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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 

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

),min(

jiij

jiij
ij

SS

SSPTE ••

••

= . 

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

 and jiS
•

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

(4) )()( jiijjiijjiijij QQjPPSSS +++=+=Δ
•••

. 
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 ijS
•

 and jiS
•

 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.  

ijZ
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Fig.1.One line diagram for a particular branch of the 
power system. 



After the unknown steady- state variables are found 

the powers ijS
•

 and jiS
•

 which are flowing through the 
line can be easily determined for example using the 
following well known equations [1,2]: 
(5) ∑ +=

∈ ji
ijijijijjii BGVVP )sincos( θθ  

(6) ∑ −=
∈ ji

ijijijijjii BGVVQ )cossin( θθ  

where jiij θθθ −= ; 

iP and iQ are the active and reactive power at bus i. 

ijG and ijB are the mutual conductance and susceptance 
respectively between nodes i and j; 

iV and jV  are the voltages at bus i and j respectively; 

iθ  and jθ  are the voltage angles at bus i and j. 
 

Test results 
In order to present the main properties of the new 

indicator a simple two bus power system will be 
considered (Fig 2).  

The system consists of two busses which are 
connected throughout the line 12W . The generator bus 1 is 
assumed as a slack bus whereas bus 2 is a load (PQ) bus. 
The complex impedance of the line  12W  is: 

(7) ..16,012,02112 upjZZ +==
••

 
on MVASbase 100= . The complex load power at bus 
2 consumed in the initial steady state is: 

(8) MVAjjQPS )1020(222 +=+=
•

 
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 

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:  

• Point A corresponds to normal light load stable 
operation in initial steady state at 

MVAjS )1020(2 +=
•

 
• Point B corresponds to the critical voltage collapse 

point at MVAjS )3,666,132(2 +=
•

. 
• Point C corresponds to unstable operation point at 

MVAjS )1020(2 +=
•

 
 

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 ∞  -0,0945 
Min Eigvalue 6,2179 0 -10,5776 

MWP,Δ  0,57 88,89 312,50 
MVAQ,Δ  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]:  

%100.
max

0max

P
PP

PSM
−

=  

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] 

12W  2

•
V  

G 

MVAjS )2010(2 +=
•

1

•
V  

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



Voltage stability in electrical power system may be 
defined by calculating the eigenvalues and the 
eigenvectors in the reduced Jacobian matrix [2].  

 
 

 

Fig.4. V-Q Sensitivity at bus 2.

Fig.5. Minimal eigenvalue. 

Fig.6. Sent active and reactive power. 

Fig.7. Active and reactive power loss. 

Fig.8. Real and reactive power transfer efficiency. 



The magnitude of the thi eigenvalue determines the 
degree of stability of the thi  modal voltage. The smaller 
the magnitude of positive, the closer the ith 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 PΔ  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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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.  
 

 
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. 
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   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. 

 
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.  

 
Fig.7. flux vector trajectory, conventional method 
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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 

m  = 0.314 Wb, dL = 42.44 mH, qL = 79.57 mH 

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

sR = 1.93 , cR =460  
Rated Current = 3 A 
B = 0.0008 Nm/rad/sec (Viscous friction) 
Inverter DC Voltage = 240 V.   
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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 

Increase TorqueDecrease TorqueZone1

V TorqueVTorque 

Decrease 

Flux 
7  8  

6  9  

V TorqueVTorque 

Increase 

Flux 
2  1  

3  12 

 

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. 

 
Figure (6): Comparing torque response of conventional and proposed method 

 
(a) 

 

 
(b) 

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 

m  = 0.314 Wb, dL = 42.44 mH, qL = 79.57 mH 

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

sR = 1.93 , cR =460  
Rated Current = 3 A 
B = 0.0008 Nm/rad/sec (Viscous friction) 
Inverter DC Voltage = 240 V.   
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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 N1 and N2 of 
adjusting coil L of the transformer. Here K1 are main 
contacts, K2 – auxiliary contacts, K0 – parallel, 
permanently conducting the current contacts, R – current 
limiting resistors and N0 – terminal. Every of contacts K1 
and K2 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.  

 
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 K0 is 
opened without arc, after that K1 is switched; CK is 
opening during the half-cycle, when T is conducting and 
K2 is switched during the next period. If use two 
synchronized contacts CK1 and CK2 (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 



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.  

