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 In order to identify the best control algorithm, the effects of modulation 

control algorithms on the energy characteristics of a two-level autonomous 

frequency converter inverter were studied. The research was carried out by 

the methods of mathematical and simulation modeling. The equa-tions of 

mathematical description were compiled taking into account a number of 

generally accepted assumptions. An equivalent circuit of a two-level 

autonomous inverter was created. Comparisons of pulse-width modulation 

algorithms with carrier signals of various shapes and frequencies were made. 

Three different forms of carrier signal were used: triangular, sawtooth with a 

falling edge and sawtooth with a leading edge. Studies were conducted at 

frequencies of 3,000, 6,000 and 9,000 Hz. Conclusions were made about the 

identity of the spectral composition of the front and rear edges of the 

sawtooth signal, it was also noted that with the triangular waveform, being 

the part of the har-monics, present in the sawtooth form is removed, so, the 

triangular shape provides the best result of the autonomous inverter. Also, by 

increasing in the carrier frequency, it was noted that pulse packets appear at 

different harmonic numbers, shift, and the amplitude and distortion factor 

decrease, that means, the best performance was obtained at the maximum 

frequency studied. In the study of the voltage at the output of the chokes at 

different frequencies of the carrier signal, it was noted that at a higher 

frequency, the ripple of the output voltage decreases. Throttles do not 

eliminate harmonics, but only reduce their amplitude. Based on the results, 

it was concluded that the algorithm with a triangular carrier signal and the 

maximum frequency provides the best harmonic composition of the output 

voltage of the frequency converter. 
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1. INTRODUCTION  

Nowadays, in modern electric drives frequency converters are used for smooth control of 

electromagnetic and mechanical variables of the electric drive [1-5]. A diagram of a typical frequency 

converter is shown in Figure 1. A two-level autonomous inverter (AI) is installed at the output of the 

frequency converter [6-10]. The modulation control system is used to control a two-level AI, which is part of 

an electric drive control system, on the algorithms of which the energy characteristics of the frequency 

converter (FC) and the whole electric drive as well. The most widely used algorithms are sinusoidal PWM, 

which can be modified by changing the shape of the carrier signal [11-15]. The study of this topic allows us 

to formulate recommendations on the choice of the form and frequency of the carrier signal. 
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Figure 1. Diagram of a typical frequency converter 

 

 

To control two-level AI transistors, the PWM system generates switching functions, which are 

control signals. Two signals are used to form the switching functions: controller; carrying [16-18]. 

The energy characteristics of an autonomous inverter depend on the form and parameters of the carrier 

signal, such as: voltage form; voltage spectral factor; distortion factor [19-21]. Using triangular and sawtooth 

signals and changing their frequency, we research by using Matlab Simulink by means of simulation and 

mathematical modeling. 

 

 

2. RESEARCH METHOD 

For simulating the operation of a two-level AI with the ability to research the characteristics of 

various control algorithms, it is necessary to solve the following tasks: to accept an assumptions; to make an 

equivalent circuit; to make a mathematical description of the AI; to perform an synthesis of the PWM 

algorithm; to create a block diagram of a mathematical description and control system; to release a simulation 

model using the Matlab program; to make research and analysis of energy characteristics.  

In compiling the equations of the mathematical model of a two-level AI, the generally ac-cepted 

assumptions about the ideality of semiconductor switches are used, and the transition to an equivalent circuit 

is performed [22-25]. The equivalent scheme of a two-level AI is shown in Figure 2. In Figure 2 the 

following notations are taken: K1, K2, K3, K4, K5, K6 — ideal inverter switches; Udc — equiva-lent voltage 

source; S1, S2, S3, S4, S5, S6 — switching functions of the keys; UA, UB, UC — phase voltages; UAB, UВС, 

UСА — linear voltage; Z — equivalent load. 

 

 

 
 

Figure 2. Equivalent circuit of two-level autonomous inverter 

 

 

The mathematical model of motor chokes can be represented as follows (1): 
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where Rdr and Ldr — resistance and inductance of the winding of the choke. 
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The phase voltage at the output of the two-level AI is as follows (2): 
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(2) 

 

where Udc - voltage on the capacitors of the DC link (input voltage of the inverter); UiA, UiB, UiC - output 

phase voltages (inverter output voltage). 

