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Reduction Of Power Losses in Electrical Power Systems
Using Nonlinear Regression Techniques

Dr. A. Sandouk®

ABSTRACT

Operators of electrical power systems (EPS) are always faced with the most important problem, how to
minimize the transmission and distribution additional power losses. Reduction of power losses and cost
increases the efficiency of the power system and provides a significant reduction in energy consumption.
This paper proposes a way to achieve this goal. In order to minimize the operational cost it is necessary to
maintain EPS close to optimal mode. A mathematical model as optimization problem is developed for
minimizing additional power losses and operational costs incurred due to the absence of the optimal
correction in EPS. The model determines the relation between additional losses/costs and the control
parameters of online tap changer transformers (OLTC). The prediction of the relation is established by
means of statistical nonlinear regression models. The regression technique requires statistical data which
has been obtained by performing power flow for the EPS with numerous configurations of OLTCs and
transformation ratios. The software used for power flow is NETDRAW program. The developed model is
applied to a test network. The results show the effectiveness of the model in substantial savings in power
and cost as well. The research work would be very useful for supporting the procedures in central control
center and energy management system in order to let the EPS working in optimal operation.
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1. INTRODUCTION

The main function of an EPS is to supply
the customers with reliable electrical energy
with high quality and minimum cost [1].
Today’s EPSs strive to meet three
requirements: very high reliability, low cost
[2], and, increasingly since the 1970s,
reduced environmental impacts [3].

In general, energy losses are estimated
from the discrepancy between energy
produced (as reported by power plants) and
energy sold to end customers; the difference
between the generated power and consumed
power  constitutes  transmission  and
distribution power losses. Energy losses are
the power losses over a period of time.
Reduction of system power losses is a
fundamental key. Studies have shown that
losses in the distribution system approach 8
to 10%. In USA, the transmission and
distribution losses were estimated at 6.6% in
1997 and 6.5% in 2007 [4, 5].

While the near daily growth of world
energy resources prices continue, less
improvement has been achieved in the
financial aspects for electrical companies. It
is urgent to create and find out new methods
to minimize the electrical energy costs.
Obviously, the optimal running mode of
EPSs  requires the integration of:
management, control, monitoring, and
maintenance, which leads to minimizing the
cost of electrical energy.

The cost minimizing choice of inputs
depends on two essential sets of parameters:
the given output level and the given price
factor. It is obvious that if we change
relative price factor, the cost-minimizing
choice of the inputs would change. The cost
function and its analysis are due largely to
the famous research of [6, 7]. The analysis
of the cost function in EPSs can be achieved
by global analysis of the EPSs regulating
devices (RD) and modes.

Generally, the optimal operation mode of
an EPS is defined, with regard to voltage
and current behavior, as the ideal optimal
situation that in practice can only be
approximately achieved [8]. The most
important reasons of deviation from the
ideal optimal mode can be summarized as
follows [9]:

e Network configuration variations, in
proximity to loads: for example,
frequent inserting and disconnecting
operations of loads, or opening and
closing operations of distribution
networks due to local requirements or
operation of protection systems (e.g.,
with stormy weather)

e Load variations: for example, those
caused by intermittent operating cycles
(traction systems, rolling mills, tooling
machines, excavators, welding
machines, etc.)

e The physical dissymmetry of the
electrical part of the system: for
example, in lines, transformers and
mostly in loads (as single-phase loads),
which can be amplified by anomalous
connections (e.g., the disconnection of a
phase or an unsymmetrical short-
circuit)

e The nonlinearities of the electrical part,
with reference to the instantaneous
values of voltages, currents, magnetic
fluxes, etc.: for example, saturations
and magnetic hysteresis and granular
effects due to winding distribution and
slots in the machines; electrical
characteristics of arc  furnaces,
fluorescent lights, thyristor controlled
converters, static compensators, etc.

e Finally, the interconnections between
very large systems (e.g., neighboring
countries)

Regarding the above-mentioned
hypotheses, the operator at the dispatch
control, as responsible decision maker, has
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to improve this situation by keeping the
system at the optimal operating condition
within minimum and convenient operating
costs [10]. The operator activity has to take
the system to the optimality as far as the
decision is right [11], and involves
continuous monitoring and interaction with
archived and real-time data using a typical
number of dispatch means [12].

