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Abstract: In modern inverter applications, multilevel converters are used thanks to their capability 1

of reducing the passive filter volumes, improving the overall THD, sharing the power sources across 2

the several converter cells, and providing a reconfiguration ability in case of failure. However, 3

increasing the number of cells makes more complex the control of the converter. This article 4

proposes a decentralized control technique based on the use of elementary modular controllers, 5

associated with each converter cell and communicating with their close neighbors to obtain the 6

balancing of the powers they supplied. Each modular controller can be dynamically removed or 7

added to allow reconfiguration of the converter for functional safety purpose. This method is 8

applied to a 240V/3A 5-cells Cascaded Full-Bridge Multilevel Converter. The response of the 9

system to load transients and cell voltage disturbances demonstrates the robustness of the proposed 10

decentralized control method. Thanks to the use of modular controllers, the number of levels of the 11

converter can be extended to the order N without adding complexity to its control. 12

13Keywords: Multilevel Converter; Cascaded Multilevel Converter; Decentralized control; 
Dis-tributed control, Balancing Controller; Converter Reconfiguration; Fault tolerant controller 14

1. Introduction 15

In the last decades, power electronics have been used in several applications, such 16

as energy conversion and transmission, electrical traction, and storage systems. In all of 17

these cases, the power converters have a key role, converting the energy of the source into a 18

suitable one for the load, which are based on passive elements and switching devices such as 19

MOSFETs or IGBTs [1,2]. For low and medium-voltage applications, MOSFETs and IGBTs 20

are relatively fast and offer the advantage of controlling device turns on and off. However, 21

these switching devices are limited for high power/voltage applications due to their voltage 22

and current maximum value or switching time. 23

One solution for high power/voltage management is using Multi-Cellular Converters 24

(MCC). The idea of MCCs is to “divide and rule". These converters consist of an arrangement 25

of several cells connected in parallel, in series, or in cascade, allowing the voltage or current 26

distribution at the input or the output. There are many types of MCCs, such as the 27

Flying Capacitor Multilevel Converter (FCMC) [3–7], where the input voltage is distributed 28

among the cell voltages; Cascaded Full Bridge Multilevel Converter (CFBMC) [8–13], 29

where the total output voltage is the sum of the output voltage of each Full Bridge (FB); 30

and Multiphase Buck Converter, where its output current is the sum of the leg current 31

[14–16]. In all these cases the energy is distributed among the cells, allowing the use of 32
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low or medium-power devices for high-power applications. This fact is a great advantage 33

because, normally, low-power devices are faster and more efficient than high-power ones. 34

Therefore, MCCs allow managing high power conversion with low power and fast switching 35

devices. Another feature of the multi-cellular converters is that with suitable frequency 36

modulation techniques [17–20] it is possible to obtain a much higher output frequency than 37

the MOSFETs or IGBTs switching frequency. 38

MCCs offer many advantages, however, there are a lot of challenges to be solved for 39

these topologies. One of them is the ability to balance one variable of the cells according 40

to the application. In FCMC, it is very useful that the capacitor voltages are balanced. 41

Well-balanced capacitor voltages produce the supplied power distributed equally in all 42

the cells. Furthermore, it makes a suitable ripple output voltage [3,4,21]. In the case of 43

Multiphase Buck, balancing the leg current produces an appropriate distribution of the 44

output current of the system [16]. For the case of CFBMC, it is possible to balance the 45

output voltages of each FB to maintain equalized the power delivered by each FB [22–25]. 46

For the same converter, if the sources are batteries, balancing the input current of each FB 47

maintaining well-balanced the charging or discharging of the batteries, making also possible 48

to control their State Of Charge (SOC). All these cell-variables balancing strategies can 49

turn very complicated if the number of cells increases significantly. 50

Another challenge for Multi-cellular converters is the ability to insert or remove cells 51

during operation [3,15,21,23], allowing to increase the power of the converter or giving a 52

fault tolerance ability. 53

There exist many controllers that satisfy all these specifications. In [3,21], a control 54

structure is proposed applied for an FCMC, which balances the capacitor voltages, regulates 55

the output current, and allows a cell insertion/removal ability, obtaining interesting results. 56

