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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 1

converter can be extended to the order N without adding complexity to its control. 12
Keywords: Multilevel Converter; Cascaded Multilevel Converter; Decentralized control; 13
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 1
as energy conversion and transmission, electrical traction, and storage systems. In all of
these cases, the power converters have a key role, converting the energy of the source into a s
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
are relatively fast and offer the advantage of controlling device turns on and off. However, =2
these switching devices are limited for high power/voltage applications due to their voltage 2
and current maximum value or switching time. 2

One solution for high power/voltage management is using Multi-Cellular Converters 2
(MCC). The idea of MCCs is to “divide and rule”. These converters consist of an arrangement 2
of several cells connected in parallel, in series, or in cascade, allowing the voltage or current
distribution at the input or the output. There are many types of MCCs, such as the o
Flying Capacitor Multilevel Converter (FCMC) [3—7], where the input voltage is distributed 2
among the cell voltages; Cascaded Full Bridge Multilevel Converter (CFBMC) [8-13],
where the total output voltage is the sum of the output voltage of each Full Bridge (FB);
and Multiphase Buck Converter, where its output current is the sum of the leg current =
[14-16]. In all these cases the energy is distributed among the cells, allowing the use of =
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low or medium-power devices for high-power applications. This fact is a great advantage s
because, normally, low-power devices are faster and more efficient than high-power ones. 2
Therefore, MCCs allow managing high power conversion with low power and fast switching s
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 s
the MOSFETs or IGBTs switching frequency. 38

MCCs offer many advantages, however, there are a lot of challenges to be solved for s
these topologies. One of them is the ability to balance one variable of the cells according 4
to the application. In FCMC, it is very useful that the capacitor voltages are balanced. a
Well-balanced capacitor voltages produce the supplied power distributed equally in all
the cells. Furthermore, it makes a suitable ripple output voltage [3,4,21]. In the case of
Multiphase Buck, balancing the leg current produces an appropriate distribution of the
output current of the system [16]. For the case of CFBMC, it is possible to balance the s
output voltages of each FB to maintain equalized the power delivered by each FB [22-25]. 4
For the same converter, if the sources are batteries, balancing the input current of each FB  «
maintaining well-balanced the charging or discharging of the batteries, making also possible
to control their State Of Charge (SOC). All these cell-variables balancing strategies can 4
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 s
during operation [3,15,21,23], allowing to increase the power of the converter or giving a =
fault tolerance ability. 53

There exist many controllers that satisfy all these specifications. In [3,21], a control s
structure is proposed applied for an FCMC, which balances the capacitor voltages, regulates  ss
the output current, and allows a cell insertion/removal ability, obtaining interesting results. s

The present work applies in the CEBMC the controller proposed in [3,21], develops a s
mathematical approach of the controller used in this topology, and shows the simulation  ss
and experimental results. 50

Section two describes the topology of the CFBMC and models it. The next section e
presents a description of the decentralized controller. Then in the fourth section, an in-depth &
analysis of the controller applied to the CFBMC is shown, presenting the closed-loop and &
open-loop transfer function and analyzing the bandwidth of the system. In section five, e
the design of the controller is presented, based on the open loop transfer functions of the ¢
system, obtaining, theoretically, the eigenvalues of the system. Then, section six presents s
the simulation and experimental results with three tests: load step, input voltage step, and ¢
cell insertion tests. Finally, the conclusion and future works are presented in the seventh &
section. 68

