. This includes taking account of the loss of
one or more circuits including the infeed power sources, whether from DG within the network or from
transformer substations where the infeed power is obtained from a higher voltage network. Usually
LV networks operate radially and as a consequence analysis of these networks is relatively simple. On
the other hand, information about the individual load points is limited with the yearly /monthly unit
consumption at low voltage is known. In order to carry out power flow analysis on LV networks it is
necessary to apply load shapes. This is because loads do not peak at the same time; otherwise, it will

result in too high values of current flows and therefore the overall voltage drop.

2.2 Hosting Capacity of Distribution Networks

Adding new production or consumption in distribution network will affect the power flow. The
performance of the network might improve or deteriorate for the majority of connected customers. In
[39] the Hosting Capacity is defined as:

The maximum amount of new production or consumption that can be connected without endan-
gering the reliability or quality for other customers.
The amount of Distributed Energy Resources (DER) the network can host depends on a number of
parameters such as the characteristics of the generation units, the configuration and operation of the
network, the requirements of the loads as well as national and regional requirements. Different dis-
tributed generation technologies provide different control capabilities over both the active and reactive
power. The impact of distributed generation can be quantified only by using a set of performance
indicators. In some cases, the performance of the system will improve after the connection of dis-
tributed generation; in other cases, it will deteriorate. It is the latter cases that have received the
most attention. A deterioration of the supply is not directly a concern, as long as the resulting quality
is within an acceptable range. In other words, for every performance index there exists a limit that

should not be exceeded. This is shown schematically in Fig. 2.1.

The hosting capacity is defined as the amount of distributed generation for which the performance
becomes unacceptable. The performance index decreases with increasing amount of distributed gen-
eration, in this example. For small amounts of distributed generation, the index remains above the

limit and the system performance is still acceptable. But for larger amounts of distributed generation,

27
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Hosting

Existing level capacity

Performance index

Unacceptable deterioration

y

Amount of generation

Figure 2.1: High Performance Index for Hosting Capacity

the performance becomes unacceptable.
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Figure 2.2: Low Performance Index for Hosting Capacity

In Fig 2.1, the performance index was defined such that a higher value corresponds to a better
performance. In practice, many performance indices are defined such that a lower value corresponds
to a better performance. This is illustrated in Fig 2.2. The deteriorating performance with increasing
amount of distributed generation corresponds to the rising level of the performance index. An example
is the maximum voltage magnitude experienced by any of the costumers in a distribution network.
Adding generation to the feeder will result in an increase for this maximum voltage magnitude. For
small amounts of generation the increase will be small, but for larger amounts of generation the voltage
could become unacceptably high. In that case, the hosting capacity has been exceeded. An example
is the maximum voltage magnitude experienced by any of the costumers in a distribution network as
discussed in Section 2.6.1. Adding generation to the feeder will result in an increase for this maximum

voltage magnitude. For small amounts of generation the increase will be small, but for larger amounts
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of generation the voltage could become unacceptably high. In that case, the hosting capacity has
been exceeded [38] . There are also cases in which the introduction of distributed generation will
initially result in an increase in performance of the power system. But for large amount of distributed

generation, the performance will deteriorate. This is illustrated in Fig 2.3.

>
(]
©
£ HC2
8
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Figure 2.3: initial improvement Performance Index for Hosting Capacity

Two hosting capacities can be distinguished in this case:
e the above hosting capacity which the system performance deteriorates compared to the no
generation case;

e the second hosting capacity above which the system performance becomes unacceptable.

Examples of this are the risk of overload and the losses in the grid. Both will initially reduce but will
increase when large numbers of distributed generation are connected. To know how much distributed
generation can be connected, it is important to define appropriate performance indicators. The hosting
capacity is based on this. The choice of index and limit will have a big influence on the amount of

distributed generation that can be accepted.

2.3 Impact of load models on power loss calculation in DG
planning

The current absorbed by the load shown in figure:

(PLoad + jQLoad) (21)
(\/gvreceiving)

ILoad =

Line loss on a distribution feeder without distributed generation is:

PLoad + jQLoad) 2 (2 2)

P(Loss—NoDG) = R'I%oad = R( \/gv ,
receving

Where R includes Lj,qq line length. The DG output current injected in the network is given as:

Ipe = (Ppe — j@pa) (2.3)

(\/gv;“eceiving )
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Figure 2.4: Line diagram of a distribution system with DG

Therefore, the total power loss for a fixed PQ load model with Pr,qq and Qroqq constant can be
expressed as:

2 2
P(Loss—WithDG) =1Lroad-I100q + "LDG-IDG =

(TLLoad) . 2 . 2
= 4 P oa + oa + P - .
(\/gvreceiving)2 [( Load ]QL d) ( ba ]QDG) <LLoad

(’I"LLoad) P2 2 P2 2 op p 9 (24)
W[( Toad T QLoad) + (Ppe + Q@pc — 2ProadPpc — 2QLoad®@pa)
recewving
Lpg
)

LLoad

Lpg ]

The power loss equation shows that, in a distribution system including Distributed Generation, a
positive sign of power loss indicates that the system loss decreases with the integration of DG. In
contrast, the negative sign of power loss implies that DG causes higher system loss. While in terms

of voltage dependent load model, the power losses could be obtained as:

(TLLoad) a 2
P(Loss—WithDG) = (\/gv __ )2 [(Pl%oadv;"eieiving + Q%oad‘/;"iceivi7zg)
receiving (25)
Lpc
+(P%G + Q2DG = 2PrLoad riceivingPDG - ZQLOGdV;“BeceivingQDG)' (LL d)]

It is difficult to find out a mathematical criterion to determine whether the loss is reduced or increased,

since Vieceivings @, B, Ppg and @ pg are independent variables.

2.4 DG Power Factor

The load power factor is corrected to unity by capacitors.. However, such device is insufficiently
fast and not flexible to compensate for transient events due to the impact of intermittent renewable
resources as previously mentioned. DG unit as a fast response device that can deliver both active and
reactive power could be installed to correct the system power factor as explained below. Figure 2.5
showa generator convention where the relationship between active and reactive power of DG unit at

each bus i can be expressed as
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Rpci = aiPpai (2.6)

where a; = +tan(cos (PFpgi))

The positive sign for DG reactive power injection, whereas the negative sign is for consumed re-
active power. PFpg; correspond to the power factor of DG unit at bus i, while Qpg; and Ppg;
correspond to the real and reactive power of DG unit at bus i, respectively. Dispatching the power
factor is limited by its fixed apparent power capability Spg; and its variable real power generation
through the relationship [51]:

Ppgi Ppgi

Spci V' Ppai® + Qpai®

Plpg; =

(2.7)

It is assumed that Spg; =1p.u., the value PFpg; can be variable in the range from 0 to 1, when
the real power output Ppg; is varied from 0 to 1 p.u. The power factor depends on the operating
conditions and technologies adopted. As illustrated in figure 2.5, DG unit considered in this study
can fall in the following types by setting value PFpg; in different ways. The type with a unity power
factor is capable of injecting active power only. However depending on the sign as mentioned before,
power factor can vary from 0 to 1: in case of positive sign DG units are capable of injecting both
real and reactive power, whereas for a negative sign DG units are capable of injecting real power and

absorbing reactive power.

Qpai (pu)
A

pfoci= 0

prGi =0.85 Iag

cos™(pfoci) pfoci = 1

» Ppai (pu)

pfoci= 0.85 lead

Figure 2.5: Distributed generation capability curve [51]
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2.5 Power Flow Analysis

The power-flow analysis of a distribution feeder is similar to that of an interconnected transmission
system. Typically, what will be known prior to the analysis will be the three-phase voltages at
the substation and the complex power of all of the loads and the load model (constant complex
power, constant impedance, constant current, or a combination). Sometimes the input complex power
supplied to the feeder from the substation is also known. A power-flow analysis of a feeder can

determine the following by phase and total three-phase [6][7]:
e Voltage magnitudes and angles at all nodes of the feeder;

e Line flow in each line section specified in kW and kvar, amps and degrees, or amps and power
factor;

Power loss in each line section;

Total feeder input kW and KVAR,;

Total feeder power losses;

Load kW and KVAR based upon the specified model for the load.

2.5.1 Active Power Flow with DG penetration

In Section 2.3, the power loss modelling was discussed considering the DG integration. Referring
to the same distribution feeder and neglecting the reactive power flows, the total power flow is given
by:

P(t) = Prowds — Ppc (2.8)

We assume that no overloading situation exists before the introduction of distributed generation [40].
As long as the maximum power flow after a DG unit connection is less than that before, and again

there will be no overload. The condition to be fulfilled is

Pmax < PLoads,maz

With large amounts of generation, the maximum power flow occurs for maximum generation and
minimum consumption:

Pmaw = PDG,maw - PLoads,min (29)

and the condition for guaranteeing no overload is

Pmax < PLoads,maz

With large amounts of generation, the maximum power flow occurs for maximum generation and
minimum consumption:
PDG,mam < PLoads,maw + PLoads,min (210)

These conditions should be fulfilled for every location on the feeder. This is a sufficient requirement
that could be used as a first hosting capacity level. As long as the maximum generation is less than
the sum of minimum and maximum consumption, no overloading will occur. When the maximum
generation exceeds this first hosting capacity level for any location along a feeder, additional studies
are needed to determine a second hosting capacity level. The second hosting capacity is reached when
the maximum current becomes equal to the ampacity of the feeder section. The maximum power
through the feeder section is again given in Equation 2.9. The maximum power flow must be lower

than the maximum permissible power [41] :

Pmax = PDG,max - PLoads,min < Pmax,limit (211)
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resulting in the following condition:

PDG,maac < Pma.t,limit + PLoads,min (212)

This approach requires that minimum and maximum loads are known in order to find the hosting
capacity. In reality, information about the minimum load is often not available. This could easily

result in an underestimation of the hosting capacity.

2.5.2 Active and Reactive Power Flow with DG penetration

Including the contribution of the reactive power to the current, the expressions become more
complicated although the methodology remains the same. The maximum apparent power for a feeder

section without generation is equal to

Smafvl = \/onads,max + Q%oads,max (213)

Here it is assumed that the time variations in active and reactive power demand are the same, so
the maximum reactive power is reached when both active and reactive power consumption are at
their maximum. When active and reactive power consumption show significantly different variations
with time, this should be included in the study. In this case, a time-domain simulation might be
more appropriate. With a substantial amount of generation connected to the feeder, the maximum

apparent power is reached for minimum consumption and maximum generation:

Sma;mZ = \/(PDG,TTLCLI - PLoads,min)2 + Q%oads,min (214)

where it is assumed that the generation neither produces nor consumes reactive power. The maximum
apparent power flow with generation should be less than the maximum apparent power flow without
generation.

Smaz,2 < Smaz,1 (2.15)

— 2 2
PLoads,maz - \/Smaw,Ampacity - QLoads,max (216)

This results in the following expression for the first hosting capacity:

PDG,max < PLoads,min + PLoads,max (217)

] 2 e
PDG,mam < PLoads,mzn + \/Smax,Ampacity QLoads,mam (218)

The second hosting capacity is reached when the current through the feeder section reaches the Am-
pacity of the feeder. The maximum current, or apparent power, is found from Equation 2.10. This

should be less than the maximum permissible apparent power (ampacity times nominal voltage).

After the introduction of distributed generation, the minimum consumption is important, because
the Hosting Capacity is directly dependent on the minimum consumption. Every watt reduction
in minimum consumption gives 1 W reduction in the hosting capacity. The minimum consumption
still needs to be estimated to determine the hosting capacity. In low-voltage networks, the diversity

between customers is large because of the low number of customers. The ratio between maximum and
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minimum consumption is large at low voltage. The additional hosting capacity due to the minimum
consumption is small. Furthermore, the minimum consumption is uncertain, so a low value needs to
be chosen to prevent a too high risk of feeder overload. Choosing the minimum consumption equal to
zero is an acceptable decision for low-voltage feeders. Obviously, when a more accurate minimum value
is available, this one should be used. Accordingly, the load modelling and data analysis techniques

play an important role [42].

2.6 Impacts of embedded generation on the distribution sys-

tem

Distribution networks are designed to operate radially without any generation on the network
(Passive mode). Traditionally, electricity was generated by large power plants, delivered to customers
through distribution networks. Thus the flow of real and reactive power was from the higher to the
lower voltage levels. The connection of distributed generation on the distribution network may have
a significant impact on the flow of the power (active and reactive), voltage level and fault currents.
DG increases the voltage at its connection point and may reverse the power flow on the feeder [1].
When a large amount of DG power is to be integrated, it should be ensured that the voltage increase
along the feeder does not exceed the maximum allowed voltage and the power flow does not exceed
conductor ampacity. Nowadays, networks are already complete almost everywhere and the integration
of distributed generation into a distribution network changes both the costs and the constraints on
distribution network planning. Then restructuring planning is needed to avoid high voltage drop,
high costs of network losses, weak electro-thermal conditions, low reliability of power delivery or
low short-circuit capability. Load flow calculation can be evaluated and monitored to have precise
information about the whole system and to prioritise restructuring targets. In monitoring calculation
voltage drops and current faults are calculated on the strength of the network data and load curve
models of different customers groups. The objective of the monitoring calculation is to define a
state of existing or simulated networks (in a maximum load situation). If the existing network is
well dimensioned and allows DG to be connected, then the utilisation is more effective by collecting
data from network state and by developing data processing systems. Thus, an over-dimensioning is
avoided. [2] In distribution networks over-voltage issues occur when distributed generation output is
at maximum and load demand at its minimum. Information on the period of minimum and maximum
load should be established. In addition the behaviour of the production must be known. A simple
solution to a general network planning including DG is determined by selecting a production level
and the calculation of hourly load-flows based on load curves for a period of planning. This analysis

is then repeated several times with different production levels.

2.6.1 Voltage profile variation owing to DG penetration on Distribution
Networks

Network voltage changes:

Every distribution operator has an obligation to supply its customers a voltage within specified
limits. This requirement often determines the design of the distribution circuits. Over the years, tech-
niques have been developed to make the maximum use of distribution circuits to supply customers
within the required voltages. The voltage profile of a radial distribution feeder [8] is shown in Figure
2.6. shows that the ratio of the MV /LV transformer has been adjusted using off-circuit taps so that at
times of maximum load the most remote customer will receive acceptable voltage. During minimum
load the voltage received by all customers is just below the maximum allowed. If an embedded gen-

erator is now connected to the end of the circuit then the flows in the circuit will change and hence
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Figure 2.6: DG impact on voltage profile of a radial system [8]

the voltage profile. The most onerous case is likely to be when the customer load on the network is
at a minimum and the output of the embedded generator must flow back to the source. For a lightly
loaded distribution network the approximate voltage rise (AV) due to the generator is given (in per
unit) by

_ PR+XQ
TV

In some cases, the voltage rise can be limited by reversing the flow of reactive power (Q) either by

AV (2.19)

using an induction generator or by under-exciting a synchronous machine and operating at leading
power factor. This can be effective on MV overhead circuits, which tend to have a higher ratio of
X/R. On LV cable distribution circuits the dominant effect is that of the real power (P) and the
network resistance (R) and so only very small-embedded generators may generally be connected out
on LV networks. For larger generators a point of connection is required either at the LV bus bars of
the MV/LV transformer or, for larger plants, directly to an MV or HV circuit. An alternative simple
approach to deciding if a generator may be connected is to require that the three-phase short-circuit
level (fault level) at the point of connection is a minimum multiple of the embedded generator rating,.
Some distribution utilities use more sophisticated control of the on-load tap changers of the distribution
transformers including the use of a current signal compounded with the voltage measurement. One
technique is that of line drop compensation [9] and, as this relies on an assumed power factor of the
load, the introduction of embedded generation and the subsequent change in power factor may lead
to incorrect operation if the embedded generator is large compared to the customer load.