The present work applies in the CFBMC the controller proposed in [3,21], develops a 57

mathematical approach of the controller used in this topology, and shows the simulation 58

and experimental results. 59

Section two describes the topology of the CFBMC and models it. The next section 60

presents a description of the decentralized controller. Then in the fourth section, an in-depth 61

analysis of the controller applied to the CFBMC is shown, presenting the closed-loop and 62

open-loop transfer function and analyzing the bandwidth of the system. In section five, 63

the design of the controller is presented, based on the open loop transfer functions of the 64

system, obtaining, theoretically, the eigenvalues of the system. Then, section six presents 65

the simulation and experimental results with three tests: load step, input voltage step, and 66

cell insertion tests. Finally, the conclusion and future works are presented in the seventh 67

section. 68

2. Description of the system 69

This article proposes an adaptation of a decentralized control applied previously to 70

FCMC in [3,21], now implemented in a CFBMC of N Full-Bridges with inductive filter 71

and resistive load. Fig. 1 shows the topology of the converter, using MOSFET as the 72

switching device, where the control is implemented, where Syk, represents the position of the 73

high-side switches, 1, if it is in ON state, and 0 if it is in OFF state, for the kth Full-Bridge 74

(FB), k = 1, 2, . . . , N , y = a for the left side branch of the kth Full-Bridge and y = b for 75

the right side. Syk is the complementary signal of Syk. vek, vsw
Hk, vsw

Ck, isw
k are: the input 76

voltage, the switching output voltage, the switching FB cell input capacitor voltage and 77

the switching FB cell input inductance current of the kth FB, respectively, while isw
o and 78

vsw
o correspond to the output current and voltage of the inverter, respectively. Depending 79

on the position of the switches, the value of Syk varies and also the internal cell signals. 80

In order to simplify the equations, a slow variation assumption is made, compared to the 81

switching frequency and an average model can be proposed, where the variable x is the 82

moving average of the xsw, and x can be: vHk, vCk, ik, vo io. In this work, the goal is to 83

balance the moving average of the output voltage of the Full-Bridges, vHk, called the Cell 84

Voltage (CV) and to regulate the output current, io, which is the Global Variable (GV) and 85
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to provide a means of easily inserting or removing an FB cell without adding complexity to 86

the balancing control system. 87

Figure 1. Cascaded Full-Bridge Multilevel Converter of N FBs

Taking into account that the switching current through the output of each Full-Bridge 88

is isw
o , and the average is io for all the FB cells, balancing their output voltage is equivalent 89

to balance the power delivered by each cell. According to Fig. 1, the dynamic equation of 90

the moving average variable is: 91

i̇k =
1
L

vek − RL
1
L

ik − 1
L

vck
(1a)

v̇Ck
=

1
C

ik − 1
C

ukio (1b)

i̇o =
1

Lo

N∑
k=1

vck
uk − 1

Lo
(Rx + Ro)io (1c)

where uk = dak − dbk, dyk is the duty cycle of Syk, RL is the series resistance of the 92

inductance L, and Rx corresponds to 2NRds + RLo , RDS is the drain-source-ON resistance 93

of the MOSFET and RLo is the series resistance of Lo. The dynamical model of the output 94

voltage of the Full-Bridge, vHk is: 95

vHk
= vCk

uk (2)

According to (1) and (2) the equivalent circuit of the converter is shown in Fig. 2:

Figure 2. Equivalent circuit of the average model of the Cascaded Multilevel Converter of N FBs
96
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Knowing that in the CFBMC all the input voltages have the same nominal value,
vek = v̄e + v̂ek. Hence, according to [12,26], it is possible to simplify the model, considering
the oscillation produced by the input filter and the variations in the input voltage as a
disturbance. Therefore:

vCk
= δvCk

+ v̄e + v̂ek (3)

Based on (1c) and (3), the converter follows the presented model: 97

i̇o =
1

Lo

N∑
k=1

(v̄euk + δvHk ) − 1
Lo

(Rx + Ro)io (4a)

vHk
= v̄ek

uk + δvHk
(4b)

where δvHk
= (δvCk

+ v̂ek)uk. 98

Based on (4), Fig. 3 presents the equivalent linear circuit: 99

Figure 3. Equivalent circuit of the linear model of the Cascaded Multilevel Converter of N levels

