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Abstract: The increase in unbalanced and non-sinusoidal loads 1s one of the main factors of power quality
deterioration. In this regard, new methods of rational use of power resources are required. This study is devoted
to the impact study of non-sinusoidal load parameters on real-power losses in three-phase two-wound power
transformers by means of constant coefficients. This study provides an algorithm to calculate transformer total
power losses using a developed method of constant coefficients. This method allows going back from the
classical method of equivalent circuits for each harmonic component. We have used the electrical circuit theory,
modern methods of electric circuit analysis and synthesis, the equivalent resistance method and the method
of equivalent sine to achieve this purpose. Branch currents are calculated in one phase of equivalent circuit of
TWTL system based on this equivalent circuit (magnetic coupling of HV and LV windings, replaced by their
electrical equivalent and parameters of LV windings are under HV). In commecting capacity load to LV termimnals,
signs “plus” of the last real and imaginary numerator terms and of the last denominator term should be changed
to negative in the right-hand side of the last equation. Thus, we have determined the total power losses in
single-phase transformer under non-sinusoidal load (in one phase of a 3-phase transformer) by summing up
the power losses of each harmonic component in the load. The proposed calculation algorithm for transformer
real-power losses by developed method of constant coefficients allows going back from the classical method
of equivalent circuits for each harmonic component.
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INTRODUCTION

In recent years an mcreasing number of human
resources is not a significant factor for increase in
production. The 1ssue of worker productivity
improvement by more efficient resource usage including
power resources, their savings and rational use 1s now
highlighted (Dryden, 2013, Blaabjerg et al, 2015;
Uraev et al., 2016).

Modemn technologies make possible to improve
productivity which characterizes the level of scientific
and technical progress. Modern technologies in power
industry are (Masters, 2004; Gonen, 2016; 2014).

Outdated power grid replacement by intelligent
grids, mandatory and simultaneous modification of
all elements in power industry including digital
substations;creation of a single information-technological
space-power cluster.

Energy efficiency 1s a range of orgamzational,
economic and technological measures to make power

resource rational use more valuable 1n mdustnal,
consumer, scientific and techmcal fields (Exposito et af.,
2016; Hall and Tyler, 2014; Kreith and Goswami,
2016).

Power quality deterioration 1s mainly due to increased
unbalanced and non-sinusoidal loads. In recent years,
unbalanced and non-siusoidal operation requires close
attention as mumcipal energy consumption has exceeded
the industrial power consumption in certain electric
power systems. This led to unbalances of harmonicity n
voltage and current systems. Therefore, the issue of
electric energy rational use and as a consequence, energy
loss reduction in distribution networks with unbalanced
and non-sinusoidal loads s an actual scientific and
technical problem of energy physics.

Electric power supply 1s umpossible without
transformers that transmit the electricity over a distance
and efficiently distribute it among
Transformers as an integral part of power network are at
all voltage levels as a matching element between the

consumers.
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network and the consumer. Transformer no-load loss
consideration as well as real loss in short circuit situation
with due account for additional losses under unbalanced
loads 18 appropriate in calculating technical losses and in
substantiating the economic benefit for transformer
replacement.

Since, transformer losses are the main problem due to
unbalanced and ncon-smusocidal transformer loads, the
correct choice of connection diagram for transformers and
unbalanced loads based on real-power loss calculations
under unbalanced and non-sinusoidal load 15 wvery
umportant not only in relation to consumers but also to
energy physics.

The problem is that while assessing unbalanced and
non-sinusoidal voltages and currents, only the special
cases of unbalanced and non-sinusoidal operation are
considered: continuous unbalance and periodic distortion
of current and voltage curves (Agunov, 2004, 2000;
Bessonov, 2006). Current electric mstallations have
random disturbances in addition to continuous and
periodic ones. Therefore, their impact assessment on
installations is requirable. This will eliminate limitations
related to different types of disturbances (continuous,
periodic and random) (Barutskov et al., 2011). Where 1,
dynamic programming is the most advanced method
(Agunov, 2000, Barutskov et al, 2011) as it provides
Electro Magnetic Compatibility (EMC) measurements in
physical meanings.

Energy-dispersive analysis is requirable to assess the
impact of non-sinuscidal load on power supply and to
develop EMC recommendations. Real-power component
valuation could be used as a criterion. Since, it 1s an
absolute figure, energy efficiency of the system
“source-non-sinusoidal load” 1s more favorable to assess
using relative criteria, expressed in power and current
components.

