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Power transmission system state estimation during conditions of
voltage instability using power transfer efficiency

Rad Stanev

Abstract: In this paper power transfer efficiency is
defined and proposed to be used as an indicator for
estimation of the transmission system state during
conditions of voltage instability. A simple two-bus system
is used to demonstrate the approach. The indicator
proposed is extremely evident having the essential
advantage of staying close to the physical nature of the
problem. Its simple numerical calculation makes it
favorable both for off-line or on-line, power flow or
direct measurement based applications. Comparison with
other voltage stability indices is made and valuable
conclusions are drawn.

Keywords: voltage stability, power transfer efficiency,
state estimation methodology, steady-state voltage
stability, voltage collapse

Introduction

Voltage stability has become a major concern for
many power systems during the recent decade. Many
indicators for voltage stability analysis have been
developed and presented in previous papers [1,2,3.4].
One of the most important issues of the voltage stability
problem consists of the inability of the power system to
deliver power to the unstable area. In this paper a new
branch oriented indicator is proposed in order to show the
transmission system state during voltage instability.

Methodology

One of the important factors leading the system to
voltage instability is the inability of the power system to
transfer active and reactive power to the emerging load
area. When the load in the area is increased, the losses in
the transmission system elements which are connecting
this area to the electrical power system grow significantly
[4]. Thus after the critical voltage collapse point is
reached the stability is lost and the transfer element
figuratively said gets “stuck”.

Focusing on this fact the power transfer efficiency is
proposed to be used as a voltage stability indicator.

For any branch of the transmission system connecting

v, . v,
"l Zj *_]
b +79, Sji=P;+jO,
Fig.1.0ne line diagram for a particular branch of the

Si =
power system.

busses 7 and j the power transfer efficiency (PTE) can be
defined as a ratio between the received power and the
sent power (Fig. 1):

min(Sy,Si)|.

max(Sy,S i)

Since the power transferred is a complex number, real
and reactive power transfer efficiencies can be defined:

(M PTE, =

min(P,, P..
2 realPTE; = min(F;, ;)
‘ maX(P;f’Pji)
and
min(Q,,0
3) reactivePTE, = M .
maX(Qi/‘ > jS)

Considering the complex powers S and S;; which

are flowing through the branch enclosed between nodes 1
and j , the power losses can be easily obtained:

) AS; =8;+8, =(F;+P)+j(Q; +0Q,)-

Branch with power transfer efficiency close to 1
presents normal operation with small power losses. When
the power losses in the branch become high a large
amount of the energy injected in the branch is consumed
from this branch instead of being transferred. Thus a
branch with power transfer efficiency close to 0 presents
abnormal and unstable operation.

Active and reactive power transfer efficiencies show
the state of the transmission system and its elements
indicating which the most overloaded branches are.

Power transfer efficiencies can be defined for a
particularly chosen branch, for the transmission system of
a selected area of the power system, or for the
transmission system of the entire power system.

The indicator is extremely simple, evident and
computationally inexpensive. The only variables needed
for determining the power transfer efficiency are the

powers S; and S which are flowing through the

branch. That is why this new voltage stability indicator
can be easily evaluated on-line (based on direct
measurements) or off-line (based on power flow
computation) as well. For the off- line studies the power
flow problem can be solved using the well known
Newton- Raphson method or using some of its
modifications which present better convergence
properties close to the collapse point where the Jacobian
of the power flow equations becomes singular.
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After the unknown steady- state variables are found

the powers S and S ;i which are flowing through the

line can be easily determined for example using the
following well known equations [1,2]:

(5) P =%VV,(G;cos6, + B, sinb,)

icj

(6) 0 =% V[Vj (Gi/. sin 0”. - B[j cos 49[.].)

i€ j
where 6, =6, -6, ;
P and Q, are the active and reactive power at bus i.

Gij and Bij are the mutual conductance and susceptance

respectively between nodes i and j;
V. and V/ are the voltages at bus 7 and j respectively;

6, and €, are the voltage angles at bus i and/.

Test results

In order to present the main properties of the new
indicator a simple two bus power system will be
considered (Fig 2).

Vi W, ?
S, =(10+ j20)MVA

Fig.2. One line diagram of a two bus test system.

The system consists of two busses which are
connected throughout the line /¥, . The generator bus 1 is
assumed as a slack bus whereas bus 2 is a load (PQ) bus.
The complex impedance of the line W), is:

(7) Zi2=722x1=0,12+ ;0,16 p.u.
=100MVA . The complex load power at bus
2 consumed in the initial steady state is:

(8) S:=P +jO, =20+ j10)MVA

More detailed description of the test system is given
at [5]. A static voltage stability analysis is performed
using the STATUS power system analysis software [4].
The system is stressed until the critical, voltage collapse
point is reached. Although the unstable (low voltage)
solutions of the power flow equations basically do no not
present any significant practical interest, for this simple
theoretical example the evaluation of the low voltage
solutions gives a good opportunity for extensive research
of the main properties of the new indicator. That is why
some special modifications of the Newton- Raphson
method based on the “prediction- correction” technique
[2] are used in order to obtain the unstable power flow
solutions. For verification and evaluation of the features
of the new indicator proposed some other well known and

on §

base

proven voltage stability indices already described in [4]
will be shortly considered. Table 1 presents numerical
values of the voltage stability indices at three typical
points:
e Point A corresponds to normal light load stable
operation in initial steady state at

S> =20+ j10)MVA
e Point B corresponds to the critical voltage collapse

pointat S = (132,64 j66,3)MVA.

e Point C corresponds to unstable operation point at

S» = (20+ j10)MVA

Table 1
Voltage stability indicators

Indicator Point A Point B Point C
V, p.u. 1,0206 0,5446 0,0438
VQ Sensitivity 0,1608 oo -0,0945
Min Eigvalue 6,2179 0 -10,5776
AP, MW 0,57 88,89 312,50
AQ, MVA 0,76 118,62 416,67
PSM ,% 84,9 0 -
real PTE 0,9720 0,5985 0,0602
reactive PTE 0,9287 0,3586 0,0234

- V-P and V-Q curves

Figure 3 shows the V-P and V-Q curves for the
system examined. The points in the upper part of the V-P
and V-Q curves are stable. At the critical point, at which
the transferred power is maximal, the voltage at bus 2 is
0,54 and system is at the verge of stable state [1,2,3].
Considering the loading distance between initial and
critical steady state the percent stability margin PSM can
also be used as a measure of the proximity to instability
[2]:

psv = T =B 1000,

For this particular system the percent stability margin is
84,9 % which presents a good stability reserve in the
initial steady state.

- V-Q Sensitivity (VQS) [2]

V-Q sensitivity at bus 2 defines the slope of the Q-V
curve for this bus when calculating the pseudo steady
state. The small and positive VQ sensitivity of 1,02 at
point A witnesses stable steady state. With decreasing the
stability, the sensitivity grows, reaching infinity at the
verge of stability at point B (Fig. 4). Negative V-Q
sensitivity of -0,09 at point C is an indication of unstable
operation [2,4].

- Q-V Modal analysis [2,4]
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The magnitude of the i" eigenvalue determines the

degree of stability of the i" modal voltage. The smaller
the magnitude of positive, the closer the i modal voltage
is to being unstable. At point A (fig. 5) the minimal
eigenvalue is 6,2 indicating that the system is voltage
stable. At the critical point B the minimal eigenvalue is
equal to 0 showing that the system is on the verge of
stability. The negative eigenvalue of -10,58 at point C
witnesses unstable operation.

- Power loss

The real power loss AP at the stable operation point
A takes an approximately small value (0,57 MW) (fig. 7)
and the sent power is almost equal to the received power
(fig. 6). When the operation point approaches the voltage
stability limit the real power loss increases reaching 88,9
MW at the critical point B. At the unstable point C the
real power loss is 312,5 MW which is almost equal to the
sent power. For this unstable operation point almost all
the power amount sent is lost in the line. The reactive
power loss shows similar behaviour to the active power
loss (fig. 7). The only difference which can be observed
between active and reactive power loss is that the reactive
power loss seems to be more sensitive to the voltage
stability decrease.

- Power transfer efficiency

At the stable point A the value of the real power
transfer efficiency is 0,97 which is close to 1 (fig.8). At
the critical point B the real power transfer efficiency is
approximately 0,6. After the stability is lost the power
transfer efficiency tends to 0 and at the unstable point C it
is equal to 0,06.

Reactive power transfer efficiency shows similar
properties to the real power transfer efficiency with the
only difference that it is more sensitive to the voltage
stability decrease (fig. 8). It is 0,93 at point A, 0,36 at
point B and 0,02 at point C.

One disadvantage of the PTE is the fact that it does
not take a typical value at the critical point and
consequently it can not present clear information about
the proximity of the system to voltage instability.

Unlike the V-P and V-Q curves, minimal eigenvalue,
V-Q sensitivity and other well known indices, power
transfer efficiency is not a property of a bus. It is likely
focused on the state of the branches of the transmission
system and in this way it shows the most overloaded
branches in the system which are not able to transfer
power effectively and for which remedial measures
should be taken.

Similarly to the other indices already described,
power transfer efficiency shows nonlinear behaviour.

Conclusion

The power transfer efficiency is defined and proposed
to be used as an indicator of the transmission system state
during conditions of voltage instability. A numerical
example is presented in order to demonstrate the main

properties of the new indicator after which a comparison
with other well known indicators is made. The new
indicator is simple and evident and promises to be useful
for the estimation and analysis of the processes driving
the power system to voltage instability. The main purpose
of this indicator is not to determine the distance to
voltage instability. Instead of this it shows the states of
the branches of the complex large-scale electric power
system, indicating the most overloaded branches in the
system, which are not able to transfer power effectively.
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A Rapid Torque Response DTC Approach via
Improving Inverter Switching Pattern

Mehdy Khayamy, Sadegh Vaez-Zadeh

School of Electrical and Computer Engineering, University of Tehran , Iran
Email: m.khayamy@ece.ut.ac.ir, vaezs@ut.ac.ir

Abstrac: Direct Torque Control (DTC) has appeared as a
practical control scheme for AC motor drives with potential
for fast dynamic performance. In this paper a combined
switching pattern is proposed to improve torque response
substantially.

