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Abstract—Analyse of harmonic distortion in power systems
consists in the determination of steady state quantities for each
harmonic component at a time. The existing theoretical
relationships are difficult to be implemented in complex systems
containing many elements, in various combinations. In the case of
radial power systems operated in sinusoidal conditions, the load
flow calculation can be performed using a particular method
known as the backward/forward sweep. For harmonic polluted
radial  electrical networks, we can consider the
backward/forward sweep algorithm with some specific
adaptations. In this paper, the authors propose to model the
electrical harmonic complex quantities through abstract data
types with complex parameters. To illustrate the proposed
methodology, authors have developed original software that
allows performing all necessary operations with electrical
harmonic quantities.
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I. INTRODUCTION

The survey of harmonic distortion in power systems
consists in the determination of steady state quantities for each
harmonic component at a time. The existing theoretical
relationships are difficult to be implemented in complex
systems containing many elements, in various combinations.
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Besides the data types existing in the numbers theory, the high
level programming languages allow the definition of new
artificial data types, for instance abstract data types. The term
type of data designates a set of values (the domain of type) and
a set of operations that can be performed with these values.
The set of operations can be divided in three subsets:
(i) operations among the same type of data; (ii) operations
among the specified type of data and another type of data and
(iii) operations performed on the data itself. As an example,
we can consider data belonging to the real numbers set (the
domain of type). In this case, they can perform arithmetical
operations with another real number (operations among the
same data types), arithmetical operations with an integer
number (operations among the specified type of data and
another type), and the extraction of integer part (operation
applied to the data type itself) [1].

In this paper, the authors propose to model the harmonic
complex quantities (a set of complex quantities corresponding
to each harmonic component) through abstract data types with
complex parameters (x;, X, ..., X,); among these parameters,
some operations are defined. By implementing this model, all
harmonic quantities will be considered as “harmonic complex”
objects. As a result, electrical engineering laws, as Ohm’s or
Kirchhoff’s, are reduced to simplified expressions
corresponding to fundamental harmonic component case. The
paper presents an original solution (and dedicated software) to
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perform load flow calculus in harmonic polluted radial electric
networks with distributed generation using abstract data types.

II.  ELECTRIC QUANTITIES AS ABSTRACT DATA TYPE

A. Complex Quantities as Abstract Data Type

Complex numbers are regularly used in electrical
engineering. They have the following characteristics:

1) Domain: The domain is indicated by C and is specified as:

C={(a,b)la,be R} (1)

2) Operations Set: In the complex numbers set, the following
operations are defined:

e for any two quantities vl,v2 e C, it is possible to

determine the quantity v e C , with parameters a, and b,,
defined through:
Addition: v =vl + v2, where:
a =a +a_, b =b +b 2)
e 1 2 e 1 2
In a same manner, it is possible to define the operations:
subtraction (-), multiplication (*) and division (/).
e for any quantity ve C, it is possible to determine the
subsequent quantities:

Conjugate: v1 € C defined through v, =V, with

parameters a, and b, calculated as follows:

ae = al be = _bl (3)

Module: ¥ € R defined by r =lv|, calculated as:

rdvieda® +b’ 4)

Angle: € € R defined by 8= Angle(v), calculated

as: g9 = Angle(v) = atg b (%)
a

B. Harmonic complex quantities as abstract data types

A “harmonic complex” number may represent many non-
sinusoidal physical quantities, namely tensions, currents,
impedances etc [1].

1) Domain: The domain of the harmonic complex numbers is
denoted by HC and specified as:

HC={@.v .01V €C i=Li neN (6)
l l

2) Operations Set: The following operations are defined in this
set:
e for any two quantities A,Be HC, it is possible to
determine the quantity Ce HC, with parameters
(cy, ¢z ..., Cy), defined through:
Addition: C=A+ B, where:
c.=a+b; i=Ez ne N* @)
i
In a same manner, it is possible to define the operations:
subtraction (-), multiplication (*) and division (/).
e for any quantity Ae HC, it is possible to determine the
quantity r € R defined as:

Module: r =l Al, calculated as:

n
r=Al= / Sla ?:  neN" (8)
i=1"!

Dross: r = Dross(A), calculated as:

n 2 %
r=Dross(A)=_ X la |7, ne N )
i=2 !