 

 
Fig. 2 Scheme with thyristor 

 
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, K2 is shifting and K1 is closing; T 
is switching-on and K0 is opening; T is switching-off and 
K3 is shifting; T is switching-on, the other K0 is closing 
and T is switching-off again and K1 is opening. 
Disadvantages here are: complicated contact system and 
control; T is commutating sum of nominal and circulating 
currents; there is erosion of K1 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 (V1 and V2). With T switched-
off K1 is shifting; V1 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 СУ and control contact КУ, 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.  

 
Fig. 4 Scheme of thyristor aided diverter switch 

 
Fig 5 Scheme with both thyristor group and vacuum interrupter 

Scheme for arc-free switching with two thyristor 
groups T1 and T2 is shown on Fig. 7 [6]. It works without 
resistor. Shifting of the current from T1 to T2 is occurring 
during small period of time (t0) when the alternating 
current is passing through the null value. With starting of 
switching process and T2 in blocking mode K2 is shifting, 
after that КУ is closing and control system СУ is passing 
control current to T1. It is starting to conduct and 
permanently conducting the current contact K0 is opening 
arc-free. Following is КУ opening and T1 is switching to 
blocking mode during the first passing of the current 
through the null value. For short period of time 
(t0≈100 μs) small current is passing through СУ and it 
elaborates gate triggering current for T2. After that K0 is 



connecting to N2 and K1 is shifting. Kinematics here 
should be such that switching in both directions to be 
realized from T1 to T2. If there is need to switch from T2 
to T1 СУ 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.  

 
Fig. 6 Combined scheme with thyristor group and two vacuum 

interrupters  

 
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 element. 
Kinematics is such that in both directions of switching 
the current is passing from T1 to T2. Thus the currents and 
the recuperating voltages of T1 and T2 are significantly 
lower than in the case of symmetrical work.  

 
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 IH=1600 A and step voltage 
UC=2500 V is developing. According to the international 
standard IEC 60214 – 1, 2003 the switching ability is 
proved by testing with 2.IH=3200 A. The value of resistor 
is chosen to be R=1 Ω. In scheme with obligatory 
switching from T1 to T2, the thyristors from group T1 are 
opening with current 3200 A and recuperating voltage is 
2.IH=2.1600.1=3200 V. Group T2 is loaded with the 
circulating current IC=UC/R=2500 A and recuperating 
voltage UC=2500 V. Thyristors with IH=2000 A and 
UH=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 T1 
will be 2.IH+IC=5700 A and recuperating voltage 
2.IH.R+UC=5700 V. Therefore in this case the nominal 
parameters should be about twice lower.  

For comparison in the scheme from Fig. 7 T1 and T2 
are loaded with 3200 A and 2500 V, which doesn’t 



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.  

 
a)       b) 

 
c)    d) 

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 



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 
from 
Fig. 1 

Switching from N1 
to N2 

Switching from N2 to N1

a IV1=IH 
UV1=IH.R 

IV3=UC/R
UV3=UC 

IV2=IH 
UV2=IH.R 

IV3=UC/R 
UV3=UC 

b IV1=IH 
UV1=IH.R 

IV3=UC/R
UV3=UC 

IV2=IH±UC/R 
UV2=IH.R±UC 

IV3=0 
UV3=0 

c IV1=IH 
UV1=IH.R 

IV3=UC/R
UV3=UC 

IV1=IH±UC/R 
UV1=IH.R±UC 

IV3=0 
UV3=0 

d IV1=IH 
UV1=IH.R 

IV3=UC/R
UV3=UC 

IV1=IH 
UV1=IH.R 

IV3=UC/R 
UV3=UC 

 
Symbols on Fig. 1 are as follows: V1 and V2 – main 

VIs; R – resistor, V3 – auxiliary VI; N1 and N2 – contacts 
of the change–over selector, connected to the neighboring 
taps of adjusting coil of the transformer L; N0 – terminal; 
S – switching contact junction; K1 and K2 – other variant 
of switching contact junctions; MA and MB – parallel 
contact junctions.  

Symbols on Table 1 are as follows: IH – nominal 
current of the tap-changer; UC – step voltage; IVn – 
current interrupted by the respective VI; UVn - 
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 RSV5 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 IC=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 V1 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 K1 and K2. 