Keywords: DTC, Voltage
Switching pattern, Inverter

Vector, Torque Dynamic,

Introduction

Basic DTC scheme uses six voltage vectors to rotate the
flux vector and consequently rotor itself. On the contrary, an
alternate lookup table could be used to provide twelve nonzero
voltage vectors by a conventional voltage source inerter.
Effects of these new voltage vectors on the rapid performance
of DTC are the primary concern of this paper.

Voltage Vectors of an Inverter

Since a conventional voltage source inverter has six
switches and each switch has two states (On/Off), theoretically
an inverter could have 2° = 64 states but most of them are not
acceptable due to DC-Link shorting and current loop
problems. There are 15 useful states which lead to 15
equivalent voltage vectors including 3 zero voltages. Fig.1
describes an equivalent switch which could be used to model
one of the inverter columns. Although this equivalent switch
does not provide all the inverter column properties including
free whell diode, but it is appropirate for this study. According
to the equivalent switch, one phase of motor could be
connected to Vp /2, zero (float) or —Vp. /2.

E<nP

Fig.1: equivalent switch

Line to line voltages, could be written as:

Ugp = Vpe(Sa = Sp) » Upe = Ve (Sp — S¢)
Ueqg = VDC(SC - SA) (1)

Considering

u, = Bug)/3 = [2u, + (—up —ue)l/3 2

phase voltages are:

U, = (uab _uca)/3 y Up = (ubc _uab)/3
Ue = (uca - ubc)/3 (3)

With replacement of equation (1) into the (2), we will have:

(254—Sp—=S¢) _ (25p—S4—S¢)
— Uy =Vpe————

3
(25¢=Sa=Sp)

> ©)

U, = Vpe

u. = Vpc
Space-phasor of voltage in case of 3phase motor is [1]:
U, = (2/3)(uq + €723, + /"3y, (5)
So Space-phasor of voltage could be rewritten as:
U, = Vpe (2/3)(Sy + €/27/3S, + e/ */35,) (©6)

Related to value of equivalent switches of each column,
voltage vector could have different angle and amplitude.

six out of the twelve zon-zero voltage vectors ,groupl,
have the same amplitude. For these vectors all three equivalent
switches are 1 or -1 (always one power switches in each
inverter column is conducting). For example for V; equivalent
switches are (1, -1, -1) and the amplitude and angle are:

Voe G) (1 - eﬂTﬂ - eﬁ%)

_ j2m j4m
<V, =V (§)<(1—e'T—e’T)=o ®)

il =

=Vpc (2/3) X 2 @)

Voltage angles of this group are (0 60 120 180 240 300)
degrees. Vectors of groupl are used to appling to induction
and synchronous motors DTC drive. Fig.2 shows the inverter
states to generate I, first vector of this group. As it is
obvious, all three columns have a role in making this vector.

Fig.2: Equivalent circuit of applying vector 1
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Other six nonzero voltages ,group2, have the same
amplitude too. For these vectors one equivalent switche is 0
and the others are 1 and -1. For example for V, equivalent
switches are (1, 0, -1):

Ve (;) (1 - eﬁ%)

2 j4m

<V =V (§)<(1—e7)=30°

V| = = Vp¢ (2/3) X3 )

(10)

Voltage angles of this group are (30 90 150 210 270 330)
degrees. The second group which simultaneously uses two
columns to generate a vector, used to drive a BLDC motor.
Fig.3 shows the inverter states to generate I/, or the first vector
of group2.

The ratio of these two groups amplitudes is |V |/|V,| =
2/4/3 = 1.154 and each voltage of the first group is located
between two vectors of the second group and vice versa as
illustrated in fig.4

Fig.3: Equivalent circuit of applying vector 2

Vegtor 4
4

Zonel

)
Vector7 Zone7

Fig.4: voltage vectors and zones

In the next section, these twelve voltage vectors will be used
to produce an appropriate lookup table for achieving a rapid
torque response.

Choosing Voltage Vectors For Rapid Torque
A voltage vector applied to an AC motor by a DTC system
,l_/; ,could be decomposed into two components, where the first

one is in the direction of the machine flux vector ,radial
component, and the second component is perpendicular to the
first one ,tangential component, as it is illustrated in Fig.3. It is
known that the first component affects the flux magnitude and
the second one influences on flux angle rotation and torque.

Fig.3 vector components

In a conventional DTC with six voltage vectors, in a specific
zone, just a unique vector is applicable and the other vectors
do not satisfy both flux and torque demands.

Using twelve voltage vector from a conventional inverter
with the mention method, each of previous zones could be
separated into two zones, so we have twelve zones (0-30°, 30-
60°,...,330-360°). Having twelve vector bring the opportunity
to have a more choice in a specific zone and specific torque
and flux hysteresis.

Two methods could be selected. In the first method ,which is
an extend to six vector, those vectors will be selected to have
approximately equal effect on torque and flux changes. For
zonel (0-30°) four vectors which are appropriate for this
method according to torque and flux hysteresis are depicted in
tablel. Torque and flux will have almost the same response as
using six voltage vectors.

In the second method, those vectors will be selected that
moreover that satisfy torque and flux hysteresis, have greater
tangential component compare to radial component as
depicted in the fast torque response of tablel.

Table (1): zone 1 ,one part of lookup table

Zonel Proposed direction

T1
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Tangential component of a voltage vector is a function of flux
vector angle as described in Fig. 3. It is possible to plot
vectors tangential components for all flux vector angles and it
has sinusoidal shape. Fig. 4 illustrated the voltage vectors
tangential component versus flux angle. This figure is plotted
for the case of torque increment and for torque decrement it
will be analogy. Conventional DTC approach uses only the
odd vectors and in each zone selected vector will be switched
among two vectors continuously to hold flux in the hysteresis
band. As it could be seen in Fig. 4, even vector have smaller
amplitude as Eq.2 described before.

12 possible vectors

3/“1”\5'\6__7_}/9 110

112 1 2
i\——b/v

Tangential Component

-30 30 90 150 210 270 330
Electrical Degree

Fig.4. tangential components in conventional DTC

Average applied vector tangential components could be
derived as Eq. 3. Although this Eq. is calculated for zone, due
to symmetry other zones have the same value.

Ve ave = :—; [fon/6 sin (x + g) dx + fon/é sin (x + 2?”) dx] =
0.827 3)

Fig.4 shows that with considering other six vectors, there is
opportunity to increase average applied vector tangential
components as it illustrated in Fig. 5. Computation of average
tangential value in Eq. 4 demonstrates that using this
switching method will results in at least 7.735% improvement.
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Fig.5. tangential components in rapid torque scheme

Simulation Results

Fig.6 illustrates the torque and flux responses of a
permanent magnet synchronous motor under the conventional
DTC with six voltage vectors and proposed DTC with twelve
voltage vectors. In the proposed method vectors energy spend
to increase torque rather than flux so its torque response is
much faster. On the contrary, In the conventional method flux
has a faster response compared to proposed method. in the
proposed method unlike the conventional method flux reaches
to its reference value after torque settled in the band.

For this motor, torque developing time reduced from
2.286ms to 1.807ms which is 26% improvement when the
torque reference is set to half of its nominal value.

€
P -
<3 g — Proposed
st " Conventional
0 1 2 3 4 5
Time(sec) x10°
S04
=
350.2 — Proposed
[ .
o Conventional
0 1 2 3 4 5
Time(sec) x10°

Fig.6. Torque and flux response in the conventional and proposed DTC

Fig. 7, 8 show the flux vector trajectory for the conventional
and proposed DTC. In the proposed method, those vectors are
chosen which have bigger tangential component compared to
radial component so cause flux rotation rather than flux
amplitude changes. Thus the flux trajectory goes straight
ahead up in Fig. 8 to increase its angle rapidly. Adjusting the
flux amplitude to the reference value is on the second priority
for this control method. On the contrary, flux trajectory in the
conventional DTC in Fig. 7 has a approximately 45 degree
movement at the beginning to provide both flux angle and
amplitude to their reference value with the same priority.

240

270

Fig.7. flux vector trajectory, conventional method
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240

270

Fig.8. flux vector trajectory, proposed method

Conclusion

This paper has presented a combined switching method to
improve torque dynamic performance of permanent magnet
synchronous motor DTC drive. For the cited motor, torque
development period reduced to 74% for half of nominal torque
value and to 82% for nominal torque value.

This achievement is done via changing the look up table to
include other six voltage vectors and proper selecting of them.
So the simplicity of DTC structure does not disturbed and
parameter independency of original DTC is sustained.

Appendix
Motor specifications:
Rated speed = 1800 rpm

A, =0314Wb, L,=4244mH, L, =79.57 mH

P =2 (no. of pole pairs), Rated Torque = 3.96 Nm
J =0.003 Nm sec2/rad (Inertia)

R.= 193 Q, R =460Q

Rated Current=3 A
B =0.0008 Nm/rad/sec (Viscous friction)
Inverter DC Voltage =240 V.
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Abstract: A drawback of Direct Torque Control (DTC) in
ac electric motors is known to be high torque ripples. In this
paper a combined switching pattern is proposed to reduce
torque ripples in steady state conditions. This obtained by
applying appropriate voltage vectors from a set of 12
available vectors. Extensive simulation results confirm the
theoretical analysis.
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Introduction

Direct torque control (DTC) of induction and synchronous
motor has gained popularity in the industry and researches
mainly due to its simplicity and lower parameter sensitivity
and faster dynamic response. Although the basic DTC
invented in 1986 [1], various improvement has been made to
the original control structure to reduce its defects and make it
more practical and efficient. Torque ripple was always one of
the main drawbacks of DTC technique and many suggestions
proposed to reduce it during recent years.

Since this problem is mainly due to hysteresis controllers,
some researches are based on torque hysteresis band
modification. For example, dividing torque hysteresis into
several parts which also demands more sampling frequency
[2]. In some researches on-line adjustable torque hysteresis is
proposed. Band width continuously changes according to
machine variables and parameters to reduce the torque ripple
[3]. Calculating exact needed time for applying voltage
vectors is proposed as an alternative way to overcome the high
torque ripple of DTC [4]. This method is sensitive to machine
parameters too.

A suitable idea is to use zero voltages to slow down torque
response increment or decrement slope [5], [6]. In this
method, when the torque is at the desired value control system
does not need to push it up or pull it down by applying a non-
zero vector. Nevertheless, this method could not be applied to
permanent magnet motors. There are other methods to reduce
the torque ripple which require fundamental changes in the
DTC structure like replacing hysteresis controllers with PI
controllers [7], [8]. Proper performance of this method is
completely subject to controller fine tuning.

