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Main sections of the lecture:



It is known that powerful loads (consumers of electric

energy) connected to the electric power network nodes

and power networks of power systems, affect the

voltage parameters in the electrical networks to which

they are connected.

1. Introduction.
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Changes in the active and reactive power, consumed

by these loads, affect the magnitude and phase of the

voltage at the nodes of the supply network (Fig. 1,

points B, C), where these loads are connected,

relative to the voltage and phase values at point A of

the same circuit, in which the voltage of the network

can be considered to be unchanged in magnitude and

in phase.
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Fig.1. Schematic diagram of the power supply of a 

network node with rapid variable loads.
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There is a class of electricity consumers with a slow

load change, for example, aluminum plants. Changes

in their load lead to voltage deviations in the nodes

of the network and a slow change in the phase of the

voltage.

Fig. 2. Typical load curve of the aluminum plant
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A class of electricity consumers with a "fast"

changing graph of their power consumption is

known. These are such consumers of electricity

with a rapid variable nature of the load as rolling

mills, arc steel smelting furnaces, welding units, etc.
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Fig. 3.  The real measurements of powers (P, Q, S) for a 
technological cycle of arc furnace.

Po
w

er
 x

40
0 

 M
W

, M
VA

r, 
M

VA

Time, h

8



Fig. 4. Group load graph of the crimp mill group 
of the rolling mill.  
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Fig. 5.   Frequently voltage variations at 
arc furnace power supply network  

In power networks with rapid variable loads, significant

voltage variations can occur during the voltage period of

the power supply network.
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In power networks with such rapid variable loads, the variations of

the reactive power consumption lead to voltage fluctuations, which

are determined and normalized by power quality standards, for

example, EN 50160.

Changes of the active power consumption mainly lead to changes of

the voltage phase at the same points in the power supply network

(points B and C, Fig. 1) with respect to the voltage at point A of the

same system, in which the network voltage can be considered

constant by magnitude and phase. This value characterizes the

voltage quality, but it is not determined by the relevant standards.
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Fig.1. Schematic diagram of the power supply of a 

network node with rapid variable loads.
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In this case, the current and maximum ranges in the

voltage phase variations in generally are defined as

change of the of active power consumption by the load 

and its the largest value
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Due to the known relationship between the frequency and

phase of the harmonic oscillation, the voltage phase

fluctuations at the power network node with rapid varying

loads can formally be considered as "instantaneous" voltage

frequency oscillations at the same node of the power

network.
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"Rapid" changes of the active power consumptions also

lead to the occurrence of voltage frequency oscillations in

the networks of power systems as a whole. These voltage

frequency fluctuations are caused by electromechanical

transient processes, associated with oscillations of the

rotation frequency of the rotors of the turbine-generator

blocks of power station power plants, when the active load

of the generators changes.
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In many cases, these fluctuations of the voltage frequency 

are insignificant in comparison with the "instantaneous" 

frequency oscillations, caused by a change of the voltage 

phase, and they can be neglected.  

The voltage frequency and phase fluctuations characterize 

voltage quality, i.e. electric power quality. Nevertheless, 

they are not considered by known standards for the 

electric power quality.
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The voltage phase fluctuations lead to a change of the

voltage period duration and the magnitude of its

effective value. This leads to problems in the

operation of control devices, for example, control

systems of reactive power compensation devices such

as STATCOM and DVR. The errors of the RMS value

estimations can influence the determination of the

magnitudes and nature of some electric power quality

indices and so on.
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Therefore, it is of practical interest to estimate the

errors in measuring the RMS values of the fundamental

frequency voltage, the average effective voltage values

and the voltage period in real operating distribution

power networks of medium and low voltages.
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2. A general approach to estimation of the 
magnitude of the voltage effective value.

In the general approach, we will assume that the active

power consumption by the loads under consideration can

be considered a deterministic process, and the active

power consumption graph has a periodic character, for

example, as for a group of crimp rolling mills (Figure 4)

feeding from the same power transformer.
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Fig. 4. Group load graph of the crimp mill group of the 
rolling mill.  
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For the preliminary analysis, we confine ourselves to the 

first harmonic of this graph. In accordance with the 

properties of the Bessel functions under the discussed 

conditions, the magnitude of the amplitudes of the side 

components with frequencies                                               

and so on is always considerably smaller than the 

amplitude of the component with frequency                  .    