The connection of a generator to the distribution network will result in a voltage rise at the
terminals of the generator and at each point along the feeder wire. The relative voltage rise, in

function of the wire’s X/R ratio, is approximately equal to:

AV = U= V| =|Z.1| (2.20)

AV = [R(1 + aj) = (1 + kj)| (2.21)

<I*
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%:%|1—ak+(a+k)j| (2.22)
Where,
U is the feeder voltage;
V is the wire’s receiving end voltage voltage at DG generator terminals;
Zr, = R+ Xj = R(1+ «j) is the line impedance;
a is theX/R ratio;
=00 — L1+ kj);
k is the Q/P ratio flowing in the line;

In case of no loads connected during the DG generation, the voltage variation depends on the X/R
ratio, the P (injected from DG generator to the network, in this case) and the Q/P ratio. And from
the latter equation it is evident that the voltage variation at the DG generator terminals may be
obtained by setting to zero the X /R ratio:

AV PR

v = 72 |1 — 0k + (0+ k)j] (2.23)
Thus,
AV PR .
Where,

R is the source resistance at the terminals of the generator;
P is the injected active power;

V is the generator’s nominal voltage.

The same relative voltage rise is experienced by all customers connected downstream of the gen-
erator and holds for all practical cases at distribution level. In Section 2.3 the power loss in a radial
system is considered during the injection of power from a DG unit.
The maximum permissible voltage rise, with connection of a distributed generator, is the one that
brings the maximum voltage magnitude exactly at the over-voltage limit. The ”over-voltage margin”
is defined as the difference between the maximum voltage magnitude for a given customer and the
over-voltage limit. The "hosting capacity”, introduced previously, is the maximum amount of gen-
eration that can be connected without resulting in an unacceptable quality or reliability for other
customers. From this it follows that when considering over-voltages, the hosting capacity is the
amount of generation that gives a voltage rise equal to the over-voltage margin. Each customer has a
different over-voltage margin. The connection of a generator to a distribution feeder gives the same
relative voltage rise for every location downstream of the generator. The hosting capacity can easily
be calculated, considering at the moment active power injection only (k=0) from 2.27 as:
2

Praz = %%ax (2.25)
Where,
Omaz = A’{}‘” the relative over-voltage margin (in percent);

Ajnaz the absolute voltage margin (in volt).

To understand what impacts the hosting capacity has, it is necessary to look at the relation be-

tween the wire’s resistance and it’s section:

!
R=p (2.26)

Where ”1” is the length and ”A” the cross section of the wire. Thus,
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V2

Pz = 7A5maz 2.27
i (2.27)

From the latter equation it is possible to notice that:

e The hosting capacity is proportional to the square of the voltage level and to the relative voltage

margin (in percent);
e The hosting capacity is linear with the size of the line;

e The hosting capacity is inversely proportional to the distance between the generator and the

transformer. The further away from the transformer, the smaller the hosting capacity.

It should be noted here that, all these parameters are dependent and changing one of those it would

have impacts on the others.

2.7 Voltage and Reactive Power Control in Distribution Sys-

tems

The voltages in a distribution system and to the consumers must be maintained within a certain
plus-minus band around the rated equipment voltage, under varying loading conditions and particu-

larly in case of important DG penetration as seen in Section 2.6 .

2.7.1 Capacitors: Shunt and Series Compensation Reactors

The primary purpose of capacitors is to reduce the reactive power levels. Additional benefits are
derived by capacitors location. Locating them as closely as possible to the load derives maximum
benefit of capacitors. At this location, the apparent power KVA is confined to the smallest value and
the current is decreased as seen on the case study simulation performed with OpenDSS in Section.
Thus, power losses are substantially reduced because of proportionality to the square of the current.
Capacitors can be connected as well as to feeders and in this case the advantage is that they can be
grouped together. When several loads are running not continuously, the capacitors are permitted to
be on line all the time, reducing the total reactive power regardless of load. However, static VAR
compensators employing thyristor switched capacitors and thyristor controlled reactors to provide or
absorb the required reactive power have been developed in [26]. Furthermore, VAR compensation

with capacitors could be obtained with two configuration:
e Shunt Capacitors;
e Series Capacitors.

Shunt compensation changes the equivalent impedance of the loads, while series compensation modifies

the distribution system parameters [25].

Shunt Capacitors

The principles and theoretical effects of a shunt capacitor in a simple AC system having an inductive

load are shown in Fig. 2.7, which comprises two basic cases:
1. whithout compensation;

2. shunt compensator with current source.
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Figure 2.7: Effect of shunt compensation on a simple system: a) Without reactive compensation b)
Shunt compensation with a current source.

In the first case the phasor diagram, the phase angle of the current has been related to the load
side, which means that the active current Ip is in phase with the load voltage V5. Since the load is
assumed inductive, it requires reactive power for proper operation and hence, the source must supply
it, the current increases from the generator through the line to the load. In the second case, a current
source device is being used to compensate the reactive component of the load current Ig. As a
result, the system voltage regulation is improved and the reactive current component from the source
is reduced or almost eliminated.

Series Capacitors

Typical series compensation systems use capacitors to decrease the equivalent reactance of a line at
rated frequency. The connection of a series capacitor generates reactive power that, in a self-regulated
manner, balances a fraction of the line’s transfer reactance. Figure 5.4 shows the same network of



2.7 Voltage and Reactive Power Control in Distribution Systems

39

Vi

N M —_—

Source Load

Source

b)

Figure 2.8: Effect of Series compensation on a simple system: a) Without reactive compensation b)

Series compensation with a voltage source.

Fig. 2.7, also with the reference angle in V5, and Fig. 5.4b the results obtained with the series
compensation through a voltage source, in order to regulate V5. However, the compensation strategy
is different when compared with shunt compensation. In this case, voltage Veoonp has been added
between the line and the load to change the angle of V;, which is now the voltage at the load side.
With the appropriate magnitude adjustment of Voo p, unity power factor can again be reached at
V5. As can be seen from the phasor diagram of Fig. 5.4b, Vooap generates a voltage with opposite

direction to the voltage drop in the line inductance because it lags the current Ip.

2.7.2 Fixed and Variable Capacitor-Banks

Shunt capacitors could be employed in different configurations:
e Fixed capacitor;

e Mechanically switched capacitor;
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e Thyristor switched capacitor and Thyristor-controlled Reactor;
e A combination of a TSC and TCR;

The leading current drawn by the shunt capacitors compensates the lagging current drawn by the
load. The selection of shunt capacitors depends on many factors, the most important of which is the
amount of lagging reactive power taken by the load. In the case of widely varying load conditions, the
reactive power also varies over a wide range. Thus, a fixed capacitor bank may often lead to either
over-compensation or under-compensation. Variable VAR compensation is achieved using switched
capacitors. Depending on the total VAR requirement, capacitor banks are switched into or switched
out of the system. The smoothness of control is solely dependent on the number of capacitors switching
units used. The switching is usually accomplished using relays and circuit breakers and because hey
generate high inrush currents, and require frequent maintenance, the thyristorized VAR compensators
are used. These static VAR compensators (SVC) consist of standard reactive power shunt elements,
which are controlled to provide rapid and variable reactive power. Furthermore switched capacitor
banks are applied with an automatic switch control, which senses a particular condition. If the
condition is within a preset level, the control’s output level will initiate a trip or close signal to the

switches that will either connect or disconnect the capacitor bank from the power system.

Thyristor-Switched Capacitors

Figure 2.9 shows the basic scheme of a static compensator of the thyristor-switched capacitor

(TSC) type. The TSCs are cheaper devices that achieve appropriate results in the reactive power

VAAN/
wyn

I—(current limiting)

SW1 SW2

~C

Figure 2.9: Basic thyristor-switched capacitor configuration Scheme

compensation, and they have important advantages like stepwise control, an average delay of one half
a cycle and a limited generation of harmonics. As it is shown in Fig. 2.9 a TSC consists of two
thyristors in anti-parallel connected to the capacitor to be switched. In addition, a series inductance
is considered and it is used to limit inrush current through the thyristors and to prevent resonance
with the network (normally 6% with respect to X¢). The capacitor may be switched with a minimum

of transients if the thyristor is turned on at the instant when the capacitor voltage and the network
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voltage have the same value. The current that flows through the capacitor at a given time is defined

by the following expression:

Ve
(Xo—Xp)

Xo - X1

+ XCV;n N Vco
wL(Xe — X))  w.L

i(t) = cos(wt + o) — cos(a) cos(w,t)

(2.28)

sin(w,t)

where X, and X are the compensator capacitive and inductive reactance,
Vi the source maximum instantaneous voltage,

« the voltage phase-shift angle at which the capacitor is connected,

w, the system resonant frequency w, = \/%

V., capacitor voltage at ¢t =07.

This expression has been obtained assuming that the system equivalent resistance is negligible as
compared with the system reactance. If the capacitor is connected at the moment that the source
voltage is maximum and is equal to the source voltage peak value V,(o = £7) the current transient
component is zero[27].

The shunt capacitor bank is split up into appropriately small steps, which are individually switched
in and out using bidirectional thyristor switches as Fig. 2.9 shows. It is obvious that each capacitor
bank requires a separate thyristor switch and while the steady state voltage across the nonconducting
thyristor switch is twice the peak supply voltage, a protection is needed. A possible solution is to
replace one of the thyristor switches by a diode. In this case, inrush currents are eliminated when
thyristors are fired at the right time, and a more continuous reactive power control can be achieved
if the rated power of each capacitor bank is selected following a binary combination, as described in
[28]. To connect each branch, a firing pulse is applied at the thyristor gate, but only when the voltage
supply reaches its maximum negative value. In this way, a soft connection is obtained. The current
will increase starting from zero without distortion, following a sinusoidal waveform, and after the cycle
is completed, the capacitor voltage will have the voltage —V,,, and the thyristor automatically will
block

Thyristor-controlled Reactor

In this arrangement, a fixed capacitor bank is connected to a TCR (thyristor controlled reactor)

through a busbar Fig. 2.10. The rating of the reactor is chosen larger than the rating of the capacitor
by an amount to provide the maximum lagging vars that have to be absorbed from the system[38].
By changing the firing angle of the thyristor controlling the reactor from 90°C to 180°C, the reactive
power can be varied over the entire range from maximum lagging vars to leading vars that can be
absorbed from the system by this compensator.
When phase-angle control is used, a continuous range of reactive power consumption is obtained. It
results, however, in the generation of odd harmonic current components during the control process.
Full conduction is achieved with a gating angle of 90°C. Partial conduction is obtained with gating
angles between 90°C and 180°C, as shown in Fig. 2.11. By increasing the thyristor gating angle,
the fundamental component of the current reactor is reduced. This is equivalent to increase the
inductance, reducing the reactive power absorbed by the reactor. However, it should be pointed out
that the change in the reactor current may only take place at discrete points of time, which means
that adjustments cannot be made more frequently than once per half-cycle. Static compensators of
the TCR type are characterised by the ability to perform continuous control, maximum delay of one
half-cycle, and practically no transients. The principal disadvantages of this configuration are the
generation of low-frequency harmonic current components, and higher losses when working in the
inductive region (i.e., absorbing reactive power) [29].
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Figure 2.10: Basic thyristor-controlled Reactor configuration Scheme
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Figure 2.11: voltage and current waveforms in a TCR for different thyristor phase-shift angles, o

Combined TSC and TCR

This compensator overcomes two major shortcomings of the earlier compensators by reducing
losses under operating conditions and better performance under large system disturbances.
Figure 2.12 shows the arrangement of this SVC with a TCR in parallel with several TSC banks (say,
n). In view of the smaller rating of each capacitor bank, the rating of the reactor bank will be % times
the maximum output of the SVC, thus reducing the harmonics generated by the reactor. In those
situations where harmonics have to be reduced further, a small amount of fixed compensators tuned
as filters may be connected in parallel with the TCR.

2.7.3 Fixed versus Switched Capacitors

Most LV systems have some variability in loading throughout the day. Typically, commercial and
light industrial loads peak during the day and are substantially lower overnight like the urban LV
network simulated in the next chapter and because of this variability in loading, switched capacitors
are often required to regulate voltage, and to minimise the system loading chapter 5, section 5.3.2.

Switched capacitors give added flexibility to control system voltage, power factor, and losses. Switched
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Figure 2.12: Combined TSC and TCR configuration

capacitors are usually applied with some type of automatic switch control. The control senses a
particular condition. If the condition is within a preset level, the control’s output level will initiate
a close or trip signal to the switches that will either connect or disconnect the capacitor bank from
the distribution line. Switched capacitor banks have an electronic controller that measures system
voltage within the capacitor bank and system current via an external CT or CTs and regulates the
number of steps that are activated. The controller is programmed to raise the system power factor to
a "target” power factor.

Fixed capacitor banks are usually left energised on a continuing basis. However, in areas with

significant seasonal demand changes, select banks may be manually switched on a seasonal basis.

2.7.4 Distribution-Transformers TAP Settings

In MV/LV substations the distribution transformer can be provided with tapped MV windings
which permit off-load adjustment of the transformer MV /LV ratio. The actual tapping used is de-
termined by the need to maintain the voltage supplied to low-voltage customers within the required
tolerances. Typically, the range of tappings is + 5% in 2.5% or 5% steps either side of the nomi-
nal ratio. The tapping selected depends on the voltage drop along the MV feeder, the voltage drop
through the distribution transformer, which is a function of the transformer loading, the maximum
low-voltage-distributor voltage drop, and the automatic voltage control and line-drop compensation
arrangements on the source HV/MYV transformers. Generally there are zones in a distribution network
within which standard distribution transformers can all operate on the same tapping. Calculations
to optimise the voltage conditions across the MV and LV networks are generally aimed at identifying

and defining the boundaries of these zones. In some boundary areas of the network there may be an
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overlap of zones with a subsequent choice of tapping. If the loading on a particular distribution trans-
former does not bear the same relationship to transformer rating as the other transformers in a ’tap
zone’, or its associated low-voltage-network voltage drop varies considerably from the average value
within the zone, it may be necessary to utilise a different tap from that one used for the particular
tap zone. Usually one tap higher or lower is adequate. There is evidence that, where voltage com-
pounding is in use on MV bus bar of the associated infeed HV/MV transformer substation, most MV
and LV networks operate satisfactorily with a range of 5% being used for the distribution-transformer
tappings. The major difficult in resolving a distribution-network voltage problem is the coordination
of the various voltage-control facilities, given that much of the information required is not readily
available or is of unknown accuracy. In distribution systems medium-voltage drops are relatively low,
and the voltage elasticity on the LV networks is also small, then there may be little benefit in using
MV/LV transformers with taps instead of those HV/MV ones. Thus by suitable values of source bus
bar voltage, voltage compounding on the HV/MV transformer(s) supplying the MV networks, and
adjusting distribution-transformer tappings, acceptable voltage levels can be maintained for the LV

customers across the range of system loading.



