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1. Introduction

Recently, multilevel pulse-width modulation (PWM) in-
verters have become increasingly common, combining both 
pulse-amplitude modulation (PAM) and PWM modulation. In 
such converters, the voltage at each level of the PAM is a PWM 
signal, which allows you to get an output signal close to the sine 
wave. When powering heavy-duty appliances from a multi-lev-
el inverter, the load is distributed across levels, which allows 
the use of less powerful and compact valves. Due to the rapid 
development of the semiconductor power and microelectronic 
base, which allows implementing complex control algorithms, 
multi-level inverters are becoming more and more popular. 
This is also confirmed by modern publications [1]. Multi-level 
voltage inverters represent a highly efficient solution in the 
high-voltage energy market. Currently, power semiconductor 
devices for alternating current electric drives are actively used, 
static reactive energy compensators for the transmission of 
direct and alternating current electricity.

The peculiarity and main advantage of multi-level in-
verters compared to classical two-level inverters is that by 
increasing the semiconductor elements in the circuit, the 
following results can be achieved:

1) the possibility of obtaining high output voltage us-
ing standard low-voltage semiconductor elements, such as 
insulated-gate bipolar transistor (IGBT) modules without 
resorting to the need for high-voltage expensive semicon-
ductors;

2) high quality of the supply network, striving for an ide-
al sine wave due to the multi-stage output voltage.

Many other possibilities follow from these fundamental 
advantages. We will try to analyze these features in more 
detail.

The ability to generate high voltage allows you to effec-
tively regulate power flows between power systems, stabilize 
voltage on power lines.

The main advantage of multi-level voltage inverters is 
the high quality of the output voltage, as evidenced by the 
low level of THD (total harmonic distortion) [2]. At the 
same time, the use of more expensive converters of this type 
is not justified in all cases. The PWM algorithm used in con-
ventional inverters can also be used in multi-level inverters. 
Completely different MLI topologies for use as a converter 
for electric drives, a cascade inverter with discrete direct 
current sources and a subsequent diode-locked converter [3]. 
And also, as for single-level PWM, two-way modulation 
methods using several triangular carrier signals and one 
modulating sinusoidal or sinusoidal signal with third har-
monic premodulation have become the most common. This is 
due to the lower content of parasitic harmonics in the output 
voltage spectrum of such an inverter. The efficiency of the in-
verter may vary depending on the input power and voltage of 
the photovoltaic array. Three factors affecting the efficiency 
of the inverter were analyzed. The first of them was the effect 
of the duration of the inverter [4]. The multi-stage output 
voltage of a traditional inverter is obtained with the correct 
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arrangement of power semiconductor switches. Power semi-
conductor switches in the design of traditional MLI (multi-
level inverter) are controlled directly by a sequence of pulses 
obtained using PWM methods with multiple carriers. These 
MLIs do not require any intermediate circuit to convert 
the received pulse sequence into the desired pulse sequence. 
Due to the larger number of electrical and electronic compo-
nents, various parameters such as power loss, total harmonic 
distortion (THD), efficiency, etc. affect traditional MLI de-
signs. To overcome these disadvantages of traditional MLI, 
many researchers are introducing reduced switch multilevel 
inverters.

The use of the inverter topologies discussed above and 
their modifications can significantly improve the harmonic 
composition of the output voltage of the inverter and thereby 
ensure the requirements of consumers for its sinusoidali-
ty. However, a wide variety of topologies and modulation 
algorithms creates a problem of choice when designing an 
inverter, this problem remains relevant.

2. Literature review and problem statement

In [5], researchers have proposed various reduced switch 
multilevel inverter (RSMLI) systems with their switching 
sequence and PWM control methods. However, RSMLIs 
switching operations are not like regular MLIs, which are 
the main problem of switch management. Logical equations 
are proposed for the operation of RSMLIs using PWM 
methods with multiple carriers, such as alternative phase 
resistance distribution, phase resistance distribution and 
phase distribution. To control a separate switch in symmet-
ric and asymmetric RSMLI, logical operators are used to 
obtain the required sequence of pulses from the sequence of 
the PWM method, and their analysis is absent in the works. 
The proposed methodology can be applied to photovoltaic 
systems for efficient operation. The proposed methodology 
and binary representation of the PWM method are analyzed 
on various RSM for a seven-level output voltage for the op-
eration of each individual switch. 

