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Sigmoid-Function-Based Feedback Linearization
Random Selection Control for Cascaded H-Bridge
Multilevel Inverters

Zhihong Yin

Abstract—To improve the steady-state and dynamic perfor-
mance of cascaded H-bridge multilevel inverters (CHBMIs) and
achieve power balance, this article proposes a control method based
on the sigmoid function that combines feedback linearization with
a random selection strategy. First, a continuous-smooth sigmoid
function model that can uniformly describe all switching-state
combinations is established. Subsequently, the control law is de-
rived by applying the feedback linearization theory. The output
levels are determined based on the control law and the character-
istics of the sigmoid function. Finally, the desired switching-state
combinations are determined through two random selections and
applied directly to the switching devices. The proposed method is
not only applicable to symmetric CHBMIs but also applicable to
asymmetric CHBMIs. Simulations and experimental verifications
are carried out on the control systems of a symmetric CHBMI
with a linear load and an asymmetric CHBMI with a nonlinear
load, and comparisons are made with other methods. The results
show that the proposed method exhibits better steady-state and
dynamic performance, achieving a higher power balance degree,
and is suitable for both symmetric and asymmetric CHBMIs.

Index Terms—Cascaded H-bridge multilevel inverters
(CHBMIS), feedback linearization, random selection, sigmoid
function model.

1. INTRODUCTION

ASCADED H-bridge multilevel inverter (CHBMI) is one
C of the most popular multilevel inverter topologies, due
to its modularity, scalability, and fault-tolerant capability [1],
[2]. According to whether the dc-side voltages are equal, CHB-
MIs can be divided into symmetric CHBMIs and asymmetric
CHBMIs [3]. Among them, asymmetric CHBMIs can generate
more levels under the condition of the same number of inverter
units, but their control complexity is higher. Nowadays, CHB-
MIs have been widely used in several fields, such as energy
storage and renewable energy systems [4], [5], [6], [7], [8]. As
a critical component, the CHBMI’s performance significantly
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impacts overall system operation. Consequently, CHBMIs are
required to exhibit excellent steady-state and dynamic perfor-
mance. Furthermore, as each inverter unit in CHBMIs provides
active power independently, it is essential to ensure balanced
power distribution among all inverter units. Power imbalance can
cause lifespan disparities in dc-side components, compromising
reliability and increasing maintenance costs [9]. Thus, investi-
gating control methods that enable CHBMISs to achieve excellent
steady-state and dynamic performance, and power balance, is of
significant importance.