The maximum efficiency of the system
“source-non-sinusoidal load” is achieved under zero
reactive and distortion power or under non-active current
components that are at the pomt zero.

Balanced active and passive parameters of
3-phase AC networks are necessary for their normal
operation (Idelchik, 1989; Melmkov, 1975; Nikitin, 1 958) as
well as simusoidal voltage and current (lack of current and
voltage harmonics). Operation conditions that deo not
meet these requirements are named “special”.

Power electronics umversal application leads to
voltage and current diagram distortion (Harlov, 2005;
Borovikov et al, 2013). In this regard, EMC issue is
urgent as well as reliable assessment of energy processes
1 electrical network with non-sinusoidal operation. Sine,
distortion possibility is being calculated based on the

current sum of all harmonic components (or a number of
compoenents) matching the specified limit value as well as
the possibility of current and voltage resonance and
capacitor overload.

In special operation conditions of electrical power
supply system, pulsating power has to be considered
along with active, reactive and apparent power as it is a
kind of measure function for unbalances and distortion
degree that characterizes unsinusoidality of operation.

Transformer winding inductive reactance 1s much
greater than the active resistance. Phasor power factor of
transformer as a separate network element exceeds the
standard; the number of transformers is higher than the
number of generators. Considering the above, the study
of transformer loss dependence on HV winding load is
understandable. The study 1s important also in terms of
non-sinusoidal loads; higher harmonic components in
load-carrying winding increase mductive reactance which
is equivalent to significant transformer losses.

Thus, the purpose of this study 13 to study
unbalanced and non-sinusoidal operation conditions of
power transformers modes with respect to real-power
loss.

MATERIALS AND METHODS

Since, an electrical network represents the equivalent
circuit of our transformer, we have used a chaming
method to study operating conditions. General calculation
objectives 1n the context of theoretical foundations of
electrical engineering are the following (Bessonov, 2006;
Zeveke et al., 1975): the parameters of active and passive
network elements are known to determine the current
distribution in the network to draw balances of current in
independent nodes and of voltage m independent
circuits to draw a power balance in the whole chain.

The following challenge is favorable, according to the
above. Passive parameters of a single-phase two-wound
transformer (either one phase of 3-phase transformer) and
its loads are known. The challenge is to define
transformer total power losses under load based
on equivalent circuit of the system “Two-Wound
Transformer-Load” (TWTL) which elements are under
High Voltage (HV). Let us consider two options for this
challenge:

Obtain an expression for TWTL system’s total power
by multiplying the modulus of a square current of HV
winding by its (TWTL system) total resistance. Find
an expression for transformer total power losses 8, by
matching the load powers agamst the total power.
Tdentify transformer real power loss AP and reactive
power loss AQ by determining the active and reactive
components of this expression.
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Determine the total power loss of all the equivalent
circuit elements of TWTL system Z;.Z,Z; : total resistance
of HV winding, shumnt and Low-Voltage winding (LV).
Then extract active and reactive power losses. The results
on Options 1 and 2 must be the same:

BxZ,-(13) #Zy = 1252, +
TxZy+(1)) *2}
Where:
Z, = Total resistance of TWTL
includes HV  winding

transformer’s equivalent circuit under HV
Z:.Z; = Resistance of LV winding and load

system which
resistance  and

Zy, = Resistance of a shunt

I.I, = Modulus of current m HV winding (1st Branch)
and shunt (2nd Branch)

i = Modulus of current in HV winding, transmitted

from LV winding (3rd Branch)
RESULTS

Branch cwrents are calculated in one phase of
equivalent circuit of TWTL system based on this
equivalent circuit (magnetic coupling of HV and LV
windmmgs, replaced by thewr electrical equivalent and
parameters of LV windings are under HV). This equivalent
circuit 1s shown in (Fig. 1).

Figure 1
directions of Traversals 11 and 22. We have used branch

shows branch current directions and

current method for calculations.

The equivalent circuit (Fig. 1) has 2 nodes (Node 2 is
a backbone node) and 3 Branches. According to
Kirchhoff™s 1st Law and specified current directions of the
Node 1, we have:

L-I,+1, =0 (M

Equation 1 here is a equation of Magneto Motive
Force (MMF). Tt is the fundamental equation in choosing
mathematical models to study all operation conditions pf
power transformers (Kosternko and Piotrovskiy, 1964).
This 1s because MMF 13 a product of ampere-winding at
4n and the parameters of LV winding under HV. Thus,
MMF equation can be reduced by 4nw where: w-number
of HV winding turns.