Chapter 3

Centralised versus Distributed
Compensation Benefits on LV
Networks

3.1 Introduction

Centralized reactive power compensation involves flow of larger quantities of reactive power than
the distributed compensation. Almost all loads absorb reactive power. As a consequence, the phasor of
the current circulating through the distribution lines (I) will have two components: a real component
(active current) and an imaginary component (reactive current). The transmission and distribution
of the reactive power Q cause several problems to the electric utility. First, it limits the active
power (P) generation capacity: in the power plants, the generators have a limited apparent power (S)
generation capacity. Indeed, the maximum apparent power of a three-phase generator (S = v/3U1) is
limited by the maximum line voltage (V) and current (I) that the generator can withstand; the first is
determined by the generator insulations, while the second is determined by the cross-sectional areas
of its conductors. In other words, the higher reactive power is generated and the lower active power

can be produced:
S =+ (P2+Q@?) (3.1)

Second, networks such as distribution systems have long radial feeders which occur active and reactive
power losses. In existing distribution systems, reactive power losses might be a problem, particularly
when demand is at the peak, as wire are planned to carry less current. One possible solution to this
issue is to use local compensation. Either methods of compensation have different impacts on both
LV and MV networks.

3.2 Case Study 1: Generic study

A hypothetical radial LV network with a realistic parameters has been simulated by OpenDSS and
its graphical interface DSSim in order to investigate how the way of compensation affects the voltage
profiles of the LV network. In figure 3.3 are shown the results of a power flow run with the graphical
interface. A line diagram of the MV /LV network is shown in figure 3.1, where an 11 kV/0.415 KV
transformer is connected to the main bus. Three feeders are joined to the substation bus (Bus B,
Bus C and Bus D). In addition, meters are used to monitor the power flow over each line and the
voltage at different feeders is balanced as shown. A 0.9 power factor was considered with 45 kW load

45
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Figure 3.1: Line diagram of a radial network performed with DSSim
distributed among the three buses. The transformer has 250 kVA capacity of full load and thus there
is no concern about thermal limits. Two simulations were carried out as follows, figure 3.2:
e A shunt-bank capacitor connected to the LV substation bus (Centralized Compensation);
e A shunt-bank capacitor situated on each of the three feeders Bus B, Bus C and Bus D (Individual
compensation).
As the initial cos ¢ is known, the power factor correction could be assessed with the following expression
choosing the final desired cos ¢ of the entire network:
Q. = P.[tan ¢ — tan ¢'] (3.2)
Where,

Q. is the corrected reactive power rating of the capacitor bank;

¢ is the angle of the average power factor of the network before compensation;

¢’ is the angle of the average final power factor desired for the network.

In order to compensate to unity, according to equation 3.3 a 22 kVAr capacitor bank was needed.
The same procedure was was used at each bus in order to estimate the reactive energy in the local

compensation case.

3.2.1 Simulation results: Voltage profiles for base case and compensation
cases

In figures 3.4, 3.5 and 3.6 are depicted the voltage profiles of the base case, centralised and
distributed compensation respectively. As the graphs show, the voltage drop over the transformer
is almost zero in the centralised compensation case, whereas it is about 0.2 (V) in the second case.
Furthermore, the voltage drop along the feeders is slightly higher with the application of the centralised

compensation case.
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Figure 3.3: Power flow results showed with graphical interface DSSim
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Figure 3.4: Base case voltage profile
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Figure 3.5: Centralised compensation voltage profile
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Figure 3.6: Distributed compensation voltage profile
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3.3 Case study 2: Angus Street network

The Angus Street network is an urban fully unbalanced network modelled in OpenDSS and in
order to investigate the impact of centralised and local compensation different number of simulations
with different strategies will be carried out with Fixed three-phase capacitors and Controlled three-
phase capacitors. The first case is performed in consideration of the thermal margins and the voltage’s

variation in function of each compensation strategy.

3.3.1 Network description

A line diagram is shown in figure 3.7, the network consists of 5 main feeders, 100 buses and a 52
loads which are a mixture of three-phase and single-phase figure 3.8. Furthermore, for the simulations,
load was distributed among 39 key nodes over the 5 feeders identified by WPD. According to the

statistical analysis for load measures during a six-month period the power factor recorded is 0.982.

3.3.2 Base case simulation results

In the first place, a power flow was solved and results are reported in table 3.1 and 3.2:

Mazx p.u. voltage | Min p.u. voltage | kW losses | kVAr losses
1 0.9 36 40

Table 3.1: Overview of simulation results - voltage and losses

P1 (kW) | P2 (kW) | P3 (kW) | Q1 (kVAr) | Q2 (kVAr) | Q3 (kVAr)
Sub-Bus 203 188 227 98 93 110
Feeder 10 10 95 12 5 5 6
Feeder 20 12 2 28 6 1 14
Feeder 30 40 39 30 22 22 18
Feeder 40 64 37 54 29 16 23
Feeder 50 77 100 102 37 49 50

Table 3.2: Angus Street network power flow

Figure 3.9 shows the voltage profiles (L-N) of network branches at Angus Street under the nominal
maximum load case of 620kW and with a power factor 0.9 (lagging) - Base case. The most affected
branches by voltage drop are shown in graphs. There is a small voltage drop across the 11kV/415V
transformer at the main busbar (Sub-Bus) of 2.1% (average value of the three phases). The results
in figure 3.9 shows clearly the significant difference between phase voltages. There is also a quite
significant voltage drop along particular feeders, e.g. along SUBFDR50 branch, where there is a
voltage drop of 7.9% on Phase 3.
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Figure 3.9: Angus street Base Case voltage profiles - 5 Sub-Feeders
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3.3.3 Simulation cases for reactive power correction

Firstly, base case with fixed three-phase capacitors is investigated with an assumed overall power
factor cos ¢=0.9 of the entire network and for the simulations, 620 kW load was distributed among
39 key nodes over the 5 feeders identified by WPD. Initially, a simulation with no compensation has
been carried out to determine the A, kW and kVAr peaks at Sub-Bus and Sub-Feedsrs. Since the
network is fully unbalanced, the maximum current has been detected through the third phase, which
was crossed by Is=1078 (A) with real power equals to 227 kW. While the maximum reactive power
has been registered through the third phase at the Sub-Bus and it was about 110 kVAr. As the initial
cos ¢ is known, the power factor correction could be assessed with the following expression choosing

the final desired cos ¢ of the entire network:

Q. = P.[tan ¢ — tan ¢'] (3.3)

Where,
Q. is the corrected reactive power rating of the capacitor bank;
¢ is the angle of the average power factor of the network before compensation;

¢’ is the angle of the average final power factor desired for the network.

Having assumed a 0.9 power factor, according to equation 3.3 for a unity correction, the capacitor
bank amount for a central compensation is Q. = 300 kVAr and it is placed on the main Sub-Bus.
Same procedure was used to determine the correcting reactive power amount for the distributed com-

pensation as reported in table 3.4.

Compensation strategy Capacitor Bank(s)
Centralised 300 kVAr
2 | Distributed at 1/3 feeder lengths 300 kVAr
Distributed at the lowest voltage 300 kVAr

Table 3.3: Compensation to unity cases - Angus Street network: Load Magnitude = 620 kW and
Load PF=0.9

kW phase 1 | kW phase 2 | kW phase 3 | 3-ph kVAr
Sub-Feeder 10 10 9.5 12 15
Sub-Feeder 20 12 2 28 20
Sub-Feeder 30 40 39 30 50
Sub-Feeder 40 64 37 54 75
Sub-Feeder 50 7 100 102 140

Table 3.4: Reactive power sizing for distributed compensation to unity - Angus Street network: Total
distributed reactive power Q = 300 kVAr
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The same capacitive power amount is used in either centralised and distributed compensation as
shown in table 3.3. The sizing of correcting reactive power amount per Sub-Feeder in consideration
of distributed compensation is obtained by summing up the three real powers (unbalanced network)
and then multiplying by tan¢. Furthermore, two cases for the distributed compensation were carried
out, where the capacitor banks were positioned at 1/3 of the feeder lengths from each Sub-feeder and

then at the end of the three-phase connection of feeders as shown in figure 3.10.

3.3.4 Reactive compensation on Angus St. Network: Results

The reactive power injected into the network improves the voltage profiles and mitigates the active
and reactive losses. In table 6.3 are shown the results of the different strategies of compensation: The

maximum and minimum p.u. voltage, the kW and kVAr losses.

Mazx voltage | Min voltage | kW | kVAr
Base case 1 0.904 36 40
Central compensation 1 0.917 35 35
Distributed 1/3 feeder length 1 0.922 34 34
Distributed at lowest voltage 1 0.922 39 37

Table 3.5: Reactive compensation strategies - p.u. voltage and losses
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Figure 3.10: Location options used in simulations
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3.3.5 Centralised compensation voltage profiles

Figure 3.11 shows the voltage profiles (L-N) of network branches with central capacitor bank
placed at the main Sub-Bus on Angus Street network. The improvement in voltage of the most
affected branches by voltage drop are shown in graphs. The voltage drop across the 11kV/415V
transformer at the main busbar is 0.95%. The voltage drop along SUBFDRA50 branch, is 7.9% on
Phase 3.

3.3.6 Distributed compensation voltage profiles: 1/3 feeder lengths

Figure 3.12 shows the voltage profiles (L-N) of network branches with capacitor banks placed at
one-third feeder lengths from each sub-feeder on Angus Street network. The improvement in voltage
of the most affected branches by voltage drop are shown in graphs. The voltage drop across the
11kV/415V transformer at the main busbar is 1%. The voltage drop along SUBFDR50 branch, is
7.2% on Phase 3.

3.3.7 Distributed compensation voltage profiles: feeder ends (lowest volt-
ages)

Figure 3.13 shows the voltage profiles (L-N) of network branches with capacitor banks placed at
each feeder end (at the lowest voltage of each feeder) on Angus Street network. The improvement in
voltage of the most affected branches by voltage drop are shown in graphs. The voltage drop across
the 11kV/415V transformer at the main busbar is 1%. The voltage drop along SUBFDR50 branch,
is 7.6% on Phase 3.

3.3.8 Reactive compensation approaches: voltage drop summary

In tables 3.6 and 3.7 is shown a comparison between the voltage drop of the different compensation
types in both percentage and absolute values, respectively. The results show that the lowest voltage
drop across the transformer is obtained with the centralised compensation which is 0.95% compared to
1% voltage drop achieved with distributed compensation cases. Furthermore, the lowest total voltage
drop is achieved with the distributed compensation at one-third feeder length which is 8.2 % compared
to the other two cases. It is important to notice how the losses are considerably reduced along the
feeder with a distributed compensation approach rather than a centralised one where the losses are

very slightly decreased over the feeder.

Total AV% | Transformer AV% | Feeder AV%
Base case 10 2.1 7.9
Central compensation 8.85 0.95 7.9
Distributed 1/3 feeder length 8.2 1 7.2
Distributed at lowest voltage 8.6 1 7.6

Table 3.6: Voltage drop percentage for reactive compensation approaches

3.3.9 Reactive compensation approaches: maximum transformer LV cur-
rent summary

The X/R ratio for MV lines, cables and 11kV/0.415kV transformers is usually greater than one,

while the ratio is lower than one for LV wires. Therefore, in order to release more capacity to the
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Total AV | Transformer AV | Feeder AV
Base case 22.8 5.1 17.7
Central compensation 19.8 2.3 17.5
Distributed 1/3 feeder length 184 2.4 16
Distributed at lowest voltage 19.3 24 16.9

Table 3.7: Absolute voltage drop for reactive compensation approaches

transformer [1391 (A) of a full load transformer on Angus street network], the compensation type
should reduce as long as possible the current at the LV side. In table 3.8 are shown the maximum
transformer LV side current for each compensation approach. As can be seen, there is a significant
unbalance between phases and the third phase is the most loaded.

I1 (A) | 12 (A) | I3 (A) | Reduction %
Base case 960 891 1078 -
Central compensation 865 800 976 10.5
Distributed 1/3 feeder length 867 802 980 10.1
Distributed at lowest voltage 875 811 989 9.1

Table 3.8: Transformer LV side current for the different reactive compensation approaches with a
transformer Ampacity of 1391 (A)

As the transformer on Angus street network has 1000 kVA of full load capacity which is not fully
loaded with an experienced peak load demand of 689 kVA and therefore, a capacity of 313 (A) is
left. In addition the simulation results show that a centralised compensation to unity releases 102 (A)
capacity to the transformer on the third phase. Furthermore, a A reduction in current up to 10.5% is
achieved with the centralised compensation and the transformer LV side current has been increased
with the first and second case of distributed compensation. In other words, the further capacitor
banks are placed along the sub-feeders, the less effective is current reduction at the transformer.
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Figure 3.11: Centralised compensation - Angus street voltage profiles - 5 Sub-Feeders
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Figure 3.12: Distributed compensation 1/3 feeder lengths - Angus street voltage profiles - 5 Sub-

Feeders
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Figure 3.13: Distributed compensation at lowest voltage - Angus street voltage profiles - 5 Sub-Feeders






Chapter 4

Reactive Compensation

Manufactured Units

In this chapter are reported briefly practical aspects and specifications of LV capacitors. Devices
currently available for VAr support and power factor correction are[30]:

—> Fixed capacitor banks (FCB) - where load and power factor are relatively constant

= Automatic capacitor banks (ACB) - Supplies variable quantities of Q in response to changing load
conditions (magnitude and power factor)
for systems with relatively low THD and TDD (Clean network)

—>De-tuned capacitor banks (DACB) - for controlled power factor correction with harmonic
suppression (polluted network)
(i) Reduce flow of harmonic currents in capacitors
(if) Damp in-rush current

= Transient free compensation systems - Electronic switching of capacitor stages to avoid transients
generation

Four mainly manufacturers’ of LV capacitor banks were identified:
1. ABB
2. Eaton capacitors
3. Schneider

4. Gentec

4.1 Products specifications

Specifications of the latter devices are shown in the tables below [31], [32], [33] and [34]. The prices
included in the tables have been provided by correspondence with various UK suppliers. In appendix

F is included Schneider-Electric’s quotation for standard and detuned power factor correction.