Linear control strategies based on pulse width modulation
(PWM), such as proportional-integral (PI) control [10] or
proportional-resonant control [11], have been widely applied in
multilevel converters, including CHBMIs. Due to the presence
of multiple switching devices in CHBMIs, multicarrier PWM
is required. Multicarrier PWM can be primarily categorized
into phase-shifted PWM (PS-PWM) and level-shifted PWM
(LS-PWM). Compared with PS-PWM, LS-PWM has better
output voltage harmonic performance, but it cannot achieve
power balance among inverter units [12]. In study [13], a carrier
rotation LS-PWM (CR-LS-PWM) was proposed to compensate
for the deficiency that LS-PWM cannot achieve power balance.
However, CR-LS-PWM and PS-PWM are only suitable for sym-
metric CHBMIs and not for asymmetric CHBMIs. On one hand,
these two methods are difficult to ensure power balance between
high- and low-voltage inverter units; on the other hand, it is diffi-
cult to ensure that high-voltage units operate in a low-frequency
state to reduce the loss of switching devices. In [14], a power
balance improved hybrid modulation PWM (PBIH-PWM) was
proposed to achieve the power balance of asymmetric CHBMIs
and ensure that the high-voltage unit operates in a low-frequency
state. However, Ye et al. [14] only studied open-loop control and
did not conduct closed-loop control research. In addition, when
the number of inverter units increases significantly, multiple
distinct carrier signals need to be generated simultaneously.
Owing to the limited parallel processing capabilities of digital
signal processor (DSPs), it becomes challenging to meet the
requirements for real-time performance and control accuracy,
necessitating the use of costly field programmable gate array
(FPGA) [15]. Although linear control based on PWM offers ad-
vantages such as simplicity in implementation and ease of tuning
control parameters, the CHBMI system is highly nonlinear with
a wide range of operational points. As a result, the dynamic
performance of linear control is not satisfactory.
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Due to its good steady-state and dynamic performance, finite
control set model predictive control (FCS-MPC) has emerged
as another widely used control strategy for multilevel convert-
ers [16]. However, when FCS-MPC is applied to CHBMISs,
achieving power balance poses significant challenges. This is
because implementing power balance by introducing multiple
custom constraints into the cost function not only requires
sampling the output voltages of each inverter unit but also ne-
cessitates continuous adjustment of multiple weighting factors,
which is a cumbersome trial-and-error process. This approach
not only increases control complexity but may also adversely
affect system performance [17]. Furthermore, the number of
switching-state combinations of the CHBMIs increases expo-
nentially as the number of inverter units increases [18]. This
dramatically increases the computational burden. In studies [19],
[20], [21], [22], and [23], FCS-MPC was improved by using
output voltage levels as optimization variables, reducing the
number of switching-state combinations in the control set, or
performing offline pre-calculations, significantly reducing the
computational burden of the algorithm. Nevertheless, the studies
mentioned above have not effectively solved the power balance
problem of the system. In addition, for asymmetric CHBMIs,
FCS-MPC also has difficulty ensuring that its high-voltage unit
operates in a low-frequency state.

In summary, to ensure the power balance of CHBMIs while
maintaining good steady-state and dynamic performance, a
feedback linearization random selection control method based
on the sigmoid function is proposed. The sigmoid function
with a large steepness factor can be employed to describe the
switching process of power devices, as its values asymptotically
approach either 0 or 1. In studies [24] and [25], the sigmoid
function was utilized for modeling resonant converters. The re-
sults demonstrated that, compared to other models, the sigmoid
function model offers a simpler modeling process, provides a
more accurate description of the converter’s operational char-
acteristics, and possesses the advantage of being continuous
and smooth. This lays the foundation for designing controllers
based on continuous-system nonlinear control theory. However,
in published works, the sigmoid function has only been used for
the modeling and dynamics analysis of the converter, and has
not been used for the design of the converter control strategy.
In this article, the sigmoid function is used to combine the
nonlinear control theory of the continuous system with the
random selection strategy, and a control method for the CHBMI
is proposed. The main contributions of this article are as follows.

1) A continuous-smooth sigmoid function model for CHB-
MIs is established, which facilitates the design of control
laws in conjunction with continuous-system nonlinear
control theory.

2) Based on the sigmoid function model, the feedback lin-
earization theory is applied to design the control law,
ensuring excellent steady-state and dynamic performance.

3) Based on the control law and the sigmoid function, a
unique switching-state combination is determined through
two random selections, achieving power balance.

The remainder of this article is organized as follows: Section I

describes the circuit structure and switching-state combinations
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of the CHBMI containing N inverter units; Section III takes the
symmetric CHBMI as an example, introduces in detail the steps
and principle of the proposed method; Sections IV extends the
proposed method to the asymmetric CHBMI; Sections V and VI
respectively give the simulation and experimental comparison
results between the proposed method and the existing methods.
Section VII concludes this article.