In terms of independent Circuits 11 and 22 (directions

of traversals is clockwise), Kirchhoff's 2nd Law
determines the voltage balance Eq. 2:
I#Z, 41y =2, :U1 (2)

Fig. 1: Equivalent circuit for one phase of TWTL system
I,%Z,+1'%Z}. =0 (3)

where, U, complex voltage across the termmals in
double-wound transformer.
Equation 3 includes summarized resistance of LV

windings under HV and load:
Zow = Li+Zy = pHj(xiexy )

and complex total resistance values for L.V windings and
for load:

i . .
Z, =14, =k 4k,
/ . .
Zyy =1 Hixy, =Ko,k
where, k-transformation ratio, we have replaced the

complete system of Eq. 1-3 for equivalent circuit (Fig. 1)
with extended matrix:

1 -1 1]L[0
Zl ZD 0 I7D Ul
0 2, ZiyL|0

We have found the solution by Cramer’s Rule. The
main determinant of extended matrix:

1 -1 1
A=Z, £, 0 =%, EQH +Z, (zn +EZH)
0z, Z!

=0 =Z2H

1s not equal to zero and consequently, the system of
equations has a single solution. We have calculated
additional determinants:
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0 -1 1
U 2, 0 |=A=U,(2,+Z})
0 Z, Zy

1 0 1

Z, U 0 |=A,=U7Z,

0 0 Z,

1 -1 0

Z, Z, U, |=A,=-U,2Z,

0 7, 0

Equation for branch current calculation will the
following: 1st Branch:

i- ﬁ: Ul(&u"’&éﬂ) _
LA 202042 (20 2 )

Ul
i i
Z+Z, 2 (204 Z0k)

Where:
22y J(Zo+ 20 )= 2, -

Equivalent resistance of TWTL system; 2nd Branch:

- !
P2 UiZa
1] 7 !
A 2T +2 (2,425
3rd Branch:
T/ AB _ -Ulgﬂ
Ry ,
ZoZiut L (2o 2 )

In plugging branch current values in Eq. 1, we can
see that the current balance in the node 1 is observed. To
check our equations we have calculated the power
balance for the entire network:

Ul XI: = Ifxga
that can be traced to power balance:
U1 = i1 X Zy

Plugging the vector current of the 1st Branch in to
last equality will get an identity U, = U, . Where: I; current,
conjugated with the current1, .

We have checked the equations for branch currents
using mesh current method. Direction of Traversal 11
coincides with direction of wvector currenti, in the
1st Circuit, direction of Traversal 22 coincides with
direction of currentl,, m the 2nd circuit. In this case,
equation for power balances in these circuits take the
form:

i11 (ZlJr;u)'izz Z,= Ul
'-111;0 '122 (;;HJr;u ) =0

Their extended matrix:

I

I22

1

gl +gu 'gu
!
';n ;ZH +Zn

U,
0

Contains main and additional determmants:

[Z1 +Z, -Zy

i i
7 747 JZlZZH;+ZDZZH+ZlgD
=] LonT £

]

U -z i
1 / U =U (ZZH +Z, )
0 Z,,+Z,

Z+Z, U .
{_1 = 1]_U1;n
Z, 0

Since, the main determinant is nonzero, there is only
one equation for mesh current:

o Ui{zez)

2, 2oyt 2, Lo+ 2, Z,
_ Ulzn

2y Lot 2 Loy + 2, 2

[

11

22

Ther modules are equal to cumrent modules of
Branches 1 and 3. Where m:

=1,.1

Magnetizing branch (shunt) current value 1s equal to
their difference:

i, =,
. /
UIZZH

! !
;1 ZZ H +ZU ;2 H +Z1 ;U

_1 47 =
0 22_I1+12_

Expressions for branch current calculations, found by
branch current method and mesh cumrent method are
equal. In the future, we accept the following equations for
branch currents:

L Uzrzy)
l ;u Z;H +;1 (ZD + ;;H )

i= U1Z£H (4)
0 ! !
2o Lo+ 2, (Zo+25y)

'U1 ZD
I !
ZoZo+ 2, (Zy+Lsy)
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We introduce additional notation for the equivalent
complex total resistance of TWTL system:

2, =Lty (5)
Where:

) _ a+jb _
etif (6)
ae+bf+j(be-af)
e’ +f?

