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Abstract: The purpose is to analyze the similarity of the reaction of the power 

line at the random variations of voltage, frequency and phase angle in the permanent 

mode of the power line in alternating current. The research is based on the 

application of the theory of modulation of electrical signals in radio circuits. The 

possibility of analyzing the variation processes with the model of the single-tone 

modulator signal was argued. It has been shown that the similarity of the power line 

reaction to amplitude modulation or angular modulation is determined by the identity 

of the harmonic spectra of the modulated signal, regardless of the physical essence of 

the modulation process. The upper limit of the modulator signal frequency are below 

the frequency deviation limit of the power system. 
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Rezumat: Scopul investigației constă în analiza similitudinii reacției liniei 

electrice la variațiile aleatoare ale tensiunii, frecvenței și unghiului de fază în regimul 

permanent al liniei electrice în curent alternativ. Cercetrea se bazează pe aplicarea 

teoriei modulației semnalelor electrice în circuitele radio. S-a argumentat 

posibilitatea analizei variației amplitudinii, frecvenței și fazei cu modelul semnalului 

modulator cu un singur ton. S-a demonstrat, că similitudinea reacției liniei electrice la 

modulația în amplitudine sau modulația unghiulară se determină de identitatea 

spectrelor de armonici ale semnalului modulat, indiferent de esența fizică a procesului 

de modulație. Valorile limita de sus a frecvenței semnalului modulator sunt sub limita 

deviației frecvenței sistemului electroenergetic. 
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Cuvinte cheie: modulație în amplitudine, frecvență, fază, spectrul de armonici, 

banda de frecvență, modelul modulației cu un singur ton, indice de modulație 

1. Introduction 

Unified power systems provide advantages in the security of electricity 

supply to final consumers, with the ability to adapt to random variations in load in 

different consumption nodes. Variations of load lead to deviations in the frequency 

of the energy system and to pulsations of active and reactive power that can affect 

the stability of the operation of the power system and the stability of the voltage in 

the electrical networks [1]. The disadvantage consist  is the rapid spread of 

disruptions, which can lead to system accidents with power outages for consumers 

in large areas of the country [2, 3]. 

The variation in voltage and frequency over time leads to pulsations of the 

values of power flows in the electrical networks [4], as well as these pulsations can 

be conditioned by the development of the infrastructure element currently defined 

as “microgrid” [5] and the increase of intermittent generation in modern power 

systems [6]. 

Energetics development planning must be linked to the country's energy 

policy objectives and the capacity to achieve these objectives in the set terms [7 - 

9]. Frequently, as a difficulty of promoting the concept of parallel operation of 

electric power systems is found the inconsistency of frequency maintenance 

standards in electric power systems, which would have benefits in parallel 

operation. Knowing the peculiarities of the reaction of power systems to variations 

in voltage and frequency over time may suggest new approaches to the problem of 

interconnection of both power systems and new structural elements of power 

systems such as "microgrids" for the formation of unified structures, to  the increase 

of energy seciurity and efficiencyfor the consumer electricity. 

The aim of this paper is to analyze the similarity of the reaction of the 

power line to random variations of voltage, frequency and phase angle in the time 

domain and establish the functional link of the indices, which characterize these 

types of modulation for the normal mode operation of the power line. 

2. The phenomenon of modulation in electrical networks 

Voltage and frequency fluctuations exist in any power supply system and 

occur due to load change, switching of generators, power lines or loads, etc. [10]. 

The development of increasing oscillations, conditioned by small load disturbances, 

can lead to changes in power flows in power lines, changes in operating parameters, 

as well as, in some cases, the creation of conditions for loss of operating stability 

(collapse of the power system). These phenomena are manifested by variations in 

voltage, frequency and power transmitted through the lines of the power system, 

including the interconnection lines at the interface of power systems. 
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The modulation phenomenon in the electrical networks is represented 

schematically in fig.1, in which the input signals are noted 𝑢1(𝑡) ≡ 𝑝1(𝑡), output 

𝑢2(𝑡) ≡ 𝑝2(𝑡) and modulating signal (disturbing) 𝑠(𝑡) ≡ 𝑝𝑠(𝑡). This structure it 

prezents the block diagram of the portion of the infrastructure used for the 

transmission of energy flow, which is modified over time by external and / or 

internal disturbances (fig.1). The amplitude, frequency or phase of the disturbing 

signal may be periodic, non-periodic, including random time functions. 
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Figure 1. Electric line in disturbance mode 
 

In this context, the analysis of the variation of frequency and voltage, 

which lead to fluctuations of power transmitted through electricity networks is of 

both scientific and practical interest for managing the operation of the power 

system at variable loads, including the development of optimal control algorithms 

with control equipment of the electrical networks regime.  

Electrical signals can be classified according to several signs: deterministic 

and non-deterministic (random), periodic and non-periodic, etc. Measurable signals 

characterize both the parameters of the transmitted energy flows and the quality 

indices of electricity. Amplitude, frequency and phase values are used as 

measurable parameters. We will indicate the peculiarity, that in fact, the measured 

signals are generally random quantities, whose values have variations over time. 

These variations have an impact on the operating regime of the electricity networks 

and on the quality indices of the electricity transmitted through these networks. 

In general, the effects that may occur due to the variation over time of the 

instantaneous voltage 𝑢𝑎𝑚(𝑡), frequency 𝑓𝜔𝑚(𝑡) and the total phase 𝜓 m (𝑡) in 

power lines can be perceived as the reaction of the power line to the phenomenon 

of disturbance of the line regime by the modulating signal s(t). The function of the 

modulating signal can be presented by the operator S: 

 

𝑠(𝑡) = 𝑆[𝑢𝑎𝑚(𝑡), 𝑓𝜔𝑚(𝑡), 𝜓𝜑𝑚(𝑡)]. (1) 
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Parameter 𝜓 m (𝑡) in relation (1) is defined as the total phase of the 

modulating signal 𝑠(𝑡). For the modulator signal 𝑠(𝑡) the instantaneous value of the 

angular frequency can be calculated using the relation [11]:  

 

 

In general, the instantaneous voltage of the electrical network in a network 

node is presented by relation: 

 

 

in which 𝑢(𝑡) - the instantaneous value of the voltage; 𝑈𝑚(𝑡) - voltage amplitude; 

𝜔(𝑡) - the instantaneous angular frequency of the voltage; 𝜑(𝑡) - phase of the 

voltage.  

The functions presented in relations (1) and (3) can be used to analyze the 

impact of various influencing factors, including, randomly, on the process of power 

transmission through power lines, including in the interconnection power lines of 

two power systems.  

In order to obtain quantitative data that characterize the process of 

electricity transmission in a variation of parameters over time, it is useful to 

examine the particularities of the amplitude, frequency and phase modulation 

phenomena in power grid networks, which are random.  

3. Generalities regarding the amplitude modulation phenomenon  

Modulation of the signal amplitude in the linear circuit, for example, due to 

the variation of the voltage on the bars of the power plant or transformer station can 

lead to the appearance of low frequency subharmonics according to the mechanism 

for performing the amplitude modulation. In normal operating regimes of electrical 

networks these voltage deviations are limited to the level of 𝛥𝑈=±5%; ±10% 

[12]. These values, depending on the rated voltage of the power line, can be 

accepted as limit parameters of the amplitude fluctuation in normal operation of the 

power grid. This restriction allows us to define the frequency band of the voltage 

amplitude modulation signal, using the durations of the prescribed time intervals 

for measuring the values of the permissible voltage deviations in the electrical 

networks [12]. 

