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Abstract

The problem of developing a mathematically rigorous methods for calculating the composition of the higher
harmonics is important in the electrical grids of power systems in modern conditions to increase accountability
between power suppliers and its consumers. The first reason is the solution of problems of energy saving. The
second reason is delineation of responsibilities to ensure the required power quality between the electricity
supply company and customers.”

Keywords: thyristor converter, mathematical model, power quality
1. Introduction

The widespread use in the power conversion devices based power semiconductor materials leads to conducted
disturbances in power grids, primarily the higher harmonic components of voltage and current (1-4). Regulating
the power quality documents (5-8) set requirements at point of common coupling. Approximation methods of
calculation the composition of the higher harmonics have been working successfully up till now. Currently
approximation methods are in conflict with the requirements of detail costing of electricity transmission and
financial responsibility for ensuring proper power quality between its provider and the consumer.

There is extensive scientific literature of calculations of harmonic voltage and current in power systems. In
particular, we can note the monograph (9), which is quite often referred of the authors of publications in this area
of scientific exploration. A careful study of published works shows that there are no mathematically rigorous
justified equivalent circuit of thyristor converters. Calculations of higher harmonics of current and voltage in
power systems almost use one method of accounting for inverter. The composition of the current harmonics
thyristor converter is given as a current source in the equivalent circuits of power supply systems. The equivalent
circuit as a current source with parallel conductivity given in (9) is postulated without proof and, as will be
shown below, incorrect. An uncritical use of methods of specifying the harmonic currents may achieve infinite
(theoretically) voltage value in the power system at a resonance harmonics. In fact, the resonance harmonic at
the appropriate circuit of the power supply system can be "cut out" from the total spectrum of power converter
and currents in the resonant circuit are determined by the magnitude of the voltage source included in the
equivalent circuit of the converter. Meanwhile miscalculation of possible level of overvoltage may cause
unjustified costs for their elimination.

2. Method
2.1 The Equivalent Circuit of Single-Phase Thyristor Converter

Let consider the circuit shown in Figure 1.
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Figure 1. The equivalent circuit of the single-phase inverter.

There are a voltage source e, loaded through the feed line with inductive and active resistance 7, * 1o

the thyristor converter VD with active - inductive load 'd , *d | the key «K» open. The start time calculation is

from zero power at its transition from the negative to the positive values of the area. Let us consider the
compilation of differential equations for the arbitrarily selected interval operation of the circuit. Recurrence

interval of the converter circuit in angular measure is the radians. At the time of conducting thyristor switch there

. . . . . 0=o
is short circuit of AC circuits and rectifier load through the transformer VD. The condition corresponds

to start of switching. The condition =[] correspond of end of switching. On the switching interval the

up=ug =0, 6Oe [Oc;oc+’y]

equation will have the following form Since the objective is calculation of the

transition process on the AC side, the equations that describe the mode of operation of thyristor converter, should
be written involving two recurrence intervals of his circuit, which correspond to one period of the power

frequency. VD voltage at the inverter side AC and rectified current linked by the following ratio
ug,0€ [oc;(x+n],

Mf =
. ud,E[oc+n;oc+2n1
1
The following expressions use for connecting the phase current and voltage rectifier load during all interval
under consideration [o0u+-27] .
ig +in -AK1, iyl :if—id,
. | AKI=K(0-0)-K(B-0a-1);
Ty +iy2 - AKy, iyp =if +ig,
AKy) =K(O®-0o-m)—-K(O-a—-n—7). 2)
where - switching functions.
K(©-P) are individual functions, that is:
0,0<p;
K(©-B)= DRy ) )
Lo=B; B=osa+y; 0+ o+ Y+ 3)

The following boundary conditions are for switching currents iy and i in steady state:
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i1 (0) =i £ (00) —ig (o) =—2ig (), iy1(a+7)=0;
iyz(oc+n) = if(oc+n)+id(0c+n) =2ig(o+m), iyz(oc+y+7t) =0. @
From (2) we obtain
_ iy —iyl-AKY, 0€[oso+ 7l
'd = —if +iyp -AK2,0¢€ [+ o+2m]
‘ 6]
Balance voltage equation will have a view from the AC
dif
ugf :e—rfif—x]fw
(6)
and from DC
. dig
Ug =rgig +x4 Y
O]
Combining equation (1), (5) and (7) we get
] dif ) diyl ) diyz
up=rgif+xq %_FdlylAKl -x4q WAKI —1diAKD —xg WAKZ . @®

F(m,k) Such a way we have made the equation of balance of voltage made up by connecting AC and the
rectified voltage inverter the entire change period of line voltage. Local Fourier transform (LFT) (10-12) is used
for the transition from the differential equation (8) to the equation for the current and voltage harmonics, which
compares the function /(0) and its image £ (m,k)

2 oth .
Fonn=2"1" r@e #C @4
o , )
= 27n
n=0;x1;£2; T n n=0;+1;£2;
where ,

For the considered circuit h=2n , S0 k=n. In general, LFT allows to write down the desired function as the
sum of its harmonics and it is the finite difference (10-12) on the local interval of under consideration. LFT
define only complex amplitude of each harmonics in established conditions. LTF is convenient for use,
because: integral (9) is used directly for differential equations; algebraic equations compilation regarding
harmonics of initial differential equations is formalized. If LTF is used for equation (8), new equation will

be in the form of:

Uy k)=(rg + jkeg)] g (k) (rg + jkxg )iy (k) %[iyl(OHY)e Ik

iy (@ +ip@rnepe KOO, o+ me k|

©)
There is the notation in equation (10):
1 oty . oIy .
Iyky=— | in(®e 5O Dggyr [ i (@) KO Vyg
v T 71 v2
o o+
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Iyy=— [ i@ FO Dagr | i @) KO Dgp
T v Y
o o+