4.1.1 Standard IP Ratings

Each device has the relative ingress Protection rating (IP) and it is used to specify the environ-
mental protection - electrical enclosure - of electrical equipment [35]. However, manufacturers could
change IP ratings as requested by customers.

61
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The IP rating normally has two numbers:
1. Protection from solid objects or materials;
2. Protection from liquids (water).
IP10:(Schneider)
Protected against solid objects 50mm;
No protection against liquid object.
IP20:(Schneider)
Protected against solid objects 12.5mm;
No protection against liquid object.
IP21:(ABB)
Protected against fingers or similar objects
Protection against vertically falling drops of water.
IP31:(Eaton capacitors - Schneider)
Protected against solid objects over 2.5 mm (tools and wires);
Protection against vertically falling drops of water.
P42 :
Protected against solid objects over 1 mm,;
Protection against direct sprays of water up to 150 from the vertical.
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400 2 15 + 45 60 13.7 kg n/a
400 2 30+ 30 60 14.5 kg n/a
400 2 30 + 60 90 16.5 kg n/a
400 2 45 + 45 90 16.5 kg n/a

ACB 400 5 25 125 / 2769

DACB 400 5 25 125 / 3750
480 5 10 50 90.8 kg n/a
480 5 15 75 95.3 kg n/a
480 5 20 100 95.3 kg n/a
AUTOVAR 300 480 3 25 125 109 kg nfa
Automatic 480 5 30 150 109 kg 36 x 36 x 13 nfa
Power Factor 480 5 35 175 118 kg n/a
Correction 480 5 40 200 122.6 kg n/a
480 5 45 225 131.7 kg n/a
480 5 50 250 132.6 kg n/a
480 5 60 300 140.7 kg n/a
AUTOVAR 600 480 3 50 150 287 kg nfa
Eaton Automatic 480 4 50 200 306.9 kg 80 % 39 x 25 nfa
Power Factor 480 5 50 250 326.9 kg n/a
Correction 480 6 50 300 346.9 kg n/a
480 =5 31 156 n/a
480 =5 37.5 187 n/a
:m_._mmm:*.“-_nqmm 480 =7 a1 219 31.5 % 23.6 x nfa

Reactive

Power 480 =5 50 250 82.7 n/a
480 =7 37.5 262 n/a
480 =5 62.5 312 n/a
Eaton 415 5 25 125 210 kg 2100 x 600 x n/a
capacitors 300 415 3 50 150 235 kg 600 (mm) nfa
standard 415 4 3x50+1x25 175 24 n/a
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4.2 Principle of automatic compensation

Switched capacitor banks are applied with an automatic switch control, which senses a particular
condition. If the condition is within a preset level, the control’s output level will initiate a trip or
close signal to the switches that will either connect or disconnect the capacitor bank from the power
system. Capacitor controllers can be chosen to switch capacitors in and out of the system depending
upon the desired control quantity, which are [36]:

e Voltage: The capacitor switches on and off, based on voltage. The user provides the threshold
minimum and maximum voltages as well as time delays and bandwidths to prevent excessive
operations. Voltage control is most appropriate when the primary role of a capacitor is voltage

support and regulation.

e Current: The capacitor switches on and off based on the line current. Current control engages

the capacitor during heavy loads, which usually corresponds to the highest needs for vars.

e Time switch: The simplest scheme: the controller switches capacitors on and off based on
the time of day. The on time and the off time are programmable. Modern controllers allow
settings for weekends and holidays. This control is the cheapest but also the most susceptible
to energising the capacitor at the wrong time (due to loads being different from those expected,
to holidays or other unexpected light periods, and especially to mistakenly set or inaccurate
clocks).

e Vars: The capacitor uses var measurements to determine switching. This is the most accurate
method of ensuring that the capacitor is on at the appropriate times for maximum reduction of
losses.

e Temperature: The controller switches the capacitor bank on or off depending on temperature.
Normally these might be set to turn the capacitors on in the range of 85 and 90°F and turn

them off at temperatures somewhere between 75 and 80°F.

Many controllers offer many or all of these possibilities. Many are usable in combination; turn ca-
pacitors on for low voltage or for high temperature. Var, power factor, voltage, or current controllers
require voltage or current sensing or both. Capacitor bank switching is not based on power factor
because both the voltage and current would have to be monitored and a microprocessor is required to
calculate the power factor. Furthermore, voltage control provides extra safety to prevent capacitors
from causing over-voltages. Some controllers offer types of voltage override control; the primary con-
trol may be current, vars, temperature, or time of day, but the controller trips the bank if it detects
excessive voltage. A controller may also restrain from switching in if the extra voltage rise from the
bank would push the voltage above a given limit. In order to minimise the cost and complexity,
controllers often switch all three phases using sensors on just one phase. To coordinate more than
one capacitor with switched var controls, set the most-distant unit to have the shortest time delay.
Increase the time delay on successive units progressing back to the substation. This leaves the unit
closest to the substation with the longest time delay. The most distant unit switches first. Upstream
units see the change and do not need to respond. For var-controlled banks, locate the current sensor
on the source (substation) side of the bank. Then, the controller can detect the reactive power change
when the capacitor switches. To properly calculate vars, the wiring for the CT and PT must provide
correct polarities to the controller.

In figure 4.1 is shown a wiring diagram of an automatic capacitor bank manufactured by Schneider.
The absorbed reactive energy is detected by a varmeter relay which automatically controls closing and
opening of the sections in relation to the load and the required power factor. A similar wiring diagram
of an automatic capacitor bank manufactured by ABB is shown in figure 4.2. The figure shows also the
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protection needed for the device installation. Both wiring diagrams show the position of the current

transformer CT that must be upstream the capacitor bank and where it matches the total current.

,l

‘ | |
Sl (=

relay

e

Figure 4.1: Schneider wiring diagram: principle of automatic compensation of an installation [36]

The reactive compensation units consist of capacitor(s), contactor(s), fuses and a reactive power
controller as shown in ABB wiring diagram. The reactive power controller needs two factors for correct

control:
e the voltage taken internally from the compensation unit

e the value of the apparent current taken from the feed-in or metering point in using a current

transformer with a defined transforming ratio.

Manufacturers’ first goal is to produce compensation banks as economically as possible. This is why
small units consist of capacitors of different sizes, for example 10, 20 and 40 kvar (ratio 1:2:4) to
achieve total 70 kvar switching in seven steps. Bigger compensation banks (greater than 200 kvar) are
assembled with capacitors of equal size, for example 50 kvar. The market offers basic and extension
modules. The reactive power controller senses the reactive power steadily at the point where the
current transformer has been located. In some installations often one central-type compensation is
quite sufficient. The power factor requested by the electricity supplier is to be kept on average within
one billing period. Brief deviations from the power factor target must not be controlled quickly. Thus
switching time delays per step of 30 to 40 s are quite sufficient. It must be taken into consideration
that shorter delays increase the number of switching operations, which often are counted up by modern
power factor relays. An important criterion for choosing compensation banks is the type of consumer:
if there are only a few consumers with high rated power, a capacitor bank with rough stepping control
is applicable. Installations with many middle- or small-sized consumers require compensation with
fine-stepping control. For this purpose more expensive compensation units with up to 12 or even 14
steps could be custom built and designed to specific load requirements. Older power factor relays
control with a fixed switching program, the so-called ’geometrical switching sequence’ as shown in
figure 4.3.
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* C1..C12 capacitor steps
e FMAIN main fuses or protective devices (not provided)
* FAUX auxiliary fuses
e F1..F12 capacitor step fuses
e K1..K12 contactors
e RVC Power Factor controller
e T1 power transformer
o TAUX auxiliary transformer (optional)
e CT current transformer (not provided)
LAY fan(s)
* R1..R12 reactors (APCRO3 only)
o AUX auxiliary power supply
1 cr
{ l:j } f?;\ . | Loads
L FMAIN
AUX ,
¢ |
t
n F1-F12
& FAUX
L 1
TAUX l R1-R12
4 :
RVC A\
K1-K12 4
v =
|
c1-c12

Figure 4.2: ABB wiring diagram: principle of automatic compensation of an installation [37]

4.2.1 Lifetime of Capacitors

The data sheets of manufacturers often indicate a guaranteed lifetime of capacitor units up to
100,000 hours. This information should be regarded as a statistical value - premature failures are
possible. The guaranteed lifetime is defined at nominal operation conditions, that is at rated voltage
and an average ambient temperature of 35 °C, unless otherwise specified. According to EN 60831 and
EN 60871, operation of capacitors with higher voltages and higher currents than the nominal values
is allowed depending on the duration [48]. Current loading and over-voltage stress reduce the lifetime
of the capacitors. Furthermore, increased operating temperature causes a reduction of the lifetime of
capacitors as shown in [48] for a rated life of 100,000 hours of operation and the lifetime is reduced

by 50% for a temperature increase of 7 °C.

4.2.2 Preset Switching Time Delay per Capacitor Step

Manufacturers deliver the compensation banks with preset switching time delays usually in the
range of 20 to 30 s. It is up to the customer to change it according to the expected fluctuations of
lagging reactive power demand of the consumers. If few fluctuations are expected, switching time
delays between 40 and 60s are quite sufficient. More frequent changes in reactive power require
switching time delays between 20 and 40 s. The main goal of reactive power compensation is to
follow the desired power factor, for example 0.95 on average within one billing period. Therefore it is
recommended to check the first two or three energy invoices of the electricity distribution company. A
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Capacitor step kvar Switching steps
(a) Arithmetic sequence 0
1:1:1:1:...
10
10
10
10
10
10
10
Power of capacitor step: 0
(b) Mixed sequence 0
1:2:2:2: ...
10
20
20
20
Power of capacitor step: 0
© i e | o
10
20
40
Power of capacitor step: 0 20 | 30
Capacitor step switched off
- switched in

Figure 4.3: Fixed switching programs for equal- or unequal-sized capacitors [48]

correction may become necessary at any time in changing either the switching time delay or the preset
power factor target. Preset switching time delays shorter than 20 s are not recommended. Note that
shorter switching time delays increase the switching frequency; longer switching time delays spare
both the switching devices like air contactors and the capacitors with regard to lifetime. Furthermore,
this ensures that any capacitor step ready for re-energising will be unloaded since the last operating
period. It must be underlined that the recommended switching time delays refer exclusively to LV
compensation banks.
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4.3 Capacitor Ratings

Capacitors must be built to tolerate voltages and currents in excess of their ratings according to
standards. The applicable standard for power capacitors is IEEE Std 18-2002, IEEE Standard for
Shunt Power Capacitors. Additional information is given in IEEE Std 1036-1992, IEEE Guide for
Application of Shunt Power Capacitors. IEEE Std 18-2002 gives the following continuous overload
limits. These are ”intended for contingencies and not intended to be used for a nominal design basis.”
[46]:

e 110% of rated rms voltage

e 120% of rated peak voltage

e 135% of rated rms current (nominal current based on rated kvar and voltage)
e 135% of rated reactive power

Short time overload voltages were specified in IEEE Std 18- 1992 (on older version of the standard) and
IEEE Std 1036- 1992 and are listed below. These standards state that a capacitor may be expected
to see a combination of 300 such over-voltages in its service life. Note that these over-voltages are
”without superimposed transients or harmonic content.”

e 2.20 per unit rms voltage for 0.1 seconds (6 cycles of rms fundamental frequency)

e 2.00 per unit rms voltage for 0.25 seconds (15 cycles of rms fundamental frequency)

1.70 per unit rms voltage for 1 second

1.40 per unit rms voltage for 15 seconds

1.30 per unit rms voltage for 1 minute

1.25 per unit rms voltage for 30 minutes
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4.4 Maintenance

Before any operation, disconnect the capacitor or the bank, wait 5 minutes, short-circuit and earth
the terminals. Do not touch any capacitor terminals if not short circuited and earthed in advance.
Periodical checks and inspections are required to ensure reliable operations: disregarding the following

basic maintenance rules may result in severe operation, bursting and fire [47].

Two weeks after installation: check the tightness of the connection and terminals. This operation

is always required before the start up.

Once a month:
e clean the bushings and terminal boards to avoid short circuit due to dust or contaminants.
e check the tightness of the connection and terminals;
e perform a visual inspection in order to check mechanical deformation

e check ambient temperature of the cabinet where the capacitors are installed. An increase of
temperature could be an indication of reduced efficiency of the cooling systems due to dust and
other contaminants.

Once a 6 months:

e check the surface temperature of energised capacitors. In case of excessive temperature is rec-
ommended to replace the capacitor. This could be due to an increase of loss angle which is an
indication of reached end of life.

e Perform a current measurement, by means of a true effective rms meter or an harmonic anal-
yser, and compare with nominal current. In case of current above nominal value check your

application-systems for modification.

e In case of an increase of harmonics due to an increased use of non linear load, the installation

of detuning reactors must be considered.

e Check the functionality of discharge resistors: switching off the capacitors and measuring the

voltage between terminals. Within 3 min the voltage must be less than 75V.

A more thorough maintenance schedule has to be established according to the specific operating

conditions. For instance, in a polluted environment cleaning may be more frequently necessary.






Chapter 5

Control of Centrally Located
Reactive Compensation in LV
Networks

To enhance the voltage level at both transformer LV side and the furthest node, capacitors could be
used as a regulating devices. When a shunt capacitor is connected in parallel to the main substation,
the voltage increases by reducing the inductive VARs. On the other hand, another important aspect is
that a distribution transformer would be very inductive and have a very low power factor, particularly
in a completely unloaded transformer (high X/R ratio), and as a consequence its power factor varies
considerably as a function of the load since the power factor depends on the real/apparent power
ratio. Table 5.1 outlines some values of the reactive power demand of three-phase transformers from
Siemens AG. The reactive power at rated load is up to four times the reactive power at no load due

to the leakage reactance.

Reactive power losses

Rated apparent Impedance No load Full load
power (kVA) voltage (%) (kvar) (kvar)
100 4 3.5 15
160 4 5.0 11.4
250 4 7.0 17.0
400 4 10.0 26.0
500 4 12.0 32.0
630 4 14.5 40.0
800 6 17.0 49.0
1000 6 20.0 80.0
1250 6 24.0 99.0
1600 6 28.0 124.0

Table 5.1: Reactive power demand of LV transformers (mean values)
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5.1 Generic study: Effect of variation in centralised reactive

compensation on transformer LV side voltage

For the voltage regulation utilising centralised capacitors devices, the case study 1 in section 3.2
was considered including variation of the power factor allover the network. Three cases were inves-
tigated with 0.7, 0.8 and 0.9 power factors. According to section 3.2, each case requires different
amount of reactive power in order to compensate to unity. In table 5.2 are reported the reactive
power amounts for the three cases. The transformer utilised in the simulations is a typical MV/LV
transformer of 250kVA and Vg, = 4%. In figure 5.1 are showed the trends of the three cases for the
voltage variation at transformer LV side. As can be seen the voltage trend is linear for each case
and varying the power factor the voltage trend is still linear. As the simulations results show, the
voltage level is lower for a poor power factor, for instance 0.7 pf, and it increases with the percentage
of compensation till it reaches the same voltage level for all cases at 100% of compensation. It must
be noticed that in a network with a poor power factor an over-compensation must be avoided as a
higher over-voltage level is obtained compared to networks with pf close to unity: see figure 5.1 at
125% of compensation.