II. CIRCUIT STRUCTURE AND SWITCHING-STATE
COMBINATIONS OF CHBMIS CONTAINING N UNITS

The structure of a CHBMI consisting of N H-bridge inverter
units is shown in Fig. 1. The dc-side voltage of unit 1 is mE, and
the dc-side voltages of units 2—N are all E. When m = 1, the
CHBMI is symmetric, and its dc-side voltage ratio is 1: 1: -
1. When m > 1 (m is a positive integer and m < N—1), unit 1
is a high-voltage unit, units 2—N are all low-voltage units, and
the CHBMI is asymmetric, with its dc-side voltage ratio m: 1:
-2 1. The 2N bridge arms are composed of switching devices
Qi1—Qi4 (1=1,2,..., N) with anti-parallel diodes. An LC circuit
is used for filtering. For generality, the load can be either linear
or nonlinear. v,; is the output voltage of the ith unit, v,y is
the output voltage of the CHBMI inverter bridge. it,, ijoad, and
vc are the inductor current, load current, and capacitor voltage
(load voltage), respectively. The discrete switching variables g;1
and g, are defined to describe the states of switching devices
Q;1—Qj4. When Q;; is on and Q2 is OFF, ¢;1 = 1; while when
Q1 is OFF and Q;2 is ON, ¢g;; = 0. When Q;4 is ON and Q3 is
OFF, ¢;2 = 1; while when Q;4 is OFF and Q;3 is ON, ¢g;2 = 0.

The four switching-state combinations of any ith inverter unit
are combination 1: g;1 = 1, gi2 = 1, Q;1Qi4 on, Q;2Q;3 OFF,
Vvo; = E; combination2: g;1 =1, q;2 =0, Q;1Q;3 on, Q;2Q;4 OFF,
Voi=0; combination 3: ¢;1 =0, g0 = 1,Q;2Q;4 on, Q;1Q;3 OFF,
Voi = 0; combination 4: g;1 = 0, g2 = 0, Q;2Q;3 on, Q;1Q;4
OFF, v,; = —E. To distinguish between the two combinations
producing 0, the state where Q;1Q;s are ON and Q;2Q;4 are
OFF is represented as the numeral “1,” whereas the state where
Q;2Q;4 are ON and Q;1Q;3 are OFF is represented as the numeral
“2.” Therefore, a CHBMI with N units has 4" switching-state
combinations. A symmetric CHBMI has 2N + 1 different output
levels, whereas an asymmetric CHBMI has a maximum of 4N
— 3. Except for the highest and lowest levels, the remaining
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TABLE I
SWITCHING-STATE COMBINATIONS OF SYMMETRIC CHBMI CORRESPONDING
TO EACH OUTPUT LEVEL

Output voltage Switching-state combination Quantity of
Vab q11912921922 " * g2 combinations
NE 1111---11 C(2N, 0)

0111+ 11
1011+ 11
(N-1E : C(2N, 1)
1111---10
1000 -+ 00
0100---00
—(N-1)E : C(2N, 2N-1)
0000---01
—NE 0000 --- 00 C(2N, 2N)
TABLE II

SWITCHING-STATE COMBINATIONS OF ASYMMETRIC CHBMI CORRESPONDING
TO EACH OUTPUT LEVEL

Output voltage ~ Switching-state combination Quantity of
Vab (1116112(]216122 L gnign2 combinations
(N-1+m)E 1111---11 C(2N, 0)
1101---11
1110--- 11
(N-2+m)E : C(2N, 1)-2
1111---10
0010---00
0001 --- 00
—~(N-2+m)E : C(2N,2N-1)-2
0000---01
—(N-1+m)E 0000 --- 00 C(2N, 2N)

output levels all correspond to multiple switching-state combi-
nations. The corresponding switching-state combinations and
their quantities for each output level of symmetric and asym-
metric CHBMISs are listed in Tables I and II, respectively.

III. PROPOSED CONTROL METHOD

Fig. 2 outlines the design process of the proposed control
method, which comprises four steps.

In this section, a symmetric CHBMI with N inverter units is
used as an example to detail the steps and control principle of
the proposed method. In Section IV, the proposed method is
extended to asymmetric CHBMIs.

