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Abstract. The Modular Multilevel Cascade Converters (MMCC) present them-

selves as one of the solutions for high power and high voltage applications. 

Modularity and low voltage stress in each semiconductor are some of the fea-

tures of this solution. This paper presents a study with experimental results con-

cerning an MMCC composed by three full-bridge submodules with a common 

DC-bus and with low frequency cascaded transformers. Sharing the DC bus for 

each submodule al-lows for a simpler control algorithm as well as a simpler in-

terface point with renewable energy sources or energy storage systems. Along 

the paper, it is presented the step-by-step methodology to obtain the main pa-

rameters of the elements that constitute the MMCC, namely the transformers 

equivalents model. Thus, it was possible to develop a more realistic simulation 

model, whose results obtained are very similar to the experimental results. 

Keywords: Modular multilevel cascade converter (MMCC), Cascade trans-

formers, Simulation model. 

1 Introduction 

The increasing technological evolution combined with the increase in electrical ener-

gy demand encourages the investigation of more efficient and effective power conver-

sion solutions. In this sense, power electronic converters have been gaining popularity 

due to their versatility and features. The evolution of power semiconductors has led to 

the appearance of more robust and compact topologies for power electronic convert-

ers. Two and three-level DC-AC power electronic converters are the most widely 

used topologies. These power converters are used in several applications, such as 

interfacing renewable energy sources with the power grid, driving electric motors, 

charging electric vehicles, and other applications [1], [2]. Regarding the control, they 

are usually controlled by Pulse Width Modulation (PWM) technique. As such, the 

output harmonic content is dispersed, which causes high losses in the system, namely 

in the output passive filters [1]. Furthermore, the semiconductors have a higher volt-
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age stress [1], [3]. For that reason, conventional converters are not feasible for high 

power and high voltage applications. 

The Multilevel Converter (MLC), namely the Modular Multilevel Converter 

(MMC) and the Modular Multilevel Cascaded Converter (MMCC) concepts, presents 

themselves as innovative solutions to mitigate the mentioned problems. The MMCC 

allows the connection of different submodules, being the number of added submod-

ules adjusted in order to withstand the desired voltage. The more submodules added, 

the more voltage levels the MMCC can synthesize [1]. Consequently, it is possible to 

obtain a waveform closer to the sinusoidal one, which minimizes the harmonic spec-

trum, being more concentrated on the fundamental component and the switching fre-

quency [1], [4]. Therefore, it is possible to reduce the dv/dt variations at the output, 

allowing the integration of smaller passive filters and more robust semiconductors [1]. 

For these reasons, system losses are lower, and the efficiency is higher, which is im-

portant for high power applications [1], [5]–[8]. In [1] and in [9] it is possible to con-

clude the impact of the number of levels that the MMCC can synthesize on the out-

put signals, both in the time domain and in the frequency domain. With a smaller 

number of voltage levels, the harmonic spectrum is wide and with considerable ampli-

tude values. On the other hand, with a higher number of voltage levels, the harmonic 

spectrum is more concentrated in the fundamental frequency and switching frequency, 

having reduced amplitudes along the rest of the harmonic spectrum. This feature facil-

itates the design of passive filters. In [9], the influence of the modulation index on the 

number of levels that an MMCC composed of cascaded full-bridge can synthesize 

was studied. The total harmonic distortion (THD) has a higher value for low voltage 

levels. 

Due to lower voltages in each submodule, the voltage stress is reduced. Further-

more, with the integration of MMCC based solutions, it is possible to increase the 

output frequency without changing the switching frequency, taking advantage of the 

complementarity of the different constituent submodules [1]. Also, given the modular 

concept, it is relatively easy to adapt or replace any damaged module. With the crea-

tion of redundant states and auxiliary submodules, it is possible to obtain a more fault 

tolerant system. In this way, continuous operation of the system is guaranteed [10], 

[11]. Finally, the modularity and scalability of the MMCC allow meeting any voltage 

level requirements [1], [5]–[8]. 