Using LFT for (6) equation we get:

Upk)y=EK) (ry + jks )1 5 (k) an

Combining equations (10) and (11) into one with boundary condition, we get:

Bior=0+ ke T 0 0+ ey Lhig@ 2ige 7]
™ (12)

Is=rftigd,xg=x5+x4. 1(0) =—iy2(8+m)

i . . .
where Inasmuch as 7 , 80 even harmonics will be absent in complex

e(0) =—e(0+m)

amplitude Iy(k). As far as and if () =—if(a+m)=—ig(®) g0 all even harmonics will be

equal to zero. Therefore, & can take only odd values. Then we obtain

4
E()= (s + k)] (k) (g + ey ()~ Lig(@) ")

Analysis of equation (13) show that there are no even harmonics in the harmonic composition of currents

and voltages (well-known fact). However a combination of a current source and voltage source are new,

C . . T Eg =4xg4i /
which is shown by the calculate equivalent circuit in Figure 2, where d =A4xala (/T

We compare results of calculation harmonics on side of AC by demonstrated calculated equivalent circuit

and by classical methodic, based on integrating the instantaneous values of current. The transition process

for the circuit in Figure 1 upon conditions 7 =%nd */ =° has been considered in (5). Current change

. a., O ;OL+
on the first interval of repeatability closo+m

in the inverter load stepped coordinate system in the
steady is stated by the law:

ié,l) =iy = £ sin(@—@g)+ |:id (o) — isin(oz -Qg ):| e_(e_a)éd ,
’ Zd Zd

(14)
where .
current change by the law:
1'2[2) =1'f :isin(e 0d) ig (o) £sin(oc 0g) e ©® o n)ﬁ‘,
Zd Zd (15)

on the second interval, when ©e€ [o.+ T 0+ 2]

Next phase is calculation of higher harmonics (k #x1 ) of current in the network in a complex form. After

integration of current gl according to (14) and (15) equation we get:
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2xg . E . 1+e ng,
ig (o) gsm((x ?d)

(k)= 1¥e 7=
+ jkx
rd T Jrxd (17)
Equation (17) can be simplified as follows. Equation (14) can be used for this, where O=0+7  After minor
changes equation looks like a (5):

E . . 1- e_ngd
———sin(0-@g) =iy (a)fng
zd I+e™d (18)
Substituting the (18) in (17) the final equation we come to:
2%y e ™ 14e ™ 4xyiy()
Ir(k)= ig(a)+ig(o = .
A AT TR g+ g g + jheg) 19)

Comparison of equations (13) and (19) give the same result under such initial phase conditions

(Vs =rd,Xsg = Xd ,E(k) -0 s k#+1 ). Received mathematical model, Figure 2, is reduced to well-known

. —> oo . . .
(1), if we assume xd as a basis. It is easy to show that the converter circuit may be reduced to a current

J(n)

source with included parallel conductivity (%)

4 xgig (o)

1 .
- - .
S =Jy (YO Tt nxd

4 xgiq (o)

1 .
- - .
J(n) J’y(”) Try + jnxg’ y(n) d T Jnxq

ig(0) =14 = const —

Rectified current completely is flattened ( ), if ¥4 7% and

Fom) = §‘Y(n) I TN

Equation (20) conforms to well-known composition of harmonics in phase current of converter with condition of

completely rectified current. Comparison with (9) shows, that current sources coincide only in a special case of

application of equation (20), when Yd So, developed equivalent circuit is mathematically strict. It can be

used in any circuit an external network. There is only one admission about an external network that has not been
directly used in the derivation of the equivalent circuit. It is voltage form ¢ which guarantees two commutations
for the one period. It can be assumed that the mathematical model of thyristor converter is received in a general
form, considering that the condition is implemented in industrial electrical networks .Let us compare precision of
the calculation electricity losses from the higher harmonic components realize for a given form of rectified
current and an equivalent circuit, Figure 2.

Ity *f kg 1(k) Td Jheq
— e

Figure 2. The equivalent circuit of the electrical network for the k-th harmonic.
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=0 . . . . . . .
w4 is a basis and allows to switch thyristors instantaneous by. AC Harmonics of completely rectified
current are calculated by next equation:

41 4
Lp)=""4 = I rky=—"
Tk * Tk @1)
As far as completely rectified current equals to
1 T 2 E 2 _ 2 E
Ig(0)=— [ igdd==—"cos(pg—0)+= sin(pg — )= =~ cosa
LI T zg mzgEg g
o+T
Id(O)=l | iayde=2£cos((ps—oc)+z sin((ps—oc)=2£cosoc
L T zg T zgEg T rg
_ .2 2 -1
where IS T ) S =7s/xd =Xs , tg(pszxs’
using the equation (13) we get in the general case:
WAL k)= 4 id (o)
I17(0) = . J@S 2 k2 1a 0 o)

At the same time

sin(@g — OL)(] + e_nas )

1a0) = 14 X% cos oc(l o Ts )
T

ig(o) _

The boundary of continuous current mode is the following condition to control angle:oc = s Figure 3 shows

example of graphs of the third harmonic phase current calculated by the equation (22).