A. Sigmoid Function Model of Symmetric CHBMI Containing
N Units

In power electronic converters with negative feedback control,
switching-state combinations are typically determined dynami-
cally based on the feedback values of current and voltage. There-
fore, it may be assumed that the values of discrete switching
variables ¢;1 and ¢;o of the symmetric CHBMI (as shown in
Fig. 1, m = 1) are determined by the continuous functions f;1 (i1,
ve), fie(in, ve). The specific switching control logic of each unit
is as follows: when f;1 (i, vo) > 0, g;1 = 1; when f;1(ir,, vo) <
0, gi1 = 0; when fi2(i1,, ve) > 0, gs2 = 1; when fi2(ir,, ve) < 0,
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Step 1: establish a sigmoid function model

v

Step 2: design control law using feedback
linearization

Step 3: determine the output level based on control
law and the characteristics of sigmoid function

Step 4: determine a unique switching-state
combination using two random selections

v
C End D)

Design flowchart of the proposed control method.

Fig. 2.

qi2 = 0. Thus, the relationship between f;1/;2(iL, ve) and g;1 /42
can be described using the step function H

. 1, fiin(GiL,ve) >0
qgiji2 = H (firyio (iL, ve)) = {0’ J;:;Z (ii, vg) -0 D
Vab can be expressed as follows:
Vab = Y E (2)

where ¥ = 3 (g1 + i) — N

Equation (2) is a segmented smooth expression containing
singular functions. To facilitate controller design using the
continuous-system theory, g;; and g;2 in (2) are replaced by
a sigmoid function containing a large steepness factor a to make
the model smooth

N
Vap A <Z (S (afin (iL, ve)) + S (afi (iL, ve))) — N) E

i=1

1 . )E
1+exp (—afi (ir. vc))

3

Consequently, a unified continuous-smooth sigmoid function
model describing all the switching-state combinations of the
symmetric CHBMI can be established

N
Z(HeXp( afi (iL, ve)) *

— NE.

X=f(xX)+gx)u

{yzhm) @)
where X = [x1, X2, ..., X, ] f(X) = [f1(X), f2(X), ... fu(X)]T, g(x) =
[gl(x)’ gQ(X)""’ g’n(X)]Tv y - [ylv y2]T == [hl(-x)’ h2(-x)]T ==

[ve, in]T, u = vap/E. As shown in Fig. 1, x; = ip,, xo = v
fi(x) = —vc/L, fo(x) =iL/C—vc/(Ry,C); g1(x) = E/L, g2(x) =0
X3—Xn, f3(X)—fn(X), and g3(x)—g,(x) are all determined by the
load carried. Whether it is a linear or nonlinear load, its control
objective is to ensure that vc and iy, track the given reference
values. And ijpaq is determined by vc and iy,. Therefore, the
output functions A (x) = v¢, ha(x) = iy, are selected.
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B. Design of Control Law and Analysis of Control Principles

The controller designed using the feedback linearization
method exhibits excellent steady-state and dynamic perfor-
mance [26]. Therefore, based on the sigmoid function model (4),
the control law is designed by using the feedback linearization
method. Commonly used feedback linearization methods, such
as differential geometry and inverse system theory, require the
system inputs and outputs to be of the same dimension when
designing control laws. Otherwise, it is difficult to ensure that
all output quantities achieve tracking control [27]. In addition,
to achieve fully exact linearization, it is necessary to satisfy the
condition that the relative order of the output function is equal
to the system dimension. However, model (4) is a single-input,
dual-output system, and its input and output dimensions are not
equal. Moreover, the system dimension is related to the load type.
When the load changes, it is difficult to ensure that the relative
order of the output function is equal to the system dimension.
Therefore, the commonly used feedback linearization methods
are not applicable to system (4).