' '
Ly =Z,Z,y (ZD+;2H

Is complex total resistance, inserted in HV winding
circuit that determines the cuwrent distribution in
transformer branches (equivalent shunt resistance and
summarized resistance of LV winding under HV and load,
connected 1n parallel).

ZoZsy = atjb product of complex total shunt resistances
and resistance for L.V windings under HV and load. The
right side of Eq. 6 and the last equation:

et ‘ /
a=rr XX, XXy

_ / / ! !
b= Xl P Ty X, Xy,

The sum of complex total shunt resistances and total
resistance of LV winding under HV is represented in the
following form:

Lot Loy =etif =2
Where:
e =1+ +rh, = x, +x) +x),

The physical meaning of Z is a complex resistance
that 18 equal to summarized resistance of circuit elements
connected in series: shunt, LV winding under HY and
load.

If, we divide the numerator and denominator in right
side of Eq. 4 in the sum of resistance (_ZD+Z'2H) with due
account for Eq. 5 and 6, we could make a certain
conclusion. According to Ohm’s law, the current in HV
winding 13 propertional to the voltage across the terminals
of the transformer and 1s mversely proportional to the
equivalent resistance of the module:

The product of the complex resistance of the
1st branch multiplied by summarized complex resistances
of the shunt, L.V winding and load:

2,(20* 20 )= 2,2 = c+jd

Tts square module is:

2
=zlz? = Jd+d?

z, (2,42, )

The last equation shows that:

, o' +d’
=
e’ +f?

Where:
- f g / i
©=1I,I, LT, TII, -X X X X, X, Xy = e-x %l
— / i / P
d - I.EIXI +X1I'2 +X1rH +XDI~1 +I'1X2 +rle - rle+X1Xe
Here:
e=r
f=x

The complex equivalent resistance of TWTL system
based on accepted notations of Eq. 5 1s:

_ ctatj{btd) %
= et
Tts square module is:
, (cta) +(b+d)’

= eZJer
We have multiplied the numerator and denominator
of the right side of Eq. 7 by the conjugate complex (e-jf) of

the complex resistance Z :

(crajrer(brd)<f (brd)<e-(ate)<f ] (g)

- el +f?
Where:
cta)xet{brd)«f cta)ret(brd )ef
Re(z,)- (TP H)E _p era)rer (i)
Im(Z ): '(C+a)><f+(b+d)><e g -(c+a)xf+(b+d)><e
- e'+f’ : ¢i+d?

Let it be: U,=U, =const. equation for branch currents
Eq. 1-3 based on previous notations, we be the following:

__ Uz
atctj(brd)
- Uz,
P arerj(brd)
U Z

- atotj(b+d)

1

0

In this case, square module are equal:

2 2
1 U/xZ : (9)

(ate) +(btd)
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A2 U/xZ!
(L) =—3" "5
(a+e) +(btd)

2
2: UIEX(Z’EH)
" (ate) +(brd

Transformer real-power loss in Case 1:

R [_]2 - z
ASy, =% Z,-(1,) 2]

v

According to Eq. 7, 8, 10 and 12 shall be:

AS

2
_ Ul %
T 2

(a+e) +(b+d)
(cta)xet(bd)xf+

i[(btd)xe-(ato)x F]ZiZy,

Transformer real-power loss in Case 1:

U2
AP = —
(ate) +(b+d)

[(c+a)><e+(b+d)><f-Z§rl_’,J

Transformer reactive power loss n Case 1:

_u
(ate) +(b+d)
[(b+d)><e-(a+c)><f-Z§x”

AQ, =

Transformer real-power loss in Case 2:
A8y = T2 +15x 20+ (Ifz )2 %2}
According to Eq. 9-11 and 16 shall be:

s,- YU
(ate) +(b+d)
ZiR+Zix r2’+(Z§H )2 L+

J(sz1+z,§ ><x£+(Z§H )2 x,])

Transformer real-power loss in Case 2:

LS

AP, =— "1
T2 (a+c)2+(b+d)2

[erl+Z§><r2’+(ZgH )2 ru}

(10)

(1)

(12)

(13)

(14)

(15)

(16)

(an

(18)

Transformer reactive power loss in Case 2:

u;
(a+e) +(brdy (19)
[22X1+Z§XX£+(ZQH )2 xu}

AQq, =

Right-hand sides of Eq. 13-15 and 17-19 are identical.
We have reduced left and right-hand sides of paired
equations by an algebraic expression:

Ui

(ae) (brd)
Thus, we will have new and less lengthy equations
with 1dentically equal left-hand and right-hand sides.
The certainty of these expressions can be confirmed

by verifying identical equation:

(c+a)xe+(b+d)xf-zgrlf = erlJrZSsz'Jr(Zgl)2 T,

(b+d)xe-(a+c)xf—2§xlf = 22x1+z§xx’2+(z’21)2xn
Total power of TWTL system:
S=T7xZ, (20)

where, square current module I’, of Branch 1 is taken
according to Eq. 9

7, -z 2P (21)
eHf

In plugging expressions Eq. 9, 21 and 20, we get:

§_p 17 +ae+bf+j (r,Z* +be-af ) (22)
= bt
l (atc)’ +(b+d)’

Transformer total power loss 1s determined by taking
the right-hand side of expression for real load powers,
from the right-hand side of expression Eq. 22 for real
power of TWTL system:

AS, =&
Total load power is:
S, = (1, 2!
where, (I',)’ square current module in “LV winding-load”
system 1is determined by Eq 10,z =r+xtotal load
resistance under HV. With due account for previous
notations:

ae+bf = 2231}, +(Z2,)'r, (23)
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be-af = 77 xx’, + (Z’Zl)z X, (24)

Equation 13 with Eq. 22-24 in Case 1 will be:

2
AS-H :%x
(ate) +(b+d)

(25)

2
2 2 i/ i/
Z r1+ZD><r2+(ZN) rp+

iz 2+ (26 ) .

Thus, the right-hand side of Eq. 25 13 identically
equal to the right-hand side of Eq. 17 which was to be
proved.

The fractional expression m the right-hand side of
Eq. 25 should be presented 1 such a way so that the load
resistances were separated from equivalent -circuit
resistances under HV to assess the impact of load
parameters on transformer losses.

In this case, the real part of the numerator
Zh+Zexn 7)), can be represented as the sum of two
terms: term, independent from load resistance:

A =1 [Z§+Zf+2(rur2’+xux;)}+

(26)
23+ (2 )
term, dependent on load resistance:
B= (Z;)z (141, )+2(rur£+qr£+rurl)x 27
r{ﬁZ(xUX’Z +r1xg XL )xx;
We have replaced the Eq. 27 by a trinomial:
B=8,(z,) +B,rf+B.x} (28)
with load resistance coefficients:
B, =(g5+g) (29)
B, = 2(nrf+51)+rr, ) (30)
B, = 2 (1%} X}, +%,0 ) (31)

Equation 27 corresponds to the situation of a
transformer load being active-inductive. In the case of
active-capacitive load, the last term in the right-hand side
of Eq. 27 changes in sign. Equation for active load Eq. 27
with notations Eq. 29-31 will be:

B=B, (rlf)ZJrBzrlf
In connecting capacitors to LV terminals:
B=B,x ) +B.x

According to Eq. 25, B = 0, if capacitor resistance
under HV is:
f_ 25X, X+

i
(t+1,)

If equivalent circuit elements (their parameters) are
used under LV, the capacitors resistance will be:

. - 2(1,%,+1,%,+ %1, /k%)

l (1, +1,)

Now, lengthy expression for the real part of the
numerator in Eq. 25 with due account for Eq. 26 and 29-31
1s shorter:

A B (Z) +B,r 4By

The imaginary partz®+zi<=i+(zi )= as well as the
real part of the numerator of fractional expression in
right-hand side of Eq. 25 can also be represented as the
sum of two terms: term, independent from load
resistance:

A, :xl[Z§+Zf+2(rur2’+xuxf2)}+2,§><r2’ +(Z’2)2xu (32)
Term, dependent on load resistance:

2
D:(Zf) (xﬁ-xu)+2(Xur£+xlr;+ruxl)><1j’+

(33)
Z(XDX‘; X, KX, )Xxf

We have replaced Eq. 33 by a trinomial:

D=D,(Z) 4D +D.x] (34)
with load resistance coefficients:

D, ={x,1%,) (35)
D, = 2(an2’ X1 +rnxl) (36)
D, = Z(XDX’Z +x1x£ +xnxl) (37)
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The denominator of the fraction in right-hand side of
Eq. 25 1s:

(a+c) +(b+d) =227 +2? X(Z’Zl )2 +25(gn +x, X, )%

/ / -
(ITZI T XX21)+2X(XDI"1'I"DX1 )><(XI21+1"X21)

Where: tn+xv%)) =[Z:7Z] scalar product of total resistance in
the 1st and 2nd Branches of equivalent circuit of TWTL
systerm.