The paper [6] presents the theoretical principles of oper-
ation of two inverter topologies. As already discussed, push-
pull and H-bridge topology of inverters has advantages and 
disadvantages. The design of the inverter in a photovoltaic 
system is based on the load applied to this system. These 
theoretical operations are important when designing an in-
verter to make solar technology more feasible. The push-pull 
topology was chosen for designing an inverter for low-load 
applications in a photovoltaic system. Push-pull topology 
was the first step in the technology of electronic inverters. 
The advantage of this topology is the simplicity of the overall 
scheme and cost-effectiveness in production. But the main 
problem is that the current in the transformer suddenly 
changes direction. 

In the project [7], the research, design and modeling of 
an interconnected single-phase H-bridge inverter were car-
ried out. The inverter was modeled and recommendations 
for the implementation of a hardware prototype were given. 
The purpose of this project was to draw conclusions about 
whether an inverter produces fewer lower harmonics than a 
rectangular inverter. The control signals for multi-stage in-
verter designs are more complex than the control signals of a 
rectangular inverter, but the cleaner output voltage of multi-

stage inverter designs makes them more suitable for modern 
inverter applications, such as converting direct current from 
solar panels to pure alternating current.

In [8], the crystal of the transistor was used to elimi-
nate unwanted harmonics at the output of CHB-MLI. This 
helps to estimate the optimal switching angle by solving a 
nonlinear transcendental equation, which helps eliminate 
lower-order harmonics and therefore improve the output 
voltage THD. Therefore, the crystal for CHB-MLI can be 
effectively used in many applications, such as electric vehi-
cles and solar photovoltaic systems.

Previously, in a symmetrical cascade inverter, each 
H-bridge cell in a multi-level cascade H-bridge inverter has 
the same DC input voltage with four power switching devic-
es. To increase the output levels of AC voltage, it is necessary 
to increase the DC inputs and switching devices. Conse-
quently, the total cost of the system will also increase [9]. 
The amplitude of the output voltage pulses is half of the 
DC input voltage [10]. The rapid improvement of power 
electronics switches increases the need for power converters 
with high performance and power quality [11]. A multi-level 
inverter can achieve a basic and high switching frequency 
based on PWM [12]. Increasing the output voltage levels of 
a multi-level inverter makes it possible to improve the pow-
er quality of the AC output voltage and reduce THD [13]. 
It is unable to generate zero output voltage intervals for 
nonresistive loads [14], gives THD results lower than in the 
ZL state.  The system is formed in such a way as to provide 
different voltage levels and minimal THD compared to the 
conventional type. There is a system distortion for multiple 
levels and RL loads. The results of the system explained the 
effectiveness of the proposed system with N states ZL. The 
proposed MI with them as a PWM controller may well be 
used in industry, since low THD is required. 

In [15], a new 5-level T-type inverter based on SC was 
proposed. Thanks to the integration of only two SCS, the 
proposed topology retains the advantages of existing 5-level 
NPC/T-type SC-MLIS, such as doubling the use of DC line 
voltage (compared to classic T-type or ANPC inverters) and 
natural capacitor voltage balancing. More importantly, it 
eliminated the two most noticeable drawbacks in all existing 
SC-MLIs, including the problem of current surges and large 
voltage ripples on the capacitor. Smooth charging technology 
has been implemented for all SCS, not only to eliminate cur-
rent surges, but also to ensure continuous charging of the SCS 
during operation to minimize voltage ripples and capacitor 
size. The corresponding theoretical analysis, design calcula-
tions, modeling and experimental tests are presented to verify 
the viability and practicality of the proposed topology.

3. The aim and objectives of the study

The aim of the study is to compare different types of 
inverters and develop an inverter with the lowest switching 
losses. 

To achieve the aim, the following objectives were solved:
– to compare the harmonic composition of the output 

voltage of a multilevel inverter; 
– to determine the dependence of power losses on the 

junction temperature when using multilevel PWM inverters;
– to simulate a high-frequency inverter with smooth 

switching with a phase shift and a step-up converter.
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4. Materials and methods

We will consider the circuits of a multilevel PWM 
inverter consisting of series-connected bridge circuits (cas-
cade bridge circuit) and use a multilevel PWM with a phase 
shift of carriers. This topology has the following advantages: 
easily scaled, contains no elements other than IGBT mod-
ules, which facilitates the task of estimating installed capac-
ity and cost, most often used in practice. 