In study [27], an improved feedback linearization method
was proposed. This method actively constructs the Brunovsky
canonical form by using the deviation equation between the
output quantity and the reference output quantity, and transforms
the nonlinear system into a linear system. This method does
not need to satisfy the harsh conditions that the input and
output dimensions are equal, and the relative order of the output
function is equal to the system dimension. It only needs that
there is a relative order of 1 for one component of the output
function to ensure that all outputs achieve tracking control. For
system (4), in the neighborhood of the equilibrium point X, the
output function component y, = hy(x) satisfies the following:

E
LyLjhy () = 7 #0. )

ho(x) has arelative degree of 1; hence, the feedback linearization
method in study [27] can be applied to design the control law u
such that the deviation equations in (6) satisfy (7)

L=y —yret (1 =1,2) (6)
lim |[;| = 0. (7
—00
First, from (4)
2 = Lyhy (x) 4 LLOhy (x) u (8)

where Lshy(x) = —vc/L. Subsequently, the tracking deviation
I;in (6) is used to form the dynamic equation system, which is
written in the second-order Brunovsky canonical form

I=AI+Bv )

L Y1 = Viref 0 1 0
he 1= = S A= s B =
where [12} [m - y2refi| [0 0 1

V=2 = Yorer = Lhy (%) 4+ LeLYhy () tt — e, (10)

System (9) is a fully controllable linear system, and its feed-
back control law can be obtained by using the optimal control
method:

V= —klll — k212. (11)
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Substituting (11) into (10) provides the input control law for
system (4):

u=[—kily —kaly = Lrhy (x) + et /LLYhy (x)  (12)

where k; and ko are the control parameters. The following
introduces the control principle and the design basis of k;
and ko. According to the Hartman-Grobman theorem [28], in
the neighborhood of the hyperbolic equilibrium point of the
nonlinear system, as long as its first-order approximation system
is stable, the nonlinear system is also stable. Therefore, the same
control law is applied to the first-order approximation system of
(4), and the control coefficients are designed by configuring its
poles. Perform Taylor expansion on system (4) at the equilibrium
point X, and ignore the high-order terms to obtain its first-order
approximation system

{f(o = AoX, + Boto (13)

Yo = COXO

where X, is an n-dimensional state column vector; Ag is an nxn
matrix; Bg is an nx 1 matrix; Cg is a 2 xn matrix; u, is a control
scalar; and y,, is a control objective. Assume that Xoref and Yoref
are the references of X, and y,. There always exists a reference
control 1law uyrer such that Xerer and Yorer satisfy (13). Select
a linear nonsingular matrix T, perform linear transformations
Xs = TsXo and Xgrer = TsXorer, and transform (13) into the
controllable canonical form

Xs = AgXs + Bgug,
14
{ys = Csxs (14
where
0 1 0 0
0 0 1 0
A = :
0 0 0 1
—ay —a; —a —ap—1
C c11 Cip C13 -+ C
_ 1 |Ca| _|en ci2ocr3 In _
C=GT = |:Csli| - |:C21 € €3 e CZn]’ B =10
0,0,..., 1]T. Assume that there exist Xsper and Vsref satisfying
(14), then we can obtain
Xsref = AsXgret + BsUoref
. 15
{ysref = CsXgrer (15)

For the linear system (14), the relative order of the output
quantity yso to this system is 1, and we can obtain

0ys2 .

ysZ = 9% Xs = CpAgxs + CoBsu,. (16)
S
The reference trajectory ysorer Of yso satisfies
. 0Ysoref .
Ys2ref = a):—rexsref = CpAXgrer + CooBsUores a7
sref

For system (14), the control law is adopted
Uo = (CSZBS)71 [_ksl (ysl - yslref) — kg (ys2 - ySZref)]