The measurement standards of the electricity quality indices set out the 

procedures and conditions for carrying out the measurements, for example, for slow 

and rapid variations in voltage over time. Results of measurements performed over 

𝜔𝜑𝑚 =
𝑑𝜓𝜑𝑚(𝑡)

𝑑𝑡
 (2) 

𝑢(𝑡) = 𝑈𝑚(𝑡)cos [𝜔(𝑡)𝑡 + 𝜑(𝑡)], (3) 
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time with duration 10 mint = , which corresponds to the multiple time with 1008 

periods of the AC mains voltage, are used in the experimental determination of the 

short-term flicker dose. Voltage aberration measurements are performed for time 

intervals of 2 hours and over a week. Measurements of voltage variation over large 

time intervals allow the detection and estimation of amplitude oscillation 

characteristics, which can be considered as characteristics of the amplitude 

modulation signal. 

For example, those deviations, which are determined for shorter time 

intervals as 𝑡 ≤ 60𝑠, are considered as rapid variations. The characteristic of the 

relative variation of the voltage is determined by measurements in observation 

periods exceeding 500 ms with the smallest time decreting step equal to 10 ms [13]. 

This requirement can be interpreted as a parameter of the time of rapid oscillation, 

for example, 𝑇𝛥𝑇 ≥ 500𝑚𝑠, which can be used as a reference to estimate the 

frequency value of the mains amplitude modulation signal. The maximum 

frequency of the modulating signal will be estimated from the relation 𝑓𝛺𝑢 =
1

𝑇𝛥𝑇
.  

For rapid voltage variations with measurement duration 𝑇𝛥𝑇 ≥ 500𝑚𝑠, the 

angular frequency of the modulation signal will be equal to: 

 

 

Estimating the value of the modulator signal frequency based on the 

recommended time intervals for performing the measurements [12, 13] indicates 

that these frequencies will have a value below 12.56 rad / s. For example, the 

estimated value of the modulation signal frequency for the measurement time 

𝑇𝛥𝑇 = 60𝑠 is equal 𝛺𝑢
60 ≈ 0.052 𝑟𝑎𝑑/𝑠. These estimates of the upper limit of the 

modulator equivalent signal frequency can be used as primary data to determine the 

value of the frequency modulation coefficient due to the variation of the network 

voltage over time. 

In the paper [14] are presented experimental data on the voltage variation in 

the 10 kV network, which shows that the period of slow voltage evolution is 

approx. 25 min. For this time interval (the period of the oscillation wave of the 

modulating signal 𝑇𝛥𝑇 ≈ 25 𝑚𝑖𝑛 = 1500 𝑠), the amplitude modulation wave 

oscillation will have the value of 𝛺𝑢 =
2𝜋

𝑇𝛥𝑇
= 4.18 ∗ 10−3𝑟𝑎𝑑/𝑠. These 

preliminary observations, based on the prescriptions of the normative documents in 

force and measurements in the electricity network, allow us to form the quantitative 

benchmarks necessary to analyze the impact of the variation phenomenon in time of 

the network regime parameters on power transmission processes through lines, in 

case the harmonic spectrum of the modulated signal is known. Thus, the analysis of 

the impact of variations in voltage, frequency and phase in the power line is 

reduced to determining the harmonic spectrum of a signal equivalent to these 

𝛺𝑢 = 2𝜋𝑓𝛺𝑢 =
2𝜋

𝛥𝑇
= 12.56 𝑟𝑎𝑑/𝑠 (4) 
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variations in voltage, frequency and phase in the power line. To determine the 

harmonic spectrum generated by the variation in time  of the parameters of the 

power line regime, we will use some theoretical aspects, which are used to describe 

and analyze the processes of modulation of electrical signals in radio circuits [15]. 

 

3.1. Amplitude modulation in the electrical network 

 

In the AC power system, the fundamental frequency can be defined as the 

carrier oscillation 𝜔0 = 2𝜋𝑓0. The carrier wave signal  is described of relationship 

𝑢1(𝑡) = 𝑈𝑚1cos (𝜔0𝑡 + 𝜑𝑢1) or relationship 𝑢1(𝑡) = 𝑈𝑚1cos𝜓𝑢1(𝑡), in which 

𝑈𝑚1- the amplitude of the carrier wave harmonic; 𝜔0, 𝜑𝑢1 - the angular frequency 

and the initial phase of the carrier wave. Parameter 𝜓𝑢1(𝑡) = 𝜔0𝑡 + 𝜑𝑢1(𝑡) shows 

the total phase of the oscillation signal of the carrier wave [11, 15].  

In general, the instantaneous voltage of the electrical network can be 

presented by the relationship: 

 

 

in which 𝑢𝑎𝑚(𝑡) - the instantaneous value of the modulated signal; 𝑈𝑚, 𝜑𝑢(𝑡) - the 

amplitude and voltage phase, which can also be time functions.  

When the amplitude is forced to change over time 𝑈𝑚, of the phase 𝜑𝑢(𝑡), 

hence and of the total phase 𝜓𝑢(𝑡), the modulation regime of the electrical signal in 

the examined circuit takes place. We will mention that these forced changes can be 

conditioned by different factors, including random factors. 

Modulation in amplitude, phase or frequency is distinguished. Frequency 

modulation and phase modulation are closely linked. The difference between 

frequency modulation and phase modulation is manifested only in the nature of the 

change in time of the total phase 𝜓𝑢(𝑡).  

For the amplitude modulation case the condition will be met 
𝑑𝜑𝑢(𝑡)

𝑑𝑡
= 0 and 

the modulation process is described by the relationship, which results from (5): 

 

 

in which 𝑢𝑎𝑚(𝑡) - the instantaneous value of the modulated voltage; 𝑈𝑚 - function 

of variation in time of the amplitude of the carrier wave (winding curve); 𝜔0, 𝜑0- 

the frequency and the initial phase of the voltage (oscillator signal). 

The time variation of the voltage amplitude 𝑈𝑚(𝑡) forms the modulated 

voltage winding curve. The modulation signal is presented by the function 𝑠(𝑡), 

which is generally a non-sinusoidal function [15], but for which the interval of 

evolution or the period of repetition can be defined. For these conditions the 

𝑢𝑎𝑚 = 𝑈𝑚(𝑡)𝑐𝑜𝑠(𝜔0𝑡 + 𝜑𝑢(𝑡)). (5) 

𝑢𝑎𝑚 = 𝑈𝑚(𝑡)𝑐𝑜𝑠(𝜔0𝑡 + 𝜑0), (6) 
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amplitude of the coating curve 𝑈𝑚𝑢(𝑡) of the modulated signal based on the voltage 

variation mechanism of the electrical network will be presented by the relation: 

 

 

where:  𝑈𝑚 - the amplitude of the carrier wave, which for the electrical network 

with the frequency 𝑓0 = 𝑓𝑛𝑜𝑚 = 50𝐻𝑧 is determined by the nominal value of the 

voltage 𝑈𝑚 = √2𝑈𝑛𝑜𝑚; 𝑘𝑎𝑚 - proportionality coefficient.  