Equation (4) represents the linear model of the inverter. Hence, it is possible to express 100

it in Laplace domain: 101

Io(s) =
1

Los + (Rx + Ro)

N∑
k=1

(
v̄eUk(s) + ∆VHk

(s)
)

(5a)

VHk
(s) = v̄eUk(s) + ∆VHk

(s) (5b)

Then, expressing it as a matrix form:

Io(s) = G(s)V1
T (v̄eU(s) + ∆VH(s)) (6a)

VH(s) = v̄eU(s) + ∆VH(s) (6b)

where G(s) =
1

Los + (Rx + Ro)
, ∆VH(s) =

[
∆VH1

(s) ∆VH2
(s) . . . ∆VHN

(s)
]T

, 102

U(s) =
[
U1(s) U2(s) . . . UN (s)

]T , V1 =
[
1 1 . . . 1

]T . 103

104

Fig. 4 shows the block diagram of (6). Thanks to this model, a decentralized controller 105

used to balance the output voltage of the cells vHk is proposed in the next chapter. 106

Figure 4. Block diagram of the linear model of the cascaded FB multilevel converter
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3. Description of the decentralized controller 107

The proposed control loop for this article is based on the controller found in [3,21] that 108

is applied to a FCMC, which shows interesting results. Furthermore, [23] shows a simulation 109

of this controller applied in a grid-tied cascaded multilevel inverter. The presented paper 110

implements the controller to an isolated Cascaded FB Multilevel Inverter, connected to a 111

resistive load with an inductive filter. Fig. 5 shows the proposed control structure. 112

Figure 5. Block diagram of the control system computing the local duty-cycle Uk(s) of the kth

cell.

As Fig. 5 shows, the control structure presents three stages: the Bypass system, the 113

Balancing controller and the Output Current regulator. 114

3.1. The Bypass System 115

The main goal of this block is to manage the communication between the cells depending 116

on its state (active or inactive, ON or OFF). According to Fig. 5, the cell controller receives 117

an enable signal used to turn OFF or ON the FB cell. When the kth FB cell is ON, the 118

bypass system sends VHksense(s) to VHk(s), which is the signal that is sent to the cell k + 1 119

and k − 1, respectively. When the kth cell is OFF, the FB is skipped and the value of 120

VHksense(s) is not sent anymore. Instead of that, the cells k + 1 and k − 1 receive the values 121

of VHk−1(s) and VHk+1(s), respectively. This part of the controller allows the insertion or 122

removal of FB cells during operation. However, if a balancing controller is not implemented, 123

each FB cell can supply different power, voltage, or current that could not be the desired 124

one. 125

3.2. The Output Current Regulator 126

This part of the controller regulates the output current supplied to the load. It is a 127

typical linear controller, KIo(s), that can be a PI or other regulator, based on the transfer 128

function of the plant. According to Fig. 5, the output of the output regulator is defined as: 129

UIo(s) = KIo(s)
(
Iref (s) − Io(s)

)
(7)

3.3. The Cell Power Balancing Controller 130

This stage of the control structure is the cell power balancing controller. It compares
the values of its output voltage VHk(s) with the average value of the output voltages of the
neighboring actives FB cells, VHk−1(s) and VHk+1(s). The error obtained is then canceled
by a linear controller, KV H(s), that can be a PI or another type of compensator.

UVHk
(s) = KVH

(s)
(
2VHk

(s) − VHk+1(s) − VHk−1(s)
)

(8)
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According to (7), (8) and Fig. 5, the output of the entire controller is defined as: 131

Uk(s) =UIo(s) + UVHk
(s) (9a)

Uk(s) =KIo(s)
(
Iref (s) − Io(s)

)
+ KVH

(s)
(
2VHk

(s) − VHk+1(s) − VHk−1(s)
)

(9b)

The control method illustrated in Fig. 5 is applied to each FB cell. Then the cells are 132

connected together in a closed-loop chain of communications to exchange with their close 133

neighbors the values of their output voltage, as shows Fig. 6. 134

Figure 6. Block diagram of the linear model of the cascaded FB multilevel converter with the
proposed controller in closed-loop chain of communication

Notice that the N th cell communicates with the 1st and N − 1th cells, and the 1st cells 135

are compared with the cell 2nd and N th, closing the chain of the system. 136

Expressing (9b) as a matrix form, it follows:

U(s) = KIo(s)
(
Iref (s) − Io(s)

)
V1 + KVH

(s)Diff VH(s) (10)

where

Diff =



2 −1 0 . . . 0 −1

−1 2 −1
. . .