The object of the study is the processes in inverters oper-
ating in soft switching modes. 

Due to the large nomenclature of IGBT modules, on the 
basis of which modern voltage inverters are built, it is possi-
ble to apply almost any inverter topology to power an arbi-
trary consumer – the task in this case will only be to choose 
the right module. However, it does not follow from this 
that the resulting inverter will be optimal in terms of 
cost, installed capacity and weight and size indicators. 

This task involves determining the operation 
modes of inverters in which the use of a specific imple-
mentation of the inverter is optimal in terms of weight, 
size and cost indicators, which is an actual component 
of the inverter design process.

The solution of the task is important both from 
a practical and scientific point of view. From a prac-
tical point of view, it is important to achieve this by 
automating the design process, and automation is 
not possible without systematic knowledge about the 
effectiveness of using a particular inverter topology 
in various operating modes. From a scientific point 
of view, the availability of such information makes 
it possible to determine the operating modes of in-
verters in which most of the existing topologies are 
ineffective, and to propose specific ways to optimize 
such inverters. 

Due to the large variety of schemes and modulation 
algorithms, solving the problem in general requires a 
lot of time. Therefore, it was decided to limit it to com-
parative analyses of the most common inverter circuits 
and prove the possibility of solving such a problem.

Three methods of multilevel PWM are most 
common in the literature [16]: multilevel PWM based on 
a carrier signal, selective harmonic suppression and mul-
tilevel space-vector modulation. Multilevel modulation 
algorithms are easier to consider based on the SCHBI 
(series-connected H-bridge inverter) topology, although 
they can be transferred to two other common topologies 
of multilevel inverters. With SCHBI (series-connected 
H-bridge inverter), each module can generate voltage with 
levels – UDC, 0 and UDC. Thus, a circuit consisting of M 
modules can form nlevel of various voltage levels in the 
range from – MDC to MUDC, in UDC increments (Fig. 1).

An inverter with M (number of separate DC voltage 
sources) modules is usually called a level inverter, since the 
number of output voltage levels is a more important indica-
tor for the consumer compared to the number of modules. 
The number of level levels is related to the number of mod-
ules by the following ratio: 

nlevel=2 М+1.     (1)

Several different modulation methods have been pro-
posed in the literature. Conventional two-level high-fre-
quency modulating inverters for electric drives have many 

problems related to their switching frequencies, which cre-
ate a common-mode voltage and a high voltage correction 
rate (dU/dt) on the motor winding. The development of 
multi-level inverter highlights these issues, so their devic-
es will switch at the lowest possible frequency. In all level 
shifter pulse-width modulation (LSPWM) methods, the 
carrier signals have an fCAR frequency equal to the frequency 
of the output voltage pulses, called the apparent switching 
frequency fsw, and a voltage amplitude equal to the DC link 
voltage. The reference voltage, on the other hand, can have 
values ranging from –MUD to MUDC. To cover the entire 
voltage range, the carriers are shifted vertically, so that the 
carrier of the first module covers the range from zero to UDC, 
and the second covers the range from UDC to 2UDC, etc. The 
last module covers voltages from (M–1) UDC to MUDC. 

Fig. 2 [16] illustrates the distribution of carriers with 
respect to the reference voltage, according to the described 
method. The figure also shows the generated voltages of each 
of the modules and the output voltage of the inverter.

Switching moments are determined by comparing 
the reference signal with the modulating one. The state 
of the module is defined as +UDC if the reference is 
higher than the positive carrier, and 0 otherwise. For 
negative values of the carrier signal, the opposite is true:

DC CAR

MOD

DC CAR

, ,

, .

phase

phase

U u u
U

U u u

 >= 
− < −

  (2)

A comparison of the load of SCHBI modules when using 
a multilevel PWM with a level offset shows that module M is 
used at short intervals during the period, while the first module 
is used almost all the time [17]. Consequently, the DC circuit 
capacitors of different modules are loaded differently, as a result 
of which the voltage balance between them is not observed. 
When the energy accumulated in the inductive part of the load 
is returned, most of it is sent to the capacitor of the first module, 
which can lead to its breakdown, since the voltage in the DC 
circuit increases sharply. 