3.2. Applicability of the single-tone amplitude modulation model 

 

The function 𝑠(𝑡) from relation (6) has in general present as non-sinusoidal 

function, either periodic or non-periodic. For these conditions the signal 𝑠(𝑡) it can 

be presented by a spectrum of harmonics, obtained with the application of the 

Fourier transform [16]: 

 

 

Considering that the function 𝑠(𝑡) has derivatives of order (m - 1), and the 

derivative m is continuous over the function definition interval, the values of the 

coefficients of the Fourier transform change slowly according to the ratio 
1

𝑛𝑚. As a 

result of this finding, it turns out that for the coefficients 𝑎𝑛 and 𝑏𝑛 of the Fourier 

transform of the function 𝑠(𝑡) the conditions will be met |𝑎𝑛| <
𝐶

𝑛𝑚, |𝑏𝑛| <
𝐶

𝑛𝑚, where 

C = const.; n=1, 2, 3, 4,….- the order of the higher harmonics of the signal transformed 

into the spectrum [16]. For m > 1 the harmonic series has a fast convergence, and for m 

= 1 this process has a slower evolutionary character. For functions with symmetrical 

shape the coefficient m=2, and for the sinusoidal signal it has the value m=3 [16], thus 

ensuring a fairly rapid convergence of the Fourier series. Next, we will use this property 

to argue the possibility of limiting the number of higher harmonics on the description of 

the modulated signal when applying the process of analyzing the reaction of the circuit 

to modulation with the single-tone signal. 

When accepting the hypothesis, that the voltage deviations have a relatively 

symmetrical character with respect to the time axis (we appeal to the restriction 

max 0.1 nomU U   [13]) maximum voltage change characteristic, it turns out, that 

the Fourier transform consists of odd harmonics. For symmetric voltage deviations, 

the coefficients of the real component and the imaginary component of the odd 

third order harmonic will have the following values: 𝑎3 ≤
1

32 ≈ 0.11 și 𝑏3 ≤
1

32 ≈

0.11. The amplitude of the third order harmonic of the spectrum has the value 

𝑈𝑚𝑢(𝑡) = 𝑈𝑚 + 𝑘𝑎𝑚𝑠(𝑡), (7) 

𝑠(𝑡) = ∑ 𝐶𝑛

+∞

𝑛=−∞

𝑒𝑗(𝑛𝜔1𝑡+𝜑𝑛) = ∑ 𝐶𝑛

+∞

𝑛=−∞

𝑒𝑗𝑛𝜔1𝑡𝑒𝑗𝜑𝑛 . (8) 
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3 10.16A A , so its share is below the value of 16% from the amplitude of the 

fundamental harmonic  of the analyzed signal. At the first approximation, it allows 

us to present the relation that describes the phenomenon of amplitude modulation in 

the electrical network with the help of a harmonic function 𝑠(𝑡), which has the 

fundamental angular frequency 𝛺𝑢 and phase 𝜑0
𝑢. Equivalent modulation function 

𝑠𝑢(𝑡) of the carrier wave voltage has the amplitude 𝑆0 ≡ 𝑈𝑚𝑢 and can be presented 

in the first approximation as a single-tone harmonic oscillation: 

 

 

3.3. The frequency spectrum to amplitude modulation 

 

Taking into account relations (7) and (9), the modulated signal winding 

curve was presented by the relation:  

 

 

where 𝛺𝑢- angular frequency of the modulating signal, determined by the 

characteristic of the variation in time of the mains voltage; 𝜑0
𝑢 - the initial phase of 

the coating curve; 𝑈𝑚 - the amplitude of the carrier oscillation; 𝑈𝑚𝑢 = 𝑘𝑎𝑚𝑆0 - the 

amplitude of the wrapping curve for the case of single tone modulation. 

The relations (5) and (10), it shows that the instantaneous value of the 

modulated voltage, due to the variation of the mains voltage, will be presented by 

the following expression: 

 

 

in which, 𝑚𝑢 =
𝑈𝑚𝑢

𝑈𝑚
< 1 - amplitude modulation coefficient; 𝜔0 - angular 

frequency in the power system; 𝛺𝑢 - frequency of the modulating signal, equivalent 

to the character of the voltage variation in the power line. 

The value of the voltage modulation coefficient (index) 
um  is calculated 

with relationship [17]: 

 

 

where 𝑈𝑚𝑎𝑥 = 1.1𝑈𝑛𝑜𝑚 - the maximum permissible value of the mains voltage 

deviation; 𝑈𝑚𝑎𝑥 = 0.9𝑈𝑛𝑜𝑚- the minimum permissible value of the mains voltage 

deviation; 𝑈𝑛𝑜𝑚 - rated mains voltage.  

𝑠𝑢(𝑡) = 𝑆0cos (𝛺𝑢𝑡 + 𝜑0
𝑢 (9) 

𝑈𝑚(𝑡) = 𝑈𝑚 + 𝑈𝑚𝑢 cos(𝛺𝑢𝑡 + 𝜑0
𝑢), (10) 

𝑢𝑎𝑚(𝑡) = 𝑈𝑚(1 + 𝑚𝑢 𝑐𝑜𝑠 (𝛺𝑢𝑡 + 𝜑0
𝑢))cos (𝜔0𝑡 + 𝜑0) (11) 

𝑚𝑢 =
𝑈𝑚𝑎𝑥 − 𝑈𝑚𝑖𝑛

𝑈𝑚𝑎𝑥 + 𝑈𝑚𝑖𝑛
 (12) 
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From equation (12) it follows that the modulation coefficient 𝑚𝑢, due to 

the variation of the mains voltage, it will have the maximum allowable value  

𝑚𝑢 = 0.1. 

By transforming the product of the trigonometric functions in equation 

(12), considering that the initial phase of the carrier oscillation 
0 0 =  and 

modulation wave 0 0u = , the following relation is obtained: 

 

 

Modulation oscillation frequency is lower than carrier wave oscillation 

frequency.  

Frequency band 
uB  of the spectrum obtained by amplitude modulation has 

the value 
sup inf 0 0 2u u u uB    = − = + − + =  .  

It follows from (13) that when the condition is met 
0u   , what is 

observed for electrical networks, frequency 
u  determines only the bandwidth of 

the frequency spectrum 2u uB =   and has no influence on the amplitude of the 

lateral harmonics of the spectrum. The amplitudes of the lateral harmonics are 

determined by the modulation coefficient of the amplitude of the carrier oscillation 

wave 
um .  

4. Angular modulation 

The frequency and phase of the carrier wave signal when performing the 

frequency and phase modulation change in proportion to the time variation of the 

modulating signal. The mechanism for performing the frequency or phase 

modulation results from relation (5) to the fulfillment of the conditions: 𝑈𝑚(𝑡) =
𝑈𝑚 = 𝑐𝑜𝑛𝑠𝑡. and 𝜔0 = 𝑐𝑜𝑛𝑠𝑡. The total phase of the frequency modulated signal is 

described by the relationship, 𝜓𝜔(𝑡) = 𝜔0𝑡 + 𝑘𝜔𝑠𝜔(𝑡), where 𝑘𝜔 - proportionality 

coefficient, and 𝑠𝜔(𝑡) - modulation function.  