2. ELECTRICAL POWER SYSTEM COSTS

Power losses have a considerable effect
on the active power generation and
consequently on the electricity cost. It is
essential for economic efficiency of the
electric energy market to allocate this cost
fairly among the power system agents. As
the operational cost model evolves over
time, any impact or change to the operation
can easily be incorporated into the model
with effects to the operation accurately
forecasted.

Operational cost modeling of the
electrical systems is not a one-time event,
but rather an iterative process that continues
to be refined over time until one has a finely
tuned model of operation. It depends mainly
on the load flow problem which is
specifying the loads in MW and MVAr to be
supplied at certain buses of a transmission
system [13]. Any change to the operation
can then be applied to the model and the
impact on cost, time, main power
requirements and service levels can be
accurately predicted. The costs are generally
known as the average cost and its marginal
cost.

The general cost function for an electrical
power station according to [14], is given by
the equation:

q
j=1
Or
q

j=1

10

where:

C; —Fuel costs to generate power

Pg; — Generated power in the j—station

B;j— Consumption fuel consuming in j
station

Cy — Cost of consumed fuel in j station

The C; = B;C, is a nonlinear function for
the active power Pg;. When transmission
distances are very small and density is very
high, transmission losses are neglected and
the optimal dispatch of generation is
achieved with all plants operating at equal
incremental production cost [15].

In a large interconnected network where
power is transmitted and distributed over
long distances, losses are a major factor and
affect the optimum dispatch of generation.
One common practice for including the
effect of transmission and distribution losses
is to express the total losses as a quadratic
function of the generator power outputs P;..

(3)

A more general formula containing a
linear term and a constant term (Korn's loss
formula) [14, 9] is:

Ng nNg Ng
PL = Z Z PIB“P] + BOiPi
i=1j=1 i=1
+ Boo (4)

The coefficients Bj;are called losses
coefficients and they are assumed constants.
Reasonable accuracy can be expected
provided the actual operating conditions are
close to the base case, where the B-constants
are, were computed. There are various ways
to obtain these B-constants. The optimal
economic dispatching problem is to
minimize the overall generating costs Crotal
(Eg. 1) as a function of plant output,
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subjected to the constraints that generation
should equal total demands and losses.

ng
z Pi = PD + PL
i=1

where P; should satisfy the minimum and
maximum generating limits.

The network equations can be formulated
systematically in a variety of forms. The
resulting equations are known as the power
flow equations and mostly solved by
iterative techniques. Power flow studies are
the backbone of power system analysis and
design. It is also required for planning,
operation, economic  scheduling and
exchange of power utilities, transient
stability analysis and contingency studies.
The optimal dispatch can be estimated and
found out using mainly the Lagrange
multiplier.

(5)

3. THE INFLUENCE OF THE CONTROL

DEVICES ON THE ELECTRICAL
POWER SYSTEM LOSSES
The influence of control on power

system losses is a postulate logic issue. This
situation is explained by an example
describing the relationship between active
power losses AP and the control parameters
U; in a power system (Figure 1), where
curve (a) and curve (b) belong to m- load
mode and m + 1 load mode respectively.
The first mode optimal parameters of RD

are fulfilled? With Ui((r)“) and active power
losses APS™.

11
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Figure 1. Active power losses versus tap-changer
sittings (curve a for m- mode, curve b -
for m+1 mode).

During normal load variations (demand),
the current and the power flow also changed
and there is a great need to keep the regime
in the optimal minimum operating power
losses zone which theoretically corresponds
with the minimum costs. This can be
achieved by using different RD during
operation in the system such as: Classical
control with On-Load Tap Changer (OLTC)
and controlled compensators.