 
 

 
Fig. 2 RSV9 Diverter switch operation 

 

 
Fig 3 VCR’s switching sequence from n to n+1 



It is of interest to make brief comparison between 
OLTC RSV of HHI and VRC of MR. Sequence of 
switching from N1 to N2 of RSV9 [3] is shown on Fig 2. 
Compared to the Fig. 1a here have been added breaking 
contact junctions P1 and P2. 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: 

• 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. 

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

• 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 %.  

• 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. 



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 
(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: 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 Rд 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 Rд while Rд=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  usβ or by changing of moment Mc 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]: 
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The rotor currents are attenuating aperiodical currents 

with time constant TR0 and their resultant magneto-motive 
force is motionless according the rotor. 

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



(2) 
.00

01
RR T
t

r
r

mT
t

rm

rmrmsss

e
L
L

eIL

iLiLiL

−−
Ψ==

==+=ψ

 

The rotor rotates with electrical angular speed ωr 
according to motionless coordinate system and the full 
magnetic linkage flux is 
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where TR0=Lr/Rr is a time constant, corresponding to 
ideal idle running when supplying the rotor [1]. 

For the inducted E.M.F. components es0 caused by the 
rotor residual magnetic field components is obtained 

(4) 
dt

d
e s

s
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α
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−=0 ; 
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d
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s
β

β
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−=0 . 

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 ird and irq. In order that represent them in 
coordinate system α,β admittance that at the stage of the 
over again switching on the axes α,β of the motionless 
coordinate system coincide with the axes d,q of the 
rotating coordinate system respectively. 

Тhen the currents irα and irβ are: 
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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 
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For the representing vectors of the resultant voltages 
is obtained 
(7)
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The stator and rotor  currents of the supply circuit 
considered are marked is

Σ and ir
Σ 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  
(8) Σ

ss ii = ; r0
Σ
rr iii += . 

Тhe currents is
Σ and ir

Σ are determined as well as the 
process of induction machine switching on to the voltages 
usαp and usβp is considered and an admittance that the 
magnetic field is attenuated. 

By ir0 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: 
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 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 
КG II 2714-30/4 driving electric hoist with rated load 
capacity of 32kN, speed of the main raising 12m/min and 
speed of the micro raising 1,4m/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 FI=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 Mc=50Nm and 
reaching to steady-state speed. A time t1=1,0s 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 t=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.  



 
Fig. 1. Dependencies usA, esA0, usAp=f(t) 

 
Fig. 2. Dependence isA=f(t) 

 
Fig. 3. Dependencies irA0, irA

Σ, irA=f(t) 

 
Fig. 4. Dependence M=f(t) 

 
Fig. 5. Dependence Ωr=f(t) 

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. 

 
Fig. 6. Dependencies usA, esA0, usAp=f(t) 

 
Fig. 7. Dependence isA=f(t) 



 
Fig. 8. Dependencies irA0, irA

Σ, irA=f(t) 

 
Fig. 9. Dependence M=f(t) 

 
Fig. 10. Dependence Ωr=f(t) 

Таble 1 represents the values of Uspmax, iуд, Муд under 
switching on, switching over from low to high speed and 
vice versa. 

Table 1 

Таble 1. Values of Uspmax, iуд, Муд under switching on, switching 
over from low to high speed and vice versa 

 Switching on Low-High High-Low 
Uspmax, V 311,127 617,959 607,707 

iуд, A 18,393 35,279 186,537 
Муд, Nm 99,109 163,317 691,751 

 

From Таble 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 
Теchnical data and parameters of the induction motor 

type КG II 2714-30/4 
 
High speed 
PN=7,5kW; UN=380V; IN=15A; f=50Hz; pp=2; 

nN=1419min-1; sN=0,054; MN=50,47Nm; IП/IN=7; 
MП/MN=2,1; ПВ=40%; ЧВ=240вкл/h; Jm=0,140kg.m2. 

Parameters for slip s=0,054 
Rs=0,906Ω; Xσs=0,797Ω; Rr=0,834Ω; Xσr=0,417Ω; 

Xm=28,75Ω. 
Parameters for slip s=1,0 
Rs=0,906Ω; Xσs=0,795Ω; Rr=0,834Ω; Xσr=0,392Ω; 

Xm=27,85Ω. 
 