Instantaneous frequency 𝜔𝜔(𝑡) is determined as the first derivative (see 

(2)) of the total phase 𝜔𝜔(𝑡) =
𝑑𝜓𝜔(𝑡)

𝑑𝑡
, and the total instantaneous phase of the 

modulated signal is determined by integrating the instantaneous frequency  

[15]: 

 

𝑢𝑎𝑚(𝑡) = 𝑈𝑚cos𝜔0𝑡 +
𝑚𝑢𝑈𝑚

2
cos(𝜔0 + 𝛺𝑢) 𝑡 +

𝑚𝑢𝑈𝑚

2
cos(𝜔0 − 𝛺𝑢) 𝑡 (13) 

𝜓𝜔(𝑡) = ∫ 𝜔𝜔

𝑡

0

(𝜏)𝑑𝜏 + 𝜑0 (14) 
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This kinship of the parameters of the instantaneous frequency and the 

instantaneous total phase of the modulated signal indicates to the community of 

these two angular modulation mechanisms and the identity of the result obtained as 

a result of the frequency modulation or the phase modulation.  

Differentiating the argument of relation (5) allows us to determine the 

instantaneous angular frequency at the angular modulation 𝜔𝜑(𝑡) =
𝑑𝜓𝜑(𝑡)

𝑑𝑡
= 𝜔0 +

𝑑𝜑(𝑡)

𝑑𝑡
. The derivative 

𝑑𝜑(𝑡)

𝑑𝑡
 causes the instantaneous frequency to deviate 𝜔𝜑(𝑡) 

from the frequency of the carrier wave 𝜔0. In this context, frequency deviation 𝛥𝜔 

in the electric power system conditioned by different influencing factors it can be 

seen as an angular modulation exerted by the signal 𝑠𝜔(𝑡). Any change in 

frequency leads to a change in phase and vice versa, any change in phase 

conditioned by frequency modulation leads to a change in frequency. This trivial 

finding emphasizes that frequency variation and phase variation do not exist 

separately, because these effects can only exist simultaneously, so in torque in 

electrical networks. 

In order for the modulated signal oscillation to be considered close to the 

harmonic oscillation by shape it is necessary that the frequency variation 𝛥𝜔(𝑡) =

𝜔(𝑡) − 𝜔0 during the period 𝑇0 =
2𝜋

𝜔0
 have a small value compared to the frequency 

ω (t) for the given time [15]. Taking into account this observation, as well as the 

requirements for industrial frequency stability [12, 13], it can be seen that this 

provision is fully met for power systems. As a result, the modulation signal 𝑠𝜔(𝑡) 

of frequency (or phase angle function 𝑠𝜑(𝑡)) it can be matched to a trigonometric 

oscillating function, for example, 𝑠𝜔(𝑡) ≡ cos (𝛺𝜔𝑡 + 𝜑0
𝛺) or in phase modulation 

𝑠𝜑(𝑡) ≡ cos (𝛺𝜑𝑡 + 𝜑0
𝜑

).  

Considering for simplicity, as the initial phase 𝜑0
𝛺 = 𝜑0

𝜔 = 0, the 

frequency modulation signal will be presented by the relationship:  

 

 

where 𝑈𝑚𝛺- the amplitude of the frequency modulation signal voltage. 

The function 𝑠𝜔(𝑡) of (15) describes the winding curve of the variation of 

the amplitude of the mains voltage generated by the instantaneous variation 

phenomenon 𝜔𝜔(𝑡) (or phase angle 𝜑𝜑(𝑡)) in the circuit. In this context, the impact 

of frequency variation or phase variation has signs of kinship with the phenomenon 

of amplitude modulation, because even in this case a resulting signal is obtained 

with time variation of amplitude, which is perceived as the envelope curve and is 

described by the equation: 

 

𝑠𝜔(𝑡) = 𝑈𝑚𝛺𝑐𝑜𝑠𝛺𝜔𝑡, (15) 

𝑢𝜔𝑚(𝑡) = 𝑈𝑚𝑐𝑜𝑠𝜓(𝑡). (16) 
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4.1. Frequency modulation. Frequency spectrum 

Frequency modulation provides for the variation of the frequency over time 

under the action of the modulating signal 𝑠𝜔(𝑡). In frequency modulation, the 

amplitudes and initial phases of the carrier wave signal and the modulator signal 

have constant values. The evolution over time of the instantaneous frequency of the 

modulated signal is described by the relation: 

 

in which 𝜔0- carrier wave frequency; 𝛥𝜔(t) - the deviation of the instantaneous 

frequency from the carrier wave frequency for the time moment t; 𝑘𝜔 - the 

proportionality coefficient of the frequency modulating signal; 𝑠𝜔(𝑡) - the 

frequency modulating signal for which the condition is met 𝛺𝜔 < 𝜔0; 𝛺𝜔 - the 

angular frequency of the frequency modulating signal. 

It follows from equation (17) that for the value of the function 𝑠𝜔(𝑡) = 0 

instantaneous frequency 𝜔(𝑡) = 𝜔0, so it coincides with the frequency of the carrier 

wave. 

Considering that in electrical networks the instantaneous angular frequency of 

the frequency modulating signal is described by a trigonometric function, the relation 

(17), for single-tone frequency modulation, can be presented by the expression: 

 

 

in which 𝛥𝜔 = 𝑘𝜔𝑈𝑚𝛺 - frequency deviation, which is considered equal to the 

maximum frequency deviation in the electrical network 𝛥𝜔 = 𝛥𝜔𝜔.𝑚𝑎𝑥; 𝑘𝜔 - the 

proportionality coefficient of the frequency modulating signal; 𝑈𝑚𝛺 - the amplitude 

of the frequency modulating signal voltage; 𝜔0, 𝛺𝜔  - angular frequency of the 

carrier wave oscillation and the frequency modulator signal oscillation. We will 

mention that the parameter 𝑘𝜔can have unit value, therefore 𝑘𝜔 = 1, because it is a 

function of transferring the modulating signal formation block 𝑠𝜔(𝑡).  

From equation (18), taking into account the relation (17),wil be determine the 

instantaneous total phase of the oscillation for the frequency modulation regime: 

 

 

in which 𝑚𝜔 =
𝛥𝜔

𝛺𝜔
 - frequency modulation index or coefficient. 

In (19) the term (𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡) shows the evolution function of the phase 

angle of the modulated signal compared to the initial phase 𝜑0
𝛺 of the resulting 

𝜔(𝑡) = 𝜔0 + 𝑘𝜔𝑠𝜔(𝑡), (17) 

𝜔0(𝑡) = 𝜔0 + 𝑘𝜔𝑈𝑚𝛺𝑐𝑜𝑠𝛺𝜔𝑡 = 𝜔0 + 𝛥𝜔𝑐𝑜𝑠𝛺𝜔𝑡 (18) 

𝜓𝜔(𝑡) = ∫[𝜔0 + 𝛥𝜔𝑐𝑜𝑠𝛺𝜔𝜏]

𝑡

0

𝑑𝜏 = 𝜔0𝑡 + 𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡 (19) 
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signal oscillation, which appears as a reaction to the frequency modulation process, 

so 𝛥𝜑𝜔(𝑡) = 𝜑𝜔(𝑡) − 𝜑0 = 𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡.  