Total harmonic distortion: r =THD(A), calculated as:

D A
r=THD (A) = ’T’Lf).loo (10)
al
e for any quantity Ae HC, it is possible to determine the
quantity Be HC, with parameters (b, b,, ..., b,), defined
through:
Conjugate: B = A" , calculated according to:
b=a: i=Lm, neN )
i
Weight: B =Weight(A), calculated according to:
la, |
1D, l= —+ — #
i Iall i=1l,n, neN (12)

Angle(b.) = Angle(a )
i i
Equivalent vector: B = A , calculated according to:
B=A+A-d*+A-a (13)

where a=(a1,a12,...,ai); i=1,_n; ne N* is defined as

“harmonic rotation factor” and _l’ﬁ is the
272

rotation factor for the fundamental harmonic component

case;

e for any two quantities C=A+B, | Bl R it is possible to
determine the quantity Be HC,
(by, by, ..., b,), defined through:
RMS (root mean squares):

with parameters

B = RMS (A), calculated
according to:
| B

LAl
b = b
i 1

Angle(b ) = Angle(a )
i i

[-la, | i=1n neN>k (14)
i

II. LoAD FLOW CALCULATION FOR RADIAL ELECTRIC
NETWORKS

The load flow calculation for electric networks consists in
the determination of steady state quantities associated to its
elements.

A. Adaptation of backward/forward sweep algorithm for
harmonic polluted radial electric networks

In this case, we have two types of nodes:



one source node (infinite bus), to which the specified
quantities are the components of voltage, and the
unknown quantities are the components of loads
(powers, currents);

some consumer nodes, to which the specified quantities
are loads (constant powers, constant currents, constant
impedances/admittances or a combination of the
above), and the unknown quantities are the components
of voltage. The capacitor banks can be represented in a
same manner: as constant harmonic impedances in a
combination with the specified characteristics of loads.

The electric lines are considered as harmonic impedances.
The load flow calculation can be performed using a
specific method, known as the backward/forward sweep. This
method consists of two steps [8]:
®  Backward sweep, where, starting from the end nodes and
going towards the source node, and using the Kirchhoff’s
current law, the current at each load node, as well as the
current flowing through its ingoing branch, are calculated;
o  Forward sweep, where, starting in the opposite direction,
from the source node S (whose constant voltage is taken
as reference) and going towards the end nodes, using the

Ohm's law, the voltage drop on each branch, as well as the

voltage at each load node, are calculated.

In harmonic polluted power systems, the above-proposed
models can be introduced. Accordingly, the load flow
calculation algorithm using the backward/forward sweep
consists in the following steps:

a.

Ordering the network (indexing the ingoing node and
branch for each load node) and setting the voltages at
the load nodes to the value of the source node (S)
phase voltage — in this first step, the voltage system is
considered sinusoidal:

v —u k=12...nk=S (15)
k N
where: US ’Uk e HC Wwith complex parameters
(uy, u, ..., u,) calculated according to:
— ok
=u ; u =0, i=2n neN (16)
1 Source i

Setting the initial iteration index: p = I;

Backward sweep: crossing the network from the end

nodes towards the source node and performing the

following operations:

c.1. Calculation of the current at the node k by using
the expression of the load power given by
(concordant with relationships 74):

(p) _
Ik = RMS(IPk ) (17)

(» .
where Ik ,Il‘;C e HC;

- r.m.s. value of the current (in

this case loads are represented only through constant
powers);

IPk - represent weights of harmonic components;

c.2. Calculation of the current flowing through the
branch ingoing to node k:

1.(p) =I(p) + > I({?) (18)
ik ke Nexwtk) K
if connection=Y = ;(p) _;P) (19)
kN ik
if connection=A > ,(p) _ /(P (20)
kN e Next(ky KN
where: i is the index of the node up stream to
the node k;
Next(k) - the set of nodes next to the
node k;

Forward sweep: the calculation of voltages at the
nodes, crossing the network from the source node
towards the end nodes. For the in progress iteration p,
considering the crossing direction of a branch from
the node i towards node k, the -calculation is
performed in the following manner:

d.1. Calculation of the voltage drop on the i - k

branch:
) ) ) 21
A =Z -1 Z -1
Uik =% T T T @
where: ; < pycs
i
7 eHC - harmonic impedance of neutral
ikN
conductor;

d.2. Calculation of the voltage at the node k:

uP - U_(p) _Aufp)
k i ik

Calculation of the power injected into the network by

the source node:

(22)

sPoy .y W 23)
S S ie Next(s) Y

If p>1and IE(SP)

step, else update p = p + 1 and go to step c.