Yo O.€.
60

Figure 3. Graphs of the third harmonic current

As

They clearly show that the equation (21) can be used only within a certain range of the changes: smaller ™ and

the more & , the greater the error in the calculation of equation (21). The same results will be for higher
numbers of harmonics. Loss of power is proportional to the current square. Figure 4 shows the dependence on
error calculation  (k), received by the equation:
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2 Y 2 \ -2
8(k) = (ic(k>j —(ic(k)J [ic(k)j

Analysis of the results shows that, even at s <20 error of the power loss by current (21) becomes unacceptably
higher. Methods that give higher value of energy losses (it is obtained in this case) are not good, the same

Vol. 9, No. 6; 2015

(23)

situation is with methods giving underestimated value of energy losses.

3(3), %
125
L
B ‘.
100 ——+
! | r'y
I T — T
75 b .
'; | .
 — e
501 3 l.'q.
L 10=0,5 T
b S tennee
25 i [N o4
5 0=0,1, i -
“ %EE)EEEI?W;VV?? Y
0 (99808 0000ennatanmnnn SR ==EE ey 5 0.€.
0 20 40 60

Figure 4. Graphs of the relative error in the determination of losses Power for the third harmonic current

There is no possibility to normalize permissible level of energy losses when calculation level of energy losses is
higher. In such a way, when the real level of energy losses coincide with calculation level of energy losses, then
may be a situation without necessity of activities to reduce them. But in fact level of energy losses from higher
harmonics must be lower and search for causes of increasing of energy losses is extremely necessary.

2.2 Inverter Work in the Network with Resonant Circuit

Consideration of the modes of operation thyristor converters in isolation from the operation of the system of
power supply (SPS) is prevalent technique for calculating the power losses from higher harmonics. Sole,
accounting of changes in existing supply voltage converters is executed at change load of the system of power
supply or at, also, voltage is changed from side of the electricity supplier. After determining the composition of
the current harmonics on the input of each thyristor converter we implement the application of harmonics to the
all of system of power supply and then we calculate the resulting impact the harmonics composition on the
power quality parameters (PQP). Let us consider this case as the wrong theoretical premises can lead to

unjustified decisions in limiting the surge in electrical power system (EPS), where there are resonant
phenomenon.

The latter can be triggered by the presence of condenser facilities, which serve to enhance the cosine of the angle
of the load or voltage regulation, and the distributed capacitance of the network elements of the EPS. In any case,
it is necessary to prevent dangerous overvoltage’s resonance must have possibility their correct calculation.

Figure 1 shows a typical example of the circuit which reduces EPS. The first condition of the circuit in Figure 1,
when the key «K» closed.

There are installed capacitors on the tires 0.4 kV, and the converter is powered by 0.4 kW on a short line.

Peculiarity of mode of the resulting circuit is a break of the current /2 in moment of switching thyristors at
=0 and 6=0+T Equations of balance of voltage will be:
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, dig (. di fq . diy)
rgig +xdde—(rdlfd +xgq 0 JAK3—rdly1AK1—xddeAK1,
e di di
. dig | . Lfd . y2
—led_xdde—{”dlfd +xgq ® JAK4—rdlY2AK2—xd 20 AK>,
_ dig ( . dif . diy]
rgig +xdde—{rdlfd +xg s JAKg,—rdlylAKl—xd %AKL
e di di
’ . dig | . Lfd . Iy2
—”dld_xdde—(rdlfd +xgq 0 JAK4_’”dly2AK2_xd 2 AK>,
where
AK3=K(O®—-—a—8)—K(O0—a—m+e);
AKy=KO®—-o—mt—¢e)—K(O®—0a—-2n+¢g), £€—>0
Another view
di iy
ufz(rdifd +xgq dj(; j(AK3 +AK4)-
_”d"ylAKl_xd 70 AKl—rdszzAKz—xd s AK».

24

Let us use LTF for equation (24). In view of the following conditions P (ot e) =ifa (ot mre) and

i 1 (0+m—€) =i g7 (oL +2m— &) = i (o) are satisfied in the steady state at €= 0 and for odd values of the k we

get

4xq .
iqg (o)

Uyply=Gqa *jlca)! g (k) - (g + jleg)Iy(k) - — 5)

=xc/ . .. . .. . .
LT Brom equation (25) it is ensue converter equivalent circuit may be use, Figure 2, but with the

inclusion of a capacitance branch (key «K» closed). Let us now consider resonance mode at a harmonic current.

E(k)=0 at k=1l nxf=xc/n

. =0 . ..
Let is assume that '/ , and for k=n satisfies the condition

As much as
1 1
_4 . Xe o Xc -
Ly (k)= xqiq (o) kafjk J]C’Cf+jk trg + jkxg

then for k = n will be

4
I (n)=—xgqi ((x)(oo+r + jnx ) I-o
fd idid d d . 26)
Misunderstandings with endless voltage at the resonant frequency & = n are explained by fact that it is shows in

. —> oo
(26) and at the same time vd .
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Then it turns to uncertain expression of the form o0 /o0 .

Disclosure of undefined expressions is arbitrarily associated with preservation in the phase current harmonic
spectrum of the resonant frequency (14). From the resulting equivalent circuit it follows the voltage on the
resonant circuit is determined by a voltage source in combination to the current source switch.

2.3 Example
. . . . Ly—-C,
The numerical experiment performed in Mathcad for the case of resonance tuning filter s Ce on 3-rd
. . ) . C . =n*0,1
harmonic. Figure 4 shows a the current waveform 4 at the following initial data: £=10 V, er Om;

ra =1 xd =mE10 o xe = (w*0,1125790929 36)~!

> >

m.

Thyristor of converter is taken completely open, that is, working as diodes. The calculation of the spectrum of
the current and voltage showed the absence of the third current harmonic and the presence of the third voltage
harmonic. Figure 5 shows a waveform of switching current of the selected phase current.