 
 

  Fig.	1.	Diagram	of	a	cascade	bridge	inverter
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Phase shifted pulse-width modulation (PSPWM) was 
developed to solve the problem of the uniform loading of 
modules. Two main variants of the distribution of carrier 
signals have been proposed. In the first method, there are 
two carrier signals for each module as in LSPWM, but each 
has an amplitude of MUDC. The switching moment is also 
determined similarly to LSPWM. The frequency of the 
carrier signals exceeds the apparent switching frequency by 
M times (fCAR=Mfsw), and the phase is shifted by an angle 
of 360°/M relative to each other. In the second method, 
each module has one carrier signal with an amplitude of 
2MUDC: from – MUDC to MUDC. The switching frequen-
cy is determined similarly to the first method fCAR=Mfsw. 
However, the reference signal is multiplied by –1, switching 
moments are determined by comparing the carrier signal 
with both reference signals. There is a noticeable difference 
between the two PSPWM methods under consideration. 
Although the frequencies of the carrier signal are equal, in 
the second method, key switching occurs twice as often as 
the first. The higher the switching frequency, the easier it 
is to maintain load balance between modules, but the dis-
advantage is an increase in switching losses.

To determine the dependence of the transition tem-
perature on the installed capacity of the IGBT module, 
we will use the analytical dependence of the transition 

temperature on the parameters of the power module, as 
well as the data obtained as a result of modeling. The 
installed power of the module is defined as the product of 
the average current value by the permissible voltage value. 
The table shows the values of the installed power of the 
bridge PWM inverter module operating on a load with a 
different power factor while maintaining the active load 
constant at the level of 100 kW.

Table	1

Values	of	current,	voltage	and	power	of	the	IGBT	module	
when	operating	on	a	load	with	different	power	factors

Power factor 0.9 0.8 0.6 0.4 0.2

Current, А 106 120 159 238 476

Voltage, V 363 363 363 363 363

Power, kW 38.478 43.560 57.717 86.394 173.264

The junction temperature of the module increases with 
the collector current, i.e. when installing a more powerful 
module with less thermal and electrical resistance, the 
junction temperature decreases. Thus, the transition tem-
perature depends on the ratio of the output power of the 
module to its installed power. Let’s call this ratio the load 
factor of the power module.

 

 
а

b
 

c 
 

Fig.	2.	Characteristics	of	a	multi-level	inverter	with	a	level	offset	of	carrier	signals:	a –	modulating	and	carrier	signals;		
b	–	control	signals;	c	–	output	voltage
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5. Research results of the analysis of power loss of 
multilevel inverters 

5. 1. The dependence of the total harmonic distortion 
on the frequency coefficient Kf for a different number of 
modules M 

The two main characteristics affecting the harmonic 
composition of the voltage generated by multi-level PWM 
inverters are the number of inverter modules M (when 
considering the topology of a cascade bridge inverter, the 
number of series-connected bridge circuits) and the ratio of 
the frequency of the carrier signal to the frequency of the 
modulating Kf [18]. 

Spectral modeling can be used to find the distribution 
of harmonics in the output voltage spectrum. The mod-
ulating sinusoidal signal A does not depend on the serial 
number of the module m and is calculated according to the 
formula (3):

( )sin .nA nd=     (3)

The output voltages of the modules O are de-
termined by comparing the carrier and reference 
signals according to the formula (4): 

,

, ,

1, ,

1, ,

0.

n m n n

m n n m n n

A r A

O A r A
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The output voltage of the inverter Vn, deter-
mined by the algebraic sum of the output voltages 
of the modules, is calculated by the formula (5):

, ,
1 1

,
M M

n m n m n
m m

E E
INV O O

M M= =

 = =  ∑ ∑   (5)

where E is the total voltage applied to the modules 
of the inverter.  

Then the spectrum can be found by formula (6).

2 2 ,
k k kC Cc Csϕ = ϕ + ϕ   (6)

where 

( )( )cos ,k n
n

d
Cc INV n d kφ = ⋅ ⋅ ⋅

π ∑  
   (7)

( )( )sin .k n
n

d
Cs INV n d kϕ = ⋅ ⋅ ⋅

π ∑  (8)

Using the MathCad package, we calculate the inverter 
output voltage spectrum using the indicated formulas for 
various operating modes. The plots of the dependence of 
the total harmonic distortion THD on the specified char-
acteristics obtained in this way are shown in Fig. 3. The 
graphs are obtained by approximating the values calculat-
ed for natural values of Kf, i.e. when an integer number of 
periods of the carrier signal is placed on one period of the 
modulating signal. 