Calculation of power losses through the network

branches.

—(pD
-85 I &, then go to the next

B. Adaptation of backward/forward sweep algorithm for

harmonic polluted radial electric networks with distributed
generators

Distributed generators can be classified:

generators which provide constant power (P;Q; nodes),
to which the specified quantities are the constant

powers and the unknown quantities are the components

of voltage;

generators which provide constant active power and
constant module of voltage (P;U; nodes), to which the
specified quantities are the active power and module of
voltage, and the unknown quantities are the reactive

power and the angle (phase) of voltage. These sources

can generate active power and sometimes can generate
or consume reactive power, having the possibility to
maintain the nodal voltage at a set value by means of au
automatic voltage regulator.

For harmonic polluted radial electric networks that
include

distributed generators, we can consider the



backward/forward sweep with some specifications and
adaptations. The algorithm is the following [2]:
1. Initialise the iterative step p = 0 and establish the

initial value of the (generated) reactive power for

every P;U; nodes: Q(O) =0;
1g.k
2. Update the iterative step p =p + I;
3. Perform load flow calculation by backward/forward

sweep;
4. For each node k (P;U; type), if
HUY 1-1U ™ IS €, or gualc_gmin  or
1g.k 1g,k
Q"“lc = o™X, the iterative process stops;
18,k 1g,k

5. Calculate the generated reactive power Ql":"'k
necessary to achieve the specified voltage U7 at

a node k (the P;U; nodes), e.g. using the secant

method:
() _ y(r-)
IL;I; — l( :.:) : ]l):l; lg(,l; - (| Ul( kp) [—| Ul.\':g(-lf,u[ |) (24)
U —1Us2 |
: min o peale ¢ pmax | 4 (p) _ pealc
i (ng,k _ng,k _ng,k) “n ng.k ng,k (25)
. calc min (p) min
< th =
¥ (ng.k ng.k) " Qgk =gk
. calc max (p) _ Hmax
the =
U 1ok Qg k Ok ek

6. Go to step 2.

By introducing the proposed objects in the existing
algorithm for networks operated in sinusoidal regime (with
demonstrated correctness and convergence) [2], we obtained a
novel algorithm for load-flow calculation in harmonic polluted
states. It is important to specify that the number of iterations is
a function of two constants, which represent the precision of
calculus: g5 (the deviation of injected power from the source
node — infinite bus) and &y (the deviation of voltage in PU
node types).

IV. APPLICATION

The high level programming languages (Object Pascal,
C++, Java etc.) allow the definition of abstract data types as
objects and the implementation of the above defined models.
For carrying out, the authors have selected the C++ language
program because it admits the overcharge of existing
arithmetical operators (they are redefined in the program).

Figure 1 presents the object (class) C (complex). The
member functions implement the relationship presented in
chapter II.A, and the unit can be used in any program written in
C++ language for all calculus with complex numbers [3, 5].
Figure 2 presents the object HC (harmonic complex), the
member functions implementing the relationship presented in
chapter IL.B. This unit can also be used in any program written
in C++ language. Based on these two units (C and HC),
authors have developed an original program, named OBmac,
dedicated to mathematical operations with three-phase
quantities. Realized with GUI (Graphic User Interface)
technology, the program ensures an extreme easiness in the
use.

In the program are introduced eleven harmonic complex
objects, namely A, B, C, ..., K. For each object, the following

are defined:

¢ one location for writing relationships among the harmonic

complex quantities (objects);

e a table with modules of 50 harmonic components;
¢ atable with angles of 50 harmonic components.

typedaf dowble REAL;
clasy &
protected:
REAL a, b
public:
<
~CH);
wvirtual O operator + (O ),
virtual C aperatar- (C& c);
virtual O oparator * (Ck o),
virtual C aparatar /(O o);
virtual O oparator ¥ (REAL r);

Hdefine a real number

¢ Aelass complex

Hthe protected part

Hreal and imaginary data
Hthe public part
Hoonstructor

Hdestrctor

Hoperation of addition
Hoperation af subtraction
Haperation af pudtiplication
Hoperation af @ivision
Haperation af pudtiplication

virtual C conjugate();
virtual REAL module();

Swith a read number
Haperation by conjugate
Hfmodule operation

Figure 1.