0 02 , 3ω ω± Ω ± Ω

0ω ±Ω
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The process of continuous variation of the voltage
phase in the power supply network is a phase
modulation of this voltage. In this case, based on the
theory of phase modulation, the instantaneous value
of the voltage in the power network during the time,
for example, the rolling mill work cycle or the period
of the corresponding modulating function, with a
change in the consumption of the active power, can
be represented as

0 max 0( ) cos( sin )mu t U t tω ϕ ϕ= + ∆ Ω +
is the amplitude of the voltage phase variations at

the considered point of power network or the
angular modulation index, which we denote as m.

maxϕ∆
, (3)
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( ) ( )0 0 0( ) cos cos cos
2 2

m m
m

mU mUu t U t t tω ω ω= − −Ω + +Ω

From the point of view of the spectral composition,

this voltage spectrum is similar to the voltage

spectrum for amplitude modulation.

0ωΩ <<Because , narrowband phase modulation

occurs. In this case, the spectrum of such a phase-

modulated voltage  is represented as

(4)
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In electrical power systems, having power plants as 

the only energy source, the average power during the 

modulation period, allotted in the resistance R by the 

considered voltage                                  and the average 

power losses in  the same resistance, due to the rated 

voltage                     under the absence of modulation, 

should be equal:

2 2
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There are at least three types of RMS values that can

be of practical interest and used in different cases:

I.e.,  the voltage phase fluctuations lead to the 

additional voltage deviations!

max .
22

2 1
2
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m

=

⋅ +
Or (6)
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1. The value of the RMS voltage for a time equal to
the period of the modulating function (for example,
for 50 Hz networks this time is much longer than
0.02 s), or the average value of the voltage.

2. The RMS value of the first harmonic of the voltage
for the period of the fundamental frequency, for
example, 50 Hz,

3. The value of RMS modulated supply voltage for
the period of main frequency voltage, .
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In the first case (the average value of the RMS voltage

during a time equal to the period of the modulating

function, taking into account the main and sidebands

components), both in the deterministic and random

nature of the processes under consideration. the voltage

, taking into account the presence of the first

harmonic and the components of the side frequencies, is

equal to the RMS value nominal not modulated, non-

variable voltage for the same period of time.
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In the second case (the average value of the RMS of the
first voltage harmonic for the period of the fundamental
frequency), the magnitude of the effective value of the
voltage first harmonic with the deterministic character of
the processes under consideration will be determined) as
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The third case. (The RMS value of the modulated power

supply voltage for the period of the main voltage

frequency) of the modulated voltage for the main

frequency period is defined by the following expression:
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0
. 2
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ω ϕ ϕ
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∫ (9)
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The period of the modulated voltage varies 
continuously and differs from the period of the main 
frequency voltage         .1T

Fig. 4.  Stylized graph of the mains voltage with phase modulation,      
1- graph of the rated voltage of the network, 2 - graph of the 

modulated network voltage, 3 - graph of the modulating function.
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Assuming that the power network voltage is described by 
the expression (3), taking into account the overall 
dependence                                , the "instantaneous" voltage 
frequency of the power network is defined as:

0 max( ) cost tω ω ϕ= + ∆ Ω Ω

The current period value of the power network
modulated voltage (Fig. 4) can be represented as:

0 max

2( )
cos

T t
t

π
ω ϕ

=
+ ∆ Ω Ω

( ) ( ) /t d t dtω ϕ=

(10)

(11)
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3. Applicability of power system static characteristics 
for the of dynamic regime analysis.

The instantaneous magnitude of the voltage phase

variation in the power network, due to the rapid variable

nature of the active power consumption by the load, is

determined by the next expression

''
'' 2

.

( ) ( )( ) L L

nom ef

P t P tt x
S U

ϕ ∆ ∆
∆ ≈ =

is sub transient resistance of the equivalent power

system, which in general depends on frequency.