We will mention that when the condition is met 𝛥𝜔<𝛺𝜔 , frequency 

modulation index 𝑚𝜔 < 1, and this modulation is considered of conditioned by the 

rapid processes of frequency variation. Otherwise, 𝛥𝜔 > 𝛺𝜔, the parameter 𝑚𝜔 >
1, therefore, the process of slow the frequency modulation takes place in the 

electrical network.  

Instant total phase 𝜓𝜔(𝑡) of the voltage oscillation 𝑢𝜔(𝑡) modulated in 

frequency for 𝜑0 = 𝜑0
𝛺 = 0 includes the periodic additional term 

𝛥𝜔

𝛺𝜔
𝑠𝑖𝑛𝛺𝜔𝑡 =

𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡. This term in (19) can be defined as the instantaneous phase of the 

voltage resulting in the frequency modulation process 𝛥𝜑𝜔(𝑡) =
𝛥𝜔

𝛺𝜔
𝑠𝑖𝑛𝛺𝜔𝑡, and 

the ratio 
𝛥𝜔

𝛺𝜔
= 𝛥𝜑𝑚𝑎𝑥 - the amplitude of the phase oscillation of the frequency 

modulated signal in relation to the value of the initial phase 𝜑0
𝛺 of the modulating 

signal.  

In order to simplify the analysis of the frequency modulation process, it 

was considered, as the initial phase of the modulating signal 𝜑0
𝛺 = 0. Appearance 

in the modulated signal of the component 𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡 can be seen as a circuit 

reaction conditioned by the frequency modulation mechanism, which leads to the 

change of the phase of the modulated signal. Considering that 0 0 0 = = , for 

frequency modulation the relation is obtained: 

 

 

After developing the function (20) in the Fourier series and performing 

some transformations for 𝑚𝜔 ≪ 1 se obține relația, care descrie cu o bună 

aproximație spectrul modulației în frecvență cu un singur ton [15]: 

 

 

The structure of the relations (13) and (21) presented in the frequency 

domain are practically identical, as they include the same number of terms of the 

harmonic spectrum. The only difference is that one of the terms of frequency 

modulation, which shows the amplitude of the harmonic with the lower side 

frequency 𝜔𝑖𝑛𝑓 = 𝜔0 − 𝛺𝜔, has the phase difference equal to   radians (is in 

opposite with the harmonic with the lower lateral frequency of the spectrum 

obtained at amplitude modulation). 

𝑢𝜔(𝑡) = 𝑈𝑚𝜔𝑐𝑜𝑠(𝜔0𝑡 + 𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡). (20) 

𝑢𝜔(𝑡) ≈ 𝑈𝑚𝜔𝑐𝑜𝑠(𝜔0𝑡 − 𝑚𝜔𝑠𝑖𝑛𝛺𝜔𝑡) = 

= 𝑈𝑚𝜔 [𝑐𝑜𝑠𝜔0𝑡 +
𝑚𝜔

2
cos(𝜔0 + 𝛺𝜔) 𝑡 −

𝑚𝜔

2
cos(𝜔0 − 𝛺𝜔) 𝑡]. 

(21) 
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Preserving the symmetry and coincidence of the amplitude values for the 

case that the modulus of the proportionality coefficients 1uk k= = , it also 

ensures the coincidence of the values of the amplitudes of the lateral harmonics of 
the frequency spectra of the resulting signal modulated in amplitude and frequency, 

so 
2 2

u m mm U m U= . From another point of view, the phase difference equal to π 

radians of the amplitude (13) and frequency (21) spectrum harmonics does not 
influence the power balance in the in the power line circuit in modulation mode.  

4.2. Phase modulation. Frequency spectrum 

In the case of phase modulation, the modulation signal changes the initial 
phase 𝜑0 of the modulated signal by the value 𝛥𝜑(𝑡): 

 

 
in which 𝑘𝜑 - the proportionality coefficient of the phase modulating signal; 

𝑠𝜑(𝑡) = 𝑈𝑚𝜑𝑐𝑜𝑠𝛺𝜑𝑡 - phase modulator signal, which shows the single-tone carrier 

wave voltage winding curve; 𝑈𝑚𝜑 - the amplitude of the phase modulator signal 

voltage; 𝛺𝜑 - phase modulation wave frequency.  

The instantaneous total phase of the carrier wave is described by the 
relationship: 

 

 
in which 𝛥𝜑𝑚𝑎𝑥 = 𝑘𝜑𝑈𝑚𝜑 - phase deviation amplitude for the phase modulation 

regime, which is called the phase deviation. 
Phase deviation 𝛥𝜑𝑚𝑎𝑥 depends only on the amplitude of the modulator 

signal voltage 𝑈𝑚𝜑 and does not depend on frequency 𝛺𝜑 of this signal. By 

analogy, with frequency modulation, the phase deviation may be called the phase 
modulation index or coefficient, which may be noted as 𝑚𝜑 = 𝛥𝜑𝑚𝑎𝑥 = 𝑘𝜑𝑈𝑚𝜑. 

Following this finding, the general expression of the phase modulated voltage for 

𝜑0 = 𝜑0
𝛺 = 0 will be next: 
 

 
Equation (24) can be presented as follows: 

 

𝜑(𝑡) = 𝜑0 + 𝛥𝜑(𝑡) = 𝜑0 + 𝑘𝜑𝑠𝜑(𝑡), (22) 

𝜓𝜑(𝑡) = 𝜔0𝑡 + 𝜑0 + 𝑘𝜑𝑈𝑚𝜑𝑐𝑜𝑠𝛺𝜑𝑡 = 𝜔0𝑡 + 𝜑0 + 𝛥𝜑𝑚𝑎𝑥𝑐𝑜𝑠𝛺𝜑𝑡, (23) 

𝑢𝜑(𝑡) = 𝑈𝑚𝜑𝑐𝑜𝑠𝜓𝜑(𝑡) = 𝑈𝑚𝜑 cos[𝜔0𝑡 + 𝑚𝜑𝑐𝑜𝑠𝛺𝜑𝑡]. (24) 

𝑢𝜑(𝑡) = 𝑈𝑚𝜑[𝑐𝑜𝑠𝜔0𝑡 ∙ cos(𝑚𝜑𝑐𝑜𝑠𝛺𝜑𝑡) − 𝑠𝑖𝑛𝜔0𝑡 ∙ cos(𝑚𝜑𝑐𝑜𝑠𝛺𝜑𝑡)]. (25) 
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The Fourier series developments of the relationship (25) [15, 18], brings us 

to the expression: 

 

 

For a single tone narrowband modulation, only the 0th and 1st order terms 

of the Bessel function of the first case have a significant amplitude, and the other 

Fourier series coefficients can be neglected [18]. Because to the approximation 

Ϳ0(𝑚𝜑) ≈ 1 și Ϳ10(𝑚𝜑) ≈
1

2
 [15, 16], the approximation relation of the phase 

modulated signal will be described by the expression: 

 

 

The structure of equation (27) is similar to the structure of equation (21). 

