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Abstract: Multi cell converters are one of the alternative topologies for medium-voltage industrial drives. For an application modulation (PWM) 

rectifier as front end Multi level cascaded H-bridge (CHB) converters have been presented as a good solution for high-power applications.  The 

choice of single-phase PWM rectifiers for the input of the cells results in a reduced number of power switches and a simpler input transformer 

than the three phase equivalent. However, its control is not as straightforward. In this paper, the steady-state power balance in the cells of a 

single-phase two-cell CHB is studied. The ability to receive active power network or to deliver active power to the grid in each cell is analyzed 

according to the DC-link voltage and the desired output AC voltage value. Simulation results are shown to validate the presented analysis.  
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I. INTRODUCTION 

MULTILEVEL inverters can provide an efficient alternative 

to high power applications, providing a high quality output 

voltage, increasing the efficiency and robustness, and reducing 

the electromagnetic interference. There are three well 

established topologies of multilevel inverters: neutral point 

clamped (NPC) [1], flying capacitor [2], and cascaded H-

bridge (CHB) [3], [4]. This paper deals with the CHB inverter 

topology which is based on a series connection of many 

single-phase H-bridge inverters to provide the total output 

voltage required by the load [5], [6]. The CHB inverter with 

equal dc sources has a large number of redundant switching 

combinations that synthesize the same output voltage per 

phase [7]. Using asymmetrical dc sources, it is possible to 

reduce the redundancies, increasing the output voltage levels 

[8]. Therefore, a high quality output voltage can be achieved 

using only a few H-bridge inverters [9], featuring a very low 

harmonic content, reduced common mode voltage [10] and 

practically no electromagnetic compatibility issues [11]. 

Considering the high quality output voltage provided by this 

converter, applications like high power drives [12], [13] and 

Static Compensators (STATCOMs) [14] have been proposed 

The modularity provided by the CHB is very attractive for 

STATCOM applications, because the dc sources can be 

replaced by capacitors which provide the reactive power 

required to compensate the load current [15]. Predictive 

control relies on a model of the inverter and basically 

calculates the error of a cost function for each possible input, 

selecting the input that minimizes this function. Predictive 

control algorithms exhibit a high dynamic and a very good 

performance when applied to power electronics [16]; this 

feature can be achieved because the power electronics devices, 

in spite of its nonlinear characteristic, can be modeled  

accurately [17], and using a parameter estimation scheme, the 

model uncertainties can be adjusted [18]. In addition, the 

inputs belong to a finite set of switching combinations [19], 

reducing the processing time used to perform the optimization. 

Predictive control has been successfully applied to two-level 

three-phase inverters [20], where the cost function is related to 

minimize the error of the output current and a given current 

reference. Cost functions with higher complexity can be 

implemented, incorporating the model of the load to provide a 

direct power control [21], [22], the model of an induction 

motor to provide flux and torque control capability [23], or 

impose a desired load current spectrum [24]. Multilevel 

inverters have a higher number of switching combinations 

than a two-level inverter [25]. Hence, the number of iterations 

to implement the predictive algorithm, as well as the 

processing time, is greatly increased. This requirement 

degrades the overall performance, and the implementation of 

predictive control could become impracticable when the 

sample time is large enough. However, the predictive control 

of three level NPC inverters has been reported [26]. The NPC 

inverter has the property that does not have switching 

redundancy, i.e., each possible output voltage has one and 

only one switching combination; therefore, the processing 

time could remain small. In [27], an extension of the algorithm 

is proposed and tested in a four-level NPC. It is possible to 

reduce the processing time required by predictive control, 

using the fact that the solution of the discrete model can be 

expressed directly in terms of the state variables. Therefore, 

this function does not have to be evaluated in each 

optimization iteration.  

 

Figure1: The m-level inverter using an “H” bridge 

II. CASCADED MULTILEVEL INVERTER 

Another characteristic is that the “H” topology has 

many redundant combinations of switches’ positions to 

produce the same voltage levels. As an example, the level 

“zero” can be generated with switches in position S(1) and 

S(2), or S(3) and S(4), or S(5) and S(6), and so on. Another 
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characteristic of “H” converters is that they only produce an 

odd number of levels, which ensures the existence of the “0V” 

level at the load as shown in figure 1 .For example, a 51-level 

inverter using an “H” configuration with transistor-clamped 

topology requires 52 transistors, but only 25 power supplies 

instead of the 50 required when using a single leg. Therefore, 

the problem related to increasing the number of levels and 

reducing the size and complexity has been partially solved, 

since power supplies have been reduced to 50% as shown in 

figure 2. 