2. Description of the system 69

This article proposes an adaptation of a decentralized control applied previously to
FCMC in [3,21], now implemented in a CFBMC of N Full-Bridges with inductive filter n
and resistive load. Fig. 1 shows the topology of the converter, using MOSFET as the
switching device, where the control is implemented, where Sy, represents the position of the 7
high-side switches, 1, if it is in ON state, and 0 if it is in OFF state, for the k** Full-Bridge 7
(FB), k=1, 2, ..., N, y = a for the left side branch of the k' Full-Bridge and y = b for =
the right side. Sfyk is the complementary signal of Syi. ver, Vi, vy, i are: the input 7
voltage, the switching output voltage, the switching FB cell input capacitor voltage and
the switching FB cell input inductance current of the k" FB, respectively, while ¥ and s
v correspond to the output current and voltage of the inverter, respectively. Depending 7
on the position of the switches, the value of S, varies and also the internal cell signals. &
In order to simplify the equations, a slow variation assumption is made, compared to the &
switching frequency and an average model can be proposed, where the variable x is the =
moving average of the =%, and x can be: vy, vok, ik, Vo Go- In this work, the goal is to
balance the moving average of the output voltage of the Full-Bridges, vgy, called the Cell &
Voltage (CV) and to regulate the output current, i,, which is the Global Variable (GV) and
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to provide a means of easily inserting or removing an FB cell without adding complexity to s
the balancing control system. 87

l'SW

oy
Y'Y\

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

Taking into account that the switching current through the output of each Full-Bridge s
is 15", and the average is 4, for all the FB cells, balancing their output voltage is equivalent e
to balance the power delivered by each cell. According to Fig. 1, the dynamic equation of s

the moving average variable is: o1
. 1 1. 1
1 = Evek - RLZlk - Zvck (1a)
. 1. 1
oy = Gk~ G Uklo (1b)
1 & 1
iy = L—O];vckuk - L—O(Rx—i—Ro)io (1c)

where wp = dgi — dpg, dyi is the duty cycle of Sy, Ry is the series resistance of the o
inductance L, and R, corresponds to 2N R4s 4+ Ry, Rpg is the drain-source-ON resistance o
of the MOSFET and Ry, is the series resistance of L,. The dynamical model of the output
voltage of the Full-Bridge, vy, is: o

VH, = VO, Uk (2)

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

i,—»
X MY
FB
]
L()
UVer=Vhr
B, +

O r[ ]y,
UVer=Va -

+ FBy
Yen
C |- Ui, UNVCN=VHN

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,
Veg, = Te + Dep- 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:

Vo, = 5UCk + Ve + Ve, (3)
Based on (1c) and (3), the converter follows the presented model: o
1 1
.O f Zl Ueuk + 6ka) - fO(RE _'_ Ro)io (43‘)
= ey Uk + Ouyyy, (4b)
where 0y, = (Ovgy, + Ve ) Uk o8
Based on (4), Fig. 3 presents the equivalent linear circuit: %
AR
5\1[-]] + io LO
FB, Vi
up )
Ot 6 + +
FB; Vi % I:]
que é - _(1
RO
1
!
5VHN +
FBy Vin
uNVe -

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 10
it in Laplace domain: 101

N
Io(s) — T ( 1 O) kgl('ﬁeUk(s) + AVHk (S)) (5&)

Vi, (5) = 5Ug(5) + Ay, () (5b)

Then, expressing it as a matrix form:

I,(s) = G(s)V11 (8. U(5) + Ay () (6a)
Va(s) = 7U(s) + Avy (s) (6b)
1 T
where G(s) = Tt (o Ry) Avyy(s) = {AVHl () Dvy,(s) - Dy (s)} , 102
T T
U(S) - [Ul(s) UQ(S) UN(S)] ,V1 - [1 1 ... 1] . 103
104
Fig. 4 shows the block diagram of (6). Thanks to this model, a decentralized controller 1o
used to balance the output voltage of the cells vy, is proposed in the next chapter. 106
Va1 ] LE)
o) Qe
AVH(S)

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 10
is applied to a FCMC, which shows interesting results. Furthermore, [23] shows a simulation 10
of this controller applied in a grid-tied cascaded multilevel inverter. The presented paper 10
implements the controller to an isolated Cascaded FB Multilevel Inverter, connected to a 1
resistive load with an inductive filter. Fig. 5 shows the proposed control structure. 112

Output
Bypass Ve1(8)  Vils) L(s) Regulgtor

System I —————
________ \ :
S AR
A N

[y

VHksense (S)

e N !
7'y —_———E e ———

v Balancing
Vinds) Vige-1(5) Controller

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

cell.