Low speed 
PN=0,8kW; UN=380V; IN=13A; f=50Hz; pp=15; 

nN=155min-1; sN=0,225; MN=49,29Nm; IП/IN=1,3; 
MП/MN=2,1; ПВ=10%; Jm=0,140kg.m2. 

Parameters for slip s=0,225 
Rs=5,327Ω; Xσs=6,63Ω; Rr=12,29Ω; Xσr=5,15Ω; 

Xm=14,96Ω. 
Parameters for slip s=1,0 
Rs=5,327Ω; Xσs=6,904Ω; Rr=12,30Ω; Xσr=7,09Ω; 

Xm=13,92Ω. 
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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 Rд 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 Rд while Rд=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] 
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The values of windings ohmic resistances and 
inductances are given in Appendix 1. 

The transitory value of motor electromagnetic 
moment is obtained to be [7] 
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The mechanical equipment is presented by one-mass 
dynamic model that being the case the equation of motion 
comes out to 

(3) ( )c
pr MM

J
p

dt
d

−=
Σ

ω
. 

where M is the induction machine electromagnetic 
moment; 

Mc – resisting moment of the mechanism; 
JΣ=FI.Jm – total inertia moment of the machine Jm and 

mechanism mechanical part which is adjusted to the 
induction machine shaft; 

FI – inertia coefficient; 
ωr – electrical angular speed of the rotor; 
pp – number of the induction machine pole pairs. 
The stator phase voltages can be determine as follows 
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where ωs is the angular frequency, φ0 is the initial phase 
of the supply voltage. 

Since the electric motor has got a squirrel cage rotor 
ura=0, urb=0 and urc=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]: 

(5) 0
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RT
t

rr eIi
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= . 
The rotor currents are attenuating aperiodic currents 

with time constant TR0 and their resultant magneto-motive 
force is motionless according the rotor. 

The currents flow through the rotor winding ir excite 
the following linkage flux in the stator winding: 
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The rotor rotates with electrical angular speed ωr 
according to motionless coordinate system and the full 
magnetic linkage flux is 
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where TR0=Lr/Rr is a time constant, corresponding to 
ideal idle running when supplying the rotor [1]. 

ωr is obtained from the equation of motion (3). 
For the inducted E.M.F. components es0 caused by the 

rotor residual magnetic field components is obtained 
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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 ird and irq. In order that represent them in 
coordinate system a,b,c immovably bound up to the rotor 
the following equations can be used [7]: 
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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 
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The stator and rotor  currents of the supply circuit 
considered are marked is

Σ and ir
Σ 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) Σ
ss ii = ; r0

Σ
rr iii += . 



Тhe currents is
Σ and ir

Σ are determined as well as the 
process of induction machine switching on to the voltages 
usαp and usβp is considered and an admittance that the 
magnetic field is attenuated. 

By ir0 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]. 

Results obtained 
By means of the methodology, algorithms and 

mathematical models developed the dynamic modes 
under switching on and reversing of induction motor type 
T100 LB-4  in case of rated load Mc=MN=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 t1=0,5s later the 
mains supply is switching off and a reversing carries out 
by two of the supply phases transposing: applying the 
voltage usB to phase A winding where a residual magnetic 
field is presented; applying the voltage usA to phase B 
winding where a residual magnetic field is presented; 
applying the voltage usC 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. 

 
Fig. 1. Dependencies usA, esA0, usAp=f(t) 

 
Fig. 2. Dependencies usB, esB0, usBp=f(t) 

 
Fig. 3. Dependencies usC, esC0, usCp=f(t) 

 
Fig. 4. Dependence isA=f(t) 

 
Fig. 5. Dependence isB=f(t) 



 
Fig. 6. Dependence isC=f(t) 

 
Fig. 7. Dependencies irA0, irA

Σ, irA=f(t) 

 
Fig. 8. Dependencies irB0, irB

Σ, irB=f(t) 

 
Fig. 9. Dependencies irC0, irC

Σ, irC=f(t) 

 
Fig. 10. Dependence M=f(t) 

 
Fig. 11. Dependence Ωr=f(t) 

Таble 1 represents the values of Uspmax, iуд, Муд under 
switching on and reversing of induction machine with 
residual magnetic field. 

Table 1 

Таble 1. Values of Uspmax, iуд, Муд in cases of starting and 
reversing. 