The values of the amplitudes of the lateral harmonics of the modulated signal 

spectrum are determined by the amplitude of the carrier wave voltage and by the 

respective value of the frequency and phase modulation coefficients. Based on the 

similarity of the structure of relations (13), (21) and (27), it can be hypothesized 

that the impact of modulations in amplitude, frequency and phase manifests itself at 

the first approximation in the form of variation of the resulting signal amplitude, 

which in the frequency range can be presented by the spectrum consisting of three 

harmonics with frequencies 
inf 0 ( , ) 0 sup 0 ( , ), ,m m       = − = + .  

5. Frequency band of the modulated signal 

In radio signal theory [15,18] the spectrum band of the modulated signal is 

examined. This parameter is determined by the lateral harmonics of the frequency 

spectrum 𝜔0 ∓ 𝑛Ω in which 1,2,3,..n =  The side harmonics ensure the 

transmission of the information encoded in the modulating signal in the radio 

circuits, and in the electrical networks these harmonics will characterize the 

dispersion of the energy (power) transmitted through the power line.  

Frequency band occupied by side frequencies (𝜔0 − 𝑛𝛺) ș𝑖  (𝜔0 + 𝑛𝛺) is 

determined from the share of transmitted power in relation to the power of the 

modulating signal. It was previously mentioned (see section 4) that in electrical 

networks it is argued the possibility of describing the voltage variation over time 

𝑢𝜑(𝑡) = 𝑈𝑚𝜑Ϳ0(𝑚𝜑)𝑐𝑜𝑠𝜔0𝑡 + 𝑈𝑚𝜑 ∑[Ϳ𝑛(𝑚𝜑)

∞

𝑛=1

cos(𝜔0 + 𝑛𝛺𝜑) 𝑡

+ (−1)Ϳ𝑛(𝑚𝜑) cos(𝜔0 − 𝑛𝛺𝜑) 𝑡] 

(26) 

𝑢𝜑(𝑡) ≈ 𝑈𝑚𝜑[𝑐𝑜𝑠𝜔0𝑡 +
𝑚𝜑

2
cos(𝜔0 + 𝛺𝜑) 𝑡 −

𝑚𝜑

2
cos(𝜔0 − 𝛺𝜑) 𝑡] (27) 
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with the application of the modulator signal with a single tone. In this case  𝑛 = 1 

and the frequency band for amplitude, frequency and phase modulation will be 

determined by the relationship: 

 

 

In amplitude modulation the width of the frequency band is determined 

from the relation 𝐵𝑢 = 2𝛺𝑢. So, in amplitude modulation the frequency band will 

be wider for fast modulation processes and will have a narrower value for slow 

modulation processes, which predominates in real regimes in electrical networks. 

There are two modes for angular modulation - narrowband modulation 

𝑚𝜔(𝜑) ≪ 1 and broadband modulation 𝑚𝜔(𝜑) ≫ 1. For narrowband frequency 

modulation 𝑚𝜔 ≪ 1, the width of the frequency band is determined by the 

relationship 𝐵𝜔(𝑚≪1) = 2𝑚𝜔𝛺𝜔, and for the broadband modulation regime, the 

bandwidth is calculated with the relation 𝐵𝜔(𝑚≫1) = 2 ∙ 𝛥𝜔 [15].  

Because narrowband modulation for electrical networks meets the 

requirements 𝑚𝜔 < 1 and 𝛺𝜔 ≪ 𝜔0 the fulfillment of the condition can be 

ascertained 𝐵𝜔(𝑚≫1) > 𝐵𝜔(𝑚≪1). In this context, the parameter 𝐵𝜔(𝑚≫1) provides 

a more complete description of the information encoded by the modulating signal, 

as it includes a larger number of lateral harmonics for which 𝑛 > 1, which are 

energy carriers. 

In phase modulation, two approaches to defining the bandwidth of the 

spectrum are highlighted. The width of the frequency band is determined from the 

approximate relationship 𝐵𝜑 = 2(𝑚𝜑 = 1)𝛺𝜑 [18]. For 𝑚𝜑 < 1 frequency 

bandwidth 𝐵𝜑 ≈ 2𝛺𝜑, and for 𝑚𝜑 > 1 the frequency band is determined by the 

relationship 𝐵𝜑 ≈ 2𝑚𝜑𝛺𝜑, therefore, the effective band of the phase modulated 

signals depends on the frequency of the modulating signal.  

The reasonableness of the examination of the impact of broadband 

modulation on power transmission processes in electrical networks is also based on 

the fact that in this case it is not necessary to know the frequency of the modulating 

signal. The advantage of this observation is that the permissible frequency deviation 

band in the power system has a known value and is regulated by the parameter 

defined as the frequency deviati 𝛥𝜔. In normal operating regimes of the electrical 

networks the frequency variation cannot exceed the frequency deviation (regulated 

parameter). This regulation of the extreme value of frequency variation ensures us 

the increase of the certainty of defining the maximum frequency of the modulating 

signal, which can exist in the normal operating regimes of the electric power 

systems.  

𝐵𝑢 ≡ 𝐵𝜔 ≡ 𝐵𝜑 = 𝜔𝑠𝑢𝑝 − 𝜔𝑖𝑛𝑓 (28) 
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6. The similarity of the reaction of the electrical network to the 

modulation in amplitude, frequency and phase  

The similarity of the structure of the spectrum of the signal modulated in 

amplitude, frequency and phase, as well as of the spectrum band determines the 

qualitative identity of the network reaction to these disturbances. The quantitative 

impact can be estimated based on the restrictions on the permissible values of 

voltage and frequency deviations in normal operation of the power system. 

6.1. Estimation of the similarity of modulation indices in frequency  

and phase  

At frequency modulation the frequency deviation 𝛥𝜔𝜔 = 𝑘𝜔𝑈𝑚𝜔 is 

proportional to the amplitude of the modulation signal 𝑈𝑚𝜔 and does not depend on 

the frequency of the modulating signal 𝛺𝜔. For 𝑘𝜔 = 1, is obtaned 𝛥𝜔𝜔 = 𝑈𝑚𝜔. 

The connection between the derived (secondary) parameter, which shows the 

frequency variation 𝛥𝜔𝜔, and the frequency of the modulation signal 𝛺𝜔 is 

determined by the relationship 𝑚𝜔 =
𝛥𝜔𝜔

𝛺𝜔
. The parameter 𝑚𝜔 is defined as the 

frequency modulation index. From the last relation the expression emerges 

𝛥𝜔𝜔=𝑚𝜔𝛺𝜔. Because, in electrical networks, the frequency variation cannot 

exceed the frequency deviation 𝛥𝜔𝜔, which is a constant and regulated parameter, 

it turns out, that the product 𝑚𝜔𝛺𝜔 = 𝑐𝑜𝑛𝑠𝑡.  
For the constant value of the voltage amplitude 𝑈𝑚𝜔 = 𝑐𝑜𝑛𝑠𝑡., 𝛥𝜔𝜔 =

𝑈𝑚𝜔 = 𝑐𝑜𝑛𝑠𝑡., the value of the frequency modulation index 𝑚𝜔 changes 

depending on the index modulation frequency 𝛺𝜔.  

In the case of phase modulation, the parameter defined as the phase 

deviation 𝛥𝜑𝜑 = 𝑘𝜑𝑈𝑚𝜑 does not depend on the frequency of the modulating 

signal 𝛺𝜑. Considering that the coefficient of proportionality to the phase 

modulation 𝑘𝜑 = 1 și 𝑈𝑚𝜑 = 𝑐𝑜𝑛𝑠𝑡., it turns out that 𝛥𝜑𝜑 = 𝑈𝑚𝜑 and shows the 

amplitude value of the modulated signal phase pulsation. 