As Fig. 5 shows, the control structure presents three stages: the Bypass system, the 13
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 w7
an enable signal used to turn OFF or ON the FB cell. When the k" FB cell is ON, the 1s
bypass system sends Vigsense(s) t0 Vigr(s), which is the signal that is sent to the cell k+1 1o
and k — 1, respectively. When the k" cell is OFF, the FB is skipped and the value of 10
VHksense(s) is not sent anymore. Instead of that, the cells k 4+ 1 and k — 1 receive the values 1
of Vigr_1(s) and Vgi1(s), respectively. This part of the controller allows the insertion or 12
removal of FB cells during operation. However, if a balancing controller is not implemented, 12
each FB cell can supply different power, voltage, or current that could not be the desired 12
one. 125

3.2. The Output Current Regulator 126

This part of the controller regulates the output current supplied to the load. It isa w7
typical linear controller, Ky, (s), that can be a PI or other regulator, based on the transfer 1z
function of the plant. According to Fig. 5, the output of the output regulator is defined as: 12

U1, (s) = K1,(5) (Ires (s) = Lo(s)) (7)

8.8. 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 Vi (s) with the average value of the output voltages of the
neighboring actives FB cells, Viz_1(s) and Vyg41(s). The error obtained is then canceled
by a linear controller, Ky, H(s)> that can be a PI or another type of compensator.

UVHk (8) = KVH (S) (2VHk (5) - VHk+1 (5) - VHk_1(s)) (8)
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According to (7), (8) and Fig. 5, the output of the entire controller is defined as:

Us(s) =Ur,(s) + Uy, ()
Uk(s) :KIO (8) (I,«ef(s) — Io(s)) + KVH (S) (2VHk (8) — VHk+1 (8) — VHk—l (8))

(9a)
(9b)
The control method illustrated in Fig. 5 is applied to each FB cell. Then the cells are

connected together in a closed-loop chain of communications to exchange with their close
neighbors the values of their output voltage, as shows Fig. 6.

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** cell communicates with the 15t and N — 1% cells, and the 1% cells
are compared with the cell 27¢ and N*, closing the chain of the system.
Expressing (9b) as a matrix form, it follows:

U(s) = Ky, (s) (Iref(s) — Io(s))Vl + Ky, (s)Dig VH(s) (10)

where
r2 -1 0 0 —17
-1 2 -1 0
0 -1 2 0
Dig =
0 -1 0
0o -1 2 -1
-1 O 0o -1 2]

4. Closed-Loop System Analysis

This section shows the mathematical study of the closed-loop system using the proposed
controller. The analysis of the transfer functions which comprise the output current regulator
and the local balancing controller makes it possible to determine the nature and the
parameters of the controllers used. Their design is discussed in the next chapter. The block
diagram of the system, and the model of the converter with the controllers is shown in Fig.
7.
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Kyyi(s)Dige

I yr I,(s)
1
Ls+(R,+R)

L(s)
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 1
transfer function of the output regulator and the ones of the balancing controller. 125

4.1. Output Current Regulator Analysis 146

To design the output regulator it is necessary to perform an analyzes the output i
regulator loop. Hence, inserting the decentralized controller, proposed in (10), into the 14
model of the output current control loop of the inverter, and taking into account that 1o

V1TVi = N and Vi"Djg = 0, (6a) one obtains: 150

N'I_JEKI (S) 1 T

Iy(s) = —2"2(I,.+(8) = I,(5)) + —————V1" A s
O( ) Los + Ryo ( T6f< ) O< )) Los + Ryo ! VH( ) (11)
—_————
Follo(s)

where Ry, = Ry + R, and F,, (s) is the open-loop transfer function of the output current s
regulator. 152