Any harmonic complex quantity is introduced (as input data)
through Input/Output panel and is attached to an object
making a “click” on ,<<” button concordant to symbol of
object. — figure 3. It is possible to rotate (electrical rotation)
the object with 720° through multiplication with harmonic

rotation object (a).

Complex object implementation

#include "TAD C.opp”
consin = 5i;
class H
private:
CARM ]
public:
HC):
~HC0;
HC aperator + (HC& ha);
HTC aperatar - (HO& he);
HC aperator * (HCO& he);
HC aperatar / (HC% he);
HC aperator * (REAL r);

HC conjugatef);
REAL modulef);
REAL drass(l;

EHC THD):

HT weight();

HC RIMS(REAL r);
HC equivalent vi);

Hinchude & object

~~,

Helass three complex

Hthe private part
Hharmonic complex data
Hthe public part
Hoonstructor

Heestructar

Hoperation of addition
Haperation af subtraction
Hoperation of multiplication
Hoperation af division
Hoperation of multiplication
Awith a real munber
Haperation by conjugate
Amodule qperation

Helrass aperation

HTHD operation

Aweight operation

Hrans. aperation
Heguivalent vector aperation

k

Figure 2. Harmonic complex object implementation

The results are obtained making a “click” on “RUN” button
and appear in the two tables with module and angles of
harmonic components. Any object can be also graphic viewed
in Input/Output panel making a ‘“click” on “>>" button
concordant to symbol of object.

A numerical example (figure 4) is given for an electric
circuit connected to the point of common coupling (PCC) of a
non-linear consumer, where [4]:

e L, = 3.39%10” [H] is the equivalent inductance of power
system;

® R = 444 [mQ] — the equivalent resistance of the linear
consumer;
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Figure 3. Obmac program

e r=1.538 [mQ] — the resistance of the parallel filter;
e [ =0.033 [mH] — the inductance of the parallel filter;
e C = 2.49[mF] — the capacitance of the capacitor bank.

To solve the problem, the following objects are defined in
the program:

» A — spectrum with weights of harmonic currents of non-
linear consumer;

»B - spectrum with harmonic currents (of non-linear
consumer) obtained through “RMS” operation (making a
“click” on “Weight --> RMS” button), considering the r.m.s.
value of harmonic current (579.710 [A]);

» C — harmonic equivalent impedance at PCC;

» D — harmonic voltage drops at PCC;

»E - source voltage which contains only the fundamental
component (230 [V]);

»F — harmonic voltage at PCC (making a “click” on “*”
button concordant to symbol of object, we view in
characteristic quantities panel: r.m.s. value, THD and the
dross - Xd);

» G — spectrum with weights of harmonic voltages at PCC;

» H - harmonic equivalent impedance of parallel filter;

» I — harmonic current through capacitors bank.

L'sc

I @

M

¢

c L

L.
|

a b
Figure 4. Electric scheme viewed in common coupled point
a — simplified electric scheme
b — equivalent electric scheme

V. CONCLUSIONS

The paper presents an original solution to perform calculus
with complex and harmonic complex quantities by using
abstract data types. Related mathematical models for complex
abstract data type and harmonic complex abstract data type
are developed. These structures were implemented as objects
in an original software which allows to manipulate complex
and harmonic complex quantities by simply using common
operators like “+”, “-”, “*” and “/”.

By implementing these objects in a backward/forward
sweep algorithm for networks with distributed generation, a
new algorithm for harmonic polluted regime was proposed in
the paper. A numerical example is given to confirm the
computer implementation of proposed objects; the complete
algorithm for the power-flow computation is under a test
process for validation and will be presented in future works.
The authors intend to develop an algorithm and an associated
program for load-flow analysis in harmonic polluted and
unbalanced electric networks with distributed generation.
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