IF

10,00

5.00

0.00

500

4000 . : . .
850,00 £60.00 870,00 £20.00 £00.00 000,00
Time (ms)

Figure 5. Phase current at the converter input, n =3

Calibration calculation has been performed by determining the voltage at the resonance capacitance harmonic n

=3 for the equivalent circuit in Figure 2. according to the mathematical oscillograms of currents in Figure 5 and

6. The third harmonic ‘> of the switching current " is obtained by its Fourier expansion.

leom  leom3
10,00

To e o ol

VMV VMV

-5.00

A0.00 !

50000 51000 52000 53000 540,00 550.00 56000
Time (ms)

Figure 6. Switching current and its third harmonic
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Figure 6 shows a vector diagram for the harmonic of triple frequencies, built in accordance with the phase
current, which in relation to the origin is behind by 180 degrees.

Considering that in PSL sinusoidal component of the complex amplitude as compared with the usual complex
representation of the Fourier series is rotated 180 degrees, it can be written

Iy®)= ly3)

There are

4
gf@) = gdot (”d + jkx g )%YG) = Exdid () Jjrgly(3)+3xq1y(3)

4
Bror= Bun b+ g o= _xdiq (@) jraIy(3)+3xg1y(3)
4
Uda =  Xdid(0); g‘ya =3xq1y(3); Ag‘ya =3xuly3 +( Uda)
LA & B .
Udo = o did (0);  Eya =3xq1y(3); ya =3xuly3 +( Uga)s

Ag‘yp = Jraly(3); gc = A%Ya +A§'q{p.

ig (o)

I
It is determined by the oscilloscope traces in Figure 5 and Figure6, that =6,29 A; ¥ =273 A. The

result is the following, Figure 7:

Yd 51 85v: E1—p5730v: 5% =25730-251,85=5.45 V:

AE _ e 42 2 _
W 73y, Ye@ =S4T +2137 = ¢ gy,

"
1,6)
AEYa
) Ug / E’fa _
+1
AEW
Us0)

Figure 7. Vector diagram of voltages at the resonant harmonic

. 3)=6,00 . . .
It was defined from the calculation of the spectrum: Ue®=6. V. The error is 1.5% in the calculation of the

equivalent circuit of Figure 2 and related with the definition of the currents on the oscilloscope traces.

The phase shift o of the natural opening of the anode of thyristor is: if =3 a=-1,5 ms; if n=5 0=-0,27 ms; if
n=7 0=0,28 ms. Accordingly, the duration of switching was: 3.83 ms (n =3), 2.82 ms (n=5) and 2.22 ms (n = 7).
The calculation results show that a small change of rectified current (within a few percent with the transition
from the n = 3 to the mode for n = 5), the commutation angle has changed by more than 25%. Therefore, the
phase shift of the start switch is critical to the composition of harmonic. Thus there is a change in the switching
current form at one and the same law of his change. Simultaneous change in the duration of switching leads to
the exclusion of the resonant harmonics of the phase current load at almost completely smoothed rectified
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current. In such a way, as shown by research, the network of power supply system has a direct impact on changes
in the inverter, which, in turn by, its composition of harmonics is influenced the PQP in electricity supply system.
It is obvious that the approach to thyristor converters as to independent elements of power supply system contain
methodological error. Calculation mode converter in determining with the composition of the current harmonics
should be associated to the parameters of power supply system, only then reliable results be obtain by PQP and
overvoltage resonant harmonics. We assume that the rectified current is completely flattened. The switching
current is determined only by value of the rectified current and predetermined control angle with the application
of sinusoidal voltage (16). Have in mind that the electricity network has no effect on the rectified current and the
switching current, and respectively on the composition of the phase current harmonics as well. The postulate of
the full smoothed rectified current becomes mathematical strict when the inductance of rectifier load is*d > *°

It is clear that physically realizable values *d are always finite. Therefore it is important to identify for which
loads such an "ideal" case can be considered without introducing appreciable errors in calculations. Winding data
of DC motors and associated oscillograms confirm that in excitation circuits the pulsation of the rectified current

Xg —> oo

are negligible, so there is entirely reasonable to assume However, in circuits of the armature

winding inductance is an order of magnitude less than in the excitation circuits. Under unfavorable combinations
of engine output, its load and its angle of control can go into a mode of discontinuous currents in general. We
examined an example of a change in the current switching and "cutting" harmonic resonance in phase current
converter occurred due to network parameters. Thus if the rectified current form is specified beforehand by the
anchor chain, then it is possible in some cases to get results that differ from reality. The presence of current
smoothing reactors can be considered one of the arguments in favor of the above-mentioned postulate. But when

X —>

they are installed it is wrong to assume that Since the greater their inductance, the slower the working

up of motor perturbations. For example, an automatic control system for production technology requirements
must support constant engine speed under strictly defined limits. The task is the development of equivalent
circuits of three-phase converters, which directly, and not indirectly, take into account load parameters and the
power supply system network, which can be estimated as more difficult in comparison with the task of
developing a single-phase equivalent circuit managed converter. Operating modes of single-phase and
three-phase controlled converters have one fundamental difference (when the three-phase inverter is in native
mode — sequential conductivity of two and three thyristors): at specified time intervals there is no electrical
connection between the supply network phase and three-phase rectifier load converter, and thus the phase current
is interrupted. In a single-phase converter intermittent current is possible only when there is a certain value of the
EMF, counter included in the circuit of the active-inductive load.

2.4 Initial Equations of Equivalent Circuit for Bringing a Three-Phase Thyristor Converter to One Phase

Let us consider a three-phase controlled thyristor converter connected to the active - inductive load and source of
EMF, Figure8.