Notice that the term related to the balancing control stage is removed in the transfer 1ss
function because Djg represents the Laplacian of a graph. Indeed, according to [3,21,23], 15
the sum of the elements of the rows and the sum of the elements of the columns is zero. 1
Because this matrix is post multiplied by V1, the results are zero. Based on Fy1,(s), the 15
design of K7, (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, Fir,(s), which is defined

below.
Nu. Ky (S) 1 -
Tols) = ] I vi'A 12
O(S) Los + Ryo + NﬁeKIo (S) TEf(S) * Los+ Rgo + N’l_JeKIo (3> ! Vu (S) ( )
Fearo(s) Fuist(s)

It shows that the resulting regulated output current is provided by the separate iss
contribution of the current loop Fy, (s) and a disturbance transfer function, Fye(s), 1
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, 1

I

when I,f(s) is a step, Icf(s) = —= at t — oo, means that with s — 0, i,(¢) = I, producing e
s

that Fiy, (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: 16

VH(S) = 'UeKVH (S)Diﬁ'VH(S) + 'DeKIO (S) (Iref(s) — Io(s))Vl —+ AVH (S) (13)
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Inserting (12) in (13), one obtains
B K1, (8)(Los + Ryo)
Vv =T K D;gV 2 I, Vv
m(s) =0eKv, () Dia Ve (o) + 7 Nk, (5) e (V1 (14)
UK, () T
I- S vivili)A
+ < Los + Roo + NOE L (s) 0! Vi (%)
Simplifying: 167
1
VH(s) = 0Ky, (s)Dig Va'(s) + NFcz,o(S)(Los + Ruo)lrep(s)V1
—_———
FOIVH(S) (15)
1
+ (H — NFClIo (S)V1V1T> AVH (8)

where V' (s) is the excitation signal. The controller Ky, (s) is defined based on the desired 16
bandwidth of Fy, (s), which is directly linked to the eigenvalues of the matrix Djg, then 160
it is described in the next section. 170

4.3. Global closed-loop analysis 7
According to (11), and (13), Fig. 8 shows the simplified closed-loop block diagram.

Im/(s_)_
Ayp(s) |
The trajectory of the
steady state of Vy(s)
___— Disturbance
| _y u(s)

Figure 8. Simplified closed-loop transfer function of the system
172
Notice that Vz(s) depends on three inputs, one corresponds to the balancing controller, 17

other depends on the disturbance, Av (s), and the last one depends on the output current 17
loop, which affects all the cell voltages at the same time. Analyzing in steady state, according s
to (15), when s — 0, if the controller is well designed, Fj,(s) = 1, producing that the 1o

R
trajectory in steady states for Vg (s) is Nlref(s). 177
5. Design of the controllers 178
Now, both controllers have to be designed, taking into account some criteria, such as 1
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 Fy,, (s), for a stable and low bandwidth system, an integral corrector can be
proposed for K To(s)> and the chosen controller type for the output current regulator is an

Integral (I) controller, hence:

K[D(S) = /Cz% (16)

The Bode analysis of Foly,(s), K, (s) and G(s) are shown in Fig. 9: 182
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-1 .
a |KI()(Ia))|
0 \l\'1
aNv, T
—_— s k;
Rox BwIO 2
Nﬁe - Fu/[u(/('))|
Rox o <
|G(jw)|
1
Figure 9. Bode diagram of G(s), Ky g (s) and F,,,(s)
According to Fig. 9, it follows:
kiLo
a=— 17a
o (17a)
ale Bw[ L
2 _ TWioko 17b
RIO RIO ( )
B, R,
k; = ——lotzo 17
! N, (17¢)
where By, is the bandwidth of the output regulator, which is fixed ten time less than the 1
switching frequency of the MOSFETS, fq.- 184
5.2. Design of the cell power balancing controllers 185

The balancing controller is designed based on the Fy;,,,, (s) expression. According to
(15), Folygy (5) = 9Ky, (s)Dig. Then, decomposing Djg in its modal and diagonal matrix,
Foly g (s) follows to:

Dig = veigAv;i}% (18a)
Folyy (5) = Veig 0 Kvy, (s) AV g1 (18b)
N————’