To overcome with the above-mentioned issues, combined
switching techniques for synchronous motor drives with DTC
have been proposed. The proposed method is not sensitive to
machine parameters, do not impose any increase in sampling
frequency and do not add an SVM modulator. Nevertheless,
this switching method reduces torque ripple significantly.

Voltage Vectors

Considering a conventional three phase inverter, according
to state of two switches on the same column, each motor coils
will connect to positive or negative side of DC Link or even
becomes float. It is possible to model two switches with a 3
states equivalent switch as described in Fig.1. Therefore a
conventional inverter theoretically has 64 switching states
which 37 states could not be applied to inverter due to DC link
shorting. The other 27 states are shown in table 1, however
only 12 nonzero voltage vectors can be provided by the
inverter due to practical considerations.

-3 ]

Fig.1: equivalent switch

Table (1): all possible conditions of equivalent switches

M 1
Sp 1 0 -1
Sc 1 0 -1 1 0 -1 1 0 -1

angle z u2 60 u2 U1 30 300 | 330 0

M 0
Sp 1 0 -1
Sc 1 0 -1 1 0 1 1 0 -1

angle u2 [OX} 90 Ul z Ul 270 | U1 u2

M 1
Sp 1 0 -1
Sc 1 0 -1 1 0 -1 1 0 -1

angle | 180 | 150 | 120 | 210 | U1 U2 | 240 | U2 z

In table 1S4, Sp and S; are equivalent switches of phase A,B
and C respectively. Angle of equivalent voltage vectors are
provided in tablel. Some inverter states are useless or not
apply able to synchronous motor. These states are shown with
Z and U1, U2 respectively.

Apply able vectors to the synchronous machine could be
divided into two groups of six according to their amplitude.
The vectors of each group have the same amplitude and 60°
phase displacement. The vectors of the first group are
displaced by 30° from those of the second group. The first
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group which for each of its vector one power switch in each
three inverter column must be conducting, used to applies to
induction and synchronous motors DTC drive and the second
group which simultaneously uses only two column to generate
a vector, used to drive a BLDC motor.

Ratio of the two group amplitude is: |Us;|/|Usz| = 2/3/3 =
1.154. Combining these two groups could leads to better
performance. In this paper wise selection of these vectors are
made to slow down the torque variations inside the hysteresis
band, thus providing this opportunity of choosing smaller
band.

Tangential Component of Voltage and Torque

Eq. 1 shows the torque short time variation as a function of &
and angle between stator and rotor fluxes.

T, = =2 |A|nsing (1)
dTe _ 15P 45  15P ing s
* I [As|A,, cOsE yrs L AmSind ” )

Since flux amplitude do not change so fast comparing to flux

. dT, _ d8 . .
angle, it could be supposed that d—t"’txg. It is a primary

equation of DTC method. Fig. 2 represents the flux vector
variation in a short time. A, is the initial stator flux and A is
the stator flux after applying vector V for t seconds. knowing
that dd is a very small angle, (it is drawn with exaggeration)
dé is proportional to its sinus.

As V x t
1 d& Vix t
AsO Vi<t

=

Am
Figure (2): phasor diagram of flux and voltage vectors

Eq. 3 represents that torque short time variation is proportional
to tangential component of voltage vector and inverse
proportional to flux amplitude.

sinds ~ d§ = 2~ ds ~dT, 3)

S

It means that flux amplitude amount is such a undesired
inertia and slows flux vector rotation. On the contrary,
tangential component of voltage vector is a rotation cause.

Because of increasing voltage vector amplitude has a
hardware limitation, it is good idea to concentrate on its angle
to increase or decrease its tangential component and torque
dynamics.

Choosing Voltage Vectors For Low Ripple Torque

Utilization of conventional DTC with six voltage vectors
force us to use just one unique voltage vector in each flux
zone. Other voltage vectors satisfy neither criteria of flux and
torque.

Employing twelve vectors leads to the ability of choosing
the applied voltage from three alternative vectors for each pair

of flux and torque each having different effect on flux and
torque as illustrated in Fig. 4.

zone 1

nent
o
N
[¢)]
«©

o

Voltage Compo

Il Radial Component
Il Tangential Component

1.2 3 4 5 6 7

8 9
Voltage Vector

Figure (4): average voltages components when flux vector was located in the
zone 1

10 11 12

Torque ripple has a direct relation to torque hysteresis band
and bandwidth could not be reduced from a certain value
which dependent on hardware limitations. For a proper DTC
system, for each torque increment from lower to upper band,
8-10 samples must be taken ensuring that torque will remains
in the band. In the steady state condition, if torque with lower
rate increase or decrease in the band, there will be occasion to
take more sample which is not really necessary and instead
bring the opportunity to reduce the bandwidth as described in
Fig. 5.

IIIIlllIllIIIIIIIIOIIIIIIIIIIIIII-I

Figure (5): Band width improvement

Extending six vector and zone to twelve, two approach
could be selected:
e Usual torque and usual flux response (®J TY)
e Slow torque and rapid flux response (&1 T))

Although the first approach is using twelve vector, it
approximately has the same response as using conventional
six vector. It uses vectors 3,6,9,12 for zonel (0-30°). Voltage
vector energy in the second approach have a reduced effect on
torque changes. Considering Fig. 4 for zonel, vectors 2,6,8,12
could be selected for this approach. They have minor effect on
torque increment or decrement. Therefore, a lower hysteresis
band can be chosen which results in lower torque ripples.
Table2 illustrates zonel (one part of look up table) for
transient and steady state conditions. In the steady state
condition torque priority must be low and approach two will
be selected.

Due to symmetry, vector numbers for zone two could be
obtained by adding one two each number of table2. With the
similar way, vector numbers of all zones could be achieved by
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adding the number of corresponding vector in zone 1 with the
subtraction of that zone number from one.

Table (2): zone 1 ,one part of lookup table

Zonel Decrease Torque Increase Torque
Torque A% Torque A%
Decrease l 8 ! 7
Flux 1 9 1 P
Torque v Torque \Y
Increase 1 1 l 2
Flux ) 12 ) 3

Simulation Results

Fig. 6 illustrates the torque responses of a permanent
magnet synchronous motor under the conventional DTC with
six voltage vectors and proposed DTC with twelve voltage
vectors. Using twelve voltages leads to slower response with
low slope of torque change. This provides the opportunity of
decreasing the hysteresis band in steady state and fixed
sampling time. The details of choosing correct vectors will be
presented in the full paper.

M= Ao
T

] V 3.35
8'.8196 0.0198 0.02 3'.8196 0.0198 0.02 %'.%196 0.0198 0.02

Torque(N.m)

Time(sec) Proposed 12 Proposed 12
Conventional vectors normal vectors reduced
six vectors band band

Figure (6): Comparing torque response of conventional and proposed method
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Figure (7): Comparing torque response of (a) conventional and (b) proposed
method
Conclusion

The combined switching method presented in this paper has
proved to be capable of reducing torque ripple significantly.
Parameters of applied motor are presented in the appendix.
For this motor, torque ripple reduced to 40% compared to
conventional DTC. This method is independence of motor
parameters variation and it done in the stationary coordination
system, so do not impose extensive calculation to the control
method like park transformation.

Appendix

Motor specifications:
Rated speed = 1800 rpm

A, =0314 Wb, L,=42.44mH, L, =79.57 mH

P =2 (no. of pole pairs), Rated Torque = 3.96 Nm
J =0.003 Nm sec2/rad (Inertia)

R.= 193 Q, R =460Q

Rated Current =3 A
B =0.0008 Nm/rad/sec (Viscous friction)
Inverter DC Voltage =240 V.

References

[1] L. Takahashi and T. Noguchi, “A new quick-response and high-efficiency
control strategy of an induction motor,” IEEE Trans. Ind. Appl., vol.

1A-22, no. 5, pp. 820-827, Oct. 1986.

[2]J. Koo Kang, S. Ki Sul “New direct torque control of induction motor for
minimum torque ripple and constant switching frequency,” IEEE Trans. on
Industry Applications, Vol. 35, No. 5, Sep/Oct 1999.

[3]S. Vaez-Zadeh G.H. Mazarei “Open loop control of hysteresis band
amplitudes in direct torque control of induction machines,” in Proc. IEEE
Conf., Industry Applications Conference, Vol. 3, pp. 1519-1524, 2000.

[4] V. Ambrozi, G. Buja and R. Menis “Band-constrained technique for direct
torque control of induction motor,” IEEE Trans. on Industrial Electronics,
Vol. 51, No. 4, Aug. 2004.

[5] D. Telford, M.W. Dunnigan, and B.W. Williams “Novel torque-ripple
reduction strategy for direct torque control,” IEEE Trans. on Industrial
Electronics, Vol. 48, No. 4, Aug. 2001.

[6] Y. Lai, W. Wang and Y. Chen “Novel switching techniques for reducing
the speed ripple of AC drives with direct torque control,” IEEE Trans. on
Industrial Electronics, Vol. 51, No. 4, Aug. 2004.

[7] L. Tang, L. Zhong, M. Fazlur Rahman and Y. Hu “A novel direct torque
control for interior permanent-magnet synchronous machine drive with low
ripple in torque and flux—a speed-sensorless approach,” IEEE Trans. on
Industry Applications, Vol. 39, No. 6, Nov./Dec. 2003.

[8] L. Tang, L. Zhong, M. Fazlur Rahman and Y. Hu “A novel direct torque
controlled interior permanent magnet synchronous machine drive with low
ripple in flux and torque and fixed switching frequency,” IEEE Trans. on
Power Electronics, Vol. 19, No. 2, Mar. 2004.

[9] P. Vas, “Sensorless Vector and Direct Torque Control,” Oxford
University press, 1998.

397



ELMA2008

16-18 October, Sofia, Bulgaria

Semiconductor Aided On - Load Voltage Regulation of Power
Transformers

Tony Dragomirov and Nikolay R. Gourov

Abstract: The paper is presenting systemization of
schemes for switching operations performed by semi-
conductor switching elements such as diodes, thyristors
and others. The comparison of electrical loading between
different switching schemes and recommendation for
each particular scheme are given as well.

On base of the above study conclusions, the Hyundai
Heavy Industries Co., Bulgaria is currently developing
the On-Load Tap-Changer (OLTC) with diverter switch
based on thyristor type switching elements.