Tk

N N N

|

Figure 8. Circuit diagram of the thyristor converter

This load corresponds to the connection to a DC motor. Accept that the a main power supply of infinite
power, which allows instantaneous switching processes. This is done to more precisely identify the features
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making up the mathematical model of the object of research. Below we will take into account the final
duration of the switching, when due to inductance in the power circuits of converter (inductance network or
converting transformer) the switch conductive phase is delayed. We assume, as before, that the thyristor of

converter is ideal, and control angle o is measured from the zero value of the corresponding phase of EMF.

n/3

The recurrence interval of the converter is to the side of the rectified current; in AC the duration of

2n/3

positive and negative values of each phase current is Phase current is missing during the two intervals,

each of duration /3 when the appropriate thyristor of converter closes (17). Since the task is determining the

harmonics on the AC side, it is necessary to describe the modes of operation of the converter during the entire

period of industrial frequency (18-20).

The equation of the voltage balance relative to the phase «a» has the forms:

ea—eb:rd-id+xdi;—g+Ed, 0elao+m/3];
ea_eb:_”d'id_xd%_Ed» 0e[a+ma+dn/3)
ea—ec=rd~id+xdcz—g+Ed, 0ela+m/30+2m/3);

ea_ec=—rd‘id—xd%_Ed’ 0e [o+4m/3a+5m/3] an
Given that lg =id 4 fe [OL;OL+27'C/3] and lg =~id 4 Oe [a+n;a+5n/3] the equation (27) can be

reduced to the following form

rg g +xg 6Z—g+Ed, 0ela a+m/3l

€a—¢€p = .
”d'ia*‘xd%_Eda 0e [a+ma+4n/3]; o8
rd-ia+deZ—g+Ed, 0ela+mn/30+2m/3])
€aq —€c = .
rd.ia+deZ—g—Ed, e [a+4n/3;a+5m/3] 29)

For three-phase electrical circuits it is accepted that the equivalent circuit reduces to one phase. Usually
reduction is performed in phase “a”. If we combine equations (28) and (29) into one with switching coefficients
we get:

. di
Kq(0)eq — Kap(B)ep — Kye(B)ec = Ky (9)[’22”(1 +xd dg} +Ke(0)Eg.
(30)
Functional dependencies of switching coefficients Kq (8). Kapb(0), Kgc 6), Ke ©) are shown in Figure 9.

We add addendum Kaa (6)- €a on the left and right parts of equation (30) (see graph for Kaa (6) Figure 9).
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L))
Ka(®)
) G
1]
=2 o+ 2mi3 O+ T o+5nf3 B8
Kap®
R
1]
oL o+ wf 3 7T o+ 4n i3 a
Kac(8)
) S
1]
w4+ ni3 w+2nf3 o+ 4n /3 o+5n/f3 a
K ,a(9)
1 = —
0
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|
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oL w+2n/3 [S]
) S
g+

Figure 9. Graphics of switching functions

As a result, EMF phase "a" enters into the equation for the whole period of industrial frequency. This procedure
is necessary for the correlation of the converter’s equivalent circuit with the substitution circuits of the rest of the
electric power supply system. As a result, equation (30) takes the following form:

di
eq =K, (9)[rdia +xgq la} +de,,

do 31)
where

8eq = Kaa (0)eq + Kap(Bep + Kac (Blec + Ke(0)Eq = 8(B)es + Ko (0)Eg

which we call an EMF distortion. At first glance, this expression looks unpromising for further manipulation,
because it initially contains the EMF deq , which in a real power system transforms into a voltage source Sug .
The voltage, first, is not determined yet, and second, the supply voltage will contain higher harmonics caused by
the work of the converter itself, which also has not yet been determined. But analysis of the possibility of using
equation (31) for calculating the harmonic components leads to the following conclusions:
1. There are no principal obstacles to the integration of the resulting equivalent of circuit converter in the
equivalent circuit of an arbitrarily complex system of power supply, since at the input terminals relative to EMF

€a provide reproduction modes of operation converter during the whole period of supply voltage frequency.

2. Nonlinearity modeling object shows up in the fact that EMF distortion depends on the mode of operation of
the entire power supply system because this is a single-phase EMF "cutting" of pieces of three-phase of supply
voltage.

Formally this fact is not allowed to combine into the equivalent circuit of converter and the rest of the power
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supply system. But the use of the method of successive approximations reduces the problem of harmonic
calculation to a linear.

3. When the converter is in the power supply system (PSS), the impact of EMF distortion beq on the quality of
the voltage will depend on the parameters of their own PSS and the parameters of the load from the side of

rectified voltage.

Therefore, the approximate determination of the spectrum beq , excluding the higher harmonics of voltage “a

may not have any effect on the results of calculations, if the degree of contribution of EMF distortion deq

harmonics of the phase current is insignificant.
2.5 Equivalent Circuit of a Three-Phase Inverter for Harmonic Calculation Excluding Switching Processes

In order to go to the actual equivalent circuit we use local Fourier transform (LFT) for equation (31), assuming

that h=2m .
a+2m . a+2n ;
23 | ea~e_]k(e_a)d9=i | Ka(6)~[rd~ia+xddl—ajx
T 2n a do

. o+271 .
xe™ /KO- 0‘)ale+zi [ ey - KO-algg
T
o

As aresult of integration we obtain (phase indexes "a" left out):

E(k)=(rg + jkoeg )- 1(k)+3E(k) + 29 x

T
x[ila+2m/3)-e” 23 (o) +ifa+w3)- e KB —i(g-rm). e T |

In steady state operation it will be
i(o)=i(a+2m/3)=—i(a+m)==—i(a+51/3) =iy (a)
Then