T(s)

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

A0 ... 0

A=Y I D W (19)
Do o0
0 ... 0 Ay

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

p1($) 0 0
M) = Ky, ()| 0 P2

6 0. pN(S)
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where pk(s) = Te k. 186
Hence the open-loop transfer function of the k" mode is: 187
Foim,, (5) = 0Ky, (5) (21)
It should be mentioned that Dig corresponds to a circulant matrix Mg, which is s
described as: 189
Cc1 c2 e CN
MC _ CN C1 . . (22)
. N . ° . C2
CQ DY CN Cl

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

2r(n—1)(k—1)

N N
A = Z Cne‘7 N (23)
n=1
where j =+v—1 190
It can be observed that for the case of the Djg, the coefficients, ¢s, are: 191
2 in=1
=14 —1 ;n:{Q, N} (24)
0 ;n={3, 4, -+, N-1}

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

o (k—1). om(k—1)(N—1) .,
A, =c1 + e N 74 cNe N J

Ak 22(1 - cos(%))

Notice that the first eigenvalue, A1, is equal to 0, validating that it also represents the 10
Laplacian of a graph. Furthermore, because of the symmetric property of the cosine, the 1

k" eigenvalue is equal to the (N 4 1 — k)" eigenvalue. Finally, the highest eigenvalue is 104

obtained for k = 5 + 1 when N is even, and k = % + 1 when N is odd. The maximum 1

(25)

case is produced when N is even, generating a A\jp,qz = 4. For odd values of N the highest 1
eigenvalue tends to be 4 when N increases. The design of the balancing controller is based 107
on the possible maximum eigenvalue, Ayq2, and the minimum eigenvalue, Ap;p = A1, which 10
values are 4 and 0, respectively. 199

Amin = 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 2
unstable after a long lapse. For that reason, the selected controller corresponds to a low-pass 20
filter that ensures the stability of the system, with a pole located at a very low frequency. 20

Hence, the proposed controller is: 204
Kyp(s) =k kiv (26)
vH Vst kv
In order to determine the parameters of the controller, Fig. 10 shows the Bode diagram s
of Kvp(s), pr(s), foimk(s)- 206

Based on the Bode diagram of Fig. 10, the bandwidth B, is set using the kjy 20
parameter: 208
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20 Log|'|

kp v vc/lmax- 1

! =1 .
ka— 0 = ‘Fnlmk(]w)‘
0 Pnax(i)|

vj‘max
\ \BQ L0g|(D|
K m(f&\‘””

Figure 10. Bode diagram of pmas, Ky g (s) and Fyp,k(s) of the CFBC

BwV

VeAmaz ka =
By

Ve Amazkiv

kpy =

The bandwidth, By, must be ten times less than the switching frequency 27 fs,,. Due 200
to that, the converter can work either as an inverter, or as a DC/DC converter, the pole 20
k;v is selected ten times less than the operating frequency of the inverter. o

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 2
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 2
converter working as a DC/AC converter, with three different tests: an input voltage step, 2
a load step and a cell insertion during operation. Furthermore, a modal response simulation 2

is also presented. The parameters of the controllers are shown in Table 1: 210
Full
Bridges
Input
capacitor | DSC
launch XL
F28379d
Load
Input i
inductor B i —~~Sensor of
: ' gl the output

voltage v,

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 NV 5
Input Voltage (ve) 48V
Input Inductance (L) 1.8 mH
ESR of L (R) 200 mQ)
Input Capacitance (C') 4mF
Drain-Source ON Resistance (Rpg) | 58 mQ)
Frequency of the inverter (f) 60 Hz
I cs as an inverter 1.7sin(27ft) A
Ict as a DC/DC converter 1.7 A
Switching frequency (fsw) 12.5 kHz
Load Resistance (R,) 60 QO — 100 O
ks 1884 A=1s71
kpv 39 Vlg1
kv 37.7 rads/ s
6.1. Modal Response Simulation 220
This simulation corresponds to the modal respond of the transfer function of the 2z
balancing loop. For N =5, A corresponds to: 2
0 0 0 0 0
0 V51 0 0 0
5
A= % 0 0 5+l 0 0 (28)
0 0 0 VE+1l 0
0 0 0 0 V-1