The MMCC became the most attractive MLC topology for high voltage DC trans-

mission systems (HVDC) [4], [5], [12], [13], medium voltage drives [4], [13], active 

filters [4], integration with renewable energy sources [4], [9], [13], [14] and energy 

storage systems (ESS) [13], [14], and electrical railway systems [14], [15]. 

The MMCC is mentioned several times in the literature. In [16] several topologies 

and control strategies for MMCC with a power grid connection with a large-scale 

solar photovoltaic (PV) system interface are analyzed. In turn, in [17] it is presented a 

connection between a battery ESS and an MMCC through a non-isolated DC-DC 

converter. In [13] the MMCC is reviewed in respect to the submodule and overall 

topologies, mathematical modeling, control methods and modulation techniques. The 

power losses with the incorporation of advanced wide-bandgap power devices, such 

as Silicon Carbide (SiC) and Gallium Nitride (GaN) is also presented. Additionally, in  
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[18] it is presented a study about the PWM techniques to a MMCC and their impact 

on the MLC harmonic pollution, efficiency and ripple synthetized across its capaci-

tors. In [1] it is presented a comparative analysis based on computer simulations of 

the different PWM techniques to an MMCC with 4 full bridges. In this analysis, it is 

demonstrated that the phase-shift carriers (PSC) and the phase-shift disposition (PSD) 

allow the synthetization of an output waveform with a low THD ratio. When applying 

the PSC PWM technique in a hybrid MMCC based on the half-bridge and full-bridge 

submodules, undesirable harmonics on the output voltage and uneven loss distribu-

tions between the submodules arise. To deal with these issues an im-proved PSC 

PWM technique is presented in [19]. Also, in [20] it is demonstrated that the use of a 

hybrid modulation technique could be the most indicate when the MMCC has a lower 

number of submodules due to the extra switching losses with the increase of the sub-

modules. 

Despite its numerous advantages, the MMCC presents some challenges from the 

hardware and control system point of view, such as: (i) the complex structure be-

cause of the need to manage a large number of switching signals; (ii) the need to 

measure several voltages and currents through sensors, which contributes to an enor-

mous exchange of data at each sampling; (iii) the difficulty in keeping the DC-bus 

capacitor voltages balanced as well as the potential increase in energy losses due to 

circulating currents [4], [20]; it is not the case in the present application. 

An existing solution in the literature of an MMCC consists of the parallel associa-

tion of different full-bridge power electronic converters in parallel, thus allowing the 

same DC bus to be shared. A transformer is connected to the output of each full-

bridge, the secondary winding being connected to the adjacent transformer. The trans-

formation ratio can be different between transformers, thus increasing the input volt-

age as well as increasing the number of levels that can be synthesized. In the litera-

ture, there are some projects related to this topology. However, there is a research gap 

that allows the correct design of transformers, as well as a methodology that helps to 

create a more realistic simulation model based on the parameters measured in a real 

transformer. 

In [21]–[27]different approaches are presented, with different numbers of voltage 

levels, control techniques and power levels. However, no further information regard-

ing transformers and their sizing is provided. Additionally, the methodology for de-

termining the simulation model parameters is not explicit. In turn, in [28] a switching 

technique for power balancing between submodules is proposed. In [29] they show a 

solution composed of 4 cascade transformers, where some transformer parameters are 

presented. However, the methodology used to determine the parameters of the trans-

formers is not presented, nor is information regarding the sizing of the transformers 

disclosed. However, the parameters of the transformers used in simulation do not 

support the values used experimentally. In [30] an analysis of the existing state-of-

the-art methodologies for the design of cascaded transformers is presented. In the end, 

a sizing methodology is proposed, which is compared with the conventional method-

ology. Experimental results were presented for transformers sized for 100 VA. In 

general, it is possible to identify a research gap that could support the development of 

this solution for high voltage applications as well as for higher powers. The method-
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ology for determining the transformer parameters so that the implementation of more 

realistic simulation models is possible is a critical step for the correct implementation 

and validation of the system. 