E()=(rg + jocg)- 106)— %id (a): (1-8— jkn] . (1-6— Jkam/ 3] +8E (k). o)

From equation (32) it follows that there is an absence of even harmonics and of harmonics with a multiple of

three. For the other odd harmonics we can write:

EK)= (g + kg 1)~ 2L a(k) i o) +5EK) )

—jk2m/3
Where alk)=1-¢"/ .The equivalent circuit corresponding to equation (33) is shown in FigurelOa. This

circuit is made up regarding voltage sources. According to known rules, it can be converted to the source of the
current, Figure 10b, where

_2xq

SE (k) alk)-ig(a)

rd + Jked . (34)

ga (k)= (g + jkeg )™V, k)=

Consider the extreme case when Xd —
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Figure 10. Equivalent circuit of the converter on the k-th harmonic

: 2
, Eq(k)=—xq a(k)ig (o)
a — with voltage sources T ;

b — with current source Ja (k) .

It is obvious then that 8d (k)_> 0 and, taking into account the chosen direction of the current source, the

equation will be:

timJ g (k)= 2 a(k)ig (@) = 224 a(k)
Tk nk
*d = . (35)

The resulting equation coincides with the result of the decomposition on harmonic components completely

0cfo;a+2n/3], Oefu+ma+5m/3]

smoothed on intervals of conduction phase current. Equation (34)

and (35) allow for the correct substantiate methodologically, when the current source introduced in the
equivalent circuit and when specifying the current, and what assumptions are implicitly used in this. In case of
limiting translation to (35) we should waive the submission of the converter load in the form of the current

source and move to the specified current. When we remove the uncertainty of the current source fault through

(k)=0

the load conductance (formally at &d voltage on the conduction equal ©° ).It is known that in this

case the load circuit in the voltages balance equation do not drop in, and the currents involved in the equations of
the first Kirchhoff's law. Equation (35) explains, how the composition of current harmonics of rectifier load

depends on the angle of the control: their relative content remains constant for any value of @, and the
amplitudes are directly proportional to the load current id (ot) =id (9) =1q = const

Let us now consider in more detail the equation (34) and write it in the following form:

334



www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 6; 2015

E(k):(rd +kad)'[I(k)""]dﬁ(k)""]di(k)]’ (36)
where
_ 8E(k) . oy 2xg-alk)
JdS(k)—ms sz(k)——m”d(a)-

If the second term in equation (36) is written, first, as
Jgitk) 2 alk
J gil)=Tai) 2 )
* Id (OL) n &+ jk

and, second, determine the modulus, we get that current harmonics module depends only on the ratio of the load

parameters §=7d/xd

23

NS (7)

The first term in (36) is normalized to the ratio for the current id (a)

Jai (k) =

%

Jiz’i(k):

SE (k) .
id((x).xd\/éz +k2 (38)

We write the equation for calculating the rectified current in the circuit of Figure 8 in the instantaneous values of
variables (4):

Japlb)= OB (k)=

ig()-(rg +jkeg) ~ % Jim(k)

iq(8)= gcos(e —g— (Pd)— {mcosta - (de —iq (a)}_ (0-ak,

d Zq 3 (39)
In steady state operation
ig(oa+m/3)=ig(a).
Substituting the value O=a+m/3 iy equation (39), we find
) 3E cos((x—(pd)—cos((x—n/3—(pd)-e_E'E-‘B
id ()= i :
\/ 2 |—e— T &3
xg\&" +1 € (40)
Now we substitute 'd (a) from equation (40) in equation (38):
() PEG) 1 Je2
Jaslk)= BE —nE3 " 2 2
* cos(a—@g)—cos(a—m/3-@g) e \/g +k . @1)
1g=14(00)= ﬂEcos(a—n/é)
If we normalize the harmonics at the average rectified current T then in

equations (37) and (41) we must enter the correction coefficient ki =iqg(o)/Iq . Calculations show that

ki=09384  y=gT=01 .4 k =0.9959

and already at x=1 In Figure 11a we set up characteristics of

Jai = f(&k)

the second term in (36) — current for different harmonics.
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Figure 11. Harmonic components of the rectified current

a — harmonic current caused by the voltage source; 6 — harmonic current caused by EMF distortion.

Jas = f(&k)

*

In Figure 11b we set up characteristics of the first term for different harmonics.

Comparison of the graphs shows that an effect of less than 2% on the first harmonic provides the first term in
. x=5 . x=1
equation (36) to the total current even at . For the other harmonics the same result occurs when Lt

can be concluded that the EMF distortion shows itself appreciably (more than 5%) only at the ratios of active

. . . < .
resistance and inductance of the rectifier load X = 5. In the other cases, we can ignore the effect of EMF

distortion and assume it in the equivalent circuit in Figure 9 to be equal to zero.
2.6 Initial Equations Converter Relative to One Phase with Respect to Switching Processes

Let us consider the circuit shown in Figure 12.
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Figure 12. Circuit diagram converter and the mains supply

Steady state operation of the converter corresponds to the diagram of the phase currents, Figure 13.