Appendix 1 shows the demonstration of these values, which their numeric values are: 22

M X2 Az M As]T =[0 1.38 3.62 362 1.38]" -
while the modal matrix, Vg, is: 25
.00 1.00 1.00 1.00 1.00
1.00 —0.57 —0.52 —2.00 1.33
1.00 —1.35 —0.16 223 —0.18
Veig = [1.00 026 078 —1.61 —1.44 (29)
.00 119 -11 038 —0.72

—— e N N ——
Veig()‘l) Veig(/\Q) Veig()‘3) Veig(A4) Veig(/\S)

Using the eigenvectors as the initial conditions, Fig. 12 shows the modal respond of 2
the system. 27
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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 22
are very different. Depending on the parameter kpy of the decentralized controller, this 22
time response can be adjusted. Table 2 shows a comparison between the theoretical time 23
constants and the ones obtained by simulation. 231

Table 2. Time constants of the CFBMC

T | Theoretical (ms) | Simulated (ms)
T | 0.384 0.38
5 | 0.146 0.14
T4 | 0.146 0.14
75 | 0.384 0.38

Notice that given that there are two pairs of similar eigenvalues, there are also two 2»
pairs of time constants, meaning that there are two double poles at these time constants. s
Furthermore, it can be observed that simulated and theoretical values are very similar, 2.

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 Q) to 70 Q). Fig. 13 2
shows v, and i, when the converter works as a DC/AC converter. 238

It is observed that before the disturbance occurs, the multilevel converter uses 9 voltage 23
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, 2a
validating for DC/AC conversion that when a disturbance in the output current occurs, the 2o
CVs are not unbalanced, only their common average value are affected. Furthermore, the 24
current is stabilized during a small transient, less than 1 ms. 204


https://doi.org/10.20944/preprints202303.0222.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2023

14 of 19

200 |
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Time (ms)
Figure 13. Load transient test as a DC/AC converter

The next simulation result, shown in Fig. 14, corresponds to an input cell voltage
disturbance, i.e. a step voltage from 40 to 50V for the inverter with a resistive load of 77 Q).

200 v
= 700
v
?EO 0
S 100
=200
2 /
N
=
0
£
S-1
-2
30
S 20 30
N 10 \ \
@ 0
= -0 26
L 0 / [
-30 2
0 6 12 18 24 30 54 58 6.2 6.6
Time (ms) Time (ms)

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
current i, nor the output voltage vs, while the CVs are automatically balanced thanks to the
decentralized controllers in only 0.5 ms. Fig. 14 also shows that, by nature of the inverter,
when one of the input voltages is 40 V, there exists an asymmetric ripple in 5% and v;¥
and when the input voltage is 50 V, the ripples are equalized. However, in both cases the
average output current i, and the vgys are well regulated and balanced, respectively.

The next simulation corresponds to a cell insertion during operation, going from 4 FBs
to 5 FBs, when the converter operates as an inverter. Fig. 15 shows the results obtained for
the vggs, i, and vg signals.

It should be noticed that before the cell insertion, i, and vg present both a high ripple,
due to a constant control signal interleaving set for 5 cells, i.e. signal phase. Even if
the ripple is high, the average value of the output current is regulated when only 4 cells
are activated. When the fifth FB cell is inserted, i, presents an overshoot and then it is
stabilized in less than 0.25 ms. vys voltages are balanced when there are 4 FBs and then,

when the 5t cell is inserted, there are auto balanced, reaching a new operation point in
0.25 ms approximately.
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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 s
of the CV, the regulation of the GV, and the bypass system activation. It can be inferred 2
that all the simulation results are in concordance with the previous theoretical study, s
producing the expected behavior in terms of reconfigurability, bandwidth and stability for s
this multilevel converter topology. 267