When modulating the phase, the phenomenon of frequency variation occurs 

simultaneously 𝜔𝜑(𝑡), so 𝜔𝜑(𝑡) ≠ 𝜔0. For this modulation regime the frequency 

deviation 𝛥𝜔𝜑 in the circuit is a linear function of the modulation frequency 𝛺𝜑. 

Considering that for 𝑘𝜑 = 1 phase deviation 𝛥𝜑𝑚𝑎𝑥 = 𝑈𝑚𝜑 = 𝑐𝑜𝑛𝑠𝑡. (amplitude 

of phase deviation), the connection between the primary parameter (phase 

variation) can be determined 𝛥𝜑𝑚𝑎𝑥) and changing the value of the secondary 

parameter (instantaneous frequency variation 𝜔𝜑(𝑡)), which is calculated with 

relationship 𝛥𝜔𝜑 = 𝛥𝜑𝑚𝑎𝑥𝛺𝜑. The last expression shows that the deviation of the 

phase 𝛥𝜑𝑚𝑎𝑥 =
𝛥𝜔𝜑

𝛺𝜑
= 𝑚𝜑, so it has a structure analogous to the parameter defined 

as the frequency modulation index.  
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Applying the restriction, as in the normal operation of the mains frequency 

deviation 𝛥𝜔𝜑 in phase modulation may not exceed the regulated value of the 

frequency deviation 𝛥𝜔𝜔 in frequency modulation, the condition may be proposed 

as a criterion for the normal operation of the power system 𝛥𝜔𝜑 = 𝛥𝜔𝜔 ≤ 𝛥𝜔, 

regardless of the mechanism of angular modulation in the electrical network.  

For 𝑘𝜔 = 𝑘𝜑 = 1, frequency deviation 𝛥𝜔𝜔 = 𝑈𝑚𝜔 to frequency 

modulation and phase deviation 𝛥𝜑𝜑 = 𝑈𝑚𝜑 to phase modulation. As a result of 

this finding, the identity of the frequency deviation and the phase deviation 

emerges, which can thus be presented 𝛥𝜔𝜔 ≡ 𝛥𝜑𝜑. The difference between 

frequency modulation and phase modulation is determined by the nature of the 

evolution of the secondary parameter: phase variation 𝛥𝜑𝜑 to frequency 

modulation and frequency variation 𝛥𝜔𝜑 to phase modulation.  

In frequency modulation, the phase deviation will depend on the frequency 

of the modulation signal, which will be calculated with the relation 𝛥𝜑𝜔 = 𝑚𝜔 =
𝛥𝜔𝜔

𝛺𝜔
, and in phase modulation, the frequency will change according to the linear 

function 𝛥𝜔𝜑 = 𝑚𝜑𝛺𝜑. As mentioned above, this frequency variation may not 

exceed the regulated value of frequency deviation in power systems.  

When comparing the results of the effects of frequency modulation and 

phase modulation, it is necessary to take into account the existing regulations for 

permanent modes of operation, for example, on frequency deviation as a result of 

frequency modulation and frequency deviation due to phase modulation, which in 

normal operating regime of electrical networks may not exceed the regulated value 

𝛥𝜔, so, at the limit, we will have the fulfillment of the condition 𝛥𝜔𝜑 = 𝛥𝜔𝜔 =

𝛥𝜔. From this identity, the equivalence of the values of the frequency modulation 

index results 𝑚𝜔 and the phase modulation index 𝑚𝜑, so 𝑚𝜔 = 𝑚𝜑. 

6.2. Similarity of amplitude and frequency modulation 

Quality standards for electricity limit the value of alternating current 

frequency variation in power systems [13] below the value of frequency deviation 

𝛥𝜔. The variation of the instantaneous frequency is presented by the relation 
|𝛥𝜔(𝑡)|=|𝜔0 ± 𝜔(𝑡)|. Taking into account the requirements for maintaining 

frequency stability in power systems, the instantaneous frequency limit value may 

be presented as follows: 

 

 

 

in which 𝛥𝜔 - frequency deviation in power systems.  

On the other hand, it follows from the relations describing the harmonic 

spectrum in single-tone modulation mode (see relations (13), (21) and (27)), it 

lim
𝑡→∞

𝜔(𝑡) = 𝜔0 ∓ 𝛥𝜔, (29) 
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follows that the frequencies of the lateral harmonics of the modulated signal 

spectrum are determined by the relations: 

 

 

in which 𝛺 - modulator signal frequency, either in amplitude modulation or angular 

modulation. 

Relationships (29) and (30) can be transcribed as follows: 

 

 

It follows from (31) that the variation of the instantaneous angular 

frequency for the normal operating mode of the electrical networks has the width of 

the frequency band 𝜔𝑖𝑛𝑓 ≤ 𝜔(𝑡) ≤ 𝜔𝑠𝑢𝑝 for any moment of time.  

Following the regulation of the frequency deviation 𝛥𝜔 in electrical 

networks, the condition is met |
𝛺

𝜔0
| ≤ |

𝛥𝜔

𝜔0
|. In case of |

𝛺

𝜔0
| > |

𝛥𝜔

𝜔0
|, in the electrical 

network the frequency variation regime will be established with exceeding the 

regulated value 𝛥f =
𝛥𝜔

2𝜋
, which is an inadmissible regime of long-term operation of 

electrical networks.  

This observation allows us to consider that in the normal operation of the 

electrical network the frequency 𝛺𝑢 of the equivalent amplitude modulator signal, 

the frequency 𝛺𝜔 of the frequency modulation and the frequency 𝛺𝜑 of the phase 

modulation cannot exceed the value of the deviation of the frequency Δω in the 

electric power systems. Therefore, in any mode of operation of the electrical 

network with modulation signals in amplitude, frequency or phase, the condition 

must be met for normal operation 𝛺𝑢 = 𝛺𝜔 = 𝛺𝜑 ≤ 𝛥ω.  

In the electrical networks of the Republic of Moldova the extreme value of 

the modulation index in amplitude 𝑚𝑢.𝑚𝑎𝑥 ≤ 0.1, and the regulated limit value of 

the angular frequency deviation is determined by the relation Δω = 2π (Δf), where 

Δf - regulated deviation of the network frequency in normal operation [13]. These 

regulated values allow us to estimate the maximum value of the angular frequency 

of the modulating signal 𝛺𝜔.𝑚𝑎𝑥, for which identical harmonic spectra of the 

modulated signal are obtained for amplitude modulation and frequency modulation. 