Keywords: On-Load Tap-Changer, Voltage Regulation,
Power Transformer, Semiconductor, Diverter Switch.

Introduction

Factory in Sofia where OLTCs are produced has now
fifty years tradition of producing these high-tech.
sophisticated products. Up to 1990 Bulgaria used to be
one of the biggest producers of OLTCs of the world.
After that, as a result of improvident economic policy of
the state supervened collapse of the whole industry as
well as of this production. In 1997 the factory became
property of Hyundai Heavy Industries, republic of Korea
and since then starts the revival of development and
production of OLTCs. Production was modernized and
the broad range of existing sets of OLTCs was
significantly improved. New constructions on the base of
use of vacuum interrupters (VI) were developed. To hold
on its position in the competition with other leading
factories in the world Hyundai Heavy Industries — Sofia
is investigating and developing other tendencies as well.
One of them is to use as commutating elements different
power semiconductors.

The voltage regulation of power transformers under
load by means of built-in On-Load Tap-Changers is still
the most used method by transformer manufacturers and
power electricity network authorities. The application of
semiconductor elements in the OLTCs’ diverter switch as
power switching elements is well known method since
many years but not widely used till now due to capacity
and reliability of those semiconductor elements. As a
result of improved design, technology and quality of
semiconductor elements from one hand and increased
requirements regarding electrical wearing quality of
power switching elements on the other hand. There is
increased interest for their implementation in OLTCs.

Basic schemes of semiconductor aided
diverter switches

The existence of numerous schemes of switching over
of OLTCs’ diverter switches is known [1]. Contact

systems of diverter switches of classical type extinguish
arcs in transformer oil. The oil is contaminating and the
working conditions are worsening. When the running
currents are high enough the arc extinguishing during the
second or even during the third passing of the alternating
current through the null value. This is dangerous because
exists possibility of step short circuit and failure. German
manufacturer “Transformatoren Union AG” is proposed
different schemes [2], in which power diodes are
mounted in series or in parallel to the classical contacts.
Example of this is shown on Fig. 1. Here is used the most
widespread switching scheme named “flag” [1]. The
diverter switch is connected to the taps N; and N, of
adjusting coil L of the transformer. Here K; are main
contacts, K, — auxiliary contacts, K, — parallel,
permanently conducting the current contacts, R — current
limiting resistors and Ny — terminal. Every of contacts K;
and K, is divided to two parallel branches with diodes
connected in series. Arc is appearing on this branch
through which the diode lets the current to pass. After the
current passes through null value contact elements are
moved away and second arc is not appearing. Thus
switching ability rises and electrical wearing lowers.
Because of complicated construction and augmented
dimensions of the diverter switch these schemes have had
restricted application.

23 ?a?
S G

Fig. 1 Scheme with diodes mounted together with the classical
contacts

The scheme of Fig. 2 [3] is interesting. Thyristor T in
parallel to a synchronized contact CK is used. First K is
opened without arc, after that K; is switched; CK is
opening during the half-cycle, when T is conducting and
K, is switched during the next period. If use two
synchronized contacts CK; and CK, (Fig. 3) it is possible
to realize the switching with use of only one diode D. In
these schemes as well as in all presented further control
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schemes will not be discussed, because this will be done
in other work. In the former “Electrical Power Technique
Institute” (EPTI) — Sofia has been experimented
switching process with synchronized contacts. Partial
erosion was found out. The conclusion is that application
of these schemes is not practical because of complication
of kinematics and control.

M
Ny K Nz

Q ——

s

Fig. 2 Scheme with thyristor

N ] £y N.?

Ke
i,
CKy
CK2

2 N,

Fig. 3 Scheme with two synchronized contacts

Scheme of switching of thyristor aided diverter switch
produced by the Austrian manufacturer “Elin” (now in
the structure of “Mashinenfabrik Reinhauzen GmbH) is
given on Fig. 4 [4]. It works as follows: with the thyristor
group T switched-off, K, is shifting and K is closing; T
is switching-on and K, is opening; T is switching-off and
K; is shifting; T is switching-on, the other K, is closing
and T is switching-off again and K, is opening.
Disadvantages here are: complicated contact system and
control; T is commutating sum of nominal and circulating
currents; there is erosion of K; due to arcs during
switching-on process.

Diverter switches shown on Fig. 5 and Fig. 6 [6]
didn’t contaminate the oil. Here, there is combination of
thyristor group T and VI (V; and V,). With T switched-
off K is shifting; V, is switching-off and during the first
passing of alternating current through the null value for

short period of time small current is flowing through the
control system CVY and control contact KV, as result of
this T is switching-on (Fig. 5). On Fig. 6 there are two
VI, this leads to simplification of the kinematics and
increasing of electrical wearing quality.

Uc

NiI Kz ;ME
o

K

.

R Yk

?fu,
& No

Fig. 4 Scheme of thyristor aided diverter switch

Fig 5 Scheme with hoth thyristor group and vacuum interrupter

Scheme for arc-free switching with two thyristor
groups T, and T, is shown on Fig. 7 [6]. It works without
resistor. Shifting of the current from T, to T, is occurring
during small period of time (t;) when the alternating
current is passing through the null value. With starting of
switching process and T, in blocking mode K, is shifting,
after that KV is closing and control system CV is passing
control current to Ty. It is starting to conduct and
permanently conducting the current contact K, is opening
arc-free. Following is KY opening and T; is switching to
blocking mode during the first passing of the current
through the null value. For short period of time
(to=100 ps) small current is passing through CVY and it
elaborates gate triggering current for T,. After that K is
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connecting to N, and K; is shifting. Kinematics here
should be such that switching in both directions to be
realized from T, to T,. If there is need to switch from T,
to T; CVY should be doubled which complicates the
device. During the eighties of the last century in the
Institute of Electrical Engineering together with Electrical
Apparatus Department of Technical University — Sofia
was made experimental specimen according to the
scheme on Fig. 7. Later the work was not continued,
because at that time had lack of reliable quality thyristors.

NZ

Fig. 6 Combined scheme with thyristor group and two vacuum
interrupters

N1 e NZ
TI ’ I

& No

i (2N
tr 7 tc
PR

' A/
Fig. 7 Scheme for arc-free switching with two thyristor groups

Now in Hyundai Heavy Industries — Bulgaria thyristor
aided diverter switch is developing according to the
scheme shown on Fig. 8. The resistor R is used for
increasing of safety. Sequence of switching of particular

commutating elements is shown on the same figure. Here
dark sectors correspond to switched-on eclement.
Kinematics is such that in both directions of switching
the current is passing from T, to T,. Thus the currents and
the recuperating voltages of T; and T, are significantly
lower than in the case of symmetrical work.

MT T N2

AT ARG AL

Fig. 8 Scheme of the thyristor aided diverter switch chosen from
Hyundai Heavy Industries Co., Bulgaria

The difference between both switching methods will
be cleared by the following practical example: Diverter
switch for nominal current I;=1600 A and step voltage
Uc=2500V is developing. According to the international
standard IEC 60214 — 1, 2003 the switching ability is
proved by testing with 2.1;=3200 A. The value of resistor
is chosen to be R=1Q. In scheme with obligatory
switching from T, to T, the thyristors from group T, are
opening with current 3200 A and recuperating voltage is
2.14=2.1600.1=3200 V. Group T, is loaded with the
circulating current I=U-/R=2500 A and recuperating
voltage Uc=2500 V. Thyristors with 1z=2000 A and
Uy=5000 V are used. They can carry-off up to 10000 A
impulse current. Reserve is foreseen, because the diverter
switch is working in hot transformer oil.

In symmetrical scheme of switching the current of T,
will be 2.Iy+[=5700 A and recuperating voltage
2.I4.R+U=5700 V. Therefore in this case the nominal
parameters should be about twice lower.

For comparison in the scheme from Fig. 7 T; and T,
are loaded with 3200 A and 2500V, which doesn’t
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giving  considerable advantages, however exists

uncertainty because of absence of resistor.

Conclusion

Analysis of presented switching schemes shows that
the most suitable for practical use is this from Fig. 8. It is
chosen from Hyundai Heavy Industries Co., Bulgaria for
development of diverter switch.
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On-Load Tap-Changers with Vacuum Interrupters for On-Load
Regulation of Power Transformers

Tony Dragomirov and Nikolay R. Gourov

Abstract: The present study is presenting systematization
of utilized design variants by leading manufacturers of
On-Load Tap-Changers (OLTC) regarding the
application of diverter switches with Vacuum Interrupters
(VI). On the base of performed comparison and analyses,
the main technical tendencies are underlined as well as
their application in the developed new OLTC series with
VI manufactured by Hyundai Heavy Industries Co.,
Bulgaria.

Keywords: On-Line Tap-Changer, Power Transformer,
Vacuum Interrupter, Voltage Regulation.

Introduction

The leading manufacturers of (OLTC) -
Mashinenfabrik Reinhausen (MR)-Germany, ABB-
Sweden and Hyundai Heavy Industries (HHI)-Bulgaria
have implemented Vacuum Interrupters in their new
types OLTCs developed and in regular production during
last years. The implementation of VI as power switching
element is providing important operational and
maintenance advantages.

It is known [1], that the most widespread voltage
regulation method in power engineering and industry is
by use of OLTC incorporated into the power
transformers. On-Load Tap-Changers are among the most
sophisticated and expensive high voltage apparatuses.
Depending on the parameters set of OLTC, motor unit
and accessories are sold from € 15 000 to € 100 000. One
of the leading manufacturers of these products
worldwide, according to growth and production is the
plant of Hyundai Heavy Industries (HHI) in Sofia. This is
a plant with 50 — years of tradition in the field of OLTC.
Competition in worldwide scale is very heavy mainly in
the person of the biggest manufacturer in the world
Mashinenfabrik Rainhauzen (MR) — Germany. In the last
years competition is in the area of development of
modern OLTC with vacuum interrupters (VI). In the
paper analyses and comparisons will be done to
characterize this development.

Main types OLTCs with VI

Advantages of the OLTCs with utilization of VI in
comparison to the classical types with arc-damping in oil
are significant. The oil in the oil-compartment of the
OLTC has not being contaminated, which leads to
reduction of maintenance, to rise of electrical wearing
quality and prolongs the revision periods several times.
The commutation reliability is rising. There is no
necessity of filtration devices for oil purification.