... 0

0 −1 2
. . . 0

...
... 0

. . .
. . . −1 0

0
...

. . . −1 2 −1
−1 0 . . . 0 −1 2


4. Closed-Loop System Analysis 137

This section shows the mathematical study of the closed-loop system using the proposed 138

controller. The analysis of the transfer functions which comprise the output current regulator 139

and the local balancing controller makes it possible to determine the nature and the 140

parameters of the controllers used. Their design is discussed in the next chapter. The block 141

diagram of the system, and the model of the converter with the controllers is shown in Fig. 142

7. 143
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Figure 7. Block diagram of the Closed-Loop system with the proposed controller

Thanks to Fig. 7, one can determine the open-loop transfer function and the closed-loop 144

transfer function of the output regulator and the ones of the balancing controller. 145

4.1. Output Current Regulator Analysis 146

To design the output regulator it is necessary to perform an analyzes the output 147

regulator loop. Hence, inserting the decentralized controller, proposed in (10), into the 148

model of the output current control loop of the inverter, and taking into account that 149

V1
T V1 = N and V1

T Diff = 0, (6a) one obtains: 150

Io(s) =
Nv̄eKIo(s)

Los + Rxo︸ ︷︷ ︸
FolI o(s)

(
Iref (s) − Io(s)

)
+

1
Los + Rxo

V1
T ∆VH(s)

(11)

where Rxo = Rx + Ro and FolIo
(s) is the open-loop transfer function of the output current 151

regulator. 152

Notice that the term related to the balancing control stage is removed in the transfer 153

function because Diff represents the Laplacian of a graph. Indeed, according to [3,21,23], 154

the sum of the elements of the rows and the sum of the elements of the columns is zero. 155

Because this matrix is post multiplied by V1, the results are zero. Based on FolIo(s), the 156

design of KIo(s) is provided in the next section. 157

In order to get a better understanding of the balancing control loop, it is necessary to
analyze the closed-loop transfer function of the output regulator, FclIo(s), which is defined
below.

Io(s) =
Nv̄eKIo(s)

Los + Rxo + Nv̄eKIo(s)︸ ︷︷ ︸
FclIo(s)

Iref (s) +
1

Los + Rxo + Nv̄eKIo(s)︸ ︷︷ ︸
Fdist(s)

V1
T ∆VH(s) (12)

It shows that the resulting regulated output current is provided by the separate 158

contribution of the current loop FclIo
(s) and a disturbance transfer function, Fdist(s), 159

generated by the oscillations of the input voltage capacitors and the duty cycles of each cell 160

FB. 161

For the next subsection it should be considered if the output regulator is well designed, 162

when Iref (s) is a step, Iref (s) =
Ia

s
at t → ∞, means that with s → 0, io(t) = Ia, producing 163

that FclIo
(s) = 1 when s → 0. 164

4.2. Cell Power Balancing Control loop analysis 165

Now, the balancing control loop has to be analyzed Inserting (10) in (6b), it follows: 166

VH(s) = v̄eKVH
(s)Diff VH(s) + v̄eKIo(s)

(
Iref (s) − Io(s)

)
V1 + ∆VH(s) (13)
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Inserting (12) in (13), one obtains

VH(s) =v̄eKVH
(s)Diff VH(s) +

v̄eKIo(s)(Los + Rxo)

Los + Rxo + Nv̄eKIo(s)
Iref (s)V1

+

(
I− v̄eKIo(s)

Los + Rxo + Nv̄eKIo(s)
V1V1

T

)
∆VH(s)

(14)

Simplifying: 167

VH(s) = v̄eKVH
(s)Diff︸ ︷︷ ︸

FolVH(s)

VH
′(s) +

1
N

FclIo
(s)(Los + Rxo)Iref (s)V1

+

(
I− 1

N
FclIo

(s)V1V1
T

)
∆VH(s)

(15)

where VH
′(s) is the excitation signal. The controller KVH

(s) is defined based on the desired 168

bandwidth of FolV H
(s), which is directly linked to the eigenvalues of the matrix Diff , then 169

it is described in the next section. 170

4.3. Global closed-loop analysis 171

According to (11), and (13), Fig. 8 shows the simplified closed-loop block diagram.