THD is a measure of the effective value of the harmonic 
components of a distorted waveform. This index can be cal-
culated for either voltage or current: 

max
2

0

1

h

n
h

M

THD
M
>=

∑ ,
    (9)

where Mn is the RMS value of the harmonic component h of 
the quantity M. 

Increasing the frequency of the carrier signal, as in the 
case of a single-level PWM, only leads to a shift of harmonics 
to the high frequency region, and does not remove them from 
the spectrum. Thus, the values of the total harmonic distor-
tion, when calculating which harmonics up to and including 
the fortieth order are taken into account in accordance with 
requirements, decrease with increasing switching frequency. 
However, higher harmonics continue to have a negative im-
pact on consumers. In contrast to the switching frequency, an 
increase in the number of modules leads to a decrease in the 
harmonic content in the spectrum of the voltage generated by 
the inverter, and not only an increase in their order.

5. 2. Analysis of power loss and transition tempera-
ture of power modules of a multilevel pulse-width modu-
lation inverter 

When modeling, we will not use voltage filters, even 
if the value of the total harmonic coefficient exceeds the 
accepted 8 %. This restriction is introduced due to the fact 
that when using a filter, even a single-level circuit provides a 
harmonic coefficient from 1 to 5 %, depending on the filter pa-
rameters. Thus, the use of a multi-level PWM inverter will re-
quire significantly higher hardware costs compared to PWM 
when powering the same load [19]. In such cases, the use of 
multi-level PWM can be justified either by too high values of 
the supply voltage and power, the values of which are not pro-
vided by one IGBT module and they are distributed between 
levels, or by the presence of a large number of low-voltage 
voltage sources, for example, when providing power from a 
network of wind generators or solar panels. In both cases, the 
use of a bridge circuit with PWM is impossible and there are 
no alternatives to an easily scalable PWM circuit. 

To analyze the power loss and transition temperature of 
power modules of a multi-level PWM inverter, you can use 
the MATLAB/Simulink model, which is used to analyze 
single-level PWM inverters (Fig. 4).

The differences are in the models of the inverter itself and 
the control system. These models are shown in Fig. 5.
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Fig.	3.	Graph	of	total	harmonic	distortion	versus	frequency	factor	Kf
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For the inverter model, a cascade bridge topology is 
used, which has the property of scalability, i.e. increasing 
the number of output voltage levels without fundamentally 
changing the circuit itself. The control system of the model 
implements a multi-level PWM based on carrier signals 
with phase offset, which ensures uniform loading of all 
inverter bridges.

As a result of the simulation, the dependences of the transi-
tion temperature in IGBT modules of cascade PWM inverters 
on the switching frequency and the load power determining the 
collector current at different levels of the output voltage of the 
inverter were analyzed. The obtained dependences for a 5-level 
inverter at a cooling intensity of RthSA=0.1 °C/Watts for dif-
ferent load currents are shown in Fig. 6, 7. It can be seen from 

 
  Fig.	4.	Inverter	model 

 
  Fig.	5.	MATLAB/Simulink	–	model	of	a	control	system	for	a	4-module	cascade	bridge	inverter	with	a	phase	shift	of	carriers
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the graphs that at a frequency below 8 kHz, the tem-
perature depends mainly on the power output. The 
dynamic component of the losses is small and has lit-
tle effect on the total losses in the module. However, 
at frequencies of 8–16 kHz, dynamic losses begin to 
have a noticeable effect on the total power loss and, 
consequently, the transition temperature.

When determining the temperature of the mod-
ule, the following characteristics are used: 

– the thermal resistance of the junction-housing 
RThJC, which determines the temperature difference 
between the junction and the housing and is mea-
sured in °C/W;  

– the thermal resistance of the cooler housing 
RSA, which determines the temperature difference 
between the housing and the cooling radiator of 
the module (°C/W); 

– the thermal resistance of the cooler-envi-
ronment RSA, which determines the temperature 
difference between the cooling radiator and the 
environment (°C/W). 

The value of ZThJC can be determined from the 
family of graphs presented in the passport data based 
on the pulse duration and the duty cycle of the signal.

The RSA value depends on the selected type of 
cooling: natural, forced air, water – as well as its 
intensity.

In mathematical representation

TJ–TC=PSUM×ZthJC(tp). 

TC–TS=PSUM×RCS.

TS–TA=PSUM×RSA.

After transformations and substitutions, we get the ex-
pression

TJ–TA=PSUM×(ZthJC+RCS+RSA).