The purpose of this paper is to demonstrate the development of an MMCC com-

posed of 3 full-bridge submodules with a common DC-bus and with cascaded power 

transformers. Therefore, this paper is organized as follows: Section 1, presents an 

introduction to the topic of research and explains the concept of MMCC; Section 2 

shows the topology of MMCC used in this study; Section 3 describes the control algo-

rithms implemented; Section 4 presents the step-by-step methodology for the MMCC 

analyses based on cascaded transformers, which served as the basis for the implemen-

tation of the simulation. The obtained simulation results are also presented in this 

section; Section 5 shows the experimental results of the MMCC; finally, in Section 6, 

the main conclusions of this study as well as some suggestions for future work are 

presented. 

2 Full Bridge with Cascaded Transformers Topology 

In Fig. 1 is illustrates the MMCC composed of full-bridge converters with cascaded 

power transformers. The MMCC consists of the parallel association of three full-

bridge submodules sharing the same DC-bus. The output of each submodule connects 

to the primary side of a power transformer, while the secondary side is connected in 

series with the adjacent transformers [16]. In this study, these power transformers 

have a transformer ratio of 1:1 and are used to create the multilevel feature, since 

there is only one DC-bus. 

 

Fig. 1. MMCC composed of full-bridge with cascaded transformers and common DC-bus. 
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Considering that exists N submodules on the MMCC, by adding the voltages of each 

secondary winding of adjacent transformers, the number of obtained voltage levels is 

given by the equation (1). 

 !" = 2#! + 1 (1) 

For this topology, it is necessary 4N power semiconductors, N transformers, and only 

one voltage source. It should be noted that, due to the versatility of changing the 

transformers transformation ratios, it is possible to obtain different output voltage 

levels even with few submodules [1]. A maximum of 3N output voltage levels can be 

obtained, with N being the number of submodules connected in parallel. For example, 

in a topology with three submodules, it would be possible to obtain 27 voltage levels 

at the output by applying transformers with 1:1, 1:3 and 1:9 ratios [16]. However, it is 

necessary to implement a space vector modulation (SVM) control algorithm, as pre-

sented in [4], [7], [16], [31]. Additionally, each submodule would contribute with 

different powers, losing the concept of modularity. 

Sharing a single DC-bus between the different submodules facilitates the control 

algorithms as well as the integration of other power converters. These power convert-

ers could be interfaced with an ESS or renewable energy source. From an implemen-

tation point of view, the use of only one DC-bus and the existence of a common refer-

ence for fully controlled power semiconductors make the implementation easier [1], 

[10]. Furthermore, this topology makes it possible to synthesize an output sinusoidal 

current at lower switching frequencies [16]. In fact, with the increase in the number of 

submodules, it is possible to reduce the switching frequency of semiconductors and 

the output presents less harmonic distortion [11]. This increase further reduces the 

value of dv/dt, mitigating the problems associated with electromagnetic interference 

[32]. 

Due to the use of a power transformer for each submodule added, the system im-

plementation costs may be higher [9], [16]. However, it is possible to use medium-

frequency transformers. These allow the integration of power semiconductors with 

high switching frequencies which enable the use of smaller passive filters. Additional-

ly, the volume, weight, and implementation costs would be lower compared to low-

frequency transformers [10]. Although high-frequency increases switching losses and 

the skin effect, it is possible to reduce losses in the passive elements [10]. Another 

drawback of the use of transformers in this topology is that they are not suitable for 

variable frequency applications [9]. Another aspect to consider is the voltage drop in 

each semiconductor. Considering N the number of submodules of the MMCC and VCE 

the voltage drop in each power semiconductor, the total voltage drop in the power 

converter can be express by equation (2). The multiplication by 2 is explained by the 

fact that in a full-bridge submodule 2 semiconductors are simultaneously in conduc-

tion. As an example, considering the typical VCE_SAT = 3.3 V on the SKM 

100GB125DN Insulated Gate Bipolar Transistor (IGBT) module of the Semikron and 

3 submodules, a total voltage drop of 19.8 V is obtained. 