''x

(12)
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In the special case under consideration, this 
dependence can be neglected and this quantity and also                                                                       

can be assumed  not depending on the 
frequency of the modulating function. 

'' 2 ''/nomS U x=

Comparing the frequency spectrum of the:
Phase-Modulated voltage. 

( ) ( )0 0 0( ) cos cos cos
2 2

m m
m
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and the,
Amplitude-Modulated voltage spectrum.
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where M is the amplitude modulation index, we can

conclude that, for m <<1, the angular modulation

index m coincides in value with the amplitude

modulation c index M.

The identity of the two types of modulation makes it

possible to use the results of experimental studies of voltage

oscillations, the results of amplitude modulation, in the

study of phase-voltage oscillations, the phase modulation.
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The carried out researches have shown that the voltage

fluctuation graphs in power networks with rapid variable

loads of different considered types in the absence of

devices for compensating voltage fluctuations are in many

cases approximated by an expression of the next form

0 0
0

( ) cos sink e α τ ατ τ τ−  
= Ω + Ω Ω 

where           characterizes the latent periodicity of the 
initial process. The angular frequency          is within the 
range          = (0.06 ÷ 8.9)            . 

0Ω
0Ω

0Ω

(15)
The picture can't be displayed.

1sec−
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Assuming                     , the value of the network reactance 
for the lateral frequencies is defined as: 

0Ω ≈ Ω

'' ''
50 1

314Hzx x Ω = ± 
 Or

( )'' '' 4
50 1 1.9 10 0.028Hzx x − = ± ⋅ ÷ 

Thus, in most considered cases, the effect of changing the

voltage frequency on the value of the equivalent

resistance of the power network can be neglected.

(16)

(17)
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4. The estimation of                    values.  maxϕ∆

The values of           are estimated by the European 

standard IEC 60076-5 as follows:

''S
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When connecting the electric arc furnaces to power
networks of 10 and 35 kV, the multiplicities of
operational short-circuit currents make up values of the
order of 2-3.5. The multiplicity of the dc motor starting
currents of the main drives of rolling mills is 2-2.5 times
the rated current of the motor. With the power factor
of the power transformer is equal to 0.7, and the short-
circuit voltage of the power transformers is equal to
10%, we get:
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5. Errors of estimation of effective voltage values

The value of the error in estimating the value of the RMS

value of the first harmonic of the voltage for the period of

the fundamental frequency with the deterministic

character of the processes under consideration on the

basis of (5) with an error of not more than 2% will be

determined as

( ).

2

. .
1 100%

16ef peak load S CU k k U
ϕ

∗ ∗∆ = ⋅ ⋅ ⋅ (18)
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Taking into account both for arc electric furnaces and for
rolling mills, taking into account the results of the
evaluation, the results of calculation of the estimation errors
of the effective value of the voltage first harmonic for the
fundamental frequency period are given in Table 1.
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Table 1. Errors in estimations of the RMS value of the 
voltage first harmonic. 



The RMS value of the modulated supply voltage for the
period of the main voltage frequency on the basis of (9)
is defined as

( ) 02
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Some results of the corresponding error  calculations

.

.
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(20)
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Some results of calculations of the corresponding errors 
are shown on Figs. 5 and 6.

Fig.5. Errors in estimating the RMS value  of modulated voltage 
during the period of the main voltage frequency at the "low" 

frequency of the active load variations;

max max max1 0.05, 2 0.10, 3 0.15ϕ ϕ ϕ−∆ = −∆ = −∆ =
42



Fig.6. Errors in estimating the RMS value  of modulated voltage 
during the period of the main voltage frequency at the "big" 

frequency of the active load variations;

max max max1 0.05, 2 0.10, 3 0.15ϕ ϕ ϕ−∆ = −∆ = −∆ =
43



6. CONCLUSION

1. Voltage phase fluctuations, caused by the

operation of electric energy consumers with a

rapid variable nature of their loads, lead to errors

in measuring the values of the effective value of

the voltage in electrical networks.
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2. Under real conditions, these measurement

errors have a negative magnitude and in

absolute value they reach up to 1.2%, which is

higher than the accuracy class 0.2 ÷ 1.0 of many

measuring instruments used in practice.
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