Power factor | Reactive power amount kVAr
0.7 46
0.8 34
0.9 22

Table 5.2: Reactive energy needed for a central unity compensation - figure 5.1
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LV side voltage
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5.2 Western Power Distribution low voltage networks

5.2.1 Angus street network: Effect of variation in centralised reactive com-
pensation on transformer LV side and feeder end voltage

Considering Angus street network simulated in the previous chapter in section 3.3.5, figures 5.2
and 5.3 show the voltage profiles improvement at transformer LV side and feeder end as a function of
the percentage of compensation, respectively. The graphs show the results of some simulations data
carried out by OpenDSS with different amounts of correcting capacitive power, in order to display
the voltage trends which increase linearly with the percentage of compensation. The voltage at the
transformer LV side has been enhanced on the third phase (the most loaded) from 233.97 (V) to
237.3 (V) at 100% of compensation (300 kVARs injected). The lowest voltage at feeder ends has
increased linearly as a function of compensation percentage same as the voltage improvement at the
main substation, and for instance at the end of feeder 50 as can be seen from the graph, there is a

voltage enhance of about three volts.

Transformer voltage variation as a function of compensation
percentage at LV side - Angus St.
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Figure 5.2: Voltage regulation at transformer LV side with a central capacitor bank connected

The same procedure was applied to another three LV networks run by Western Power Distribution,

as listed:
1. Stuttgarter Strasse (urban), Cardiff
2. Nettlefold Road (urban), Cardiff
3. Rhos Wenallt, Abernant (rural), Aberdare

In figures 5.4, 5.5 and 5.6 are shown the graphs of the latter networks at the transformer LV sides,

respectively.
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Feeder 50 lowest voltage variation as a function of compensation
percentage - Angus St.
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Figure 5.3: Voltage regulation at feeder ends with a central capacitor bank connected

Transformer voltage variation as a function of compensation
percentage at LV side - Angus St.

240
239 A2
2 ~T
& /
3 /’
E 238 //
& // -
% =0=Ph 1
> //
5 237 - @ Ph2
g v
S Vg =i=Ph 3
~
= 236 ﬁ,/
235

0 10 20 30 40 50 60 70 80 90 100 110 120

Percentage of compensation

Figure 5.4: Stuttgarter Strasse network: Voltage regulation at transformer LV side with a central

capacitor bank connected including power factor variation

5.2.2 Angus street network: Effect of variation in centralised reactive com-

pensation on transformer LV current

In figure 5.7 are shown the current trends of the three-phase system at the main substation.
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Transformer voltage variation as a function of compensation
percentage at LV side - Angus St.
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Figure 5.5: Nettlefold Road network: Voltage regulation at transformer LV side with a central capac-

itor bank connected including power factor variation

Transformer voltage variation as a function of compensation
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Figure 5.6: Rhos Wenallt, Abernant network: Voltage regulation at transformer LV side with a central

capacitor bank connected including power factor variation

The transformer LV side currents decrease significantly initially as the compensation is applied
with a non-linear trends and as expected, currents reach the minimum at 100% of compensation.
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5.3 Voltage and Var support through the deployment of au-

tomatic capacitor bank

Automatic capacitor banks are the most suitable solution for a centralised compensation in low
voltage networks. These equipments could be supplied completely assembled and ready for use or
custom built and designed to specific load requirements. Automatic capacitor banks are provided
by controllers which enable reduction in energy demand increasing the distribution grid efficiency by
improving power factor and releasing capacity. Furthermore, they supply variable quantities of Q in
response to changing load conditions (magnitude and power factor) by incrementing or decrementing
the active step. Generally, this capacitor bank type is used for systems with relatively low THD
and TDD ”Clean network”, whereas for polluted network are used the de-tuned ones with the aim
of harmonic suppression and dumping in-rush currents. In chapter 4 are showed some selected LV
switched capacitors of four mainly manufactures to use on the analysed network: ABB, Schneider,
Eaton capacitors and Gentec. Depending on the size of a compensation unit, it is assembled with
capacitors of equal size or of different size. A unit with a total reactive power of 300 kvar consists of
six power capacitors, of 50 kvar each. Thus the number of capacitors is identical to the number of
steps: six capacitors controlled by six steps. However, compensation banks with unequal steps, for
example 30 kvar and 20 kvar enable compensation in fine-stepping mode.

5.3.1 Daily load shape used in the network simulation

In the first part of the project [43] , a daily variation of measured phase values of real and reactive
power of Angus Street network were illustrated for the 25th April 2012, which has been chosen as the
date of peak load demand of the provided recorded data after a seasonal load analyses and it is shown
in figure 5.8.
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Figure 5.8: Angus street daily load shape on the 25th April 2012

The simulations were carried out using the latter real and reactive power trends with a 0.9 power
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factor in order to analyse an extreme case by stressing the whole network.

5.3.2 Central Volt/VAr regulation at the main sub-station of a daily volt-
age variation

In this section, the voltage regulation is performed in OpenDSS using automatic central capacitor
banks at the transformer LV side with different number of steps. Firstly, the voltage variation of
the base case is shown in figure 5.10 and as can be seen from the voltage (L-N) result simulations
of the three phases at the feeding point, before the reactive power compensation, there are voltage
fluctuations over the day which are more evident from 06:00 a.m. until 09:00 p.m., but all of the
phases follow almost the same trends even if it is unbalanced network. The voltages remain within
the range 234.5 : 238.5 (V) and this is within statutory limits (-6%/+10% of 230V) [44] . Furthermore,
a centralised compensation executed with a fixed central capacitor bank would not be suitable and
would cause an over-compensation during the light load demand as shown in figure 5.11 [45], where
the voltage trend over the day is basically shifted up with no regulation and there would still be
a fluctuation of 4.75 (V) between the maximum and minimum voltage over the day. To avoid that

voltage fluctuation, two simulations with a central automatic capacitor bank are carried out as follows:
1. Six-steps capacitor bank
2. Ten-steps capacitor bank

The reactive power amount is referred to a unity compensation and it is a 300 kVAr as discussed in

chapter 3, section 3.3.3.

5.3.3 Control Scheme of Reactive Power and Simulations Results

The regulation of Volt/VAr in this study is carried out by measuring the reactive power every ten

minutes as follows:

Q> Q,
Then Q,, = +50 (Six-steps) or @, = +30 (Ten-Steps)

Where,
Q is the measured reactive power
Q@ is the reactive power per each step activated with n=1, 2, .., 6 (Six-Steps case) or n=1, 2, ..., 10

(Ten-Steps case)

As a consequence, in the first case 300 kVAr are dived by six and each step is ratched up by the
capacitor controller and a plus 50 kVAr is injected to the network until it reaches the maximum as
follows: Q,=[50, 100, 150, 200, 250, 300] kVar. In the second case, there is more regulation due
to the higher number of stages compared to the previous case, where 30 kVar are injected into the
network per each step activated until it reaches the maximum reactive power as follows: @,,=[30, 60,
90, 120, 150, 180, 210, 240, 270, 300] kVAr. In both cases the only first step kVAr was not used for
this particular day even with the slightest load demand.

As a result of voltage regulation with automatic capacitor banks, the voltage fluctuations are
reduced to 2.43 and 2.25 (V) in the first and second case on the third phase, respectively. In the
two different regulation cases the voltage trend is the same when the network is heavily loaded which

occurs between 10:00 a.m. and 03:30 p.m. and on the remain part over the day are different and more
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regulated in the second case with more steps where there is less fluctuation, for instance, from 20:00
to 21:00 as it can be seen in figures 5.12 and 5.13. Particularly, when the load varies greatly, switched
capacitors with steps larger than required for correcting the power factor may lead to overcompensation
and excessive leading power factor. The most substantial issues resulting from leading power factor
are system over-voltage and generator regulation issues. Simply stated, generators prefer a lagging
power factor load. A generator can find it difficult to properly regulate its output voltage when serving
a leading load.

Reactive power demand at the main SUBBUS before compensation
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Reactive Power (kVAR)

20

Time (hh:mm)

e===ph]-SUBBUS e====ph2-SUBBUS e===Ph3-SUBBUS

Figure 5.9: Reactive power demand at the main SUBBUS before compensation
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Figure 5.11: voltage variation due to fixed capacitor at the main sub-station
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Figure 5.12: Voltage regulation case 1) Central automatic capacitor bank with 6 steps
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Figure 5.13: Voltage regulation case 2) Central automatic capacitor bank with 10 steps
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As one can grasp, the Var control used previously causes an over-compensation in certain intervals
during the day, and as a consequence, there is an over voltage on the daily voltage profile at the main
sub-station. Referring to available control devices on the marketplace, as seen in section 4.2, a more
precious control is identified by defining a bandwidth for the reactive power. In this way there is no
risk of overcompensation. The CAP controller has been built in OpenDSS for automatic capacitor

banks with six-steps and ten-steps as follows:

e Six-steps case) If the upper limit is greater than 50 kVAr, then switch on a step and if the lower

limit is less or equal than zero, then switch off a step.

e Ten-steps case) If the upper limit is greater than 30 kVAr, then switch on a step and if the lower

limit is less or equal than zero, then switch off a step.

The connection or disconnection of a step, as shown in figures 5.14 and 5.15, occurs when the reactive
power amount exceeds or does not reach the upper limit and the lower limit, respectively, in points
A and B. On the contrary, there is no reactive energy regulation when the kVAr are within the

bandwidth, for instance, points C. In the simulations, the current transformer CT was positioned as

A
A\
50 kVAr C C Upper limit

0 kVAr Lower limit

Figure 5.14: Bandwidth for Six-Steps automatic capacitor bank

30 kVAr C C Upper limit

0 kVAr Lower limit

Figure 5.15: Bandwidth for Ten-Steps automatic capacitor bank

discussed in section 4.2 and in figures 5.16 and 5.17 are shown the daily voltage profile at the main
sub station, for the controlled reactive power with six-steps and ten-steps, respectively. As a result
of voltage regulation with automatic capacitor banks, the voltage fluctuations are reduced to 2.47
and 2.19 (V) in the first and second case on the third phase, respectively compared to the base case.
Comparing the latter figures with figures 5.12 and 5.13, it could be noticed the slight over voltage on
the daily voltage profile. Furthermore, there is less fluctuation, comparing the two cases performed
with ten-steps capacitor bank, using a bandwidth for the control of reactive power.
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Figure 5.16: Voltage regulation with bandwidth) Central automatic capacitor bank with 6 steps
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SUBBUS: 6 x 50 kVAR

100

(o]
o

D
o

=

f

Reactive Power injection (kVAR)

0 T T T T T T T T T T T T T T T T T T T T T T T T
0O D0 0000000000900 000909909090 Q9 O
e I e A R e e B A B e I e I e I B I R
O A A mMIFIORBIGANS oA ®MIFDBONBAS od & M O

T 1 H 1 AN AN NN
Tlme (hh:mm) @===ph1 - SUBBUS em=ph? - SUBBUS @s==ph3 - SUBBUS

Figure 5.18: Stages ON/OFF sequence of a daily compensation with a Six-Steps automatic capacitor
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Figure 5.19: Stages ON/OFF sequence of a daily compensation with a Ten-Steps automatic capacitor
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Chapter 6

Embedded (Generation Impacts on

LV Network Performance

In this chapter a study on the hosting capacity limits, embedded generation and its effects on Angus
street LV network is expounded. The studies have been done with different number of simulations, in
order to see the system performance in terms of energy and voltage changes. The network analysis

has taken place as follows:
1. Network base case + dispersed connection points of PV over the network
2. case 1) including reactive compensation
3. case 2) assuming the minimum load

Generally, power injected from PV generation is real power as inverters work with a unity PF [50].
Utilising the reactive power capability of smart inverters for voltage control in systems with large
penetration of PV generation should be possible with either local and remote control. The latter one
is for PV systems of 6 kW or higher. According to the PV installation real power, smart inverters

could work as follow:
1. Supplying or absorbing reactive power with 0.98 instantaneous PF for 3 kWp PV systems
2. Supplying or absorbing reactive power with 0.95 instantaneous PF for 6 kWp PV systems

3. Supplying or absorbing reactive power with 0.9 instantaneous PF for PV systems with peek
power higher than 6 kWp

In PV generation, supplying / absorbing of reactive energy is conventionally assumed with the purpose
of limiting the overvoltage / undervoltage caused by its input of active power. In the above listed
simulations has been considered a unity PF. It is interesting to see also the same analysis for different
PF utilising the reactive power capability of smart inverters for voltage control. In the following section
are reported the current trends of Angus Street, whereas the voltage profiles of the base case were
analysed in chapter 3 section 3.3.2. The PQ load curve used in this simulations chapter is the same
as the previous one, whereas the photovoltaic load shape used is shown in figure 6.1. Furthermore, it
has been considered a DG power peak of 300 kW which was divided equally over the whole network,
therefore 60 kWp per feeder at the feeder ends (FDR20, FDR30, FDR50) and among the feeders
(FDR10, FDRA40). The output power of the PV system is calculated using the typical solar radiation
data of the Cardiff area. The DG power peak has been sized up the 30% of the transformer capacity
71000 kVA” considering a dual purpose: firstly to fulfil in terms of cables ampacity and secondly to

avoid excessive reversal of power flow.
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Figure 6.1: Photovoltaic daily load shape

6.1 Result analysis of Angus Street simulations:

current limits

In this section current trends of Angus Street are shown in order to understand the impact of DG
penetration on the network performance. Figure 6.2 shows the current profiles along Angus Street net-
work under the nominal load case with 0.9 lagging power factor. In this case, simulating a constant
PQ load, the phase currents trends are exceeding the cables ampacity only at SUBFDR50-LE103,
whereas the first four SUB-FEEDERS are within the cables ampacity. At this stage all of the three
phases are violating the cables thermal limits already at the initial supply point. The approximate
current gap between ampacity limit and phase is about 130 - 140 A for phase 2 and 3, whereas for
phase 1 is just less than 20 A.
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Figure 6.2: Angus street base case current profiles - 5 Sub-Feeders
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6.2 Reactive compensation and a unity PF DG units impacts

on Angus Street network: current limits

Simulating a unity PF DG units means that only active power is injected into the network. It has
been considered the 30% of the MV /LV transformer power as a DG and according to figure 6.1 the
real power injected into the system is depicted in figure 6.3.
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Figure 6.3: Injected active power for a 300 kW unity PF DG units

Considering the 300 kW, divided equally, along the five feeders and the centralised automatic
reactive compensation case ( 50 kVAR by 6 steps), figure 5.16 section 5.3.3, the current trend in this
configuration is shown in figure 6.5. As it could be seen, the phase currents trends are exceeding
the cables ampacity at SUBFDR20 and SUBFDR50. In the first one the cable ampacity has been
violated in the last 100 m, whereas in the second one there is a significant reduction in the third
phase current: 487 A before and about 403 A after compensation and DG penetration. As the
fifth sub-feeder is the most loaded one, it would be useful to analyse the current trend with the
only reactive compensation effect on phase currents reduction, in order to compare the performance
enhancement with the latter case. Figure 6.4 shows the current trend along the SUBFDR50 with an
automatic centralised compensation (50 kVAR x 6 steps) and no DG. Comparing figures 6.4 and 6.5
(SUBFDRA50), it is evident that with a 300 kW injection at the feeder end the power losses decrease
and thus the third phase current from 493,45 A to 403 A.
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Voltage variation
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Figure 6.4: Current trends along SUBFDRA0 with automatic centralised compensation

6.3 Reactive compensation and a unity PF DG units impacts

on Angus Street network: Voltage variation

In the previous chapter the voltage variation and regulation has been studied at the transformer
low voltage side. Since the injected active power depends on random changes of solar radiation there
is a voltage fluctuation at the DG units points of connection and then in a lower measure among the
network. Figure 6.6 shows the voltage trend at the main busbar.
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6.3.1 Voltage profiles including centralised compensation and 300kW unity
PF DG units on Angus Street network

As seen in chapter 3 voltage profiles along each feeder before reactive compensation and after the
different strategies of compensation, it is important to verify the same way, specially, in the case of
high PV penetration. In figure 6.7 are depicted the voltage profiles which exhibit the voltage unbalance
between the three phases due to the DG single phase units connection. Further, there is no violation in
voltage profiles on the whole network. However, these voltage values could increase/decrease further
according to the load disconnection/connection and due to a higher power generated by the DG units

than the load demand on the same feeder, figure 6.8.