The trend of development of new series of OLTCs
with VI is to change only the power switch, but oil-
compartment, change-over selector and fine tap selector
remain the same as before. This is making easier to a
considerable degree production of OLTCs and their
application to construction and exploitation of

transformers.
Ve 4 ? e
N' s h& ; Nj NZ
In R L 1 R
Vi(®) Va(3) V2 Vi Vs V2
No b,
a) b)

Fig. 1 Practical switching schemes with VIs

As a matter of principle, every switching scheme [1]
can be transformed to one with utilization of VIs. This
can be done by replacement of every contact junction
which is damping arcs in oil with VI. Such variant is not
always economically advantageous. Thus limited number
of schemes is suitable for practical application. that sort
of switching schemes are systematized in [2]. In this
paper, however only schemes, which already has been
used in real diverter switches will be treated. Four such
schemes are shown on Fig. 1. For evaluation of these
schemes it is important to know currents interrupted by
every one of the VI and recuperating voltages between
contacts, after extinguishing the arc during the first pass
of the alternative current through null value. This
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describe the efficiency of the given diverter switch
regarding to switching ability and electrical wearing
quality. These values for the schemes from Fig. 1 are

systematized in Table 1.
Table 1

Currents and voltages for the schemes from Fig. 1

Scheme | Switching from N1 | Switching from N2 to N1
from to N2
Fig. 1
a IV 1 :IH Iv3:Uc/R IVZZIH Iv3:Uc/R
Uvi=Iu.R | Uys=Uc | Uyp=ITu.R Uys=Uc
b IVIZIH Iv}ZUc/R Ivz:IHiUc/R Iv3:0

Uv] :IHR U\/3:UC UVZZIH.RZEUC Uv3:0

c IVIZIH Iv}ZUc/R IV 1:IHiUc/R Iv3:0
Uv] :IH.R Uv3:UC UV 1:IH.R:|:UC Uv3:0

d Iv1:IH Iv3:Uc/R IV1:IH Iv3:Uc/R
Uv] :IH.R Uv3:UC UV 1:IH.R Uv3:UC

Symbols on Fig. 1 are as follows: V| and V, — main
VIs; R — resistor, V3 — auxiliary VI; N; and N, — contacts
of the change—over selector, connected to the neighboring
taps of adjusting coil of the transformer L; N, — terminal;
S — switching contact junction; K; and K, — other variant
of switching contact junctions; MA and MB — parallel
contact junctions.

Symbols on Table 1 are as follows: Iy — nominal
current of the tap-changer, Uc — step voltage; Iy, —
current interrupted by the respective VI, Uy, -
recuperating voltage. Sign “+” or “-” is according to the
regulation direction [1]. Number of switching over
actions with both signs is equal.

Scheme from Fig. 1a is used in diverter switches of
OLTC RSV9 of Hyundai Heavy Industries [3], which are
designed for nominal currents 400 A, 550 A and 700 A.
According to the same scheme is working RS21 of HHI,
which is designed for transformers with SF6 —gas as
insulating environment [4]. The scheme of Fig. 1b is
applied in RSVS5 of HHI. This is an OLTC designed for
technological needs’ transformers with insulated phases
(one from another) and nominal voltages under 36 kV.
The nominal current is 1200 A, and the step voltages are
small. In this case circulating current [-=Uc/R is small
and has no important effect on switching capability and
electrical wearing quality. In exchange to this the
construction is simplified. The scheme of Fig. 1c is used
in OLTC RSV20 and RSV12 of HHI. Nominal currents
are up to 400 A, because of which the asymmetry of
electrical load shown in Table 1 has no significant effect.
This allows constructions to be simplified. Scheme from
Fig. 1d is used in the set of OLTC type VR of MR [5].
Typical for this type of diverter switches is that in both
directions of switching firstly is commutating V; and
after that V3. This has been reached by complicating of
mechanical construction. In exchange the electrical load
is decreasing. Parallel contact junctions MA and MB
exist in the scheme, which facilitates K; and K.
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EXPLANATORY SCHEME OF DIVERTER SWITCH OPERATION

SEQUENCE OF DIVERTER SWITCH OPERATION
@ & ® ®@ _©® @®

ON
v OFF
& OFF
VLo - According to
vz OFF sequence diagram
Ohy
s pr— Lo
OoN |
(] H OFF
L. -
py L2
L 220ms _| >isms | |

Fig. 2 RSV9 Diverter switch operation

SWITCHING DIRECTION n - ns1

M5V MAMN SWITCHING CONTALTS
(VACULM [ |, MAN

r [ 20 INTERRUPTERY, PATH
e e e R
4 1 MIF  TRANSFER SWITCH,
A o . = MAIN PATH
Vo s IV TRANSITION CONTACTS
== g T A ACUUM INTERRUPTERL TRANSITIGN PATH
A [] T TRANSFER SWITIH,
MIF 1 r TRANSITION PATH
MAIN CONTACTS SIDE &
™ " [ i
MCB  MAIN CONTALTS SIDE B
A 8
TF e I N0 ZNO-ARRESTER
TSI A OO (O WO A VO 0 R TRANSITION RESISTOR
n e f— i

Fig 3 VCR’s switching sequence from n to n+1
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It is of interest to make brief comparison between
OLTC RSV of HHI and VRC of MR. Sequence of
switching from N; to N, of RSV9 [3] is shown on Fig 2.
Compared to the Fig. 1a here have been added breaking
contact junctions P, and P,. They are used in case of high
impulse step voltages of the respective transformer. The
sequence of switching of MR’s VRC is represented on
Fig. 3, where house symbols are preserved [5]. This set is
for nominal currents 400 A, 550 A and 700 A too.

Fig. 4 RSV9 in single-phase implementation

For visual comparison on Fig. 4 is shown picture of
RSV9 in single-phase implementation. On Fig. 5 RSV9
can be seen in three-phase implementation. Unification of
both constructions is high. On the picture of Fig. 6 can be
seen pull-out part of the diverter switch of VRC. It is
built in oil compartment of VRC that is not shown on the
picture. On the inner surface of this oil tank are placed
immovable contact junctions.

Fig. 5 RSV9 in three-phase implementation

Fig. 6 Pull-out part of OLTP VRC of MR

OLTC RSV9 ensures some significant advantages

such as:

e The diverter switch utilizing VI is interchangeable
with the one extinguishing arcs in oil. This means
that replacement can be done of operating in
exploitation diverter switches. At the same time this
is great advantage during the production process.

e The diverter switch can be assembled and
controlled as a separate assembly, which is done out
of the oil compartment.

e Using of three VIs on phase instead of two is
raising the cost of production to certain degree, but
this is compensated even in greater extent by the
simplified construction. In exchange to this, when
equal quality VIs are used, electrical wearing
quality is raising up to 50 %.

e When contact junctions connected in parallel to VI
are used erosion of contact surfaces is received,
which require use of metal-ceramic capping. Thus
partial contamination of the oil is available, but the
task when VIs are used is not to have such. In
RSV’s diverter switches have no contact junctions
connected in parallel.
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Conclusion

Hyundai Heavy Industries — Bulgaria has developed
some sets of OLTCs with VI. They have very high
technical parameters and ensure significant production
and exploitation advantages. This strengthens Hyundai
Heavy Industries — Bulgaria’s position as one of the
leaders in development and production of OLTCs
worldwide.
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Dynamic modes under speed pitch alteration of induction machine
with residual magnetic field in case of load lowering

Pencho Vladimirov, Dimitar Spirov

Abstract: A methodology, algorithms and mathematical
models for determination of stator voltages, currents and
linkage fluxes components and frequencies, rotor
currents and linkage fluxes components and frequencies,
electromagnetic moment and angular speed in case of
induction machine with residual magnetic field speed
pitch alteration when lowering a load have been
developed.

The model investigations present that in case of induction
machine with residual magnetic field speed pitch
alteration when lowering a load depending on speed
alteration direction, switching time for the new speed and
phase between supply voltages and electromotive force
(EM.F.) arisen from residual magnetic field, the
resultant supply voltage and impact currents and
moments of induction machine can be bigger than
starting ones.

Keywords: induction machine, residual magnetic field,
speed pitch alteration, load lowering

Introduction

Oftentimes the induction machines driving lifting
mechanisms of cranes, hoists, elevators, etc. operate in
dynamic and steady-state modes of load lowering. The
literary studying present that the steady-state modes have
been investigated mainly and in contrast to the dynamic
ones when lowering a suspended load.

The speed pitch alteration of induction machines
driving lifting mechanisms is applied in order to achieve
soft starting and stopping, high productivity, precise
stopping, etc. In practice occur frequently cases when
switching between high and low speed and vice versa,
induction machine operates at residual magnetic field.

The analytical investigation of the residual magnetic
field and thus inducted E.M.F. at constant rotational
speed has been done in [1,2,3]. A transient processes
investigation approach for accounting of the E.M.F. and
currents caused by residual magnetic field is given in [2],
over again switching on and reversing of induction
machine with residual magnetic field are investigated.

All-purpose  mathematical model of induction
machine which can be applied for all kinds of transient
processes including switching off is developed in [4]. For
that purpose additional resistance Rx is added to the
stator phase ohmic resistance Rs. The canceling of the
stator currents and electromagnetic moment is going on
by giving a very large value of Ry while Ra=0 in the rest
cases. The transient processes have been investigated
when switching off a three-phase induction motor with
cone-shaped rotor taking into account the residual

magnetic field for stages: rotation of the rotor, axial rotor
travel with inductances variation and case of magnetic
field killing with the purpose of breaking distance
decrease.

The operating and energy characteristics of induction
machine regarding to dynamic and steady-state operating
modes in case of suspended load lowering have been
investigated in [5]. The dynamic modes in case of speed
pitch alteration of induction machine with residual
magnetic field when lifting a load are investigated in [6].

The aim of this paper is development of methodology,
algorithms and mathematical models for determination of
stator voltages, currents and linkage fluxes components
and frequencies, rotor currents and linkage fluxes
components and frequencies, electromagnetic moment
and angular speed in case of induction machine with
residual magnetic field speed pitch alteration when
lowering a load. It is necessary to obtain the induction
machine operating characteristics for the dynamic modes
when switching from one speed to another and steady
state modes also by means of models developed.