) N
i DD Y

Figure 13. Diagram of phase currents converter

i . . .
i ¥ ih ic

-

We write the balance equation voltages for the phase “a” at the interval [u; o+ 275] considering the switching

processes. Balance equations of the phase voltages "a" and “b” in the first half cycle:
_ . dig . dig
ea_eb_ff”a+?fg§+07+ﬁﬁ”d+&f+xd%a;+Ed,
Oewa+y]
eq—ep=Trg-igtx dli—i—E
a —€h=Ts lgTXg 46 d>

ee[(x+y;(x+n/3];rs=2rf+rd;xs=2xf+xd. 42)

Balance equations of the phase voltages "a" and “c” in the first half cycle:
. dig . di,
eg—ec=\rr+rg)ig+t\xr+xg)|———rf-io—xr——+Eg,
a c(f d)a(f d)de f e de d

Oela+m/3a+m/3+7]

eq—€c ="y +xSCZ—g+Ed, Oela+n/3+y;a+2m/3]
(43)

Balance equations of the phase voltages "a" and “b” in the second half cycle:
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eq—ep =rf~ia +xf%—((f+rd)-id (xf +xd)dd—g—Ed,

fela+ma+n+y]

eq—eph =Ty g +Xg CZ’O -E4, 0ea+m+y;0+4n/3]

(44)
Balance equations of the phase voltages "a" and “c” in the second half cycle:
. dig ) di.
e, —e.=\rer+rg )i +\xr+xg)|—>—rf-i.—xyr——Ejg,
a c(f d)a(f d)dG f i fde d
0 e [o+5m/3;0+51/3+y]
eqg—€c="rg- za+xsd —Eg, 0¢€o+n/3+y+ma+5n/3]
0 (45)
We introduce the switching currents:
. at the interval 0€ [wa+v] i1=id—ia= il)=igla) iyila+y)=0;
. at the interval Ge[a+n/3;a+n/3+y]: yp =~ic —ig =
= iyp(a+n/3)= iy (a+n/3)=~ig(a+n/3)=—ig(a) iyp(a+n/3+7)=0;
. at the interval be [a+n;a+y+n]
iy3 =—ig —ig = iy3(a+n)=—id(a+n)=—id(a); iy3(a+y+n)=0;
. at the interval Ge[a+5n/3;(x+5n/3+y]: lyq =~ig —ic =
= iyg(0+51/3) = —ig (a+5n/3)=ig (0 +5m/3) = ig () iys(a+5n/3+7)=0.
We use substitutions for the currents:
iq =iq +iy],0¢€ oo+ —ip =i, +ip, b€ lo+7/30+7/3+7];
-id =ig +1y3,0¢€ lo+ma+y+nl —ip =i, +iy4,0€ [0+ 51/ 30+ 5m/3+7]
Accordingly, equations (42) - (45) take the following form:
diy diy]
—ep =rgiy +Xxg— 0 (rf+rd)vy1+(xf+xd)%+Ed, 0e[o;a+y)
eq —ep =riig +xsd—a+Ed, 0ela+y;0+m/3]
do (46)
. dig diy
ea—eczrsza+xs +rfly2+xf—+Ed Oela+mn/30+m/3+7}
. da
eq—ec=rgig+xg L +Eg, 0ela+n/3+y;0+2mn/3]
do (47)
e, —ep=roi, +xS%+[rf +ry j~zy3+[xf+xd jW_Ed’ Ge[a+7t;a+7t+y];
) dia
e, —ep=ri, +xS%—Ed, 0c[a+n+y; o+m+m/ 3] )
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j di
eq —ec =TIsig +xSaZ—g+rfiY4 +xfdie4—Ed,ee lo+5m/3;0+5m/3+7y];

eq — o = rsig +xs‘Z—g—Ed, Oc [o+4n/3+y;0+51/3)

(49)
We combine voltage balance equations (46) - (49):
eq =(Vsia +Xg ng)Ka(e){(rf +rd)iy1 + (xf +xq )d;}él:|Ky1(e)+
+ (rfiyz +xf dggJKVZ (0)+ |:(rf +ry %3 + (x £ +xg )dgg}Kﬁ (0)+
+(rfiy4 +xf di}g‘JKM (0)+de,. (24)
(50)
Figure 14 shows plots of the switching currents, and Figure 15 - key (switching) functions K (9)
by i fya2

iy (ee) ~p------ /7

2n
o+ — G+

Y Nt AR

Figure 14. Switching currents of phase "a"

Equation (50) needs to be supplemented, as a function not cover the entire conduction interval of phase "a",
which will lead to an incorrect calculation of the phase current harmonics. Therefore, to account for the
switching intervals, corresponding to the transition the current of phase "a" to phase «b», we introduce on the

right side of equation (50) the terms:

. di
+ (’”s i+ Xg dg] Kyal ()

and

. di
+ (”s g +Xg dgj “Kya2 (0)

then we get
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, di : diy|
eq :(”Sla +Xxg ngKS (O)+{(rf +rg }yl + (xf +xd) dg }Kyl (0)+
, diy) : diyq]
H rfhp FXf ;yejKyz (6)+ [Vslyal +Xxg ZgJKyal 0)+

— d d
+ (’f +7d )iy3 + (xf +xq )Zf}Kﬁ ©)+ [rf hatxf 394}[(3’4 )+

. )
+| I5ipg2 + Xg Y JKya2(9)+5ea.

9 1)

Where the following boundary conditions are fulfilled:

e [a+2n/3;a+2n/3+y]

Iygl =1,

@ \where lya2 ==la . 0O€ [o +57/3; 0+ 5/3 + 7]

and

Thus we get equation (51), which reduces the rectifying process of a three-phase circuit to mode with respect to
a single phase.