The ambient temperature is considered constant and is 
usually assumed to be 40 °C. The values of the thermal resis-
tances of the junction-housing and the cooler housing are de-
termined by the design of the module and are also constant. 
Thus, it is possible to reduce the transition temperature only 
by increasing the cooling intensity, i.e. reducing the value of 
the thermal resistance of the cooler-environment.

Knowing the values of the thermal resistance RSA for 
various coolers, you can choose the type and intensity of the 
required IGBT cooling. It should be noted that as a result of 
the calculation, the RSA value may turn out to be negative, 
which will indicate that it is impossible to use the selected 
IGBT module for these modulation and load parameters. 

The obtained dependencies are valid for different mod-
ules and do not depend on the number of levels of the invert-
er. When operating on a constant load requiring a constant 
value of the supply voltage, an increase in the number of 
modules in a multi-level inverter entails a proportional de-
crease in the supply voltage of each module. So in our case, 
in order to provide an active power of 50 kW, necessary for 
comparison with PWM and PAM inverters, the total voltage 
of the supply elements should be 570 V. Thus, for a two-level 
inverter, a voltage of 285 V is applied to each bridge, for a 
three-level – 190 V, for a 4-level 142 V, for a five-level 114 V.

The simulation results of the junction temperature pre-
sented in Table 2 show that the junction temperature, de-
spite the voltage decrease, turns out to be unchanged. 

Table	2

Transition	temperature	of	IGBT	modules	of	a	multilevel	
inverter	depending	on	the	switching	frequency	and	the	number	

of	output	voltage	levels	when	operating	on	the	same	load

Frequency of carrier sig-
nal, kHz

Number of output voltage levels per 
quarter period

2 3 4 5

1 1300 1310 1320 1290

2 1290 1300 1260 1280

4 1350 1360 1360 1360

8 1470 1470 1480 1460

16 1660 1670 1690 1650

This means that the temperature increases linearly with 
increasing switching frequency, but remains unchanged at 
different levels of supply voltage. This is explained by the 
fact that the total voltage, and with it the collector current, 
remain unchanged, therefore, the values of static and dy-
namic power losses remain unchanged.

5. 3. Simulation of a high-frequency inverter with 
smooth switching 

A high-frequency inverter with smooth switching with 
phase shift and a step-up converter is modeled. Another 
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Fig.	6.	Dependence	of	the	transition	temperature	on	the	switching	
frequency	for	pulse-width	modulation	inverter
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stage of the inverter is switching the inverter cascade with a 
PS-PWM control circuit. Along with the growing demand 
for high-power density conversion, IGBT transistors are 
preferred over field-effect MOSFETs in applications with a 
large power range [20]. IGBT transistors are designed for 
higher rated voltages and currents. Additionally, these tran-
sistors have lower conduction losses compared to MOSFETs. 
However, IGBT is slower than MOSFET (IGBT frequency is 
usually limited to 20–30 kHz) due to higher switching losses 
resulting from the tail current at shutdown. Therefore, if an 
IGBT transistor is to be used for higher switching frequen-
cies, the switching loss should be minimized. The solution can 
be either switching at zero voltage (ZV), which is carried out 
by adding an external snubber capacitor or switching at zero 
current (ZC). Switching at zero current seems to be more 
efficient than switching at zero voltage, since the tail current 
problem can be eliminated to a minimum by removing the 
non-main carriers before switching off. 

The study [21] mainly contributes to the creation of 
an applicable methodology with detailed information for 
obtaining average switching power losses using the selected 
switching loss model. This method works properly when the 
switched current or switched voltage is an alternative. 

An experimental study of the operation of a multi-stage 
three-phase half-bridge inverter was carried out in the 
Matlab engineering program, in the Simulink section. The 
circuit consists of three DC voltage sources (DC1, DC2, 
DC3), 12 transistors, three loads (Fig. 8).

The main transistors (T1, T2, T3, T4, T5, T6) are 
controlled through a Subsystem control unit consisting of 
6 pulse generators that transmit control signals in the form 
of pulses to the transistor base. Transistors T7, T8 and T9 
serve to form stages of a positive half-cycle of the output 
voltage at the load. Its control unit is Subsystem1, which 
also consists of pulse generators. Transistors T10, T11 and 
T12 serve to form stages of a negative half-cycle of the output 

voltage on the load, its control unit is Subsystem2. Voltmeters 
take readings on loads and display their graph on an oscillo-
scope. The operation algorithm of transistors is shown in Fig. 9.