 $%& = 2#!%'( (2) 
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3 Control Algorithms 

The control algorithms of MMCC that interface with the power grid need to be syn-

chronized with the fundamental component for an accurate and efficient operation. 

This synchronization algorithm must detect the signal phase as quickly as possible 

and the synchronization process must be continuously updated, to increase efficiency 

[33]. The synchronization technique used in this study was the Enhance Phase Locked 

Loop (EPLL), described in [33]. The EPLL can detect the phase and amplitude of the 

fundamental component of a given input signal. The output signal is sinusoidal and in 

phase with the fundamental component of the input signal, even if it contains harmon-

ics. Multiplying the unitary sinusoidal signal, pll, by the amplitude value, A, is possi-

ble to obtain a signal, vpll, with the same phase and amplitude of the input signal fun-

damental component. The biggest advantage of the EPLL is the fast response to dis-

turbances and the high rejection of the harmonic content [33]. In Fig 2 is shown the 

diagram of the implemented EPLL algorithm. In the digital implementation of the 

EPLL the integrals were replaced by summations. 

 

Fig. 2. Diagram of the implemented EPLL algorithm. 

In this study, the main purpose of the MMCC is to inject energy into the power grid. 

Therefore, the MMCC will have the function of synthesizing a sinusoidal current in 

phase opposition with the power grid voltage, thus with unitary power factor. The 

reference current, i*, is obtained by multiplying the desired amplitude value by the 

unitary sinusoidal signal, pll, resulted from the EPLL algorithm. The amplitude of the 

current reference depends on the power reference, and its value is given by the divi-

sion between twice the power reference, P*, and the peak value of the voltage grid, 

%)*,, constructed using the EPLL algorithm. That said, the calculation of the reference 

current is depicted in equation (3) which is similar to the presented in [34] and in [35]. 

 -. = /0.

3456
. 788 (3) 
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After calculating the i* it is necessary to control the output current of the MMCC, igrid, 

through power electronics semiconductors, specifically, through IGBT devices used 

in this study. For this purpose, a Proportional Integral (PI) current control algorithm 

and a PWM modulation technique was used, as shown in the block diagram presented 

in Fig. 3. Initially, the difference between i* and igrid results in an error value, error. 

This error value is then used in the PI current control algorithm to produce a com-

mand voltage, vcontrol. This command voltage establishes the modulating wave in the 

PWM technique. Before the modulation process takes place and, to avoid undesirable 

operations, the command voltage is delimited between two pre-defined values. Re-

garding the PWM technique, in [1] it is demonstrated that the PSC allows the synthe-

sis of an output waveform with a low THD ratio and is easy to implement in a Digital 

Signal Controller (DSC) platform, namely in the Texas Instruments C2000 platform 

utilized in the MMCC prototype. Therefore, the PSC was adopted to be implemented 

in the control system of the MMCC prototype. Finally, the modulation technique 

triggers the respective IGBT devices (S1, …, Sn, where n is the total number of IGBT 

devices). 

 

Fig. 3. Block diagram of current control used in the MMCC. 

4 Simulation Results 

In this section, the simulation results of the MMCC topology implemented are pre-

sented and analyzed. These simulations were performed in PSIM software. To obtain 

realistic results it is important to get an accurate model of the transformer, which is a 

key component in the studied topology. The transformer used in the tests has a nomi-

nal voltage of 230 V, a nominal power of 500 VA and a transformation ratio of 1:1. 