Considering the definition of the frequency modulation index 𝑚𝜔 =
𝛥𝜔

𝛺𝜔
, 

regulated value of frequency deviation Δf in electrical networks, extreme value of 

the mains voltage modulation index 𝑚𝑢.𝑚𝑎𝑥 = 0.1, ensuring the identity of the side 

harmonics prameters of the harmonic spectra of the modulated signal 
𝑚𝑢𝑈𝑚𝑢

2
=

𝜔𝑖𝑛𝑓 = 𝜔0 − 𝛺;    𝜔𝑠𝑢𝑝 = 𝜔0 + 𝛺, (30) 

lim
𝑡→∞

𝜔(𝑡) = 𝜔0 (1 ∓
𝛥𝜔

𝜔0
) ; 𝜔𝑖𝑛𝑓 = 𝜔0 (1 −

𝛺

𝜔0
) ;    𝜔𝑠𝑢𝑝 = 𝜔0 (1 +

𝛺

𝜔0
). (31) 
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𝑚𝜔𝑈𝑚𝜔

2
, as well as the equality of modulation indices 𝑚𝑢 = 𝑚𝜔 upon fulfillment of 

the condition 𝑈𝑚𝑢 = 𝑈𝑚𝜔, the value of the maximum frequency of the modulating 

signal will be calculated with the relation: 

 

 

It follows from relation (32) that for the restrictions imposed by the 

electricity networks for the permanent mode of operation 𝛥𝑈𝑚 ≤ 0.1𝑈𝑚 and 

( )t    , for example, frequency deviation 𝛥𝑓 = ±0.2𝐻𝑧 in the electric power 

system of the Republic of Moldova, the modulating signal can have the maximum 

value of the angular frequency 𝛺𝜔.𝑚𝑎𝑥 = 20𝜋|𝛥𝑓| = 20𝜋 ∙ 0.2 = 4𝜋 𝑟𝑎𝑑/𝑠. 

Frequency modulating equivalent signal period 𝑇𝛺 =
2𝜋

𝛺𝜔.𝑚𝑎𝑥
=

2𝜋

2𝜋
= 0.5𝑠. The 

value 𝑇𝛺 = 0.5𝑠 correlates with the minimum observation time 𝑇𝛥𝑈 = 500𝑚𝑠, 

recommended for making measurements of the rapid variation of the mains voltage 

[13], which I said earlier that it can be used as a reference to estimate the duration 

of the modulator signal period. 

For the value estimated as the upper limit of the angular frequency 𝛺𝜔.𝑚𝑎𝑥 

of the equivalent frequency modulating signal (see (32)), the condition is met𝑚𝜔 =
𝛥𝜔

𝛺𝜔.𝑚𝑎𝑥
≥ 1. As a result of this finding, it appears that in the normal operating 

regimes of electrical networks with frequency variations over time 𝜔(𝑡) ≠ 𝜔0 the 

condition is met 𝛥𝜔 > 𝛺𝜔. For 𝛥𝜔 > 𝛺𝜔 the frequency modulation process can be 

considered as a "slow modulation" process with a bandwidth 𝐵𝜔 ≤ 2𝛺𝜔 ≤ 2 ∙ 𝛥𝜔. 

This finding indicates the similarity of the mains reaction caused by either 

amplitude modulation or frequency modulation. 

The similarity of the reaction of the circuit to the amplitude modulation and 

to the angular modulation, also results from the fact that the voltage of the 

modulating signal in the electrical network can be presented by the relations 𝑈𝑚𝑢 =

𝑚𝑢𝑈𝑚, 𝑚𝜔 =
𝛥𝜔

𝛺𝜔
=

𝑘𝜔𝑈𝑚𝜔

𝛺𝜔
 și 𝑚𝜑 = 𝛥𝜑𝑚𝑎𝑥 = 𝑘𝜑𝑈𝑚𝜑. From the last two 

relationships we will have 𝑈𝑚𝜔 =
𝑚𝜔𝛺𝜔

𝑘𝜔
 și 𝑈𝑚𝜑 =

𝑚𝜑

𝑘𝜑
.  

For the condition 𝑈𝑚𝑢 = 𝑈𝑚𝜔 = 𝑈𝑚𝜑 frequency and phase modulation 

indices are presented by the relationships:  

 

 

𝛺𝜔.𝑚𝑎𝑥 =
2𝜋(𝛥𝑓)

𝑚𝑢.𝑚𝑎𝑥
. (32) 

𝑚𝜔 =
𝑚𝑢𝑘𝜔𝑈𝑚

𝛺𝜔
= 𝑚𝑢

𝛥𝜔

𝛺𝜔
 (33) 

𝑚𝜑 = 𝑚𝑢𝑘𝜑𝑈𝑚 = 𝑚𝑢

𝛥𝜑𝑚𝑎𝑥

𝛺𝜑
 (34) 
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From (33) and (34),we have the equations 𝑚𝜔𝛺𝜔 = 𝑚𝑢𝛥𝜔 = 𝑐𝑜𝑛𝑠𝑡 and 

Δω = const (see compartment 6.1) and 𝑚𝜑𝛺𝜑 = 𝑚𝑢𝛥𝜑𝑚𝑎𝑥 = 𝑐𝑜𝑛𝑠𝑡. It follows 

from relations (33) and (34) that for the limit regimes 𝛥𝜔 = 𝛺𝜔.𝑚𝑎𝑥 the amplitude 

and frequency modulation indices will have equal values. This confirms the identity 

of the circuit response to the amplitude and frequency modulation for the imposed 

restrictions, because identical harmonic spectra are obtained for the modulated 

signal. We will mention that ensuring the ratio between the frequency modulation 

index and the amplitude modulation index in accordance with the relation (33) will 

ensure the identity of the harmonic spectra and for other values of the modulator 

signal frequency. 𝛺𝜔 < 𝛥𝜔. 

Establishing the link between amplitude and frequency modulation indices 

(see (33)) allows us to study the impact of frequency variation on the share of 

power transmitted by the lateral harmonics of the spectrum in both amplitude and 

frequency modulation mode. Knowing the values of the upper limit of the 

frequency Ω of the modulating equivalent signal, which can physically exist in 

electrical networks arising from the definition of modulation regime, will be useful 

in analyzing the power dispersion phenomenon in the power line conditioned by 

time variations of amplitude, frequency or phase of electrical signals in the 

permanent power transmission regime.  

7. Conclusion 

The use of the theory of modulation of electrical signals in the analysis of 

the permanent regime of power lines can provide new useful information on the 

particularities of the operating regime with variations in time of the amplitude, 

frequency or phase of the voltage of the power line.For power systems, amplitude, 

frequency or phase modulation can be approximated with the harmonic function, 

called modulator signal. This approximation is true in the case of small variations in 

amplitude, frequency or phase during the period of the carrier signal, therefore, of 

the oscillation with the fundamental frequency of the electrical network. The 

identity of the circuit reaction to amplitude modulation and angular modulation is 

determined by the restrictions imposed for the operating regimes of electrical 

networks, which qualitatively and quantitatively is determined by the identity of the 

modulated signal spectra.  

The similarity of the reaction of the power line, regardless of the physics of 

the modulation process either in amplitude, frequency or phase, is manifested by 

the variation in time of the amplitude of the power line voltage at the fundamental 

frequency of the power system. These variations in amplitude over time occur at a 

much lower frequency than the fundamental frequency of the power system. The 

upper limit values of the modulator signal frequency are below the frequency 

deviation limit of the power system.  
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The presentation of the network reaction through the amplitude modulation 

index opens the possibility to investigate the impact of angular modulation on the 

power share transmitted by the power line by the lateral harmonics of the spectrum 

in modulation mode, the estimation of the transmitted power dispersion factor and 

the reasoned formulation of technical requirements power flow control equipment 

transmitted in a controlled manner through these lines, including, for control 

algorithms with this intelligent equipment. 
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