Figure 8. Simplified closed-loop transfer function of the system
172

Notice that VH(s) depends on three inputs, one corresponds to the balancing controller, 173

other depends on the disturbance, ∆VH(s), and the last one depends on the output current 174

loop, which affects all the cell voltages at the same time. Analyzing in steady state, according 175

to (15), when s → 0, if the controller is well designed, FclIo(s) = 1, producing that the 176

trajectory in steady states for VH(s) is R

N
Iref (s). 177

5. Design of the controllers 178

Now, both controllers have to be designed, taking into account some criteria, such as 179

bandwidth of the loops and the correlation of Bode analysis between the two loops. 180

5.1. Design of the Output Current Regulator 181

Based on FolIo
(s), for a stable and low bandwidth system, an integral corrector can be

proposed for KIo(s), and the chosen controller type for the output current regulator is an
Integral (I) controller, hence:

KIo(s) = ki
1
s

(16)

The Bode analysis of FolIo(s), KIo(s) and G(s) are shown in Fig. 9: 182
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Figure 9. Bode diagram of G(s), KV H (s) and FolIo
(s)

According to Fig. 9, it follows:

α =
kiLo

Rxo
(17a)

αv̄e

Rxo
=

BωIoLo

Rxo
(17b)

ki =
BωIoRxo

Nv̄e
(17c)

where BωIo
is the bandwidth of the output regulator, which is fixed ten time less than the 183

switching frequency of the MOSFETs, fsw. 184

5.2. Design of the cell power balancing controllers 185

The balancing controller is designed based on the FolV H
(s) expression. According to

(15), FolVH(s) = v̄eKVH
(s)Diff . Then, decomposing Diff in its modal and diagonal matrix,

FolVH(s) follows to:

Diff = VeigΛV−1
eig (18a)

FolVH(s) = Veig v̄eKVH
(s)Λ︸ ︷︷ ︸

Π(s)

V−1
eig (18b)

where Λ and Veig are the Diagonal and Modal matrix of Diff , respectively. It should be
noted that one eigenvalue of Diff is equal to 0, because it is a Laplacian of a graph.

Λ =


λ1 0 . . . 0

0 λ2
. . .

...
...

. . .
. . . 0

0 . . . 0 λN

; λ1 = 0 (19)

Π(s) represents the transfer function of the modal response, defined as:

Π(s) = KVH
(s)


p1(s) 0 . . . 0

0 p2(s)
. . .

...
...

. . .
. . . 0

0 . . . 0 pN (s)

 (20)
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where pk(s) = v̄eλk. 186

Hence the open-loop transfer function of the kth mode is: 187

Folmk
(s) = v̄eλkKVH

(s) (21)

It should be mentioned that Diff corresponds to a circulant matrix MC, which is 188

described as: 189

MC =


c1 c2 · · · cN

cN c1
. . .

...
...

. . .
. . . c2

c2 · · · cN c1

 (22)

Since Diff is a circulant matrix, it is possible to obtain an expression of its eigenvalues.
According to [27] the eigenvalues of a circulant matrix are:

λk =
N∑

n=1
cne

ĵ
2π(n − 1)(k − 1)

N (23)

where ĵ =
√

−1. 190

It can be observed that for the case of the Diff , the coefficients, cks, are: 191

cn =


2 ; n = 1

−1 ; n =
{

2, N
}

0 ; n =
{

3, 4, · · · , N − 1
} (24)

Therefore, according to (23) and (24), the eigenvalues of Diff are defined as:

λk =c1 + c2e
2π(k−1)

N ĵ + cNe
2π(k−1)(N−1)

N ĵ

λk =2
(

1 − cos
(

2π(k−1)
N

)) (25)

Notice that the first eigenvalue, λ1, is equal to 0, validating that it also represents the 192