For the convenience of the study, we divide the total 
field into cells, each “cell” is equal to 200. Next we have 
12 lines. Each line is the operating time of each individual 
transistor. The data on the graph is given in degrees, but for 
convenience they can be translated into seconds (Table 3).

Table	3	

The	algorithm	of	transistors

Transistor 
number

Opening Closing

In degrees In seconds In degrees In seconds

Transistor 1 0° 0.00 180° 0.01

Transistor 2 180° 0.01 360° 0.02

Transistor 3 120° 0.006667 300° 0.016667

Transistor 4 –60° –0.003333 120° 0.006667

Transistor 5 –120° –0.006667 60° 0.003333

Transistor 6 60° 0.003333 240° 0.013333

Transistor 7 20° 0.001111 160° 0.008889

Transistor 8 140° 0.007778 280° 0.015556

Transistor 9 –100° –0.005556 40° 0.002222

Transistor 10 200° 0.01111 340° 0.018888

Transistor 11 –40° –0.002223 100° 0.005555

Transistor 12 80° 0.004443 220° 0.012221

Pulse generators that were used to control transistors, 
the switching phase is set by the “time” parameter. And for 
this, all the degrees of opening were converted into seconds. 
The total frequency of our output voltages is 50 Hz.

The output voltages describe a sine, and have a difference 
of 120° degrees. The waveform at the output of the inverter 
is shown in Fig. 10. 

 
   Fig.	8.	Basic	structure	of	a	bridge	single-phase	voltage	inverter	in	the	Simulink/	Matlab	software	environment



Applied physics

39

 
 T1 
 

T2 0 180 

T3 180 360 
 
 
 T4 126 300 
 
 
 T5 120 
 
 

-120 T6 60 
 
 
 T7 60 240 
 
 

T8 20 160 
 
 
 T9 140 280 
 
 

-100 T10 40 
 
 

T11 200 340 
 
 

-40 T12 100 
80 220 

 

 
   Fig.	9.	Control	diagram	of	a	three-phase	multi-stage	inverter

 
   

Fig.	10.	Waveform	at	the	output	of	the	inverter
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The results of the spectral analysis show the presence of 
amplitudes at the 5th, 17th and 19th harmonics (Fig. 11).

But their amplitudes do not reach even 5 percent of the 
first harmonic. Then they can be eliminated by filters with-
out experiencing large output voltage losses. 

A 6 kW three-phase inverter with a control system was 
developed and manufactured, which is shown in Fig. 12. In 
addition, the three-phase inverter was tested offline in the 
“Battery – converter – three-phase inverter – load” system, 
which is shown in Fig. 13. 

According to the test results, the three-phase invert-
er was brought to a stable state, in which a phase shift 
between phase voltages of 120 degrees with a frequency 
of 50 Hz was provided at the output of the inverter. An 
oscillogram of phase voltages providing a phase shift of 
120 degrees with a frequency of 50 Hz is shown in Fig. 14. 

The test results showed that the three-phase inverter 
works stably and requires an improvement in the shape of the 
output voltage curve. 

6. Discussion of the results of research on power losses of 
multilevel inverters

Comparing the different types of modern frequency con-
verters, it is possible to identify the main features inherent 
in all circuits:

– the switching elements used are mainly high-power 
bipolar transistors with an isolated gate – IGBT, as well as 
field-effect MOSFET transistors;

– building a microcontroller-based control system.
Comparing studies between different levels of cascaded 

multi-level H-bridge inverters, the choice should be based 
on the topology of each inverter, which is to use an inverter. 
Each topology has its advantages and disadvantages. With 
an increase in the number of THD levels, the cost will be re-
duced, on the other hand, it will also be overweight (Fig. 3). 
The cascade multilevel inverter topology of the H-bridge 
requires only one DC power supply. Taking into account 
certain limitations, it was shown that the level of voltage 
capacitors can be controlled by choosing the angles of si-

 

 
  Fig.	11.	Results	of	spectral	analysis

 

 
 

  Fig.	12.	Three-phase	inverter	with	a	control	system

 

 
  

Fig.	13.	Test	scheme	for	the	system		
“Battery	–	converter	–	three-phase	inverter	–	load”

 

 
  

Fig.	14.	Waveform	of	phase	voltages	of		
a	three-phase	inverter
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multaneous shift to achieve a certain modulation index and 
reduce harmonics in the form of an output wave.