6.4 Reverse power flow on Angus Street network

The large amount of PV penetration among the whole network causes a reversal of power flow
from downstream to upstream nodes. The studies are carried out, according to the DG units sizes and
positions showed in table 6.1. Only on SUBFDR30 the DG single phase units has been distributed
on the three phases, while on the other SUBFEEDERS the DG units have only been connected to
one phase chosen alternatively. Furthermore, the high amount of active loads has been distributed on
the network third phase for a total of 132 kW, whereas a 84 kW have been connected to every other

phase. The interaction between the load absorption and the DG injection must be studied as follow:
e case 1) Maximum daily load curve

e case 2) Minimum daily load curve

6.4.1 Case 1) Maximum daily load curve

The three-phase load curves and the active power injected into the network for each SUBFEEDER,

are shown in figure 6.9. However, the maximum reverse power flow obtained by the simulation analyses
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kW phase 1 | kW phase 2 | kW phase 3
Sub-Feeder 10 / 60 /
Sub-Feeder 20 / / 60
Sub-Feeder 30 24 24 12
Sub-Feeder 40 60 / /
Sub-Feeder 50 / / 60

Table 6.1: Active power sizing for distributed generation - Angus Street network: Total distributed
generation amount P = 300 kW

are shown in figure 6.14. As can be seen, there is a large amount of reverse power flow through the first
two SUBFEEDERS, on phase 2 and phase 3, respectively, and in a small amount through the forth
one. At SUBFDRA30, as generators are connected to the three phases, there is no reversal of power flow
due to the higher load demand than the injected power on each phase. Finally, on SUBFDR50 there
is a significant reduction of active power on the most loaded phase, the third one and no reverse power
flow to the main SUBBUS. Despite the reversal of power flow on three SUBFEEDERS in different
amounts and on different phases, there is no reverse power flow from the transformer LV side to the
MYV side, figure 6.14.

6.4.2 Case 2) Minimum daily load curve

In Chapter 1 has been explained how daily load curve shapes vary according to the different type
of customers and change with the season of the year. In the previous section the analysis carried out
had a maximum daily load curve. In order to see the DG impacts on the system network, and thus
on the reversal of power flow, a 0.65 load multiplier is applied to the base kW values of the load to
represent variation of the load over some time period. Figure 6.13 shows the power demand at the
main SUBBUS after the base kW reduction. However, the base load reduction does not give rise to a
reversal of power flow from the transformer LV side to the MV one and the power demand is minimum
around mid-day on the third phase.
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Figure 6.11: Real power demand at the main SUBBUS including an automatic centralised compen-

sation on Angus Street network
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6.5 Effects of a lagging DG units PF on the voltage profiles

and reverse power flow

This study is carried out to understand what impacts have a 0.9 lagging PF of the DG units on
voltage profiles and reverse power flow compared to the unity PF case. This case study represent,
according to the capability curve section 2.4, an injection of active and reactive power into the network
with the same signs. Accordingly, there is a reduction in the injected active power and a further
reactive energy compensation due the reactive power injected which causes a higher voltage profiles
and some voltage values can easily violate the upper stated limits; it is a side effect of intermittent load
and PV variation at the point of connection and over the network caused by other DG connection,
and therefore, by reverse power flow from one SUBFEEDER to others, specially in the case of low
load demand, like SUBFDR10 and SUBFDR20 as shown in figure 6.10. The latter voltage increase is
the same as the overcompensation executed by the capacitors banks seen in chapter 5, where voltages
increase linearly with the percentage of compensation, but in this case it depends on the variation of
solar radiation. In figure 6.18 are depicted the maximum voltage reached on the daily load curve. As
can be seen, SUBFDR20 exhibits a voltage violation on phase 3 at the end of the feeder, whereas the
rest of the network is under the upper statutory limits. However, the voltage rise further the upper
limit is function of many parameters as described before and the voltage profiles over a shorter period
are shown in figure 6.17, among which is highlighted the voltage unbalance between the three phases
owing to the single phase units connections. Another aspect which has been investigated in chapter
5 is the voltage variation with the automatic reactive compensation at the main SUBBUS. However,
the reactive compensation, during the day, does not result anymore central since the DG units are
operating with a lagging power factor. As one can grasp, there is a voltage rise around midday due

to the PV penetration peak, particularly, on phase 3, see figure 6.15.
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% kW demand reduction: unity PF | % kW demand reduction: 0.9 PF
Phase 1 41 37
Phase 2 42 38
Phase 3 53 49

Table 6.2: Active power demand reduction at the main SUBBUS - Angus Street network
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Figure 6.16: Real power demand at the main SUBBUS after the 300kW 0.9 PF lagging DG penetration

and automatic centralised compensation on Angus Street network

6.5.1 Reverse power flow reduction

Additionally effects to the injection of reactive power, as said before, is the reduction of reverse of
power flow ” Active power” compared to unity PF DG units case. Figure 6.16 shows the active power
demand at the main SUBBUS with the DG units operating with 0.9 PF lagging, which compared to
the simulation results analysis of the unity PF DG case, figure 6.14, the following observations were
made:

The kW reduction of the daily load peak of each phase to its minimum demand after the DG pen-
etration in the two cases, unity and a 0.9 (lagging) DG PF, respectively, are summarised in table
6.2, which results in about 9.2, 8 and 7 % reduction of the reverse power flow on phases 1,2 and 3,

respectively, for DG units operating with 0.9 PF.

6.5.2 Voltage drops and power losses

In this section, voltage drops along the transformer LV side and along the feeders are reported for
the unity and 0.9 lagging DG units power factors and the overall power losses as well. In chapter 3, the
voltage drops with the different reactive compensation approaches were shown in table 3.7. However,
the voltage drops values decrease significantly with the PV penetration as the power supplied by the
transformer is reduced according to the operating DG units PF as shown in figures 6.14 and 6.16
and peak magnitude reduction reported in table 6.2. Furthermore, the unity DG units PF allows
the lowest voltage drop along the transformer LV side on phase 1 and while the third phase is more
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compensated with the 0.9 PF. Accordingly, the latter voltage drops are negligible compared to the
base case ones. Further, the distributed generation close to the feeders load minimises the voltage
drops over the feeders importantly comparing the reactive compensation approaches shown in table
3.7 with the network including PV connections in tables: 6.5 and 6.10. The voltage drops values
shown in the following tables are included in opposite signs, where the AV with negative sign stands
for a higher voltage at the user end than the respective sub-feeder. In Chapter 3, the total network
power losses and the minimum p.u. voltages were tabulated for the different approaches for reactive
compensation realised with no automatic capacitors, as shown in table 6.3, whereas the maximum,
minimum p.u. voltages and the allover power losses over the network including the PV connections
are shown in table 6.4. However, the maximum voltages is higher than 1 p.u. as expected and the
minimum voltage is almost the same. Finally, in terms of power losses, there is a significant reduction,

particularly, in reactive power losses which is halved, see table 6.4.

Mazx voltage | Min voltage | kW | kVAr
Base case 1 0.904 36 40
Central compensation 1 0.917 35 35
Distributed 1/3 feeder length 1 0.922 34 34
Distributed at lowest voltage 1 0.922 39 37

Table 6.3: Reactive compensation strategies - p.u. voltage and losses

Max voltage | Min voltage | kW | kVAr
Base case 1 0.904 36 40
Centralised compensation + 1 PF DG units 1.042 0.93 32 21
Centralised compensation + 0.9 PF DG units 1.042 0.92 28 20

Table 6.4: DG connections with centralised reactive compensation - p.u. voltage and losses
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Unity PF: AV (V)

Unity PF: %AV

0.9 lagging PF: AV (V)

0.9 lagging PF: %AV

Phase 1 0.8 0.3 1.1 0.47
Phase 2 0.77 0.32 1.32 0.55
Phase 3 1.3 0.54 1 0.44

Table 6.5: Transformer LV side voltage drops with unity and 0.9 DG units PFs - Angus Street network

Unity PF: AV (V)

Unity PF: %AV

0.9 lagging PF: AV (V)

0.9 lagging PF: %AV

Phase 1 -0.2 -0.072 1.3 0.54
Phase 2 -4.6 -1.9 -5.3 -2.2
Phase 3 5.3 2.2 4.3 1.8

Table 6.6: SUBFDR10 voltage drops with unity and 0.9 DG units PFs - Angus Street network

Unity PF: AV (V)

Unity PF: %AV

0.9 lagging PF: AV (V)

0.9 lagging PF: %AV

Phase 1 3.5 1.5 2.3 0.96
Phase 2 -1.8 -0.75 / /
Phase 3 -6.7 -2.8 11.2 -4.7

Table 6.7: SUBFDR20 voltage drops with unity and 0.9 DG units PFs - Angus Street network

Unity PF: AV (V)

Unity PF: %AV

0.9 lagging PF: AV (V)

0.9 lagging PF: %AV

Phase 1 -2 -0.85 -3.32 -1.4
Phase 2 1.6 0.69 -0.88 -0.37
Phase 3 1.8 0.76 2.53 1.06

Table 6.8: SUBFDR30 voltage drops with unity and 0.9 DG units PFs - Angus Street network

Unity PF: AV (V)

Unity PF: %AV

0.9 lagging PF: AV (V)

0.9 lagging PF: %AV

Phase 1 -0.8 -0.34 -2.65 -1.11
Phase 2 4.51 1.9 4 1.7
Phase 3 2.8 1.2 3.8 1.6

Table 6.9: SUBFDRA40 voltage drops with unity and 0.9 DG units PFs - Angus Street network

Unity PF: AV (V)

Unity PF: %AV

0.9 lagging PF: AV (V)

0.9 lagging PF: %AV

Phase 1 8.61 3,61 7.8 3.3
Phase 2 9.95 4.2 11.9 5
Phase 3 -1.31 -0.55 -5.9 -2.3

Table 6.10: SUBFDR50 voltage drops with unity and 0.9 DG units PFs - Angus Street network




Conclusions

Loadflow studies have been carried out on Iv WPD network using the OpenDSS software. The
results were analysed and presented in the form of voltage and current profiles as a function of route
length from the source substation. In this way, the complete network performance was assessed against
the statutory voltage limits for the voltage profiles and in terms of plant ampacity in the case of the
current profiles. For the assumed base case load conditions which were matched to the maximum
recorded power, the voltage drops across the supply transformer and network feeders were not exces-
sive and there were no violations of statutory voltage limits. The power factor was assumed 0.9 to
consider the worst case and in the more extensive network study (Angus Street), the greatest overall
voltage drop occurred across the longest feeders and in the case of the maximum load (620kW at
PF=0.9), the voltage on phase of the longest feeder was close to the statutory limit. The OpenDSS
unbalanced simulations of the Angus Street underline the large differences between phase voltages
that may be present on such networks. The current profile studies reveal how there are very high
thermal margins in many network feeders, while in some cases, the margins are quite narrow and
deterioration in power factor can have an impact on thermal loading. The X/R ratios of typical WPD
lv network cables and lines lie in the range 0.1 and 0.75 and the ratio is approximately proportional
to cable rating (larger cable, lower R, similar X). The corresponding range for typical lv distribution
transformers is 1.25 to 4. A study into the effect of reactive compensation applied to LV networks
has shown that shunt compensation applied at the main substation may be useful to limit the voltage
drop across the transformer and reduce phase current magnitude. Downstream compensation is not
effective in reducing transformer voltage drop but may help to reduce network currents and operate

within cable ampacity and minimise losses.

A comparison of centralised versus distribution of reactive compensation to the Angus Street case
study network has shown that significant voltage improvement can be obtained through the applica-
tion of centralised compensation and that the practical advantages of this would probably outweigh
the further marginal improvements in voltage offered by distributed compensation (some small addi-
tional voltage drop reduction along feeder and reduction in current flow and losses in feeder). The
advantage of centralised compensation include (i) more likely to be cost effective, as there would be
one single unit (i) more easily physically accommodated due to the likely availability of space at the
main substation against the lack of a substation at points along the feeders, (iii) a single point of
control and less risk of interaction/hunting compared with distributed compensation, (iv) centralised
compensation takes advantage of feeder load diversity and will be more resilient to future network
changes compared with a tailored distributed compensation scheme which would require different
amounts of compensation on each sub-feeder, (v) the fact that optimisation of a distributed reactive

compensation scheme is further limited by constraints on available standard capacitor sizes.

A review of a range of typical manufactured reactive power compensation units indicates that there
is good availability and with the required control features for application to a MV /LV substation for

downstream voltage improvement.
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The simulations carried out to investigate the effect of embedded generation on the Angus Street
network have shown that voltage profiles across the network can be improved by achieving a net
reduction in power flow. Also as a result, net current flow can be significantly less and there can be a
resulting increase in thermal margin. However, when there are very high levels of embedded genera-
tion that occur at low loading levels, the thermal limits of parts of the network may be exceeded due
to exreessive backfeed and this effect is exacerbated by the presence of 'tapering’. The unbalanced
simulations underline the importance of such modelling to take into account the effect of single-phase

generation units at lv. In such cases, balanced three-phase studies may be inadequate.