Mathematical model

A methodology, algorithms and mathematical models
for determination of stator voltages, currents and linkage
fluxes components and frequencies, rotor currents and
linkage  fluxes components and  frequencies,
electromagnetic moment and angular speed in case of
induction machines with residual magnetic field over
again switching on are developed in [6]. The
mathematical models given in [6] can be used in case of
load lowering also. The taking into consideration of the
alteration motion direction in case of suspended load
lowering can be done either by means of induction
machine rotation direction change through sign change of
the component u; or by changing of moment M, sign.

In the presence of saturation ignoring there is an
exponential pattern of the rotor currents attenuation and
according to the rotor current it can be written [1]:

) i, =1,e 0.

The rotor currents are attenuating aperiodical currents
with time constant Ty and their resultant magneto-motive
force is motionless according the rotor.

The currents flow through the rotor winding i, excite
the following linkage flux in the stator winding:
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1//3' = LS l.S +Lﬂ’l ir = Lﬂli =

-
@ o Ly o
=L, 1e ™ =" o Tro
L?"
The rotor rotates with electrical angular speed w,
according to motionless coordinate system and the full

magnetic linkage flux is
t

L .
T,

W = - \Proe Roe]wt =
L,

=¥, cosw.t+ ¥, sinw,t =Y, + ¥4,

A3)

where Tpo=L,/R, is a time constant, corresponding to
ideal idle running when supplying the rotor [1].
For the inducted E.M.F. components ey, caused by the
rotor residual magnetic field components is obtained
dy,
“) €0 = dy/Sa > €580 = l//éﬁ :
dt dt
In order to determine the currents in the induction
machine windings in case of over again switching over
from one speed to another that's sufficient to use two
circuits given in [2]. The first one represents the residual
rotor currents i,, and i,. In order that represent them in
coordinate system ¢, admittance that at the stage of the
over again switching on the axes o,f of the motionless
coordinate system coincide with the axes d,g of the
rotating coordinate system respectively.
Then the currents i,, and i,5 are:
) Iy =lng COSW,t—1i,, SIN@,1;

Iy =g SINO,1+1,, COSW,L.

The second circuit defines the currents obtained as a
result of stator windings resultant voltages attenuation
which are equal to the sums of the mains voltages and
E.M.F. from the residual magnetic field without current
presence in the windings

usAp =Ugy +esA0;
(6) Ugp, =Ugp €05

ust =Uge + €5co-
For the representing vectors of the resultant voltages
is obtained

(7

2 1 1
Usop :g Usap _EusBp _Eust >

2 3 3 1
usﬁp =7 T+~ +_ust =

3 ) Uspp ) - E (usBp —Uscy )

The stator and rotor currents of the supply circuit
considered are marked i~ and i, respectively.

The electromechanical transient processes under
induction machine over again switching on in case of
residual magnetic field will be represented by means of
model where the following currents flow through the
windings
®) =i, =ir 4.

The currents isE and irZ are determined as well as the
process of induction machine switching on to the voltages
Usqp and ugp, is considered and an admittance that the
magnetic field is attenuated.

By iy is marked the current which flows through the
rotor windings until the induction machine over again
switching on to the mains and it is defined from the
machine previous mode of operation.

The transformation of two-phase model stator
currents towards three-phase induction machine ones is
carried out by means of equations:

lgy =lggs

. 1. A3,
9 Isp =—51m+71sﬁ§

. 1. 3.

Isc :_Elsa _713,5'

The software package MATHCAD has been used for
solving a systems of differential equations obtained and
transformed in the Cauchy-form [7].

Results obtained

By means of the methodology, algorithms and
mathematical models developed the dynamic modes
under switching on, switching over from low to high
speed and vice versa of two-speed induction motor type
KG II 2714-30/4 driving electric hoist with rated load
capacity of 32kN, speed of the main raising /2m/min and
speed of the micro raising /,4m/min in case of load
lowering have been investigated. The technical data of
the electric motor are given in Appendix 1. The T-shape
equivalent circuit of the motor parameters determinate by
a firm-producer calculating methodology accordingly
different values of the slip are given in Appendix 1 also.
The inertia coefficient F1=2,0 is assumed.

The operation mode of the two-speed induction
machine is as follows: switching on of the induction
machine under low speed and rated load M.=50Nm and
reaching to steady-state speed. A time ¢,=/,0s later the
low-speed winding supply is switching off and voltage is
applied to the high-speed winding where residual
magnetic field is presented. The induction machine
operates under steady-state mode at the high speed with
rated load and a time ¢=1,5s later is high-speed winding
supply is switching off and voltage is applied to the low-
speed winding where residual magnetic field is presented.
The same model is used where the induction machine
parameters according to the respective rotational
frequency are inserted and initial values of the quantities
when switching over one speed to another are taken into
account.

By means of the mathematical models the
dependencies of motor developed operational
characteristics in case of dynamic and steady-state modes
under switching over from low to high speed have been
obtained. Some of the results obtained are presented on
the respective figures.
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By means of the mathematical models the
dependencies of motor developed operational
characteristics in case of dynamic and steady-state modes
under switching over from high to low speed are
obtained. Some of the results obtained are presented on
the respective figures.
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Table 1 represents the values of Uspay iy, M, under
switching on, switching over from low to high speed and
vice versa.

Table 1

Table 1. Values of Uspmaws iyo, M,y under switching on, switching
over from low to high speed and vice versa

Switchingon | Low-High | High-Low
Ugpmar, V 311,127 617,959 607,707
iy, A4 18,393 35,279 186,537
M,s, Nm 99,109 163,317 691,751

From Table 1 it can be seen that under speed pitch
alteration of induction machine with residual magnetic
field the maximum value of the resultant supply voltage
can reach value twice greater than rated one. By reason of
this the impact currents and moments increase and they
can be greater than starting ones.

Conclusion

The methodology, algorithms and mathematical
models developed allow the determination of stator
voltages, currents and linkage fluxes components and
frequencies, rotor currents and linkage fluxes components
and frequencies, electromagnetic moment and angular
speed in case of induction machine with residual
magnetic field speed pitch alteration when lowering a
load have been developed.

The model investigations pointed out that in case of
load lowering by induction machine with residual
magnetic field speed pitch alteration the resultant supply
voltage and impact currents and moments can be greater
than starting ones.

Appendix 1

Technical data and parameters of the induction motor
type KG 11 2714-30/4

High speed

Py=75kW; Uy=380V; Iy=154; f=50Hz; p,=2;
ny=1419min™;  s5=0,054; My=50,47Nm;  I/I\=7;
M/My=2,1; [IB=40%; YB=240sx1/h; Jm=0,140kg.m".

Parameters for slip s=0,054

R=0,9069Q; X,=0,797Q; R,=0,834Q; X,=0,417%;
X,=28,75Q.

Parameters for slip s=1,0

R=0,906Q; X,=0,795Q; R.=0,834Q; X,=0,3920Q;
X,=27,85Q.

Low speed

Py=0,8kW; Uyx=380V; Iy=134; f=50Hz; p,=15;
ny=155min”;  sy=0,225; My=49,29Nm; L/Iy=1,3;
My/My=2,1; [IB=10%; Jm=0,140kg.m’.

Parameters for slip s=0,225

R=5327Q; X,=6,63Q; R.=12,29Q; X,=5,150;
X,=14,96Q.

Parameters for slip s=1,0

R=5,327Q; X,=6,904Q; R,=12,30Q; X,=7,09Q;
X,=13,92Q.
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Dynamic modes under reversing of induction machine with residual
magnetic field

Dimitar Spirov, Pencho Vladimirov

Abstract: A methodology, algorithms and mathematical
models for determination of stator voltages, currents and
linkage fluxes components and frequencies, rotor
currents and linkage fluxes components and frequencies,
electromagnetic moment and angular speed in case of
induction machines with residual magnetic field
reversing have been developed.

The model investigations present that in case of induction
machine with residual magnetic field reversing
depending on reversing time and phase between supply
voltages and electromotive force (E.M.F.) arisen from
residual magnetic field, the resultant supply voltage and
impact currents and moments of induction machine can
be bigger than starting ones.

Keywords: dynamic modes, induction machine, residual
magnetic field, reversing

Introduction

When switching off the induction machine stator from
the mains supply the sttor windings currents decrease to
zero quickly. However the induction machine magnetic
flux in the event of closed rotor winding cannot decrease
to zero instantly. [1,2,3] represent that a residual free
currents arise in rotor windings which are opposed to the
magnetic field attenuation according to the Lenz law.
These currents attenuate after a time and magnetic field
arouse by them is called residual magnetic field as a rule.
After switching off the rotor rotation continues. Thus the
residual magnetic field induces E.M.F. into stator
windings which attenuate after a time also. The induction
machine rotational frequency decreases under the
influence of mechanical load applied to its shaft and that
is why the taking into account is needed for the induced
into stator windings E.M.F. frequency alteration.

In practice occur frequently cases when reversing of
induction machine with residual magnetic field is
necessary — for drives with intermittent duty operational
mode, for stopping with reverse-switching, etc.

The analytical investigation of the residual magnetic
field and thus inducted E.M.F. at constant rotational
speed has been done in [1,2,3]. A transient processes
investigation approach for accounting of the E.M.F. and
currents caused by residual magnetic field is given in [2],
over again switching on and reversing of induction
machine with residual magnetic field are investigated.

All-purpose mathematical model of induction
machine which can be applied for all kinds of transient
processes including switching off is developed in [4]. For
that purpose additional resistance R, is added to the stator
phase ohmic resistance R;. The canceling of the stator
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currents and electromagnetic moment is going on by
giving a very large value of R, while R,=0 in the rest
cases. The transient processes have been investigated
when switching off a three-phase induction motor with
cone-shaped rotor taking into account the residual
magnetic field for stages: rotation of the rotor, axial rotor
travel with inductances variation and case of magnetic
field killing with the purpose of breaking distance
decrease.

A methodology, algorithms and mathematical models
for determination of stator linkage fluxes components and
frequencies, rotor linkage fluxes and currents components
and frequencies, stator winding E.M.F. amplitudes and
frequencies induced by the residual magnetic field in case
of stopping after induction machine switching off have
been developed in [5].

The aim of this paper is development of methodology,
algorithms and mathematical models for determination of
stator voltages, currents and linkage fluxes components
and frequencies, rotor currents and linkage fluxes
components and frequencies, electromagnetic moment
and angular speed in case of induction machine with
residual magnetic field reversing. It is necessary to obtain
the induction machine operating characteristics for the
dynamic modes in case of its reversing.