The process of calculating dynamic losses is complicated 
by the nonlinear form of current and voltage in the transistor 
at the time of its switching on and off. The values change 
very quickly, which makes it impossible to carry out a sim-
ple simulation of this process or an analytical calculation. 
Therefore, for the analysis of dynamic losses, the values of 
the energy of switching on and off the transistor obtained on 
a special test bench and given in the IGBT module passport 
are used. The on- and off-energy determine the amount of 
energy dissipated on the transistor in one cycle of switching 
on and off, respectively. Since, when calculating the power 
losses, the total power for the period of the modeling signal 
or for the clock of the carrier signal is of interest, and the on-
off time of the transistor is 10-8–10-9 s, then the on/off losses 
can be represented as single pulses, the amplitude of which 
is equal to the value of the on/off energy. 

The power loss affects the transition temperature, de-
noted Tj, the maximum allowable value of which for most 
modules is 126–169 °C. The transition temperature is deter-
mined by the power loss in the IGBT module, the intensity 
of its cooling, the ambient temperature, as well as the design 
characteristics that determine thermal resistance, i.e. heat 
transfer from the module to the environment (Table 2). 

Soft switching circuits connected to the inverter AC 
circuit are largely devoid of the disadvantages that were 
noted in previous solutions. The peculiarity of these cir-
cuits is that the switching choke in them is removed from 
the operating current circuit of the converter, and the oper-
ation of auxiliary transistors is pulsed. The capacitor Cd at 
the input is a mandatory element (Fig. 8). It has a twofold 
purpose: it provides constant consumption from the power 
source even when the keys are in a forbidden state and 
protects semiconductor elements from over-voltages that 
occur on the connecting wires between the power source 
and the valve block.

The basic scheme of a bridge single-phase voltage invert-
er based on the control structure. The essence of controlling 
a single-phase bridge inverter is that switching transistors in 
the circuit occurs at a time when the voltage passes through 
zero. Due to this, it is possible to achieve a reduction in 
switching losses.

The operation principle of the inverter is based on chang-
ing the structure of the step-up DC-DC capacitor converter, 
alternating switching of transistor switches VT3, VT4 
with a frequency of 50 Hz. In this case, there is an abrupt 
change in the conversion coefficient for the study, leading 

to a change in the output voltage Uout. By the influence of 
harmonic PWM on the transistors of the VTM bridge, we 
obtain a sinusoidal current in the load ILd. An important 
advantage of the inverter in question is the reduced dynamic 
voltage drop on the bridge transistors not exceeding in the 
system in question.

This makes it possible to further increase the inverter 
efficiency by 1.5–2 % by reducing power losses for switch-
ing losses in the bridge transistors. The disadvantage of the 
inverter in question is the pulsating current consumed from 
the battery. The value of current ripples I is twice the cur-
rent ripple in the load, which negatively affects the battery 
operation. 

7. Conclusions

1. The influence of frequency carrier signal on harmonic 
distortion in multilevel inverters was investigated. The anal-
ysis concerns the performance characteristics of the inverter 
using common PWM strategies for different values of car-
rier frequency and modulation index. In addition, there are 
implementation problems and some practical considerations 
for optimizing implementation and reducing computational 
costs. At the same time, an increase in the number of levels 
has a positive effect on reducing the harmonic content in the 
voltage spectrum, while an increase in frequency only shifts 
the harmonic groups higher in the spectrum. 

2. It is proved that when using multi-level PWM invert-
ers, increasing the number of levels reduces the installed 
power of each of their modules, but does not affect the 
transition temperature. Based on this, the use of multi-level 
PWM inverters with a large number of modules is justified 
only in two cases: 

– the value of the supply voltage exceeds the rated voltage 
of IGBT modules, which for most modules is 1200–2500 V. 
This is relevant for the construction of high-voltage frequency 
converters;

– the required harmonic composition of the output volt-
age does not allow the use of an inverter with a small number 
of levels without the use of a filter.

3. A computer simulation of a bridge voltage inverter 
based on a control structure based on IGBT transistors was 
performed, volt-ampere characteristics were obtained, a 
detailed analysis was carried out. The analysis of electrical 
processes is carried out, which allows calculating the pa-
rameters of the operating modes of the elements of the power 
circuit and giving recommendations for use in converters.
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