 

Figure2: Multilevel Cascaded H-Bridge Converter 

III. MODULATION TECHNIQUES FOR CHB 

CONVERTERS 

Different multilevel modulation techniques for CHB 

converters have been presented in the literature. Many of these 

techniques have been extended from classic pulse width 

modulation (PWM) and SVM methods. Level-shifted and 

phase shifted PWMs are derived from classic PWM methods 

that use triangular carriers , it is reported that the phase-shifted 

PWM modulation is the natural method for CHB converters 

achieving good-quality output voltage with a fundamental 

component that is N times the fundamental component of each 

cell for an N-cell CHB converter. Multilevel SVM techniques 

have been presented and achieve simplicity, offering an 

alternative to carrier-based PWM techniques [28]–[32]. SVM 

strategies are based on the generation of the reference voltage 

that was determined by the controller as the average of the 

discrete output voltages that can be achieved by the power 

converter. These techniques take advantage of the degrees of 

freedom as the selection of the switching sequence can be 

made in order to improve some power converter feature, such 

as the number of commutations or voltage balance [33], [34] 

as shown in figure 2. However, both the PWM and SVM 

methods have problems when the multilevel converter is 

operated with uncontrolled dc-link voltages. With CHB 

converters, if the dc voltages are not of the correct magnitude 

and the modulators do not take these voltage errors into 

account, there will be distortion in the output waveforms.  

 

A). SYSTEM DESCRIPTION 

A single-phase 2C-CHB power converter is shown in Fig. 

2.The system is connected to the grid through a smoothing 

inductor L. Load behavior is considered by using current 

sources iL1 and iL2 connected to each dc-link capacitor C1 

and C2, respectively. The equations that describe the 2C-CHB 

behavior are well known, and they have been reported 

previously [35] 
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The behavior of 2C-CHB is characterized by the inductor 

current dynamic (2) and dc-link capacitor voltage dynamic in 

each cell (3) and (4). In these equations, signals vm1 and vm2 

represent the output voltages of each cell. These voltages 

depend on the dc-link voltage and the control signal values in 

each cell. Moreover, signals p1 and p2 are the instantaneous 

powers demanded or delivered by the current sources 

connected to each cell, respectively. To analyze the steady-

state power balance in the cells of a cascaded converter. In this 

representation, the cells have been replaced by voltage sources 

with values v1 and v2 that are equal to the rms values of the 

fundamental harmonic of the voltages modulated by the cells 

vm1,1 and vm2,1, respectively. Output phase voltage (vab), 

grid voltage (vs), and grid current (is) are considered in the 

equivalent circuit 

 
Figure 3. 2C-CHB Phasorial digram of the voltages and 

currents 
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The rms values can be calculated from the fundamental 

harmonic value of each variable using (5), where xy represents 

the rms and Xy,1 represents the fundamental harmonics 

 yivp yyy
cos                      ………… (6)                                                               

 yivQ yyy
sin

                       ……….. (7) 

The equivalent circuit is composed by sinusoidal voltage 

sources and passive components. As a consequence, it is 

possible to analyze it using conventional active and reactive 
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power definitions under sinusoidal conditions for single-phase 

systems [36]. In (6) and (7), vy and iy are the rms values of the 

voltage and current, respectively, and θy represents the shift 

angle between them. Moreover, Py is the active power which 

is equal to the mean value of the instantaneous power py, and 

Qy is the reactive power. 

 

IV. SIMULATION RESULTS 

In this section, simulation results are shown to validate the 

analysis presented in Section III. For this purpose, a single 

phase 2C-CHB converter prototype has been used. 

  

A.Stable Operation With vc1 ≤ vab and vc2 ≤ vab 

In this case, it is necessary to use both cells to 

generate the output voltage vab. Fig. 4 shows in a red marked 

area the possible points to achieve the desired output voltage. 

Any point outside of this region makes the system unstable 

because the output voltage cannot be modulated with those 

values of the dc-link capacitor voltages. In addition, as shown 

in the figure, the projection of v1 over is is always positive, and 

the same occurs for v2; as a consequence, the active power 

values in both cells are positive, meaning that the grid supplies 

active power to both cells simultaneously. Moreover, it is not 

possible to find a point where the grid supplies active power to 

one cell and, at the same time, the other cell delivers active 

power to the grid.  