- (CSZBS)_1 (CSZASXS - ySZref)' (18)
Substituting (18) into (14), subtracting (15), and combining

with (17), we can obtain the following:
d (Xs - Xsref)

dr = As (xs — Xsref)
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+Bg (Ce2Bs) (—k1 Cs1) (X5 — Xorer)
+Bs (CSZBS) (_k52C52 - CSZAS) (Xs - Xsref)- (19)
Equation (19) can be written in the following matrix form:

d (Xs - Xsref)

dr = As (Xs - Xsref) (20)
where
0 1 0
As _ : : e :
Q Q .. i 1
_kSO _ksl _ks(n—l)
- ciikst + carkg
kg = ———,
Con
- Cliivnkst + coienksy + o
ksjz ( 1(j+1)Rs1 2(j+1)Ks2 2_/) (]: 1’.”’”_1).
Con
The characteristic polynomial of (20) is as follows:
FO) =AM+ koA 4+ kad + k. 2D
Write the coefficients of (21) in matrix form
I
K = C, K, + B, (22)
C2n
where
i /:Cso Ci1 €21
_ kg1 Cl2 €2 k
— T __ _ sl
KS— : 1Cs_ : : ’KS_|:k52j|’
_I_Cs(n—l) Cln  Con
B 0
ca1/can
B, =
| C2(i—1)/Con

Select k; jin (21) by the pole-placement method. Then, by
solving (22), the coefficients kg, and kg2 of the control law (18)
can be obtained. Equation (18) can be expressed as follows:

It can be known from (23) shown at the bottom of this page,
that after obtaining ks; and kso, the control coefficients k; and
ko of the control law (12) are determined. It is worth noting
that for system (4), once the output functions /;(x) = v¢ and
ho(x) = ir, are determined, no matter whether it is a linear or
nonlinear load, the mathematical form of the control law (12)
remains unchanged.
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Fig. 3. Actual waveform schematic of v, ; switching from E to 0.

C. Determination of the Output Level

The continuous control law (12) cannot be used to di-
rectly determine the required switching-state combinations for
controlling the switching devices. As shown in Table I, the
switching-state combinations correspond to the output voltage
level v,,. Therefore, v,y is determined first before identifying the
switching-state combinations. According to (2)—(4), it follows
that

N
u="Y_"[S(afn (iL.vc)) + S (afn (iL.vc)) — N] ~ ¢. (24)
i=1

The essence of (24) is to approximately describe the output
voltage vo; (Vo; = (q4i1 + gi2 — 1)E) of the ith unit by (S(af;1 (iv,
ve)) + S(afio(iv, ve)) — 1)E. In engineering applications, the
waveform of v, is affected by factors such as switching delay
time and dead-time, and it is a non-ideal rectangular wave.
Therefore, by reasonably designing the value of the steepness
factor a, the slope of the periodic sigmoid function curve can
be adjusted to more accurately describe the actual waveform of
Voi. Taking v,,; switching from E to 0 as an example, Fig. 3
shows the switching schematic diagram of the actual waveform
(assuming the controller is a DSP). #¢; is the DSP off-command

U = (CSZBS)_l [_ksl (ysl - yslref) — ks (ySZ - YS2ref) -

CoaAsxs + ySZref]

— -1
= (COZTS lTsBo) [—ks1 (Cs1Xs — CorXsret) — ks2 (CsaXs — CoaXsret) — Cs2AsXs + CaAgXgrer + Cs2Bsthoret ]

= (COZT;ITSBO)_l [_ksl (ColT;lTsxo - COIT;ITonref) — ks (COZT;ITSXO - CozTngsxoref)

— Coa Ty 'ASTx, |

— -1 - —
+ (COZTS 1TsBo) (COZTS 1AsTonref + COZTS 1TsBouoref)

= (C02B0)71 [_ksl (Vo1 = Yotret) — ks2 (Vo2 — Yooret) — Co2A0Xo + ).’o2ref] .