The equations for describing racks of a two-level AI are as follows (3): 
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(3) 

 

where SA, SB, SC — the modulation functions of the AI racks. 

The rule of control of the status of racks of transistors AI (the rule of formation of the commutation 

function) is as follows (4): 
 

 

(4) 

 

The simulation model of two-level AI, which created in Matlab on the basis of (1)-(4), is presented 

in Figure 3. The two-level autonomous inverter model with the ability to research the influence of the 

following factors, such as the frequency and form of a non-existent signal, various algorithms and analysis of 

the characteristics of the inverter includes: the PWM, the inverter and the chokes. 
 

 

 
 

Figure 3. Effects of selecting different switching under dynamic condition 
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3. RESULTS AND ANALYSIS  

Three types of signals can be used to control two-level AI: triangular as shown in Figure 4 (a), 

sawtooth with front edge as shown in Figure 4 (b), sawtooth with a falling edge as shown in Figure 4 (c). 

In Figure 5 shows waveform oscillograms of the output voltage of an autonomous inverter and motor chokes 

at a frequency of the carrier signal of 3000 Hz. 

 

 

 
 

Figure 4. Effects of selecting different 

switching under dynamic condition 

 
 

Figure 5. Effects of selecting different switching 

under dynamic condition 
 

 

In the study of the control algorithms of the inverter consider the impact of: 

- carrier waveform on the characteristics of the AI; 

- frequency carrier signal on the characteristics of the AI; 

- chokes on the harmonic components of the voltage AI. 

In the simulation modeling, the oscillograms of the voltage at the output of the autonomous inverter and 

motor chokes are built, and their spectral composition is also investigated. 

 

3.1.  Influence of the shape of the carrier signal on the characteristics of the frequency converter 

In Figure 6 shows the spectral composition of the output voltage at different waveforms: triangular 

as shown in Figure 6 (a), sawtooth with a falling edge as shown in Figure 6 (b) and sawtooth with a leading 

edge as shown in Figure 6 (c). Studies were conducted at a frequency of 3000 Hz. 

 

 

 
 

Figure 6. The influence of the form of the carrier 

signal on the harmonic composition of the output 

voltage AI 

 
 

Figure 7. The effect of the carrier frequency on the 

harmonic composition of the output voltage AI 

 

 

On the basis of the results, we conclude that the spectral composition of the front coincides with the 

spectral composition of the rear front. With a sawtooth form, the density of the spectral composition is higher 

than with a triangular one. 

 

3.2.  The effect of the carrier frequency on the characteristics of the converter frequency 

Since in the first part of the study it was found that the best harmonic composition of the output 

voltage AI is provided with a triangular form of the carrier signal, the effect of the frequency of the carrier 

signal will be considered only with this form. In Figure 7 shows the spectral composition of the output 

voltage with a triangular signal at different frequencies. 
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Based on the results obtained, it can be concluded that the best regulation is provided at a frequency 

of 9 KHz. Pulse packets are formed at a carrier signal frequency and, with increasing frequency, are shifted 

to the high-frequency region. 

 

3.3.  Effect of chokes on the harmonic components of the voltage 

In Figure 8 shows oscillograms of voltage at the output of motor chokes at different frequencies of 

the carrier signal. In Figure 9 the dependence of the nonlinear distortion coefficient (THD) on the ratio of 

inductance to resistance of chokes 

 

 

 
 

Figure 8. Voltage at the output of chokes depending on the 

different frequency of the carrier signal 

 
 

Figure 9. The dependence of the nonlinear 

distortion coefficient (THD) on the ratio of 

inductance to resistance of chokes 

 

 

Based on the results, it can be concluded that the best regulation is provided at a frequency of 

9 KHz. As the frequency of the carrier signal increases, the number of harmonic components remains the 

same, only their amplitude decreases. 

Power quality analysis is presented in Tables 1–4 (triangular carrier (T); sawtooth with front edge 

(FRE); sawtooth with a falling edge (FAE)). 
 