Laplacian of a graph. Furthermore, because of the symmetric property of the cosine, the 193

kth eigenvalue is equal to the (N + 1 − k)th eigenvalue. Finally, the highest eigenvalue is 194

obtained for k =
N

2 + 1 when N is even, and k =
N ± 1

2 + 1 when N is odd. The maximum 195

case is produced when N is even, generating a λmax = 4. For odd values of N the highest 196

eigenvalue tends to be 4 when N increases. The design of the balancing controller is based 197

on the possible maximum eigenvalue, λmax, and the minimum eigenvalue, λmin = λ1, which 198

values are 4 and 0, respectively. 199

λmin = 0 means the system presents a pure integrator that theoretically is stable. 200

However, because of numeric approximations in the implementation, the system may be 201

unstable after a long lapse. For that reason, the selected controller corresponds to a low-pass 202

filter that ensures the stability of the system, with a pole located at a very low frequency. 203

Hence, the proposed controller is: 204

KV H(s) = kpV

(
kiV

s + kiV

)
(26)

In order to determine the parameters of the controller, Fig. 10 shows the Bode diagram 205

of KV H(s), pk(s), folmk(s). 206

Based on the Bode diagram of Fig. 10, the bandwidth BωV is set using the kpV 207

parameter: 208
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Figure 10. Bode diagram of pmax, KV H (s) and Folmk(s) of the CFBC

veλmaxkpV =
BωV

kiV

kpV =
BωV

veλmaxkiV

(27)

The bandwidth, BωV , must be ten times less than the switching frequency 2πfsw. Due 209

to that, the converter can work either as an inverter, or as a DC/DC converter, the pole 210

kiV is selected ten times less than the operating frequency of the inverter. 211

6. Results 212

A prototype implements the proposed decentralized controller is now considered. It 213

has been carried out in the laboratory for measurement purpose. The controllers are 214

implemented in a Cascaded Multilevel Inverter of 5 FBs, as shown in Fig. 11. 215

Both simulation and experimental results, developed hereafter, are obtained with the 216

converter working as a DC/AC converter, with three different tests: an input voltage step, 217

a load step and a cell insertion during operation. Furthermore, a modal response simulation 218

is also presented. The parameters of the controllers are shown in Table 1: 219

Figure 11. Setup of the Cascaded Full-Bridge Multilevel Inverter
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Table 1. Parameters of the CFBMC

Parameter Value
Number of FBs N 5
Input Voltage (ve) 48 V
Input Inductance (L) 1.8 mH
ESR of L (R) 200 mΩ
Input Capacitance (C) 4 mF
Drain-Source ON Resistance (RDS) 58 mΩ
Frequency of the inverter (f) 60 Hz
Iref as an inverter 1.7 sin(2πft) A
Iref as a DC/DC converter 1.7 A
Switching frequency (fsw) 12.5 kHz
Load Resistance (Ro) 60 Ω − 100 Ω
ki 1884 A−1s−1

kpV 39 V −1s−1

kiV 37.7 rads/s

6.1. Modal Response Simulation 220

This simulation corresponds to the modal respond of the transfer function of the 221

balancing loop. For N = 5, Λ corresponds to: 222

Λ =

√
5

2


0 0 0 0 0
0

√
5 − 1 0 0 0

0 0
√

5 + 1 0 0
0 0 0

√
5 + 1 0

0 0 0 0
√

5 − 1

 (28)

Appendix 1 shows the demonstration of these values, which their numeric values are: 223[
λ1 λ2 λ3 λ4 λ5

]T
=

[
0 1.38 3.62 3.62 1.38

]T
224

while the modal matrix, Veig, is: 225

Veig =


1.00
1.00
1.00
1.00
1.00︸ ︷︷ ︸

Veig(λ1)

1.00
−0.57
−1.35
−0.26

1.19︸ ︷︷ ︸
Veig(λ2)

1.00
−0.52
−0.16

0.78
−1.1︸ ︷︷ ︸

Veig(λ3)

1.00
−2.00

2.23
−1.61

0.38︸ ︷︷ ︸
Veig(λ4)

1.00
1.33

−0.18
−1.44
−0.72


︸ ︷︷ ︸
Veig(λ5)

(29)

Using the eigenvectors as the initial conditions, Fig. 12 shows the modal respond of 226

the system. 227
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Figure 12. Modal response of the of the CFBMC with the decentralized controller