To get AP{™*™ position, during the
transition from (m) load mode to (m-1) load
mode throw variations, we must change the

parameters of the RD from Ui(g‘) to Ui(g‘“) :
The active power losses may differ from

APS™D 1o AP+ |f the correction is
absent, this will lead to additional active
power losses (which could be avoided by
continuous corrections and regulations):

(m+1) _ 1 (m+1)
8PL Y = APMtD _ AP/

(6)
These additional losses depend on the
rate between the running operating mode
and the optimal mode. In general, the
additional losses can be formulated as:

8P,qai = £(Uy) (7)
Where,
U; The operating parameter of the RD or

regulating margin,
i The corresponding correction step.
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Figure 2, which is derived from Fig. 1 by
shifting the origin of coordinates to the

optimal losses APS™*, shows that each

step of RD parameters in a range (Ui(gl) -

Ui%n“)) corresponds to its own value of

additional losses.

S
» Ui

Figure 2. Add-on power losses versus tap-changer
sittings (curve a for m mode and curve b
for m+1 mode).

Nevertheless, the equilibrium operation
previously defined corresponds to an ideal
situation which in practice can only be
approximately achieved. Regarding the
above-mentioned hypotheses (and assuming
that stability holds), the most important
reasons for deviation from the ideal behavior
are mentioned in section 1 of this paper.

4. MODELING THE
OPERATIONAL COSTS

ADDITIONAL

The additional Operational costs for a
group of the electrical system are given by
equation 8:

(m+1)
Cadd
k

>

i=1

(m+1)
Caddi

(8)

where, C,qqi IS the additional costs incurred
due to the absence of correction in the
electrical systems modes. These costs C,qq4;
are depending on the additional active power
losses, the time period and the power losses
costs. Equation 8 can be performed as:

(m+1) _ (m+1)
Caddi - 8Paddi

Tm+1)bo 9)

12

where,

6P$1+il)— Additional active power losses

incurred due to absent correction in the
electrical system at the (m — 1) load mode
ith RD.

Tm+1) — The time period of the (m-1) load

mode for the i*" part of the power system
b,  — The losses costs in USD/kWh

Obviously there is a clear relation
between additional operational  costs
Caqq and the number of steps regulating
switch gears ng, for the correction operation
of the power system. This relation can be
reflected in mathematical forms by means of
statistical analysis.

The regression function classic statistical
problem is to try to determine the
relationship between two random variables
X and Y. Linear regression attempts to
explain this relationship with a straight line
fit to the data. The linear regression model
[16] postulates that:

Y=a+bX+e (10)
where, the residual (e) is a random variable
with mean zero. The coefficients (a) and (b)
are determined by the condition that the sum
of the square residuals is as small as
possible.

The regression analysis for curve fitting
is defined on the basis of graphical practical
results. The relation 6P,44; = f(U;) can be
explained as the additional losses in terms of
a switchgear number for the equipment of
the electrical system (“Figure 3” 1st curve),
where nj, for every i*" equipment is:

(m) (m+1)
n{() — UiO _UiO (11)
Ustepi
Where,Ugep,  is  regulation  step  of

transformation ratio for the i transformer
(for  example)? The time  period
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Tm+1) for jth step is characterized by the
daily load profile (load demand) and does
not depend on the ngg. The b, losses costs
in USD/kWh directly depend on the
configuration topology of the electrical
network. Consequently, the interdependency
of the additional costs C,4q; ON the ngg can
be reflected by taking corresponding
coordinate’s of 6P, and the relation 6P, =
f(n;) Figure 3.

A better model can be obtained if a
nonlinear regression model is used.
Therefore the C,qq; = f(n;) regression

pattern will be used as it shown in Figure
4 curve 2. For any configuration of the
electrical network system, the curves can be
contrived by the experimental results of the
load flow calculations and analysis. When
the model function is not linear in the
parameters, the sum of squares must be
minimized by an iterative procedure. This
introduces many complications which are
summarized by the differences between
linear and non-linear least squares.
Regression models predict a value of the (y)
variable given by known values of the (X)
variables. If the prediction is to be done
within the range of values of the (X)
variables where they are used to construct
the model it is known as interpolation [17,
18].