 

Table 1. The value of the voltage distortion coefficient at the output of the autonomous inverter 
Rdr/Ldr 8000 9000 10000 11000 12000 13000 14000 15000 

THDi 68,9 68,9 68,9 68,9 68,9 68,9 68,9 68,9 

THDdr (9000 Hz) 6,1 6,8 7,6 8,3 9 9,8 10,5 11,2 

THDdr (6000 Hz) 11,9 13,4 14,7 16 17 18,6 19,8 21 

 

 

Table 2. The amplitude of the harmonic components of 

the autonomous output voltage the inverter at a carrier signal frequency of 3000 Hz 
f f1 = 3000 Hz f3 = 6000 Hz f3 = 9000 Hz 

n T FRE FAE n T FRE FAE n T FRE FAE 

0 60 – – – 120 – – – 180 – – – 

± 50 59/61 – 18 18 119/121 18 7 7 179/181 – 4 4 

± 100 58/62 32 31 31 118/122 – 10 10 178/182 6 5 5 

± 150 57/63 – – – 117/123 – – – 177/183 – – – 

± 200 56/64 2 10 10 116/124 – 10 10 176/184 15 6 6 

± 250 55/65 – 3 3 115/125 3 12 12 175/185 – 3 3 

± 300 54/66 – – – 114/126 – – – 174/186 – – – 

 

 

Table 3. The amplitude of the harmonic components of 

the autonomous output voltage inverter with a carrier signal frequency of 6000 Hz 
f f1 = 3000 Hz f3 = 6000 Hz f3 = 9000 Hz 

n T FRE FAE n T FRE FAE n T FRE FAE 

0 60 – – – 120 – – – 180 – – – 

± 50 59/61 – – – 119/121 – 18 18 179/181 – – – 

± 100 58/62 – – – 118/122 32 31 31 178/182 – – – 

± 150 57/63 – – – 117/123 – – – 177/183 – – – 

± 200 56/64 – – – 116/124 2 10 10 176/184 – – – 

± 250 55/65 – – – 115/125 – 3 3 175/185 – – – 

± 300 54/66 – – – 114/126 – – – 174/186 – – – 
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Table 4. The amplitude of the harmonic components of 

the autonomous output voltage inverter with a carrier frequency of 9000 Hz 
f f1 = 3000 Hz f3 = 6000 Hz f3 = 9000 Hz 

n T FRE FAE n T FRE FAE n T FRE FAE 

0 60 – – – 120 – – – 180 – – – 

± 50 59/61 – – – 119/121 – – – 179/181 – 18 18 

± 100 58/62 – – – 118/122 – – – 178/182 32 31 31 

± 150 57/63 – – – 117/123 – – – 177/183 – – – 

± 200 56/64 – – – 116/124 – – – 176/184 2 10 10 

± 250 55/65 – – – 115/125 – – – 175/185 – 3 3 

± 300 54/66 – – – 114/126 – – – 174/186 – – – 

 

 

4. CONCLUSION 

The autonomous frequency converter can draw the following conclusions: (1) Depending on the 

modification of the algorithm of pulse-width control of the output voltage in accordance with the task; 

(2) The shape of the carrier signal affects the harmonic state of the output voltage of an autonomous inverter; 

(3) Carrying a sawtooth signal, regardless of the front in the equally harmonious composition of the output 

voltage; (4) By using the pulse-width modulation of a triangular carrier signal, the harmonic composition of 

the output voltage is more favorable than when using a sawtooth signal; (5) The frequency of the carrier 

signal determines the switching frequency of an autonomous inverter, which in turn determines the position 

of the stationary pulse packets; (6) The packages of voltage pulses are formed at a frequency that is a 

multiple of the frequency of the carrier signal; (7) By increasing  the frequency of the pulse packets are 

shifted to high frequencies; (8) To harmonize the shape of the output voltage of the autonomous inverter and 

load, it is advisable and efficient to use motor chokes; (9) Using the chokes it leads to a decrease in the 

amplitude of the harmonic components of the output voltage while maintaining the number of harmonic 

components in the spectrum. 

Thus, the choice of methods for modifying the pulse-width control algorithms should be carried out 

comprehensively. When choosing methods it is necessary to take into account: carrier waveform; frequency 

of the carrier signal; choke parameters. All these parameters have a significant impact on the energy 

characteristics of frequency converters and their compatibility with the load. 

In the practical implementation of the control system, the weight and dimensions of chokes and the 

electric drive as a whole, the efficiency of an autonomous inverter motor and the inverter as a whole, 

insulation requirements for the drive motor windings, their aging speed and service life de-pend on the 

correctness of the choice. 
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