Reversing  Starting Phase А Phase B Phase C 
Uspmax, V 311,127 436,538 383,648 550,795 

iуд, A 45,559 75,539 58,429 56,961 
Муд, Nm 90,491 400,528 
 

From Таble 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 



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=Rrc=Rr; 

Lsasa=Lsbsb=Lscsc=Lσs; Lrara=Lrbrb=Lrcrc=Lσr; 
Lsasb=Lsasc=Lsbsa=Lsbsc=Lscsa=Lscsb=-Lm; 
Lrarb=Lrarc=Lrbra=Lrbrc=Lrcra=Lrcrb=–Lm; 
Lsara=Lsbrb=Lscrc=Lrasa=Lrbsb=Lrcsc=(2/3)Lmcosφr; 
Lsarc=Lsbra=Lscrb=Lrcsa=Lrasb=Lrbsc=(2/3)Lmcos(φr-2π/3); 
Lsarb=Lsbrc=Lscra=Lrbsa=Lrcsb=Lrasc=(2/3)Lmcos(φr+2π/3); 

Lσs=Xσs/ωs; Lσr=Xσr/ωs; Lm=Xm/ωs. 

Appendix 2 
Technical data of induction motor type T100 LB-4 
PN=3,00kW; UN=220V; IN=6,8A; f=50Hz; pp=2; 

nN=1406,3min-1; sN=0,0624; MN=20,434Nm; 
Jm=0,00619kg.m2. 

Appendix 3 
Parameters of induction motor type Т100 LB-4 

Slip Rs, Ω Rr, Ω Xσs, Ω Xσr, Ω Xm, Ω 
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  FT 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  thе 
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).

x

Y

Fig.1.a)

Fig.1.b) electrode distance 0.005m

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 коронния 
discharge and gains certain charge qдиел  determined by 
dielectic penetrability εr  and intensity of the field E in a 
given position. To determine the charge qдиел    we can use 
the dependence.

(1)     
2

0

1
4. . .(1 2. ). .

2
r

диел
r

q a E
επ ε
ε

−= +
+

As:
ε0 = 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 
а = 0,04.10-3 m [4] and has relative dielectrical 
penetrability εr =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’) 12 3 2 18
.

8,32 1
4.3,14.8,85.10 .(1 2. ).(0,04.10 ) . 0, 43.10 .

8,32 2фq E E− − −−= + =
+  

We take that the precipitating flat electrode is a metal 
and its dielectrical penetrability is εм =∞ [2].

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

(2)            
2

.
. 2

04. . .4.
диел

диел

q
F

zπ ε
= −

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) 3 13 8. . . 2,5.10 .9,8.2,679.10 .9,81 6, 44.10T pF m g V g Nσ −= = = =

as we know:
σ =2,5.103kg/m3=2,5.103.9,8 N/m3 – weight of the 
phosphorite,

(4) 3 3 3 13 34 4
. . .3,14.(0,04.10 ) 2,679.10 ,

3 3
V a mπ − −= = =

mp  -  mass of the particle  g – gravitation; V – volume of 
the particle.



In table 1.[3] we have been given the results depending 
on the distance 0.05m between the electrodes concerning 
intensity E, determined charge qдиел  and the force of the 
mirror image Fдиел  in case U1=50kV and U1=50kV.      
      According to fig.1 and the taken coordinates system 
the distance between the corona electrode and the drum is 
z1.
Analogically we have the results on table 2 [3] for a 
distance of 0.1m and U1=50kV и U2=100kV and the 
distance is z2.

z1= 0.05 – y and z2= 0.1 – y.

At fig. 5, 6 , 7 the following dependences are shown 
E=f(z2), qдиел=f(z2), Fдиел=f(z2), accounted form table 2.