Finally, the application of OpenDSS for the network simulations in this study underlined the
importance of being able to account for unbalance in (i) the network (three and single phase cables)
(ii) loads and (iii) generation. Without such a model, it would be difficult to carry out studies to
predict lv network performance and this would be particularly the case for future smart networks. A
graphical user interface is now available for OpenDSS which enables easier construction of network

models.



Suggestions for further work

This project has considered only a limited number of substations for both data analysis and network
simulations. It is important to establish whether certain characteristics identified with these selected
networks are representative of the lv system in general. Further studies could be undertaken to explore
this. The OpenDSS software has identified the importance of modelling the unbalance in lv networks
for a more realistic representation of network performance. Further work could be carried out using this
simulation tool to provide (i) a more comprehensive three phase quantification of embedded generation
"Hosting Capacity’ for selected networks, (ii) comparing reactive power compensation control at the
main LV substation with other lv voltage control techniques. With more and more inverter-interfaced
DG units appearing, there may be a need to carry out harmonic and transient analysis to assess the

impact of such devices on low voltage networks.
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Appendix A

Angus Street network data

The nodes/buses characteristics and estimated loads magnitude of Angus Street network are shown
in the following tables. The network is made up of a single in-feed at SUBBUS and consisting of fifty-

three loads.
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Transformer Data P Ve Rating [KVA] | Ampacity [A] Rated Voltage | type
TR1 1% 4.75% 1000 | 1391 11/0.415kV | Dyn1l
Lines Data R X :
Feeders Lines [Q/Km] [Q/Km] Ampacity [A] Cable type
subFDR10-n1_bjtl 0.142 0.0689 345 0.2 4c Cu STA
nl_bjtl-n2_sjt2 0.188 0.07 290 0.15 2¢ Cu STA
n2_sjt2-n3_sjt3 0.188 0.07 290 0.15 2¢ Cu STA
n3_sjt3-n4_le4 0.188 0.07 290 0.15 2¢ Cu STA
nl_bjtl-n5_bjt5 0.142 0.0689 345 0.2 4c Cu STA
n5_bjt5-n6_sjt6 0.276 0.0733 250 0.12c Cu STA
n6_sjt6-n7_sjt7 0.276 0.0733 250 0.12c Cu STA
n7_sjt7-n8_sjt8 0.276 0.0733 250 0.12c Cu STA
n8_sjt8-n10_bjt10 0.276 0.0733 250 0.12c Cu STA
n10_bjt10-n11_lell 0.276 0.0733 250 0.12c Cu STA
SUBFDR10 -
n10_bjt10-n12_le12 0.276 0.0733 250 0.12c Cu STA
n5_bjt5-n13_bjt13 0.142 0.0689 345 0.2 4c Cu STA
n13_bjt13-n14_le14 0.188 0.07 290 0.15 2¢ Cu STA
n13_bjt13-n16_bjt16 0.188 0.07 290 0.15 4c Cu STA
n16_bjt16-n17_sjt17 0.188 0.07 290 0.15 4c Cu STA
n17_sjt17-n18_Idb18 0.188 0.07 290 0.15 4c Cu STA
n16_bjt16-n19_bjt19 0.188 0.07 290 0.15 4c Cu STA
n19_bjt19-n20_cutout20 0.188 0.07 290 0.15 4c Cu STA
n19_bjt19-n21_sjt21 0.188 0.07 290 0.15 4c Cu STA
n21_sjt21-n22_le22 0.188 0.07 290 0.15 4c Cu STA
subFDR20-n23_sjt23 0.142 0.0689 345 0.2 4c Cu STA
n23_sjt23-n24_bjt24 0.142 0.0689 345 0.2 4c Cu STA
n24_bjt24-n25_sjt25 0.276 0.0733 250 0.12c Cu STA
n25_sjt25-n26_bjt26 0.276 0.0733 250 0.12c Cu STA
n26_bjt26-n27_le27 0.276 0.0733 250 0.12c Cu STA
n26_bjt26-n28_|db28 0.276 0.0733 250 0.12c Cu STA
n24_bjt24-n29_bjt29 0.276 0.0733 250 0.1 4c Cu STA
n29_bjt29-n30_bjt30 0.276 0.0733 250 0.12c Cu STA
n30_bjt30-n31_le31 0.276 0.0733 250 0.12c Cu STA
n30_bjt30-n28_|db28 0.276 0.0733 250 0.12c Cu STA
n29_bjt29-n33_bjt33 0.142 0.0689 345 0.2 4c Cu STA
n33_bjt33-n34_cutout34 0.443 0.0755 203 70 TR XLPE Al 3¢
SUBFDR20 n33_b!'t33-n36_s!'t36 0.188 0.07 290 0.15 2¢ Cu STA
n36_sjt36-n37_sjt37 0.32 0.0735 235 95 Wavcon Al 3¢
n37_sjt37-n38_sjt38 0.188 0.07 290 0.15 2¢ Cu STA
n38_sjt38-n39_sjt39 0.188 0.07 290 0.15 2¢ Cu STA
n39_sjt39-n40_sjt40 0.188 0.07 290 0.15 2¢ Cu STA
n40_sjt40-n41_sjt41 0.188 0.07 290 0.15 2¢ Cu STA
n41_sjt41-n42_sjt42 0.188 0.07 290 0.15 2¢ Cu STA
n42_sjt42-n43_bjt43 0.188 0.07 290 0.15 4c Cu STA
n43_bjt43-n44_fpaa 0.164 0.074 335 185 Wavcon Al 3¢
n43_bjt43-n45_sjt45 0.164 0.074 335 185 Wavcon Al 3¢
n45_sjt45-n46_sjt46 0.276 0.0733 250 0.12c Cu STA
n46_sjt46-n47_bjt47 0.276 0.0733 250 0.12c Cu STA
n47_bjt47-n48_le48 0.276 0.0733 250 0.12c Cu STA
n47_bjt47-n49_|db49 0.276 0.0733 250 0.12c Cu STA
subFDR30-n51_bjt51 0.092 0.0678 445 0.3 4c Cu STA
n51_bjt51-n52_sjt52 0.276 0.0733 250 0.1 4c Cu STA
n52_sjt52-n53_sjt53 0.32 0.0735 235 95 Wavcon Al 3¢
n53_sjt53-n54_bjt54 0.276 0.0733 250 0.1 4c Cu STA
Nn54_bjt54-n55_le55 0.188 0.07 290 0.15 2¢ Cu STA
n54_bjt54-n56_bjt56 0.276 0.0733 250 0.1 4c Cu STA
n56_bjt56-n57_le57 0.188 0.07 290 0.15 2¢ Cu STA
SUBFDR30 n56_bjt56-n58_bjt58 0.276 0.0733 250 0.1 4c Cu STA
n58_bjt58-n59_cutout59 0.188 0.07 290 0.15 2c Cu STA
n58_bjt58-n60_sjt60 0.276 0.0733 250 0.1 4c Cu STA
n60_sjt60-n61_sjt61 0.188 0.07 290 0.15 2¢ Cu STA
n61_sjt61-n62_sjt62 0.188 0.07 290 0.15 4c Cu STA
n62_sjt62-n63_fp63 0.164 0.074 335 185 Wavcon Al 3¢
n51_bjt51-n64_sjt64 0.092 0.0678 445 0.3 4c Cu STA
n64_sjt64-n65_fp65 0.113 0.0689 395 0.25 4c Cu STA
subFDR40-n66_bjt66 0.142 0.0689 345 0.2 4c Cu STA
n66_bjt66-n67_le67 0.276 0.0733 250 0.12c Cu STA
n66_bjt66-n68_bjt68 0.142 0.0689 345 0.2 4c Cu STA
n68_bjt68-n69_le69 0.276 0.0733 250 0.12c Cu STA
n68_bjt68-n70_bjt70 0.142 0.0689 345 0.2 4c Cu STA
SUBFDR40 n70_bjt70-n71_sjt71 0.276 0.0733 250 0.1 2c Cu STA
n71_sjt71-n72_le72 0.276 0.0733 250 0.1 2c Cu STA
n70_bjt70-n73_sjt73 0.142 0.0689 345 0.2 4c Cu STA
n73_sjt73-n74_sjt74 0.142 0.0689 345 0.2 4c Cu STA
n74_sjt74-n75_sjt75 0.142 0.0689 345 0.2 4c Cu STA
n75_sjt75-n65_fp65 0.113 0.0689 395 0.25 4c Cu STA
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Lines Data R X ;

Feeders Lines [Q/Km] [/Km] Ampacity [A] Cable type
subFDR50-n77_sjt77 0.142 0.0689 345 0.24cCuSTA
n77_sjt77-n78_bjt78 0.113 0.0689 395 0.25 4c Cu STA

n78_bjt78-n79_cutout79 0.32 0.0735 235 95 Wavcon Al 3¢
n78_bjt78-n80_bjt80 0.113 0.0689 395 0.25 4c Cu STA
n80_bjt80-n81_sjt81 0.113 0.0689 395 0.25 4c Cu STA
n81_sjt81-n82_sjt82 0.164 0.074 335 185 Wavcon Al 3¢
n82_sjt82-n83_Idb83 0.113 0.0689 395 0.25 4c Cu STA
n83_ldb83-n85_sjt85 0.113 0.0689 395 0.25 4c Cu STA
n85_sjt85-n86_Idb86 0.113 0.0689 395 0.25 4c Cu STA
n83_Idb83-n87_sjt87 0.32 0.0735 235 95 Wavcon Al 3¢
n87_sjt87-n88_sjt88 0.32 0.0735 235 95 Wavcon Al 3¢
SUBFDR50 n88_sjt88-n90_sjt90 0.276 0.0733 250 0.12c CuSTA
n90_sjt90-n91_sjt91 0.276 0.0733 250 0.12c Cu STA
n91_sjt91-n94_le94 0.276 0.0733 250 0.12c CuSTA
n83_ldb83-n95_sjt95 0.32 0.0735 235 95 Wavcon Al 3¢
n95_sjt95-n96_sjt96 0.32 0.0735 235 95 Wavcon Al 3¢
n96_sjt96-n98_bjt98 0.276 0.0733 250 0.12c CuSTA
n98_bjt98-n99_le99 0.276 0.0733 250 0.12c CuSTA
n98_bjt98-n101_sjt101 0.276 0.0733 250 0.12c CuSTA
n101_sjt101-n103_le103 0.276 0.0733 250 0.12c Cu STA
n80_bjt80-n106_bjt106 0.164 0.074 382 185 TR XLPE Al 3¢
n106_bjt106-n107_le107 0.164 0.074 382 185 TR XLPE Al 3¢
n106_bjt106-n108_cutout108 0.443 0.0755 203 70 TR XLPE Al 3¢
Base Loads Source/Generator Rated Voltage
Bus Data 7T LN
Poévecrt)“ll(sv Cos¢ n-phase kv p.u.
mtl / / / 6.3509 1
subbus / / / 239.6 1
subfdr10 / / / 239.6 1
nl_bjtl / / / 239.6 1
nlbis_bjtl / / / 239.6 1
n2_sjt2 / / / 239.6 1
n3_sjt3 / / / 239.6 1
n4_le4 2.5 0.9 1 239.6 1
n5_bjt5 / / / 239.6 1
n5bis_bjt5 / / / 239.6 1
n6_sjt6 / / / 239.6 1
n7_sjt7 / / / 239.6 1
n8_sjt8 / / / 239.6 1
n10_bjt10 / / / 239.6 1
nll_lell / / / 239.6 1
nl2_lel2 6.5 0.9 1 239.6 1
n13_bjt13 / / / 239.6 1
nl4_lel4 10.5 0.9 1 239.6 1
nl6_bjt16 / / / 239.6 1
nl7_sjtl7 / / / 239.6 1
n18_ldb18 1.5 0.9 1 239.6 1
n19_bjt19 / / / 239.6 1
n20_cutout20 1.5 0.9 1 239.6 1
n20_cutout20 1.5 0.9 1 239.6 1
n20_cutout20 1.7 0.9 1 239.6 1
n21_sjt21 / / / 239.6 1
n22_le22 5.8 0.9 1 239.6 1
subfdr20 / / / 239.6 1
n23_sjt23 3.8 0.9 1 239.6 1
n24_bjt24 / / / 239.6 1
n25_sjt25 / / / 239.6 1
n26_bjt26 3.5 0.9 1 239.6 1
n27_le27 / / / 239.6 1
n28_ldb28 3.5 0.9 1 239.6 1
n29_bjt29 / / / 239.6 1
n30_bjt30 / / / 239.6 1
n31_le31 2.3 / / 239.6 1
n33_bjt33 / / / 239.6 1
n34_cutout34 2.3 0.9 1 239.6 1
n34_cutout34 2.3 0.9 1 239.6 1
n34_cutout34 2.5 0.9 1 239.6 1
n36_sjt36 / / / 239.6 1
n37_sjt37 5 0.9 1 239.6 1
n38_sjt38 / / / 239.6 1
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Base Loads Source/Generator Rated Voltage
Bus Data - LN
P (Active Cos¢ n-phase kv p.u.
Power) kW

n39_sjt39 4 0.9 1 239.6 1
n40_sjt40 4 0.9 1 239.6 1
n4l_sjt4l 4 0.9 1 239.6 1
n42_sjt42 / / / 239.6 1
n43_bjt43 / / / 239.6 1
n44_fpad 2.5 0.9 1 239.6 1
n45_sjt45 / / / 239.6 1
n46_sjt46 / / / 239.6 1
n47_bjt47 4 0.9 1 239.6 1
n48_le48 / / / 239.6 1
n49_ldb49 2 0.9 1 239.6 1
subfdr30 / / / 239.6 1
n51_bjt51 / / / 239.6 1
n52_sjt52 / / / 239.6 1
n53_sjt53 / / / 239.6 1
n54_bjt54 / / / 239.6 1
n55_le55 11.5 0.9 1 239.6 1
n56_bjt56 / / / 239.6 1
n57_le57 / / / 239.6 1
n58_bjt58 9.5 0.9 1 239.6 1
n59_cutout59 / / / 239.6 1
n60_sjt60 / / / 239.6 1
n61_sjt61l 9.5 0.9 1 239.6 1
n62_sjt62 / / / 239.6 1
n63_fp63 9.2 0.9 1 239.6 1
n64_sjt64 16 0.9 1 239.6 1
n64_sjt64 20.5 0.9 1 239.6 1
n64_sjt64 17.5 0.9 1 239.6 1
n65_fp65 10 0.9 1 239.6 1
subfdr40 / / / 239.6 1
n66_bjt66 / / / 239.6 1
n67_le67 28.5 239.6 1
n68_bjt68 / / / 239.6 1
n69_le69 18.5 0.9 1 239.6 1
n69_le69 18.5 0.9 1 239.6 1
n69_le69 18.5 0.9 1 239.6 1
n70_bjt70 / / / 239.6 1
n71_sjt71 / / / 239.6 1
n72_le72 36.5 0.9 1 239.6 1
n73_sjt73 / / / 239.6 1
n74_sjt74 17.5 0.9 1 239.6 1
n74_sjt74 17.5 0.9 1 239.6 1
n75_sjt75 / / / 239.6 1
subfdr50 / / / 239.6 1
n77_sjt77 / / / 239.6 1
n78_bjt78 / / / 239.6 1
n79_cutout79 2 0.9 1 239.6 1
n79_cutout79 2 0.9 1 239.6 1
n79_cutout79 2.5 0.9 1 239.6 1
n80_bjt80 / / / 239.6 1
n81_sjt81 / / / 239.6 1
n82_sjt82 / / / 239.6 1
n83_ldb83 / / / 239.6 1
n85_sjt85 / / / 239.6 1
n86_ldb86 102 0.9 1 239.6 1
n87_sjt87 / / / 239.6 1
n88_sjt88 / / / 239.6 1
n90_sjt90 15 0.9 1 239.6 1
n91_sjt91 23 0.9 1 239.6 1
n94_le94 24 0.9 1 239.6 1
n95_sjt95 / / / 239.6 1
n96_sjt96 / / / 239.6 1
n98_bjt98 24 0.9 1 239.6 1
n99_le99 24 0.9 1 239.6 1
n101_sjt101 18 0.9 1 239.6 1
n103_le103 20 0.9 1 239.6 1
n106_bjt106 / / / 239.6 1
n107_le107 10 0.9 1 239.6 1
n108_cutout108 7 0.9 1 239.6 1
n108_cutout108 7 0.9 1 239.6 1
n108_cutout108 7 0.9 1 239.6 1