Considering the equivalent model of a transformer presented in Fig. 4 is important to 

consider: 

• RP the electrical resistance of the primary winding; 

• RS the electrical resistance of the secondary winding; 

• LP the leakage inductance of the primary winding; 

• LS the leakage inductance of the secondary winding; 

• LM the magnetizing inductance. 

To obtain a more realistic transformer model to use in the simulation, an LCR bridge 

equipment, with the references 3532-50LCR HiTESTER from the manufacture Hioki, 

was used to measure the transformer inductances. At this stage, was necessary to 

measure with the windings in series (terminal b connected to terminal c and measured 

from a to d) and anti-series (terminal b connected to terminal d and measured from a 



8 

to c). When measure with the winding in series, a value of 4.9 H was obtained. On the 

other hand, when measured with the winding in anti-series, a value of 3.6 mH was 

obtained. 

 

Fig. 4. Equivalent model of the transformer used in this study. 

The measurement of these two inductances allows the calculation of the self-

inductance of the primary winding (L1), the self-inductance of the secondary winding 

(L2), and the mutual inductance between the primary and secondary windings (M), 

through equation (4) and equation (5). Since the primary and secondary windings 

have the same number of turns, L1 is approximately equal to L2 and thus, in the equa-

tions, the self-inductance of the windings was represented by L, as represented in 

equation (6) [36]. 

 9:;<>;: = 29 + 2? = @AB!C (4) 

 9DEF>G:;<>;: = 29 H 2? = IAJ!KC (5) 

 9 = 9L = 9/ (6) 

To obtain the values of the inductances L and M, it is necessary to solve a system of 

equations with equations (4) and (5). Therefore, by substituting the L of equation (5) 

into equation (4), is possible to obtain the equation (7). Thus, the value of M can be 

calculated. Having the value of M, the value of L can be easily obtained by substitut-

ing the value of M in equation (8). 

 ? = "MNOPNM#G#"QRSPTMNOPNM
U

= 1A22@!C (7) 

 9 = "MNOPNM#V#/W

/
= 1A22J!C (8) 

The self-inductance of the windings, L1 and L2, represents the electromotive force 

induced in each winding due to the magnetic field produced by the current in the 

winding itself. The mutual inductance between the windings, M, represents the elec-

tromotive force induced in the primary winding due to the magnetic field produced by 

the current in the secondary winding [36]. Once have been calculated the self-

inductance of the windings and the mutual inductance between the windings, it is 

possible to calculate the coupling coefficient between the windings, k, through equa-

tion (9). The k is a value between 0 and 1. When this coefficient has the value of 0 it 

means that there is no magnetic coupling between the primary and the secondary 

winding. When the coefficient is 1, the coupling is ideal, that is, all the magnetic flux 
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produced by the primary winding links the secondary winding, and vice versa. Thus, 

the magnetic flux is equal throughout the magnetic circuit [36]. To highlight that the 

obtained value of k was close to 1, as desired. 

 X = W

Y"Z#"[
= \ABBB (9) 

Finally, after calculating the coupling coefficient between the windings, it is possible 

to calculate the leakage inductances, LP and LS, as well as the magnetization induct-

ance, LM, present in the equivalent transformer model, through equation (10), equa-

tion (11), and equation (12) [36]. 

 90 = ]1 H X^9L = 1A_!KC (10) 

 9` = ]1 H X^9/ #= 1A_!KC (11) 

 9W = X#9L = 1A22!C (12) 

To obtain the values of the winding resistances, RP and RS, a precision multimeter 

equipment was used, with the reference 34450A from the manufacture Keysight 

Technologies. For the resistance RP, the transformer terminals a and b were measured, 

leaving terminals c and d in an open circuit. For resistance RS the transformer termi-

nals c and d were measured, leaving terminals a and b in an open circuit. The ob-

tained value of resistance RP was 3.1 Ω and the value of resistance RS was 3.7 Ω, all 

measured at a frequency of 1 kHz. 

After performing these measurements and calculations, it is now possible to place 

these parameters in the simulation model to be able to obtain results closer to reality. 