Mathematical model

With a view to the opportunity for investigation of the
induction machine operational characteristics in case of
dynamic, as well as steady-state modes, it is convenient
to use the representing vectors differential equations. The
development of the mathematical models and
investigations have been carried out in accordance with
the generally accepted admissions and symbols [6], while
the iron losses have been not taken into consideration.

The three-phase induction machine dynamic stage is
described by means of six equations for electric balance
in the windings circuits and equation for
electromechanical transforming of energy. The equations
for winding voltages can be written in vector-matrix form
as follows [7]

. dizg, dL3
1) U3y = Rygizg + L 7 + @, o

r

i3q)’

where ¢, and w, are rotational angle and angular speed of
the rotor, respectively (do/dt=w,);

T,
u3¢ - [usa Ugp Uge Upg Uy urc] ’

iag =i, iy i iy ig Qo]
3p — Usa sb sc ra rb red »
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R, 0 0 0 0 0
0 R, 0 0 0 0
Ry = 0 0 Re 0 0 0
0 0 0 R, 0 0
0 0 0 0 R, 0
L0 0 0 0 0 R.|
_L sasa L sasb L sasc L sara L sarb L sarc ]
L sbsa L sbsb L sbsc L sbra L sbrb L sbre
L 3 — Lscsa Lscsb Ls csc Lscra Lscrb Lscrc
L rasa L rasb L rasc L rara L rarb L rarc
L rbsa L rbsb L rbsc L rbra L rbrb L rbre
L L resa L resb L resc L rera L rerb L rere |

The values of windings ohmic resistances and
inductances are given in Appendix 1.

The transitory value of motor
moment is obtained to be [7]

M= ~Pp (2/3)Lm[ (éa bra Tl il )Sin o +
(@) igulye +igyig +igdy )sin(e, —27/3)+

salre
+( sa rb +lvbl + iscira )Sin(wr + 27[/3) ]'

The mechanical equipment is presented by one-mass
dynamic model that being the case the equation of motion
comes out to

@ e Prou,).

d Js
where M is the induction machine electromagnetic
moment;

M, — resisting moment of the mechanism;

Js=FI.J, — total inertia moment of the machine J,, and
mechanism mechanical part which is adjusted to the
induction machine shaft;

FI — inertia coefficient;

w, — electrical angular speed of the rotor;

P, —number of the induction machine pole pairs.

The stator phase voltages can be determine as follows

Uy = x/EUN cos(a)st + @, );
4) gy =2U y coslm,r + @, - (27/3)}

Uy = x/EUN cos[a)st + @, — (47[/3)],

where w; is the angular frequency, ¢, is the initial phase
of the supply voltage.

Since the electric motor has got a squirrel cage rotor
U;,=0, u,,=0 and u,.=0

In the presence of saturation ignoring there is an
exponential pattern of the rotor currents attenuation and
according to the rotor current it can be written [1]:

t

&) dp=lge ™.

The rotor currents are attenuating aperiodic currents
with time constant T, and their resultant magneto-motive
force is motionless according the rotor.

The currents flow through the rotor winding i, excite
the following linkage flux in the stator winding:

electromagnetic

l//S = LSiS +Ln1ir = Llni =

p
©) S
=L,Ie ™ == o T,
r
The rotor rotates with electrical angular speed w,
according to motionless coordinate system and the full
magnetic linkage flux is

t

L .
@ e e

=¥, cosw, 1+ ¥ sinw,t =Y, + ¥4,

where Tp)=L,/R, is a time constant, corresponding to
ideal idle running when supplying the rotor [1].

o, is obtained from the equation of motion (3).

For the inducted E.M.F. components ey, caused by the
rotor residual magnetic field components is obtained

dy,
3 €0 = dl//SlZ > €550 = l//bﬁ :
dt dt
In order to determine the currents in the induction
machine windings in case of over again switching over
from one speed to another that's sufficient to use two
circuits given in [2]. The first one represents the residual
rotor currents i,; and i,. In order that represent them in
coordinate system a,b,c immovably bound up to the rotor
the following equations can be used [7]:

lra _lsd’

1. A3
(9) by =~ Tl +71rq;

i ——li —ﬁi

re 2 rd 2 rq*

The second circuit defines the currents obtained as a
result of stator windings resultant voltages attenuation
which are equal to the sums of the mains voltages and
E.M.F. from the residual magnetic field without current
presence in the windings

usAp =Ugy +esA0;
(10) usBp =Usp +es30;

ust =SUgc +esC0’
where

(11) €sB :_Eesa+_esﬁ;

€c = _Eesa _Tesﬁ'

The stator and rotor currents of the supply circuit
considered are marked i," and i,” respectively.

The electromechanical processes under induction
machine over again switching on in case of residual
magnetic field will be represented by means of model
where the following currents flow through the windings

(12) iy =iZ; i, =iF +i

r
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The currents i~ and i,~ are determined as well as the g oo Bem e
process of induction machine switching on to the voltages ’
Usqp and ug, is considered and an admittance that the
magnetic field is attenuated.

By iy is marked the current which flows through the
rotor windings until the induction machine over again
switching on to the mains and it is defined from the
machine previous mode of operation.

The software package MATHCAD has been used for
solving a systems of differential equations obtained and
transformed in the Cauchy-form [8].

H = %m0

— U,

Results obtained o L L L L e
By means of the methodology, algorithms and
mathematical models developed the dynamic modes Fig. 2. Dependencies usp, espo. tsp,=/(1)
under switching on and reversing of induction motor type o n Cec0: Yoo Y

T100 LB-4 in case of rated load M,=My=const. have : |
been investigated. The technical data of the electric motor
are given in Appendix 2. The T-shape equivalent circuit
of the motor parameters determinate by a firm-producer
calculating methodology accordingly different values of
the slip are given in Appendix 3. The inertia coefficient
FI=2,0 is assumed.

After switching on of the induction machine and
reaching to steady-state speed a time #;=0,5s later the
mains supply is switching off and a reversing carries out
by two of the supply phases transposing: applying the
voltage u,z to phase A winding where a residual magnetic
field is presented; applying the voltage u,, to phase B
winding where a residual magnetic field is presented;
applying the voltage u,c to phase C winding where a
residual magnetic field is presented;

By means of the mathematical models the
dependencies of motor developed operational
characteristics in case of dynamic and steady-state modes
under reversing have been obtained. Some of the results
obtained are presented on the respective figures.

K | | t s
0.45 05 0.85 06 0.65 07

usA' QSAU' usAp‘ ¥
500 T

400

300

200

100 -+

100 H--

-200

-300

-400

500 i i i I ts
0.45 0.5 0.55 0e 0.65 0.7

Fig. 1. Dependencies gy, €, ts1,=f(t)

0 T N S N
0

Fig. 5. Dependence i,z=f(t)
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Fig. 6. Dependence i,c=f(t)
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Fig. 7. Dependencies i,49, i1, i,4=f()
e [ Ll A
50 rhi 'ib th ! ‘ ! ! .
i |
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: "
a0 ] ] i ] ]
0s 06 07 08 09 1
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Fig. 8. Dependencies i.py, i,5°, i,3=f(t)
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a0 reld Iil: (-] ! | ! .
] I
i 1
o |
] -
B )| . N ——— . ..................................... -
&0 i i i i i
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T

Fig. 9. Dependencies i,cy, irc", irc=f{t)
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Fig. 11. Dependence Q,=f(t)

Table 1 represents the values of Ugypay, ivo, M, under
switching on and reversing of induction machine with
residual magnetic field.

Table 1
Table 1. Values of Uspmaw ivar My, in cases of starting and
reversing.
. Reversing

Starting Phase A | Phase B | Phase C

Ugpmar V| 311,127 | 436,538 383,648 550,795
i, A 45,559 75,539 58,429 56,961

M5, Nm 90,491 400,528

From Table 1 it can be seen that under reversing of
induction machine with residual magnetic field the
maximum value of the resultant supply voltage can reach
value twice greater than rated one. By reason of this the
impact currents and moments increase and they can be
greater than starting ones.

Conclusion

The methodology, algorithms and mathematical
models developed allow the determination of stator
voltages, currents and linkage fluxes components and
frequencies, electromagnetic moment and angular speed
in case of induction machine with residual magnetic field
reversing.

The model investigations pointed out that in case of
induction machine with residual magnetic field reversing
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the resultant supply voltage and impact currents and
moments can be greater than starting ones.

Appendix 1

Values of ohmic resistances and inductances
Rsa :Rsb :Rsc :Rs; Rra :Rrb :ch :Rr;
Lsasa :stsb :Lscsc =L sy Lrara :Lrbrb =L rere :Larf
Lsasb :Lsasc :stsa :stsc :Lscsa :Lscsb =-L my
Lrarb =L rarc =L rbra :Lrbrc :chm =L rerb =L m
Lsara :strb :Lscrc =L rasa :Lrbsb :ch.vc = (2 /. 3) L mCOSQyy;
Lsarc :stra :Lscrb :chsa :Lrasb :Lrbsc = (2 /. 3) L mCOS (§0r-2 . 3) ;
Lsarb :strc :Lscra :Lrbsa :chsb :Lrasc = (2 /. 3) L mCOS (§0r +2n/. 3) ;
Ly=X,y/ 0y Ly=X,/05 Ly=X,/0;.

Appendix 2

Technical data of induction motor type T100 LB-4
Py=3,00kW,; Uy=220V; Iy=6,84; f=50Hz; p,=2;

ny=1406,3min”; sy=0,0624; My=20,434Nm;
J,,=0,00619kg.m’.
Appendix 3
Parameters of induction motor type T100 LB-4
Slip RQO|IRQIX, Q] X, Q1] X, Q
s=0,0017 | 2,258 | 2,329 | 2,488 | 2,949 | 34,48
s=0,06 2,318 | 2,329 | 2,602 | 3,029 | 46,82
s=1,0 2,318 | 2,393 | 2,084 | 2,301 46,82
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Reseach on dynamics of the movement of the charged particles

Penka N. Miteva, Atanas K. Ivanov

Abstract: The following article deals with the dynamics of
the movement of the charged particles in electrostatic field
of the dielectric material phosphorite which is used in the
production of mineral fertilizers. The FDL (electrostatic
force) is investigated. It is determined according to the
method of mirror images. When compared to the force of
weight Fr of separated particles with certain size it is
proved to what an extent the electrostatic force can be
used to attract the particles to the electrode.