2.7 Equivalent Circuit of the Three-Phase Thyristor Converter, Taking into Account the Switching Processes

We apply the expression (51) LFT. At the same time we take into account that iqg =0 at the boundaries of the
key function Ks(6) In result (Figure 15) we get:

Ealk)=(ry + jkes) La (k) + (g + jhog) Tya (k) +
Xf+xqd

+ [(rf gkl g i 713(k)+(rf + jkx f)i y24(k)- ig(a)+

Xf+xq - . X . X .
+uld(a)e_fk“+—fid(a)e_Jk7f_iid(a)e—Jk(n+n/3)+
n T

T
£ 5 (e K23 sy (o)oK 2T3) g ) (
. ,t (52)
X(©) K4 (6)
1] r -i F - 'i K (8)
(o} o+ 2_11 o+ a+ 5_'” ®
3
¥
X Eyq1(6) Kya2(8)
I H H ﬂ ' a9
o o+ z_n o+T o+ 4—“ o+ s_n
3 3 3

Figure 15. Switching functions

In equation (52) we use the following notation for the complex amplitudes of the harmonics of switching
currents:
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0““/ : ot+y+m .
o T atn
' atm/ 3+y a+4m/3+y )
Iypal)=2 iyy e/ JhO-a)gg 17 ,Y4.e—Jk(9—0t)d9;
o+7/3 T o+4m/3
o+2m/ 3+y a+5m/3+y .
Iva(k) ! [ iyal-e —jk(0-a)yy, 1 [ ly2'€_]k(e_a)d6
T ot+2n/3 T o+5m/3

We take into account that for switching currents there are the following boundary conditions:
iygl(@+y+2m/3) =iy (a+y+5n/3) =iy (a+y)=iy2(a+y+m/3)=

=iy3(a+m+y)=iyg(a+dn/3+y)=0;
iygl(@+2n/3)=iyz(a+n/3)=iy3(a+m)=—ig(a)
iyl(a)z iy4(a+4n/3)= ivaz(a+5n/3)= iy ().

Taking into account that in the equation (53) the number of harmonics & takes only odd values and multiples of
three. Then, omitting the index of phase, we have:

()= 1 + o) 1(8) + 8 E(R)+ 1y + ks ) Jya k) +

+[(rf +rd)+]k (xf +xd)] Jy13 (”f +]kxf) J,Y24(k)

_Exs(l—e_sznﬂj—%xf(l+e ]lar/SH d( ) (53)

In accordance with equation (53) in Figure 16 we present the equivalent circuit of a three-phase converter,
reduced to one phase, where we use the notation:

J16)= T y24(6), T 206) = 136, I 306) = Tya (), 73 = v +7g 3 = 5 + x4

Ed (k)= [ixs(l—e_ jkzn/3)—%xf(l+e_ jknBﬂ'id ().

It is easy to see that for *d % we have

lim 1(k)= 2 alk)ig(o)-T2(6) - T3(6) = 2L a(k) - T2 (k) - T 3(k)
X —oo mk wjk . (54)

sE(R) 1) ey ry Js

—

m‘:}__(W\_E

I | 7

CD o 4@ = Eq (k)
©

o O

Figure 16. Equivalent circuit of three-phase thyristor converter for calculating current and voltage harmonics

341



www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 6; 2015

3. Results

Formula (54) is none other than a complex spectrum of the phase current at the input of the thyristor converter,
when the rectified current is completely flattened. If phase EMF are sinusoidal, then analogous results were
obtained in (16), when harmonic currents are decomposed into sine and cosine components. On the basis of the
mathematical apparatus of the local Fourier transform we receive the equivalent circuit of a three-phase manage
thyristor converter, allowing use to calculate harmonic currents in the power supply system. It is proved that
without switching the equivalent circuit reduces to a voltage source and impedance. The influence of the network
on the equivalent circuit has an effect through the angle control, which depends on the voltage supply for a given
average rectified current, whose value is determined by technological process and maintained by the control
system unchanged. When accounting for switching processes in the equivalent circuit, three current sources also
enter, caused by passage of switching currents. As a result, the calculation of harmonic currents in the power
supply system and associated losses of power occurs in two stages: initially the operation regime of the power
supply system is calculated assuming the rated voltage on thyristor converters, and then the switching currents
and control angles are adjusted, and then there is second recalculation of the harmonics.

4. Discussion

1. The resulting mathematical model of single-phase and three-phase converters include as the main element
of their resistive and inductive loads.

2. Peculiarity of the mathematical model is a combination of a current source and a voltage source in the
equivalent circuit. Parameters of the current source depend from the number of higher harmonic and laws
of change the feeding phase currents during commutation thyristors. Parameters of the voltage source
depend only from the inductance of the load and the load current, but are independent of the number of
harmonics of the phase current.

3. Changing the harmonic content of the phase currents in each line of activity in the AC occurs in the
interaction of several controlled thyristor converters through the bus of common coupling.

4.  Process of mutual influence of converters is in changing the commutation processes of each of them under
the influence of a changing spectrum of voltage harmonics in the current of common bus in group work of
thyristor converters.

5. Mutual influence of thyristor converters is present as a change in the parameters of harmonic current
sources presented in equivalent circuits. Revealed features show the necessity of rejecting away from
assumptions about the sinusoidal variation of the current switching in group work of thyristor converters.
Generally illustrates the impossibility of using the principle of superposition of harmonic currents and
voltages, calculated by a conventional method.

5. Conclusion

This paper have indicated a principle of superposition of harmonic currents can not be extrapolated to the case of
group work thyristor converters. The reason is that higher harmonics in the spectrum of each line acceding
unchanged compared with an individual in this mode of operation the mains inverter unit. This paper should be
addressed by researchers on power-system harmonics. The present list of research challenges is most likely not
complete, but the authors hope that it will give some guidance to the future research on power-system. In the
future, we plan to create a mathematical algorithm of thyristor converter. On the basis of a mathematical
algorithm of the thyristor converter will be set up software to protect of higher harmonics. Software-based
microelectronic device will be created to prevent the higher harmonics.
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