AP

@ -~
Cldd i

1
<,
sp

[¢5)

o AN
Cndd 2

SP.U)

(1) Cgaaai=f(m;)
2) 5Pi=f(ni)

\

Figure 3. Add-on costsand power losses versus
number of tap-changer sittings.

Once a regression model has been
constructed, it is important to confirm the
goodness of fit of the model and the
statistical significance of the estimated

13

parameters. A number of N experimental
steps on the curve C,qq; = f(n;) (Figure 4),
shows the different steps. In Table 1,a
different types of the regression function are
shown. The general form is C,q4; = @(n;)
where, C,qq4i, IS regression function weight
distances between the variables of C,44;
and n.

The standard deviations for |Chqq;i —

Coaqil are wused, together with the

assumption that the errors belong to a

normal distribution, to determine confidence

limits for the parameters. The choice of the
regression function can be perspicuous by
using the flowing steps:

e Using the input data as a result of the N
experiments for the electrical system to
find the approximation coefficients for
the regression function Coqq; = A;n®.
For which the deviation |C,qqi —
used for the same points.

e The experimental relation (function) of
the running and maintenances costs on
the switchgear numbers with acceptable
accuracy can be C,qq; = Ain® with the
condition A; > 0,n; > 0, o; < 0.

Caddil

Table 1: Regression functions and its
standard deviations
. ) Deviations
No. Regression function |Cadai —
Experiment t aad!
P yp Caddi| X %
1 Caddi = ajhy + bi <10%
e 1 <20%
2 addi ™ a;n; + bi
3 Caaai = Ain{* <5%
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Figure 4. General type regression function which
fulfill  with the Cadd i= f(ni)
approximation

THE REGRESSION MODEL
COEFFICIENTS

The regression coefficients, representing
the amount of the dependent variable
C.qqi Changes when the corresponding
independent changes 1 unit (step) for it" part
of the power system, have the form:

Caaai = Ain;” (12)

The equation is nonlinear by the time
dependence, so using the least squares
regression partially is not recommended.
This  function Coqq; = Ain®  should be
linearized by the natural logarithms [17, 18].

Logarithmic regression model equation
generally can be presented as:
In Caddi =In Ai + (0 4] In n; (13)

This can be transformed as:
In C\addi = Z;; InA;=D;; Inn; =X;

Eqg. (13) takes a linear form
Zi = Di + (xiXi (14’)

In this case the least squares regression can
be represented as:

(N N N
Z Dl+aiZXij = ZZ“
j=1 j=1 =1

1 N N N (15)
Z X;D; + o Z X§ = Z Xij Z;;

& ':1 ]:1 ]:1

where, N- is the simulation experiment
number from which the X and Z are defined.

The last system can be retransformed as:

N N
NinA; + u,-Zln n; = Zln Codaij

=1 =1

N N N (16)
Z In nylnA; + u,-z Innj = Z In ngln C 445
i=1 i=1 i=1

Eg. 15 can be solved with boundary
conditions as in Figure 4:

n; = €, Caaaij = f(ny);
— , N —
njy = Njp — €,5;  Cagain = F(nyy)

where, €,; is the given accuracy for the
switch gear numbers n; that are discrete.

The regression coefficients from Eq.
16 for approximation properties of Eq.
12 for it part of the power system are
weighted. The weights estimate the relative
predictive power of each independent,
controlling for all other independent
variables in the equation for a given model.
The standardized version of the coefficients
is the weights and the ratio of the
coefficients is the ratio of the relative
predictive power of the independent
variables.  Associated  with  multiple
regression, multiple correlation, which is the
percent of variance in the dependent variable
explained collectively by all of the
independent variables [19].