 

 
Figure 4: Inverter-1 input voltage 

 
               Figure 5: Multi level Inverter output voltage 

 
Figure 6: Real and reactive power 

In addition, this situation means that it is not possible 

to have the grid supplying active power only to one cell or to 

have only one cell delivering active power to the grid. On the 

other hand, it can be observed that the reactive power 

exchanged with the inductor is supplied by the cells. There is 

no restriction to the reactive power sign contributed by each 

cell. This means that the reactive power in each cell can be 

different; even in one cell; the reactive power can have a 

capacitive nature while the other has an inductive nature. In 

Fig. 5, it is shown that, for a given total amount of active 

power supplied by the grid to the converter, the power 

delivered to each cell has to be between a minimum and a 

maximum value to achieve a stable operation. Fig. 5shows the 

minimum active power that has to be supplied to cell 1. This 

value corresponds with the minimum reachable length of the 

projection of v1 over is, represented in the figure with vmin 1p 

.As the total amount of active power is fixed, this value is 

related with the maximum active power that can be delivered 

to cell 2. It can be noticed that the dc output voltage references 

are achieved without difficulties. Moreover, Is grows or 

decreases in accordance with the output load value variations. 

In addition, the input current is almost in phase with the input 

voltage and presents a low total harmonic distortion (THD), 

This input current has a PF of 0.99 and a THD of 2.5%. This 

THD value has been calculated up to the 50th harmonic order.  

 

B. Unstable Operation With vc1 ≤ vab and vc2 ≤ vab 

In this case, the desired output voltage can be 

achieved using both cells or just using the cell with the higher 

dc voltage. This allows two possible power balance situations 

in the cells. In Fig. 6, the marked red area represents the points 

where both cells are supplied with active power from the grid, 

while the marked green area shows the points where the first 

cell is supplied with active power from the grid while the 

second cell delivers active power to the grid. As in Section III-

A, the reactive power is exchanged between the inductor and 

the cells without restrictions in the reactive power sign 

contributed by each one. Fig. 7 shows a possible solution with 

both cells supplied with active power from the grid, and Fig. 8 

shows a possible solution when the first cell is supplied from 

the grid while the second cell delivers active power to the grid. 

It is worth noting that, when vc1 > vab and vc2 ≤ vab, if the total 

active power supplied to the converter from the grid is 

positive, then only the second cell active power can be 

negative, while the first cell active power is positive; it is not 

possible to have a negative active power in the first cell while 

the second cell has a positive active power value. Fig.8 shows 

the limits for the maximum and minimum active power values 

allowed in the cells to achieve a stable operation, when the 

total amount of active power supplied from the grid to the 

converter is fixed. Two different power balance situations can 

be clearly identified. 

 

 
Figure 7: Inverter-1 input voltage 
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Figure 8: Multi level Inverter output voltage 

 
Figure9: Real and reactive power 

 

The first one can be considered as the conventional operation 

of the converter. In this case, both cells are supplied from the 

grid, and as a consequence, a minimum active power has to be 

supplied to cell 1 from the grid; this value corresponds with 

the minimum reachable length of the projection of v1 over is, 

represented in the figure with vmin 1p . Associated with this 

value is vmax 2p , which is the maximum reachable length of 

the projection of v2 over is and represents the maximum active 

power that can be supplied to cell 2. 

The second power balance situation, shown in Fig. 

13, implies that the active powers in each cell have different 

signs. Thus, the cell with the higher dc voltage is supplied 

from the grid, while the other cell is delivering active power to 

the grid. Under this situation, the values for the maximum 

active power that can be delivered to cell 1 vmax 1p and the 

minimum active power that has to be supplied to cell 2 vmin 2p 

can be defined. In Fig. 14, it can be noticed that vmin 2p has 

opposite direction than is; thus, the second cell is delivering 

active power. Moreover, the maximum active power supplied 

to cell 1 is higher than the total amount of active powers 

delivered from the grid. Initially, the converter is operated 

with a load located inside the stable region. For this purpose, 

two resistors of 40 Ω are connected to the cells, consuming 1 

kW in each cell. Then, a load step is applied to the converter 

in such a way that the converter goes to an unstable point. To 

achieve this condition, a resistor of 100 Ω is connected in the 

first cell and 25 Ω to the second cell, drawing 1.6 and 0.4 kW, 

respectively 
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From the figure 13 and 14 It can be noticed that, for the first 

load configuration, the converter achieves a stable operation, 

the dc voltages are stable in the reference commands, and the 

input current is established in agreement with the output load. 