Table 1 presents the values of the main components used in the computational simula-

tion of the studied topology. The values of the components used were obtained in 

such a way as to be the closest to the ones used in the laboratory prototype. Moreover, 

the power grid voltage presents the harmonic content presented in the Table 2. 

Table 1. Specification of the simulation parameters. 

Description Variables Value Units 

Coupling coil L1 4 mH 

Power grid voltage vgrid 60 VRMS 

DC-bus voltage VDC 60 V 

Power grid line inductance Lz 100 µH 

Power grid line resistance Rz 2 mΩ 

Resistance of the primary winding of 

the transformer 
RP 3.1 Ω 

Resistance of the secondary winding 

of the transformer 
RS 3.7 Ω 

Inductance of the primary winding of 

the transformer 
LP 1.8 mH 

Inductance of the secondary winding 

of the transformer 
LS 1.8 mH 
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The magnetizing inductance LM 1.22 H 

Transformers turns-ratio N 1:1 - 

IGBT saturation voltage  VCE 3.3 V 

IGBT collector-emitter resistance  rCE 8.1 mΩ 

IGBT diode threshold voltage  VF 2 V 

IGBT diode resistance  rF 12 mΩ 

IGBT switching frequency fw 1 kHz 

Sampling frequency fs 50 kHz 

Table 2. Main harmonic components in the power grid voltage [37]. 

Harmonic order Amplitude (VRMS) Phase (°) 

1 60 0 

3 0.26 95 

5 0.15 135 

7 2.18 44 

9 0.42 -147 

11 0.97 -134 

13 0.05 29 

15 0.07 -20 

THD 4.1 % 

The implementation and respective simulation of the EPLL algorithm for power grid 

voltage synchronization were carried out, and the obtained simulation results are 

shown in Fig. 5. As it can be seen, the EPLL algorithm quickly synchronizes with the 

frequency and phase of the power grid voltage fundamental component and deter-

mines the amplitude in a maximum of 4 power grid cycles. In this way, the dynamic 

response of the algorithm is verified, which can detect and monitor voltage variations 

in the power grid. Additionally, despite the power grid voltage has harmonic content, 

the EPLL waveform presents a residual THD value. Once concluded, the correct 

functioning of the EPLL algorithm allows the synchronization of the converter with 

the power grid, which provides a dynamic response to the system. 

 

Fig. 5. Simulation result of the EPLL synchronism: power grid voltage, vgrid, and pll signal, vpll. 
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In Fig. 6 is shown the output voltage waveform of the MMCC. In Fig. 6 (a) using an 

ideal transformer and in Fig. 6 (b) using an equivalent model of real transformer. As 

can be seen in Fig. 6 (a), the use of three submodules in series allows, as predicted, 

the existence of seven voltage levels at the output. In a real application, transformer 

windings contain inductances and resistances, which cause losses, as seen in Fig 4. 

The influence of this parameters can make it difficult to visualize the output voltage 

levels because of the slower dv/dt response. Even so, the presence of inductances in 

the transformer windings allows obtaining a voltage waveform close to a sinusoidal 

(Fig. 6 (b)). Nevertheless, it should be noted that with the ideal simulation model, it 

would be possible to obtain an MMCC output voltage with a maximum value of 

180 V, three times the DC-bus voltage. On the other hand, with a real simulation 

model, the voltage drops in the IGBT devices and in the magnetic elements is consid-

erable to the point that only a maximum value of 90 V can be obtained. Note that the 

MMCC based on cascade transformers should start operating at 90º or -90º. This is 

due to the fact that the variation of the magnetic flux does not present an average 

value of zero at each switching period. In this topology, the variation of the magnetic 

flux presents an almost sinusoidal wave along the period of the fundamental com-

ponent of the output signal. If the start is different from 90º or -90º, the variation of 

the magnetic flux will present an average value, being able to saturate the ferromag-

netic core. 