() +xx}) = | Z+23, | scalar product of total resistance and
z total resistance in the 3rd Branch of equivalent circuit of
TWTL system under HV.

&xofi0% ) =|[ZoxZ | module value of vector product of
total resistance in the 1st and 2nd Branches of equivalent
circuit of TWTL system under HV.

xrglmgl)=‘[gxgg1] module value of vector product of
total resistance Z and total resistance in the 3rd Branch
of equivalent circuit of TWTL system under HV. The
physical meaning of total resistanceZhave been
introduced earlier.

The physical meaning of Eq. 25 13 as follows. The
denominator of the fractional expression in the right-hand
side of the equation for transformer real-power losses 1is
the sum of 4 terms.

Product of square module of total resistance in
Branch 1 (Fig. 1) multiplied by square module of total
resistance in Branche 2 and 3, if they are commected in
series.

Product of square module of total resistance in
Branch 2 (Fig. 1) multiplied by square module of total
resistance in Branch 3.

Twice the product of the scalar product value of total
resistance in the 1st and 2nd Branches of equivalent
circuit of TWTL system, multiplied by scalar product of
total resistance Z and total resistance in the 2nd Branch of
equivalent circuit of TWTL system.

Twice the product of the module value of vector
product of total resistance in the 1st and 2nd Branches of
equivalent circuit of TWTL system, multiplied by the
module value of vector product of total resistance Z and
total resistance in the 3rd Branch of equivalent circut of
TWTL system.

Load resistance and other types of resistance were
divided in the common denominator in right-hand side
of Eq. 25 In this case, algebraic expression for
denominator can be represented as the sum of 2 terms:
term without load resistance:

A, =7 +zf>{z§+(z’2 )Z}Zj (20 2z (e xx) )+
27} ><(r1r2f+xlez) + 2><(Zf2 )2 *(nr %X, )

(38)

term with load resistance:
2
c=c (2]) +o )/ +ox) (39)
with load resistance coefficients:

C, = Z3+ZI+2x (1,0 +%,X,) (40)
C, =2 [lex(ru +I"2f)+Z§ (X1+X[z )+2X(rur1r; +Xux1r2f ):| (41)

C, =2 [Zf X(anrxfz )+Z§ (x1+x’2)+2><(rnrlx’2 +X X X, )J

(42)

Now, lengthy expression for common denominator in

right-hand side of Eq. 25 with due account for Eq. 38-42 is
shorter:

C=A,+C (Zlf)2 +Czlif +C3X11

According to Eq. 25, 26, 28 and 33-36, the expression
for transformer real-power loss shall be:

S 112 2 / /
A5, =1 ><A1+B1(Z1) B 4B+

j|:Az +D, (Zlf )2 +D21~1’+D3X{:| (43)

A3+c1 (Zl )2 +c21if +CEX{

Tts application with transformer constants (A, A,, A,,
B, B, B, C, C,, C,, D, D,, D;) makes it possible to
conduct an in-depth analysis of any operation condition
depending on the load resistance. Putting the load
resistance equal to zero, we have a Short-Circuit condition
(3C). In this case, transformer real-power loss is:

. +1
AS, U204
A

3

In connecting active load to L'V terminals:

AB, (1) +Br 4 [A2+D1 (5 +D2ﬂ

AS, :fo e ;
A +C (1) +Cor

In connecting inductive load to L.V terminals:

iye P e /
, A, (X ) B H| A, D (x)) Do
_ 2
A8, = U

A HC (X{ )2 +C3X{
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In connecting capacity load to LV terminals, signs
“plus” of the last real and imaginary numerator terms and
of the last denominator term should be changed to
negative in the right-hand side of the last equation.

DISCUSSION

In determimng additional transformer losses under
its non-sinusoidal loads, reactive resistance included
in all expressions for transformer constants shall be
multiplied by a whole number of harmonic components
(for characteristic harmonics) or by a fractional munber
(for mter-harmonics and sub-harmomics) (Kostinskii and
Troitskii, 2015).

Fractional harmonic number 1s obtained by harmonic
frequency divided by 50. For example, sub-harmonics of
20 Hz correspond to n = 2/5, inter-harmonics of 75 Hz to
n=1.5.