                                                                           Table 1
0.05m U1=50kV

z1,[m] Ez,[v/m] Qdiel[Q] Fdiel.[N]
0 2,156.106 0,927.10-12 -0,00008.10-8

0.01 1,171.106 0,503.10-12 -0,00012.10-8

0.02 0,848.106 0,363.10-12 -0,00021.10-8

0.03 0,717.106 0,308.10-12 -0,00048.10-8

0.04 0,617.106 0,265.10-12 -0,0019.10-8

0.05 0,600.106 0,282.10-12 -29,49.10-8

0.05m          U2=100kV
z1,[m] Ez,[v/m] Qdiel[v/m] Fdiel[v/m]

0 4,313.106 1,85.10-12 -0,0003.10-8

0.01 2,382.106 1,02.10-12 -0,00048.10-8

0.02 1,687.106 0,725.10-12 -0,00086.10-8

0.03 1,43.106 0,614.10-12 -0,0019.10-8

0.04 1,343.106 0,577.10-12 -0,0077.10-8

0.05 1,314.106 0,500.10-12 -120,79.10-8
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Fig.2. At fig. 2 the following dependences are shown 
E=f(z1) accounted from table 1.
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Fig.3.At fig. 3 the following dependences are shown 
qдиел=f(z1) accounted from table 1.
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Fig.4.At  fig.4  the  following  dependences  are  shown 
Fдиел=f(z1), accounted from table 1.

                                                                           Table 2

0.1m      U1=50kV
z2,[m] Ez,[v/m] qдиел.[Q] Fдиел.[N]

0 1,579.106 0,679.10-12 -0,00001.10-8

0.01 0,899.106 0,386.10-12 -0,00001.10-8

0.02 0,581.106 0,25.10-12 -0,00002.10-8

0.03 0,445.106 0,192.10-12 -0,00002.10-8

0.04 0,395.106 0,17.10-12 -0,00003.10-8

0.05 0,358.106 0,154.10-12 -0,00004.10-8

0.06 0,336.106 0,145.10-12 -0,00006.10-8

0.07 0,325.106 0,139.10-12 -0,00011.10-8

0.08 0,324.106 0,139.10-12 -0,00025.10-8

0.09 0,325.106 0,139.10-12 -0,0010.10-8

0.1 0,100.106 0,043.10-12 -16,19.10-8

0.1m          U2=100kV
z2,[m] Ez,[v/m] qдиел.[Q] Fдиел.[N]

0 1,879.106 0,808.10-12 -0,00001.10-8

0.01 1,797.106 0,773.10-12 -0,00002.10-8

0.02 1,666.106 0,716.10-12 -0,00002.10-8

0.03 0,887.106 0,339.10-12 -0,00003.10-8

0.04 0,788.106 0,308.10-12 -0,00004.10-8

0.05 0,717.106 0,289.10-12 -0,00006.10-8

0.06 0,672.106 0,280.10-12 -0,00009.10-8

0.07 0,651.106 0,279.10-12 -0,00017.10-8

0.08 0,649.106 0,280.10-12 -0,00038.10-8

0.09 0,650.106 0,276.10-12 -0,0015.10-8

0.1 0,641.106 0,040.10-12 -22,92.10-8
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Fig.5. At fig. 5  the following dependences are shown 
E=f(z2) accounted form table 2.
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Fig.6. At fig. 6 the following dependences are shown 
E=f(z2), qдиел=f(z2), Fдиел=f(z2), accounted form table 2.

                                                                 



                                                                           Table 4
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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 qдиел  of 
the particle and the intensity E of the electrostatic field. It 
is determined by the following dependence:

(5) z
r

r
k EEaEqF ).

2

1
.21.(....4. 2

0 +
−+==

ε
εεπ

At table 3. [3] we have the results given in 
dependence of the distance  z1=0.05–y between the 

Qulonic force electrodes Fk at rates U1=50kV и 
U2=100kV.

At table 4. [3] we have given the results in relation of 
the distance z2=0.1–y between the Qulonic force 
electrodes Fk at rates U1=50kV и U2=100kV.

                                                                                 Tabl
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Fig.8.At figure 8 the following dependence is  
presented Fk =f(z1), calculate from table 3.
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Fig.9. At figure 9 the following dependence is  
presented Fk =f(z2), 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 кулонова force Fk   is considered 
enough when at the given pressures, the phosphorite 
particle with a radius а = 0,04.10-3 m can overcome the 
weight force Fт and to reach the precipitating flat 
electrode.
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z2=0.1–

y, 

[m]

0.1 0.09 0.08 0.07 0.06

50kV
100kV

Fk.10-6

[N]
1.072 0.61 0.394 0.302 0.268
1.518 1.452 1.346 0.717 0.637
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y, 

[m]
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Fk.10-6
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mailto:p_nedkova@abv.bg
http://femm.berlios.de/
http://femm.berlios.de/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