Keywords: dielectric penetrability, phosphorite, charged
particle

Introduction

The present publication is a continuation of
investigations, dealing with the problem of the
electrostatic separation of materials with different
dielectric penetrability.. The calculation presented in the
form of tables and graphics prove that the power of the
mirror image is not strong enough to bring the particle to
the electrode. By determining the Qulonic force between
the charge of the particle q and the intensity of the
electrostatic field E, the resultant force is strong enough
to bring the particle into movement. With the help of this
investigation, conclusions are made about the process of
separation of particles with certain measures, when the
values of voltage applied and the distance between the
electrodes are varied.

Exposition

It is shown the movement of charged particle between
two electrodes of surface — circumference type. With the
help of programming product FEMM [3,5] there is a
picture given of the electrostatic field with same electrode
configuration and the value of field intensity E. The type
of electrodes and the field picture concerning electrode
distance 0.005m and 0.1 m are shown on fig. 1 (a, b, c).

Fig.l.a)

)

Fig.1.b) electrode distance 0.005m

O

SN 7

Fig.1.c) electrode distance 0.1m

What is shown is the movement of a sphere particle
with radius a, which falls in the zone of xoponHus
discharge and gains certain charge Qe determined by
dielectic penetrability €, and intensity of the field E in a
given position. To determine the charge que. We can use
the dependence.

g -1
=47, (1+2.—+—)a’.E
(1) qdueﬂ 0 ( Er + 2)

As:
& = 8,85.10-12, F/m; E — intensity, taken by the modified
field picture, V/m.
The movement of a phosphorite particle is being shown,
for which according to technological requirements radius
a=0,04.10° m [4] and has relative dielectrical
penetrability & =8,32, indicated by digital capacity
measuring device ESCORT ELC-1310.

By substituting in (1) for the charge of this particle we

get the dependence:

(1) 4, =43 14.8,85.107"%.(1+2. :’32

L (0,04.107Y.E=0,43.10 " F
,32+2

We take that the precipitating flat electrode is a metal
and its dielectrical penetrability is &, =oo [2].

By the pasnukara in dielectrical penetrability of the
air g, =1 and the metal according the mirror images
method we can determine the force F ., of attraction of
the charged particle towards the circumference. This
force is calculated with the following formula [2]:

2

9 ouen.
) Faver 418,42
as z is the distance to the surface of the circumference
along the y axis.
The weight of the particle can be determined through
the equation:
(3) Fr=m,g=0V.g=2,510"9,82,679.107.9,81=6,44.10"° N

as we know:
6 =2,5.10°%kg/m*=2,5.10%.9,8 N/m*® — weight of the
phosphorite,

@y =§.n.a3 =§.3,14.(0,04.10‘3)3 =2,679.107%,m’

m, . mass of the particle g — gravitation; V — volume of
the particle.
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In table 1.[3] we have been given the results depending
on the distance 0.05m between the electrodes concerning
intensity E, determined charge quu.. and the force of the
mirror image Fpe, in case U;=50kV and U,=50kV.

According to fig.1 and the taken coordinates system
the distance between the corona electrode and the drum is
Z.
Analogically we have the results on table 2 [3] for a
distance of 0.1m and U,;=50kV u U,=100kV and the
distance is z,.

z:=0.05 -y and z,= 0.1 —y.

: [ | —FIN-
" / 50kV
% 60 / I F[N] -
o / 100kV
» / —F1,[N]

2,104-3,[m]

Fig.4.4¢t fig.4 the following dependences are shown
Fowes=f(z1), accounted from table 1.

At fig. 5, 6 , 7 the following dependences are shown Table 2
E={(2>), Que=1(22), Fiuex=1(22), accounted form table 2. 0.lm U=50kV
Table 1 ZZa[m] Ez,[V/m] qunem[Q] Fﬂneﬂ-[N]
0 1,579.10° 0,679.10" -0,00001.10°
0.05m U,=50kV 0.01 0,899.10° 0,386.107™> -0,00001.10°
Zi,[m] E,[v/m] Quia[Q] Faia.[N] 0.02 0,581.10° 0,25.10" -0,00002.10°
0 2,156.10° 0,927.10" | -0,00008.10* 0.03 0,445.10° 0,192.10™ -0,00002.10°
0.01 1,171.10° 0,503.102 | -0,00012.10% 0.04 0,395.10° 0,17.102 -0,00003.10°
0.02 0,848.10° 0,363.10" | -0,00021.10° 0.05 0,358.10° 0,154.10" -0,00004.10°
0.03 0,717.10° 0,308.10"> | -0,00048.10° 0.06 0,336.10° 0,145.102 -0,00006.10°
0.04 0,617.10° 0,265.10" | -0,0019.10° 0.07 0,325.10° 0,139.10" -0,00011.10°
0.05 0,600.10° 0,282.102 [ -29.49.10° 0.08 0,324.10° 0,139.10™7 -0,00025.10°
0.05m ___Ur~100kV o1 TN N NP EN T WTATAT
Z1,[m] E.,[v/m] Qgia[V/m] Faia[V/m] - — — —
0 4313.10° 1.85.107 | -0,0003.10° 0.1m U,=100kV
0.01 2,382.10° 1,02.102 -0,00048.10* Z,[m] E,[v/m] Qe | Q] Fuier.[N]
0.02 1,687.10° 0,725.10" | -0,00086.10° 0 1,879.10° 0,808.10" -0,00001.10°
0.03 1,43.10° 0,614.10" | -0,0019.10° 0.01 1,797.10° 0,773.10™> -0,00002.10°
0.04 1,343.10° 0,577.10" | -0,0077.10° 0.02 1,666.10° 0,716.10™ -0,00002.10°
0.05 1,314.10° 0,500.10"* | -120,79.10° 0.03 0,887.10° 0,339.10 -0,00003.10°
0.04 0,788.10° 0,308.10™> -0,00004.10°
0.05 0,717.10° 0,289.102 -0,00006.10°
0.06 0,672.10° 0,280.10" -0,00009.10°
3'2 0.07 0,651.10° 0,279.10" -0,00017.10°
= 25 — E[V/m] - 0.08 0,649.10° 0,280.10 20,00038.10°
2 2 50 kV 0.09 0,650.10° 0,276.10" -0,0015.10°*
& 15 0.1 0,641.10° 0,040.10"2 -22,92.10°%
CI —E[V/Im] -
o 100 kV
’ } 1003, 140 " : ™ —EV/m]-
o £ 100mm,50kV
3 1
 [No——
Fig.2. At fig. 2 the following dependences are shown w08 E[V/m] -
0
E=f{z,) accounted from table I. : T 100mm, 100kV
2,10A-3[m]

g s ——qaven.,[Q] -
&, \ 100kV

: _ ——qaven,,[Q] -
° ‘0 50kV

0 20 40 60

2,10%-3,[m]

Fig.3.At fig. 3 the following dependences are shown
Qoves=f(z1) accounted from table 1.

Fig.5. Atfig. 5 the following dependences are shown
E=f(z;) accounted form table 2.

1

g 08 —CIFW'e”-a[Q]

; zj L - 100kV

o \; qaven.,[Q]
’ 0 50 100 150 - 5OkV

2407-3[m]

Fig.6. At fig. 6 the following dependences are shown
E=(z3), qoues=1(z2), Foues=1{z2), accounted form table 2.
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Table 4
Zz=0.1—
Y, 0.1 0.09 | 0.08 | 0.07 | 0.06
[m]
50kV |F.109 1.072| 0.61 | 0.394| 0.302| 0.268
100kV | [N] [ 1518 [ 1.452 | 1.346 | 0.717 | 0.637
Z2=0.1—
Y, 0.05 | 0.04 | 0.03 | 0.02 | 0.01
[m]
50kV |F.109 0.243| 0.228| 0.221| 0.219| 0.219
100kv | [N] | 0.579] 0.543| 0.526 | 0.524 | 0.525
. —F[N] -
. / 50kV
/ —F[N] -
—— 100kV
—FT1,[N]

Fig.7. At fig.7 the following dependences are shown
F=f(z), accounted form table 2.

The force of the mirror image is not enough by itself
to move the particle towards the precipitating flat drum.
Here it has to be taken into account the Qulonic force,
that is resulted from the cooperation of the charge quue: of
the particle and the intensity E of the electrostatic field. It
is determined by the following dependence:

g -1
£ +2

r

(5) Fy =q.E=4mg,a’ E(1+2. ).E.

At table 3. [3] we have the results given in
dependence of the distance z,=0.05—y between the

Qulonic force electrodes Fy at rates U;=50kV u
U,=100kV.

At table 4. [3] we have given the results in relation of
the distance z,=0.1—y between the Qulonic force
electrodes Fy at rates U,;=50kV u U,=100kV.

Tabl
el
E
=
w
e | gl 2 g g gz &
= S| S S| S| S| S
1]
<
U= , | 1007060505
0 |Fe 9lo |l 7] 7|6
-6
kV_ 110 79| 44|31 26|24/ 24
=LCIND S s | e |
00kV

1.6

1.4 —
. 1.2 /
! / FIcIN -
v 08 va 50KV
£ oe — —————— Fic[N] -

0.4 100 kv

0.2

o
o 20 40 60 80 100 120
z.10~-3,[m]

Fig.8.At figure 8 the following dependence is
presented Fy =f(z,), calculate from table 3.

— FK,[N] -
50kV

— FK,[N] -
100 kV

ILAR-E 1N

o N & o ®

z.107-3,[m]

Fig. 9. At figure 9 the following dependence is
presented Fy =f(z;), calculate from table 4

Conclusion

1. The force of the mirror image is not enough to
move the particle towards the precipitating flat drum.

2. For a distance z=0.05m the attraction force of the
mirror image is bigger than the weight force after 10 mm
from the drum surface.

3. For a distance of z=0.1 m the attraction force is
bigger than the weight force after 0.005m from the drum
surface.

4. In order to get to the process of sticking of the
particles, additional force is needed to move them to the
zone of possible attraction from the electrostatic force of
the mirror image.

5. The determined kymonoBa force Fy is considered
enough when at the given pressures, the phosphorite
particle with a radius a = 0,04.10-3 m can overcome the
weight force F,and to reach the precipitating flat
electrode.
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