The convenient model should be tested to
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assure that the residuals are dispersed
randomly throughout the range of the
estimated dependent.
The model convenient criterion:
F <F, (17)
Where, FI is the relatlon of the chosen
dlsperses21 and s? or q3;, q% and sZ.
Depends on the number of degrees of
freedom f,; and f;; of the variables. F-table
standard (criteria) Poisson dlstrlbutlon for
count data The disperse s3; and s2 or q3;,
‘1%1 and qF; is a sum of square difference for
part of the EPS, if it is a linear
regression.

However, this is not strictly valid because
linear regression is based on a number of
assumptions. In particular, one of the
variables must be fixed experimentally
and/or precisely measurable [19]. So, the
simple linear regression methods can be
used only when we define some
experimental variable and test the response
of another varlable to it [20]. So the
s2. and s, or q3;, q%, are defined
experimentally with dependence on the
number of degrees of freedom:

f,; (ffor 51) N; f,; (ffor q1)

=N-1 (18)
The weights for the interaction of
nonlinear regression based on minimum sum
of square difference in the logarithmic and
not on sum of square difference:

— 2
D (Cagaiiy/ Cagatip))
1i

)

N

— 2
) _ L, In(Conaciy/ Cagaip)
1i N-—1

- 2 (19)

2 — Z?:i ln[Cadd{ij}fcaddfii}) .

21 N-—-2 !
2 _ E;H:j_ ln[_cadd':ii}frcadd':iijju
2i N-—-2
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If the conditions (17) are not realized, the
approximation of the Equation 12 should be

changed for another more accurate
experimental ~ method. Finally,  the
relationship  between the  additional

operational costs and the absent of the
optimal corrections as a function was
demonstrated as a mathematical model
companioned with its algorithm.

Despite of the interesting results, we have
left unanswered important questions about
the functions of the derivative. For instance,
it would be interesting to know the control
plan strategy for a certain electrical system
in both normal and contingency working
mode. Another problem is to find an optimal
schedule that minimizes the long-run
average cost per time slot with special case
studies for electrical systems [21]. Never the
less, such problems can be topics for further
research. Future research can be built on the
broad-based framework by including
uncertainty and dynamic quality
management decisions. Such extensions
would help to address the following issues:
What variables (both financial and non
financial) can be measured? How can the
measured variables be used to provide
information (estimates) of latent variable?.

5. CASE STUDY
5.1 TEST NETWORK

The electrical network used in this study is
given in Figure 5. It consists of 16 buses, 16
branches and 8 transformers three of which
are equipped with OLTCs. The input data are
summarized in Table2, Table3, and Figure4.
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Table 4. Data of the transformers and modes

4 losses
T""l’::"‘" 1 2 3 4 5 6 7 8
Um], 0.0015] 0.0015 | 0.004 - - - - -
Usep 0 0.068 | 0.091 | 050 | 0.09 05 0.5 0.09 | 0.068
Usop s 0.0695 | 0.0925 | 0.504
[ 0.071 | 0.094 | 0.508
[ - - |os2
[T - - o316
Ups - - 0.32
Mode 1
(Optimal)
Uﬂl,,,—m] 0068 | 0091 | 030 0.09 05 05 009 | 0068
AP, MW 54.78
Mode 2 (Peak)
U; 0068 | 00925 050 0.09 05 05 009 | 0068
Fig. 5. The electrical network used in this study AP MW 9.17
OLTC: n,,, 2 2 B N

Table 2. Input data of tested network.

_ Figure 6 shows I-optimal mode and Il peak load
mode power losses in MW, without correction the

1 1 3 Line 1.500 | 7.850

3 3 = 5550 T 6200 parameters of the RD.
3 5 6 0.350 | 2.400

4 10 11 0.700 1.600 - B Loadmode capacity;% B Power system losses; [MW]  ETime period; Hours
5 5 7 1.150 | 6.650