It is clearly observed that the system is stable and the time response of the modes 228

are very different. Depending on the parameter kpV of the decentralized controller, this 229

time response can be adjusted. Table 2 shows a comparison between the theoretical time 230

constants and the ones obtained by simulation. 231

Table 2. Time constants of the CFBMC

τk Theoretical (ms) Simulated (ms)
τ2 0.384 0.38
τ3 0.146 0.14
τ4 0.146 0.14
τ5 0.384 0.38

Notice that given that there are two pairs of similar eigenvalues, there are also two 232

pairs of time constants, meaning that there are two double poles at these time constants. 233

Furthermore, it can be observed that simulated and theoretical values are very similar, 234

validating the performance of the controller. 235

6.2. Full System Simulation Results 236

The first simulation test corresponds to a load transient from 95 Ω to 70 Ω. Fig. 13 237

shows vs and io when the converter works as a DC/AC converter. 238

It is observed that before the disturbance occurs, the multilevel converter uses 9 voltage 239

levels. After the disturbance, only 7 levels are required to regulate the output current. Notice 240

also that the CVs are balanced during all the simulation, before and after the disturbance, 241

validating for DC/AC conversion that when a disturbance in the output current occurs, the 242

CVs are not unbalanced, only their common average value are affected. Furthermore, the 243

current is stabilized during a small transient, less than 1 ms. 244
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Figure 13. Load transient test as a DC/AC converter

The next simulation result, shown in Fig. 14, corresponds to an input cell voltage 245

disturbance, i.e. a step voltage from 40 to 50V for the inverter with a resistive load of 77 Ω. 246

Figure 14. Input cell voltage step response simulation for the inverter case

It should be noted that the voltage disturbance almost affects neither the output 247

current io nor the output voltage vs, while the CVs are automatically balanced thanks to the 248

decentralized controllers in only 0.5 ms. Fig. 14 also shows that, by nature of the inverter, 249

when one of the input voltages is 40 V, there exists an asymmetric ripple in isw
o and vsw

s 250

and when the input voltage is 50 V, the ripples are equalized. However, in both cases the 251

average output current io and the vHks are well regulated and balanced, respectively. 252

The next simulation corresponds to a cell insertion during operation, going from 4 FBs 253

to 5 FBs, when the converter operates as an inverter. Fig. 15 shows the results obtained for 254

the vHks, io and vs signals. 255

It should be noticed that before the cell insertion, io and vs present both a high ripple, 256

due to a constant control signal interleaving set for 5 cells, i.e. signal phase. Even if 257

the ripple is high, the average value of the output current is regulated when only 4 cells 258

are activated. When the fifth FB cell is inserted, io presents an overshoot and then it is 259

stabilized in less than 0.25 ms. vHks voltages are balanced when there are 4 FBs and then, 260

when the 5th cell is inserted, there are auto balanced, reaching a new operation point in 261

0.25 ms approximately. 262
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Figure 15. FB insertion simulation for blue the inverter case

This test validates by simulation the three functions of the controller, the balancing 263

of the CV, the regulation of the GV, and the bypass system activation. It can be inferred 264

that all the simulation results are in concordance with the previous theoretical study, 265

producing the expected behavior in terms of reconfigurability, bandwidth and stability for 266

this multilevel converter topology. 267

6.3. Experimental Results 268

The experimental results are developed with a prototype composed of a CFBMC of 5 269

FB, fed by Li-ion Batteries of 48 V, with the parameters described in table 1. More details 270

related to the construction of the inverter is presented in [28]. 271

In order to compare the simulation and experimental results, the tests developed here 272

are the same than the ones illustrated in the previous simulations. 273

Fig. 16 shows the experimental results of first test, corresponding to a load step (or 274

load transient). It can be seen that there exists a concordance with the simulation result of 275

this test, presenting similar overshoot in the current and similar settling time. Moreover, 276

the switching levels of vs are the same. Furthermore, as happened in the simulation, the 277

operating points of vHks change in 0.5 ms without any unbalance between them. 278

Figure 16. Load transient experimental test in DC/AC mode
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The next result corresponds to the disturbance in one input voltage FB cell. Fig. 17 279

shows the behavior of the output current isw
o , the output voltage vsw

s , the switching output 280

voltage of each FB 1, 4 and 5, vsw
Hk, ∀k = {1, 4, 5}, and their respectively moving average, 281

vHks. 282

Figure 17. Input cell voltage disturbance experimental test.