6.3. Experimental Results 268

The experimental results are developed with a prototype composed of a CFBMC of 5 20
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 o
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 2
load transient). It can be seen that there exists a concordance with the simulation result of s
this test, presenting similar overshoot in the current and similar settling time. Moreover, s
the switching levels of vg are the same. Furthermore, as happened in the simulation, the 27
operating points of vgs change in 0.5 ms without any unbalance between them. 278

Scale: 3.3 ms/div, 1 A/div, 50 V/div 100V/div

) SW
Vs

W SW SW
V2 Vus" Vos

04
oV

File Settings Menu

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 o
shows the behavior of the output current iJ*, the output voltage v, the switching output 2e0
voltage of each FB 1, 4 and 5, v, Vk = {1,4,5}, and their respectively moving average, 2
VHES.- 282

Scale: 1 ms/div, 50 V/div ™ oy

Figure 17. Input cell voltage disturbance experimental test.

It should be noted that the step voltage is almost not detected in vgs. This is because 23
the input filters presented in the converter smooth the effect of the voltage disturbance. 2
Furthermore, it can be observed that during all the experiments vgs voltage are well 25
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 2
output current is well regulated. 288

The next result, presented in Fig. 18, corresponds to a FB cell insertion during s
operation, starting with 4 FB cell and inserting the 5" FB cell. It is important to note that 20
the current follows the reference during all the experiments, presenting a small transient 2o
when the FB cell is inserted. Furthermore, it can be observed that the CVs are well
balanced after the insertion, reaching a new operating point with a settling time of 0.6 ms, 20
approximately. These values are in concordance with the predicted time constants of the 2
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 2
system. 297

It can be inferred that all the experimental tests are in concordance with the simulation 20
tests and the theoretical studies developed in this paper, demonstrating the good performance 20
of the controller for this topology. 300

Scale: 3.3 ms/div, 24/div 50 V/div 100 V/div V" VeV

15V/div 11 Va2 Yuy VHS

N\

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 s
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 30
of the inverter, which adjust their local control signal by comparing their sensed cell voltage 0

with those of the closest neighbors. 306
This control method can handle a huge number of cells and makes it possible to obtain o
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 s
during operation. These reconfiguration capability can be useful in case of a cell failure and 10

address functional safety concerns. 3
Tests of a laboratory prototype help to demonstrate the robustness of the proposed s
method. 313

Two future works are in mind with this control method. The first one is the implemen- 31
tation of this controller for balancing the state of charge of the batteries that are the input s
sources of a CFBMC, and the second future work is the implementation of this control s

method in a multi-phase buck converter. 37
8. Appendix 318
8.1. Appendice 1: Demonstration of the eigenvalues 319

For N =5, the eigenvalues are:

A1 =2(1 — cos(0))
A2 :2(1 — cos(%”))
A3 —2(1 — COS(%T))
A4 :2(1 — cos(%”))
A5 —2(1 — COS(%’T))
Using trigonometric identities, follows to:

A1 =0

Ao —2(1 — cos(%”))
A3 :2(1 + COS(%))
v :2(1 + cos(%))
A5 :2(1 — cos(%’r))

assigning o = cos(w/5), and using trigonometric identities follows:

A1 =0

Ao :4(1 —012)
A3 =2(1+ «)
A =2(1+«)
A5 =4(1 — a?)

Hence, obtaining o all the eigenvalues are found. Taking into account that cos(5) = 0,
cos(Q% + (%)%) = 0, hence:

cos(2§) cos((3) §) —sin(2) sin((3)§) =0
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Using the double and half angle formulas and taking into account that o = cos(%)
follows:

9 Vi+a vi—-a
(20 —1)T —2m/1—o/2T =0

(Vi+a)(2a® —1-2a(1—a)) =0
(Vit+a)(4a®—2a—-1) =0

a=-1 X because it produces an angle of /2

1-+5

a= 1 X because a should be positive

14+5
NEEER'. NG

Hence:

>
]
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