6 7 14 2400 | 15.500

7 8 16 2240 | 26.100 -

8 1 2 T6 0250 | 34250 | 20/230

9 3 4 T7 0240 | 7.000 20/230

10 6 10 T3 0.200 | 12.500 | 230/132

11 9 13 TS 0.770 | 16.700 | 15.8/132

12 12 13 T4 0250 | 7400 | 10.5/132

13 7 8 T8 0.800 | 35.000 | 230/33

14 14 15 Tl 0.200 | 6.250 10.5/230

15 14 16 T2 0.800 | 35.00 230/132

Table 3 Bus data

Mode 1; 70% (Optimal)

Mode 1; 100% (Peak)

Figure 6. Power Losses of Load modes m and

3

1 m+1

5 PQ 470 350 0.0 0.0

6 | PQ | 20 ] 300 00 00 5.2 ALGORITHM STEPS

7 PQ 61.0 8.0 0.0 0.0

8 | PQ | 290 | 180 | 00 | 00 There are several steps involved in

o TP | o | o oo o0 finding the optimal load mode to minimize

1| pQ | %0 | 0 | 00 | 00 additional losses and costs in a transmission
and distribution system. The single and

13 PQ 14.0 8.0 0.0 0.0 . . .

TRECEEED 0 o T oo multiple factor  test scenarios will be
performed for load mode 2 based on load

16 PQ 310 180 0.0 0.0 mOde 1

From the single factor scenarios we have
calculated the regression relationships
between add-on power losses cost and all 8
transformers settings (Caqqi = T (n;)) using eqs
12-16 considering the weights in eqg. 19. It is

16
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found that the transformers 4 to 8 have
negligible effect on add-on costs, while
transformers 1, 2, and 3 are considered as
critical components. Therefore, we check
the multi-factor scenarios of transformers 1,
2 and 3 as shown in Table 5.

Table 5. Single-Factor Test Scenario for Load
Mode 2

Scenarios Tl . T2 . T3 .
TC setting ] TC setting | TC setting
1 0 1 1
2 1 1 1
3 2 1 1
4 1 0 1
5 1 1 1
6 1 2 1
7 1 1 0
8 1 1 1
9 1 1 2
10 1 1 3
11 1 1 4
12 1 1 5

u Step 0
m Step 1
A w; B Step 2
B Step 3
B Step 4
H Step §
5 Add-on losses

gl0 - i

Transformer1

Transformer2 Transformer 3

Fig. 7. Power system losses of single-factor
test scenarios

Table 6. Multifactor Test Scenario for Load
Mode 2

Scenarios No; T1 T2 T3
1 Step0 Step0  StepO
2 Step2 Step0  StepO
3 Step2 Step2 StepO
4 Step2 Step2 Step5
5 Step0 Step2 Step5
6 Step0 Step0 Step5
7 Step0 Step2 StepO
8 Step2 Step0 Step5

17

5.3 RESULTS AND DISCUSSION

From Figures 8 and 9, and based on Table 6,
it is obvious that scenario 4 gives the
minimum additional power losses of 1.4 MW
and consequently the lowest add-on
operational cost (784 $). The minimum
losses are about 8% of the additional power
losses for base scenario (1). Thus, the
optimal OLTC settings of transformersl, 2,
and 3 are found to be 2, 2 and 5 steps
respectively.

B Power losses; [MW]
53.38

OAdd-on losses; [MW]

46.48
4241 4134

Fig. 8. Simulation Results of multi-factor Tests
for Load Mode Il

BAdd-on operational cost; [USD]
10153

multi-factor test

Fig. 9. Additional costs of
scenarios
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CONCLUSIONS

Reducing the additional embedded power
losses and costs in electrical power systems
by the control center will lead to overall
running cost minimizing.

This study raised and discussed the
importance of adjusting and control of
online tap changer transformers in the
electric power system so that the dispatch
operator can avoid the additional embedded
operating losses and costs by continuous
optimization according to the developed
nonlinear regression model based on
experimental power flow simulations carried
out by Netdraw program [22].

The performed case study shows that
substantial power and cost savings can be
obtained justifying the effectiveness of the
developed model.

The model can be enhanced by future
research  considering  other  control
parameters such as reactive power allocation
and use flexible AC transmission units
(FACTS).
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