When the load step is applied, the converter tries to follow the 

references; however, as it is working outside the stable region, 

it is not possible to achieve the commands and the dc voltages 

change without control. Finally, the converter has to be 

stopped to avoid a malfunction caused by the input current or 

by a high output voltage value. 

 

C. Stable Operation with vc1 > vab and vc2 ≤ vab 

In this case, the output voltage can be modulated 

using both cells or just using one of them. As a consequence, 

three possible power balance situations in the cells are under 

concern. In the marked red area of Fig. 10, both cells are 

supplied simultaneously with active power from the grid, 

whereas the marked green area shows the set of points where 

the first cell is supplied with active power from the grid while 

the second cell delivers active power to the grid. On the other 

hand, the marked light blue area represents the set of points 

where the first cell delivers active power to the grid while the 

second cell is supplied with active power from the grid. Again, 

the reactive power is exchanged between the smoothing 

inductor and the cells without restrictions in the sign of the 

reactive power of each cell. 

 

 
Figure 10: Inverter-1 input voltage 

 
Figure 11: Multi level Inverter output voltage 

 
Figure12: Real and reactive power 

Fig. 10 shows the three possible solutions, one for 

each power balance situation under concern. Fig. 11 shows the 

conventional operation, where both cells are supplied with 

active power from the grid. Fig. 12 shows the converter 
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operation when the first cell is supplied from the grid while 

the second cell delivers active power to the grid. Finally, it 

shows a solution with the first cell delivering active power to 

the grid while the second cell is supplied with active power 

from the grid. It can be noticed that, when vc1 > vab and vc2 > 

vab, although the total active power supplied to the converter 

from the grid is positive, it is possible that any one cell 

delivers active power to the grid while the other one is 

supplied with active power from the grid. When the maximum 

and minimum limits of the active power consumed or injected 

by the loads connected to the cells are analyzed, , when the 

power balance through each cell has different signs, are found, 

the maximum active power that can be supplied and the 

minimum active power values that have to be delivered to 

each cell to achieve a stable operation, for a given total 

amount of active powers consumed by the loads connected to 

the converter, are shown. 

 

 
Figure 13: Multilevel inverter fed grid system with output variations 

of current through grid 

 
Figure14: Multilevel inverter fed grid system with output variations 

of real and reactive power 

To develop the test, the following steps are applied. In the 

beginning, both cells are controlled to 200 V, and a resistor of 

100 Ω is connected to each cell. When steady state is 

achieved, the first cell command is changed to 400 V; thus, 

the converter load is consuming 2 kW with both cells supplied 

with active power from the grid. Then, after 1 s, a current 

source is connected to the second cell to supply power from 

the cell to the grid. For this purpose, the source injects a 

current of 1.7 A so that the final active power value supplied 

to the converter from the grid is 1.7 kW, but the first cell is 

supplied from the grid while the second cell delivers active 

power to the grid. However, the controller evacuates this 

power, achieving the voltage reference commands. When grid 

current is observed (Fig. 18), it can be appreciated that the 

current amplitude decreases when the active power is supplied 

from the second cell; thus, there is an energy transfer from the 

second cell to the first cell. 

 

V. CONCLUSION 

A CHB power converter is a suitable topology to be used 

when two or more independent dc voltage values are needed 

in a synchronous rectifier or back-to-back application. 

However, some criteria have to be taken into account to 

achieve a stable converter operation. In this paper, the power 

balance limits in the cells of a single-phase 2C-CHB power 

converter have been addressed. These limits depend on the dc-

link voltage values. It is shown that, under certain conditions, 

it is possible to have opposite sign active power values 

simultaneously in both cells. Moreover, to have a stable 

operation, it is necessary to ensure that, for a total amount of 

active power supplied to the 2C-CHB, both cell loads are 

between the maximum and minimum allowed. Finally, 

simulation results are introduced, validating that the presented 

analysis is an appropriate tool to establish the design criteria 

for the 2C-CHB synchronous rectifier or back-to-back 

application. 
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