 
(a) 

 
(b) 

Fig. 6. Simulations results of the MMCC injecting energy into the power grid: (a) output volt-

age waveform, vMMCC, with ideal transformers model; (b) output voltage waveform, vMMCC, with 

real transformers model. 
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After completing the system initialization processes, the MMCC control is fully func-

tional within 0.5 s, as is a highlight in Fig. 7. The MMCC will have the ability to in-

ject energy into the power grid, depending on the P* value. Therefore, with the intro-

duction of P* value, the active power injected into the power grid, Pgrid, must follow 

the reference, P*, as shown in Fig. 7. 

 

Fig. 7. Simulations results of the MMCC injecting energy into the power grid: active power 

injected into the power grid, Pgrid, and the power reference, P*. 

Analyzing Fig. 8, it is possible to see that the synthesized current, igrid, follows the 

reference current, i*. It can be concluded the correct operation of the current control 

algorithm implemented, resulting in grid current, igrid, with low harmonic distortion 

(THD% = 2.5 %).  Nevertheless, to highlight that the PI current control algorithm al-

lows the MMCC to synthesize a sinusoidal current, 180° lag in relation to the power 

grid voltage, injecting energy into the power grid. 

 

Fig. 8. Simulations results of the MMCC injecting energy into the power grid: power grid volt-

age, vgrid, reference current, iref, and grid current, igrid. 
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5 Experimental Results 

Once the computer simulations have been validated, all the hardware was assembled, 

highlighting the control system and the power system. Fig 9 shows a general over-

view of the laboratory workbench, where the hardware was assembled and tested. In 

this section are presented some experimental results of the MMCC composed of full-

bridge with cascaded power transformers implemented. 

 

Fig. 9. View of the hardware assembled in the laboratory workbench. 

Table 3 shows the specification of the operation conditions of the laboratory proto-

type implemented for the experimental tests. The DSC platform used was the Control 

Card-F28379D from Texas Instruments. 

Table 3. Specification of the MMCC main components and operation conditions. 

Description Variables Value Units 

Coupling coil L1 4 mH 

DC-bus capacitor C1 1 mF 

DC-bus voltage VDC 60 V 

Power grid voltage vgrid 60 VRMS 

Transformers turns-ratio N 1:1 - 

IGBT switching frequency fw 1 kHz 

Sampling frequency fs 50 kHz 

Current sensor CYHCS-B6-100A 

Voltage sensor CYHVS5-25A 

IGBT SKM 100GB125DN(1) 
(1) Although used in the experimental results this device is oversized for this application. 
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The PWM peripheral was configured in the DSC with 3 µs of dead time to avoid a 

short circuit of the DC-bus voltage source caused by the simultaneous conduction of 

semiconductors in the same arm of the full-bridge submodule. Other parameters were 

also configured, such as the time period and phase offset of the carrier wave in each 

arm of the full-bridge submodules, to obtain the desired PSC PWM technique. That 

is, six carrier waveforms were implemented with a frequency equal to 1 kHz and out 

of phase with each other by 60º. 

To produce a sinusoidal current in phase opposition relativity to the power grid 

voltage, it is necessary to produce a signal synchronized with the fundamental com-

ponent of the power grid voltage, as already mentioned. Thus, the synchronism of the 

EPLL signal algorithm with the power grid voltage is shown in Fig. 10, based on the 

algorithm used in the computational simulations. Note that the vgrid and vpll are visual-

ized using a Digital-Analog Converter (DAC) with the reference TLV5610 by the 

manufacturer Texas Instruments with 0.016 V/V scale. 

 

Fig. 10. Experimental results of the EPLL synchronism: power grid voltage, vgrid, and output 

signal, vpll. 