The expression for addittional transformer losses
under harmonic components, previously used to calculate
its constants and notions in the equivalent circuit of
TWTL system will be the following:

A, =1 (B+(r2’)2 +a)+B><r2’ 1, (44)
B, =B, =(1+1,) (45)

B, =B, =2(Br+rr) (46)

By, = 2(nz><rn:>(’2 +n><r1:>(f2 +n><xnr1) (47)
A, =nxx (B+(r2’ )2 +a)+B><r2’+yru (48)
D, =nxD; =nx{x+%,) (49)

D,, =2nx (xurzf +x1r2’ +I‘UX1) (50)
D, :2nz><(xnxf2 +X1Xé +XDX1) (51)

Ay, =1, 8+8<(B+y) +By+ad+

(52)

ZBX(rlr; + nzxxlxg)ﬂ(d
C,, =B+z746 (53)
C,, =2 [S(ru +r2’)+Ba+8r2’)J (54)

C. = 2><(n><88+n><138+8x’2 ) (55)

3n

Certain algebraic expressions repeated in Eq. 44-55. A
number of notations extended them in order to make the
programming process related to power loss calculations
easier:

o =2(rn +ntaxgd ) (56)
B = (1 +n*x) ) (57)
(e ) )
8= (1 +mbx]) (57)
6= 2+(rr, +nxx,x, ) (60)
e =nx(x,+x} ) (61)

If, we accept the restrictions r, = r, and X, = x, that are
inherent in all sorts of transformers, thanw =6,y =8,
£ = 2x,n, respectively equations for transformer constants
should be changed.

The following algorithm is to calculate the total power
loss in double-wound transformer under non-sinuscidal
load.

Constant transformer coefficients A, A, A, B, B,,
B.,, C,. C,, C, D, D, D, under sinusoidal load are
calculated based on active and reactive resistance of
transformer windings and load by Eq. 26, 29-32, 35-38 and
40-42.

Transformer real-power loss under non-sinusoidal
load without taking into account additional losses 1s
calculated based on numerical values of these coefficients
and load resistance of the 1st harmonic component.

Transformer parameters «, P, v, 0, & 0 in
terms of characteristic harmonics, sub-harmonics or
inter-harmomces v are  calculated according to
Eq. 56-61.

Transformer coefficients A,, A,, A, B, B, Ba,
Cis Copy Css Dyie Dy Dy, in terms of v-type harmonic
component are calculated by plugging these numeric
values in Eq. 44-55.

Computation on Points 3 and 4 is repeated for all
harmonic components m the load. The loss of each
harmonic component s calculated by Eq. 43 based on
power quality measurements, current harmonics and
calculation data on Point 4.
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Additional power losses under non-sinusoidal load
are determmed by summing the power loss of each
harmonic component.

Total power losses in single-phase transformer under
non-sinusoidal  load (in one phase of 3-phase
transformer) are found by summing final calculations on
Points 2 and 7.

In terms of three-phase transformers, calculation data
on Point 8 shall be tripled. Tn this case, we have to use the
method of equivalent sinusoids along with the method of
equivalent resistance, assuming that the sum of square
harmonic current 1s equal to square equivalent sinusoidal
current in LV windings of a transformer.

CONCLUSION

The algorithm for total loss calculations in
double-wound power transformer under non-sinusoidal
load is based on constant coefficients A, A,, A, B, B,,
B..C,,C, C,, D, D, D, calculated by formulas presented
in study based on active and reactive resistance of
transformer windings and load. Transformer real-power
loss under non-sinusoidal load without taking into
account additional losses 1s calculated based on
numerical values of these coefficients and load resistance
of the 1st harmonic component. Transformer parameters
®, B, v, 8, & 0 in terms of characteristic harmonics,
sub-harmomnics or mter-harmomces v are calculated
according to formulas, provided in the study. These
numerical values are used to define the coefficients A,
A Ay B B B €, €5, €5 D, Dy D yiin terms
ofv-type harmonic component. Such a calculation 1s
repeated for all harmonic components in the load. The
loss of each harmonic component is calculated based
on power quality measurements, current harmomcs
and calculation data. Additional power losses under
non-sinusoidal load are determined by summing the
power loss of each harmomc component. Peal-power
losses in single-phase transformer under non-sinusoidal
load (in one phase of three-phase transformer) are found
by summing final calculations.
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