It should be noted that the step voltage is almost not detected in vHs. This is because 283

the input filters presented in the converter smooth the effect of the voltage disturbance. 284

Furthermore, it can be observed that during all the experiments vHks voltage are well 285

balanced. This observation also validates the balancing controller, maintaining the same 286

output voltage of each FB cell even when the input voltages change. Additionally, the 287

output current is well regulated. 288

The next result, presented in Fig. 18, corresponds to a FB cell insertion during 289

operation, starting with 4 FB cell and inserting the 5th FB cell. It is important to note that 290

the current follows the reference during all the experiments, presenting a small transient 291

when the FB cell is inserted. Furthermore, it can be observed that the CVs are well 292

balanced after the insertion, reaching a new operating point with a settling time of 0.6 ms, 293

approximately. These values are in concordance with the predicted time constants of the 294

system and show a strong similarity with the simulation results. This test validates the 295

three stages of the controller, the balancing controller, the GV regulator, and the bypass 296

system. 297

It can be inferred that all the experimental tests are in concordance with the simulation 298

tests and the theoretical studies developed in this paper, demonstrating the good performance 299

of the controller for this topology. 300

Figure 18. FB cell insertion experimental test in DC/AC mode
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7. Conclusion 301

A decentralized control principle for the balancing of the power delivered by the FB 302

cell of a multilevel converter has been shown in this paper. 303

The decentralized control is composed of several controllers, each associated with a cell 304

of the inverter, which adjust their local control signal by comparing their sensed cell voltage 305

with those of the closest neighbors. 306

This control method can handle a huge number of cells and makes it possible to obtain 307

a robust system for the case of load transient and cell battery voltages variations. 308

Moreover, it allows to manage the number of active cells and to carry out reconfiguration 309

during operation. These reconfiguration capability can be useful in case of a cell failure and 310

address functional safety concerns. 311

Tests of a laboratory prototype help to demonstrate the robustness of the proposed 312

method. 313

Two future works are in mind with this control method. The first one is the implemen- 314

tation of this controller for balancing the state of charge of the batteries that are the input 315

sources of a CFBMC, and the second future work is the implementation of this control 316

method in a multi-phase buck converter. 317

8. Appendix 318

8.1. Appendice 1: Demonstration of the eigenvalues 319

For N = 5, the eigenvalues are:

λ1 =2(1 − cos(0))
λ2 =2

(
1 − cos

(2π
5

))
λ3 =2

(
1 − cos

(4π
5

))
λ4 =2

(
1 − cos

(6π
5

))
λ5 =2

(
1 − cos

(8π
5

))
Using trigonometric identities, follows to:

λ1 =0
λ2 =2

(
1 − cos

(2π
5

))
λ3 =2

(
1 + cos

(
π
5

))
λ4 =2

(
1 + cos

(
π
5

))
λ5 =2

(
1 − cos

(2π
5

))
assigning α = cos(π/5), and using trigonometric identities follows:

λ1 =0
λ2 =4

(
1 − α2)

λ3 =2(1 + α)

λ4 =2(1 + α)

λ5 =4
(
1 − α2)

Hence, obtaining α all the eigenvalues are found. Taking into account that cos
(

π
2

)
= 0,

cos
(
2π

5 +
(1

2
)

π
5

)
= 0, hence:

cos
(
2π

5
)

cos
((1

2
)

π
5

)
− sin

(
2π

5
)

sin
((1

2
)

π
5

)
= 0
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Using the double and half angle formulas and taking into account that α = cos
(

π
5

)
follows:

(
2α2 − 1

)√
1 + α√

2
− 2α

√
1 − α2

√
1 − α√

2
= 0

(√
1 + α

)(
2α2 − 1 − 2α(1 − α)

)
= 0

(√
1 + α

)(
4α2 − 2α − 1

)
= 0

α = −1 % because it produces an angle of π/2

α =
1 −

√
5

4 % because α should be positive

α =
1 +

√
5

4 ✓

Hence:

λ1 =0

λ2 =
√

5
2

(√
5 − 1

)
λ3 =

√
5

2

(√
5 + 1

)
λ4 =

√
5

2

(√
5 + 1

)
λ5 =

√
5

2

(√
5 − 1

)
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