In an ideal scenario, the output voltage of the MMCC would be 3 times the voltage on 

the DC-bus (3*60 V). However, considering the voltage drops in the IGBT devices, 

and in the low frequency transformers, the output voltage presents a similar waveform 

to the obtained on the real model simulations. Analyzing Fig. 11 it can be concluded 

that the MMCC can synthesize all the expected voltage levels, with a maximum volt-

age variation up to 106 V and minimum of -118 V.  

To inject energy into the power grid, the current synthesized by the MMCC must 

be in phase opposition relativity to the power grid voltage. Moreover, the output volt-

age of the MMCC must be higher than the peak value of the power grid voltage. The 

experimental results obtained for the injection of energy into the power grid with the 

variation of the power reference from 80 W to 110 W are shown in Fig. 12. 

A power reference of 80 W and 100 W was given to the MMCC. Considering the 

power grid voltage, the control system determined a reference current of 1.85 Apeak 

and 2.3 Apeak, respectively. The results presented in Fig. 13 prove the correct function-

ing of the MMCC, where igrid follows iref. Note that the iref. and igrid are visualized 

using a DAC with a 1 V/A scale. 
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Fig. 11. Experimental results of the MMCC: output voltage waveform, vMMCC. 

 

Fig. 12. Experimental results of the MMCC while injecting energy into the power grid: power 

grid voltage, vgrid, and grid current, igrid. 

 

Fig. 13. Experimental results of the MMCC while injecting energy into the power grid: refer-

ence current, iref, and grid current, igrid. 
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6 Conclusions 

This paper presents the development of a Modular Multilevel Cascade Converter 

(MMCC) composed of full-bridge submodules with a common DC-bus and with low 

frequency cascaded transformers. The MMCC was first validated based on computer 

simulations, with the entire methodology being presented step by step as well as the 

control algorithms. Regarding the simulation model, the parameters of the real were 

used, namely in the transformers equivalents model. As such, it was necessary to 

carry out experimental tests and measurements in order to obtain the important pa-

rameters for the implemented model. The entire procedure is presented in detail in 

order to be easily replicable by other researchers. The simulation model was validated 

based on the experimental results, obtaining experimental results similar to those of 

simulation. 

Regarding the operation of the MMCC, it was possible to prove the correct func-

tioning of the system, validating the control algorithms implemented either in simula-

tion or in the laboratory prototype. In the experimental tests the synthesized output 

current follows the reference, presenting low ripple and THD, being very similar to 

the results achieved in simulation. 

As the main technical conclusions of the work, it can be concluded that the low-

frequency transformers generate audible noise due to vibrations during the operation 

of the MMCC. In order to maximize the system efficiency, the inclusion of LCL fil-

ters at the input of each transformer, in order to apply a sinusoidal waveform to each 

low-frequency transformer would be studied. This solution could increase transformer 

efficiency despite increasing losses in passive filters, since they would have to be 

replicated depending on the number of submodules added. This solution, instead of 

adding square waves, presenting a stair output waveform, would add sine waves, 

which could reduce the output harmonic spectrum. However, this approach eliminates 

one of the advantages of the MMCC, which is the frequency multiplication applied to 

the output filter. The frequency multiplication could aid to reduce the weight, volume, 

and cost of the final solution. Another solution would be the study, design and devel-

opment of medium-frequency transformers for the specific application. The use of 

amorphous ferromagnetic materials would present an added value since they allow a 

higher magnetic flux density, allowing operation with higher switching frequencies, 

as well as it would be possible to obtain a more compact solution.  

It is possible to highlight that there is a research gap in the MMCC topology based 

on cascade transformers. Despite its potential, presenting a common DC-bus, which 

facilitates not only control algorithms but also the integration of other interfaces, such 

as renewables energies or energy storage systems, also presents some implementation 

challenges. Since the solution of cascade transformers with full-bridges allows the 

bidirectional flow of energy, this characteristic would be more widely explored if 

there were an interface with bidirectional energy system, such as in the case of an 

energy storage system. The interface with renewable energy sources, despite its unidi-

rectional energy flow, would appear as an additional interface. 
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