Appendix B

Power Losses single versus

three-phase

In a three-phase circuit, active and reactive losses (when the maximum current has been deter-
mined) can be calculated as follows:
P, = 3I*R, (B.1)

Q = <€)2Xl + <§)2Xl (B.4)

where Rl and XI refer to the circuit series resistance and reactance. For a 3-phase symmetrical load
the load P is dived between three phases and the current on each is I/3:
IR 1

)2(3R) =3 T gluwn (B.5)

1

F)l3ph = (g

Thus, when the same real power is being delivered, the losses in a single-phase line are six times the
losses in a balanced three-phase line. For the four-conductor three phase line operating at a single
phase this would result in two wires in parallel being used for both phase and neutral and the losses

are reduced to three times the losses:

Pl = <R>212 =I°R (B.6)
2
I? I’rR 1,
Pisph = 3 (3R) = — = 3 0 (B.7)
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Appendix C

Transformer Voltage Drop

The simplified equivalent circuit of a transformer, suitable for the analysis of short-circuit and
loading conditions, consists of a resistance, representing the ohmic winding losses or copper losses,
and a reactance, representing the leakage inductance. As already known, the voltage on the secondary
side of the transformer is reduced while loading the transformer.

The voltage drop AU can be estimated with sufficient accuracy from equation:
AU = U,cos¢p + U, sin ¢ (C.1)

For a partial loading of the transformer, the voltage drop AU is proportional to the rated load:

AU = (Uycos¢ + Uy sin ¢)I£ (C.2)

s

The relative reactive voltage drop ux is called the leakage voltage:
Ux = uz — u% (C.3)

The relative ohmic voltage drop up is determined from

ugp = IZ"JOO% (C.4)

Where,

ur, = impedance voltage

ur = ohmic part of impedance voltage

uyx = leakage voltage (reactive part of impedance voltage)

Py, = rated short-circuit losses

S, = rated apparent power

U = transformer voltage at high-voltage side (input voltage)

U, = transformer voltage at low-voltage side (full-load voltage or output voltage)

AU = voltage drop

I, = rated current

cos¢; = fundamental frequency power factor

Table C.1 outlines some tentative values of ur, uxand Py, of transformers according to DIN 42500.
Note that, in relation to table C.1, the recommended impedance voltage of low-voltage transformers
in distribution systems is ux = 4% in order to limit the permissible voltage drop. Low voltage
transformers in industrial systems have a more preferable impedance voltage of u, = 6% in order to

limit short-circuit currents.
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120 C. Transformer Voltage Drop

AU

I
I
I
!
!
I
¥

Figure C.1: Transformer voltage drop and Kapp’s triangle

S, (kVA) 100 160 250 400

630

ug (%) 1.7 143 130 1.15
uy (%) 360 372 378 3.83
P, (kW) 175 235 325 4.60

1.03
3.86
6.50

Table C.1: Tentative values of ugr, uxand Py,



Appendix D

Line Voltage Drop

During normal load-flow conditions the angle between the receiving end and the sending end
voltages is only a few degrees. For most practical cases the approximation of angles equality is

acceptable and a scalar relationship can be written as:
Vo=V, +IRcos¢+1Xsing (D.1)
For three-phase systems the voltage drop is calculated from:
Vi~ V3(I,R+ I,X) (D.2)

The R/X ratio for LV lines and cables is usually high. Thus reactive loads do not often cause
voltage drop problems, but that high ratio considerably affects the power losses [5]:

P
_ B (D.3)

X Q
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Appendix E

DSSim-PC: OpenDSS Interface

The DSSim-PC system is a graphic Distribution network Simulator for PC and Real Time (RT)

systems.

This software is based in the EPRI’s OpenDSS software to solve the electrical system

and includes almost all the functionalities [49]. Unlike OpenDSS, performing a network with the
graphical interface software DSSim is not such complicated as there is no long scripts to write and

run, particularly, when it has to do with large networks. See figure E.1.

3 DSSim-PCV 1.0 - 9IEN|
Project Simulator Meters Configuration Results Help
N_250 Y
SW_12 / N
N /—‘ SWIT N3so NOm N_110 N_112 N_113 N_114
= T N_10g Pz
.25 N_251 N_1ST WU N_300 N_108 N_107 I 02394 Z <4149
N7 BV NS Z0
S .F’,__..-——-‘“ NS0 N_106 hzo
LAY N_23 N_40 FST% N_105 N_104
(i N_24 s T I\ . pes0z3 Z-2579) 1 L LY
'_,_,_-—-d"‘ N_4g ) N_46 | 02315 2 —121.41 ] N_64 AL
N_21 NS e AL N_101
IEEE123Nodes N2 N_44 : N4s0 SWII0 sy
L N3
N_150 N_20 N_12 TRE] N s = Chg e e DR
= - it L e = Csws N.0o [1.03020 Z -3.913|
@ W3 N_41 N_39 N_&2 0 - N7 P40
T N_12 N_or N_40 N_38 o N_98 70 p<o
3 % N_97 N_69
N1 A N_36 %
&) T2 N135 N_35 L ) N8 NTS
4 g e P e WA g Trs N_67 AT
Sor 0 58
o L = pzo
N_37 N_74
2 9 y -
w1 N2 -2 M52 N2 N 103201 £ 117.16{
- N_79
N8 N3 W22 N_152 NS2 N3 N_78
N_T =7 N_77
N_149 N1 DRERD 23 Bsesia z 560 N7 N_gs
01911220 325 - ] 02282 2 -122.0f N_80
et N12 p<o sws It 00406 £ 117.77
63611 2219 N34 pzo /‘—‘ N_24
41737 £-140.2 N_3 g : N_81
510521010
NS
| NS N | N_g6
I NG N_% T Ng N8
= = 104109 Z 4187,
No1 1.03201 £ -122.5]
N_16 N1gs SWO oS N_93 = 1.03663 £ 117.20
5 - - = Tne 087-090 A
19341 Z-306
33954 £ -1159
21.568 £ 1542

Figure E.1: Large networks performed with the graphical interface DSSim

In this way, the powerful EPRI’s open source for distribution systems analysis becomes much more
useful and easier for industrial use and DNOs. In fact, in order to simulate a network it needs to build
a new circuit using the constructor module where it is located in the Project Menu as shown in figure
E.2.

Once the constructor is enabled, in order to build a network it needs firstly to define a new system

as shown in figure E.3, then begin to insert the equipment and its connection from ”components” on

the tool bar.
Finally, in order to simulate the circuit, the constructor must be disabled and then it will be

possible to carry out a simulation. One important advantage of this graphical interface is that nodes
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124 E. DSSim-PC: OpenDSS Interface

ial Simulator Configuration Help

Open
Enable constructor

W

Figure E.2: Building a new circuit with the graphical interface DSSim

DSSim-PC V 1.0 -0

Figure E.3: Defining a new system with the graphical interface DSSim

could be controlled with meters as shown in figure E.1, particularly, in dynamic conditions it is possible
to control in real time all network parameters.
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F. Schneider-Electric: Power Factor correction quotation

Schpeider

From:
Tel:
Fax:
E-mail:

To:
Email:

Email

Building Systems and Solutions
Power Quality Correction Group

Steven Adams date: 4" February 2014
01952 220551 our ref.: T77269A
01952 292238 your ref.:

steven.adams@schneider-electric.com

Page: 1/3
Remon Afty
remon.afty@hotmail.com

Subject: T77269A — Cardiff University

Hello Remon,
Thank you for your enquiry and interest in our products.

Further to your request for Power Factor Correction, please find the attached quotation for your
consideration. This quotation has been completed as per the 630kW peak with a power factor of
0.9.

630kwW @0.9PF 700kVA 305.1kVAr
630kwW @0.96PF 656.3kVA 183.8kVAr

Based on the calculations above, the installation of 125kVAr of power factor correction ~ would
bring the power factor up to 0.96 (above the threshold for reactive charges on electricity bills).
Installing this amount of power factor correction will also result in a released capacity of 43.8kVA
which will equate to 63.1A available for additional loading (based on 400V supply).

Should this quotation result in an order, please forward your order to the Stafford Park 5 address
as detailed below or to the fax number shown above. Please note that if faxing your order through,
it would be beneficial to also email myself shortly after to confirm receipt.

Payment Terms : Nett Cash 30 days from date of invoice.
Carriage : Paid to kerbside - UK mainland site.
Validity : 30 Days from the above date.

Product and Services are supplied strictly in accordance with our UK and Ireland Conditions of
Sale for the Supply of Goods and Related Works, which apply in all instances unless
alterations and/or deviations have been agreed in writing prior to order acceptance. Our Terms
and Conditions can be viewed/down-loaded by going to www.schneider-electric.co.uk,
www.schneider-electric.ie, www.getplc.com, or by ringing 0870 608 8 608 for a hard copy.

If you have any questions, or if you would like someone from this office to assist you in
deliberations, please don't hesitate to call our Area Contact or this office.

Yours faithfully,
Steven Adams
Power Quality Correction Group
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Schneider

Quotation
Since the network pollution level in relation to harmonics is not known, please read the below
clause for assistance making a decision on whether ‘standard’ or ‘detuned’ equipment is required.

Many modern electrical installations contain significant amounts of non-linear type loads e.qg.
Computers and IT equipment, High Frequency Lighting, Variable Speed Drives, and these types of
load generate harmonic current distortion on the distribution system. Although capacitors
themselves do not generate harmonics, they will potentially interact with those harmonics present
on the system. This being the case, it is essential that the potential harmonic distortion level of the
system is taken into account when specifying the capacitor installation. For applications that require
power factor correction in harmonic rich environments, ensure that a 'Detuned' or filtered capacitor
bank is applied in place of 'Standard' automatic capacitor banks. It is incumbent upon the
purchaser to ensure that the application is suitable for 'Standard' power factor correction equipment
if specified. 'Detuned' equipment should be considered where between 10 and 15% of the load
consists of non-linear elements. Schneider Electric recommends '‘Detuned' equipment when 15%
or more of the load is non-linear.

Option 1 — 125kVAr Standard Power Factor Correction

Quantity : 1 off

Description : 125kVAr Standard, Automatic VarSet Power Factor
Correction cubicle at 400V, 50Hz with incoming
integral circuit breaker and with a power per step of

25kVAr.
Network Pollution Level : Lowly Polluted (Standard)
Connection : Bottom Entry
Colour : RAL9003 (White)
Internal Protection : Circuit Breaker Protection w/Rotary Handle (35kA)
Safety: IPxxB
Ingress Protection : Environment: IP31
Unit Dimensions : 1200mm H x 800mm W x 300mm D (Wall Mounted)
Delivery : Currently 6-8 working weeks from receipt of your full
and final written instructions, subject to suitable credit
clearance.
. . Total Nett Cost
tem Equipment No. Catalogue Number Unit Cost (Ex. Vat)
1 tif's‘\ét” Standard 1off | VLVAW2NO3509AA £2,706.00 £2,706.00
2 Split Core MR CT 1 off - £63.00 £63.00
3 Carriage 1 off Included
Total Cost £2,769.00
Notes

All Automatic Power Factor Correction equipment requires signalling from a current transformer
fitted to the red (L1) phase of the supply that required correcting. This is normally the incoming
mains to the building and the fitting of this CT is be done by yourselves upon installation.

Schneider Limited Registered to ISO 9001 Registered in England
ASTA cert. No. 11564 1407228
m Merlin Gerin Low Voltage Equipment
Stafford Park 5, Telford Registered to 1SO 14001 Registered Office:
Shropshire TF3 3BL ASTA cert. No. 13037 Stafford Park 5

Telemecanique Tel. 01952 290029 Fax. 01952 209548 Telford TF3 3BL

Web: http://www.schneider.co.uk
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F. Schneider-Electric: Power Factor correction quotation

Schneider

All equipment quoted is suitable for use on a 400V, 3 Phase, 50 Hz supply

Option 2 — 125kVAr Detuned Power Factor Correction

Quantity
Description

Network Pollution Level :

Connection
Colour
Internal Protection

Ingress Protection
Unit Dimensions

1 off

125kVAr Detuned, Automatic VarSet Power Factor
Correction cubicle at 400V, 50Hz with incoming
integral circuit breaker and with a power per step of
25kVAr.

Polluted (Detuned)

Tuning Factor: 3.8 (190Hz)

Bottom Entry

RAL9003 (White)

Circuit Breaker Protection w/Rotary Handle (35kA)
Safety: IPxxB

Environment: IP31

1300mm H x 1600mm W x 300mm D (Floor Standing)

Delivery Currently 6-8 working weeks from receipt of your full
and final written instructions, subject to suitable credit
clearance.
. . Total Nett Cost
tem Equipment No. Catalogue Number Unit Cost (Ex. Vat)
1 | 125KVArDetuned 1off | VLVAF4P03509AA £3,687.00 £3,687.00
VarSet
2 Split Core MR CT 1 off - £63.00 £63.00
3 Carriage 1 off Included
Total Cost £3,750.00

Notes

All Automatic Power Factor Correction equipment requires signalling from a current transformer
fitted to the red (L1) phase of the supply that required correcting. This is normally the incoming
mains to the building and the fitting of this CT is be done by yourselves upon installation.

Quote Ref.: T77269A

3 Customer:
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