(23)
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| ' : | |
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Fig. 4. Schematic diagram of establishing the corresponding relationship
among u, ¥, and v,}, based on the sigmoid function.

delay time, #4 is the dead-time, 7, is the DSP on-command
delay time, tg- is the switch-off delay time, .o is the switch-on
delay time, and ¢4 is the drive signal transmission delay time.
t1, 11, 2, Lo, and fgq can all be obtained by referring to the
datasheets of the DSP, switches, and driver chips. As shown in
Fig. 3, the time #4 for v,; to switch from £ to 0 is t; = 14 —
tr1 — te2 + 11 + to, and the absolute value of its slope is E/t;.
When f;2(i1,, vc) remains greater than zero, it is approximately
considered that the value of S(af;2 (i1, vc)) — 1 approaches 0, and
the waveform of v, ; is described by S(af;1 (ir,vc))E. When the
value of f;; (i, vc) changes from positive to negative, at f;1 (i1,
vc) = 0, the maximum absolute value of the slope of S(f;1 (i,
ve))E is 0.25aE. Therefore, to better fit the actual waveform of
Voi switching from E to 0, let 0.25aE = E/t5. Then the selection
of the steepness factor a should satisfy

a = 4/t,. 25)

As the sigmoid function has the value domain (0, 1), u is
bounded and has the value domain (—N, N). ¥ takes values in
the discrete set {—N, (—N + 1), (=N + 2),..., N-1, N}. And,
since a is large enough, the value of the sigmoid function can be
approximated as O or 1. Therefore, as shown in Fig. 4, the domain
of values of u can be divided into 2N intervals of length 1. After
the discrete variables ¢;; and g2 are approximately replaced by
S(af;1(iL, ve)) and S(afi=(iL,, ve)), respectively, ¥ has 2N + 1
kinds of values. There is a problem that the value-taking interval
of u and the value of ¥ cannot be in one-to-one correspondence.
The reason is that the following two situations will both lead
to u being in the same value-taking interval (—N, —N + 1) (as
shown by the pink arrow in Fig. 4):

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

TABLE III
CORRESPONDING RELATIONSHIPS AMONG u, ¥, AND v,p

Interval of u v Vab
(N-1, N) N NE
(N-2, N-1) N-1 (N-1E
(-N+1, -N+2) —~(N-2) —(N-2)E
(=N+9, -N+1) —(N-1) —(N-1)E
(=N, -N+6) -N —-NE

Case 1: When there is only one f;; (ir,, vc) greater than O or
only one f;5 (ir,, v¢) greater than 0, u€(—N, —N + 1).

Case 2: When all f11,12(iL., vo)—fn1/ n2(iL, vc) are less than
0, uis alsoin (=N, =N + 1).

Therefore, it is important to distinguish between the two
situations. Assuming u€(—N + §, —N + 1) when Case 1 occurs
and u€(—N, —N + §) when Case 2 occurs. Combining with
(2) and (24), the correspondence between u, v, and v,}, can be
obtained as shown in Table III.

According to Table III, without loss of generality, assume that
the function values of f11(ir,, vc) — fn1(iL, ve) and f12(iL, vo) —
Jfne(iL, vo) are always randomly assigned without replacement
from the set ®: {u — (N — 1), u — (N —2), -, u — (—N + 1),
u — (—N + 8)}. Therefore, when Case 1 occurs (uE(—N + 6,
—N 4+ 1)), it can be obtained based on (24)

Staw—(N—-D)+S@awm—-N-=-2)+---
+Saw—(=N+1)))+S(a@—(=N+3)) >34 (26)

Since the sigmoid function is a monotonically increasing
function. When u = —N + §, there is

S@@—-2N+1))+S@(@@—-2N+2))+---
+S(@@—-1))+05=>34. 27

When Case 2 occurs, u€(—N, —N + §), it can be obtained
based on (24)

Sta(u—N-D)+S@—N-=2))+---
+ S@w—(=N+1))+Sa(u—(=N+545))) <d. (28)
When u = —N + §, there is
S@@—-2N+1)+S@@E—-2N+2))+---
+S@@—-1))+0.5<é. 29)

If (27) and (29) need to be satisfied simultaneously, then there
is

§=05+A (30)
where
A=S@@—-2N+1))+S@@ —2N+2))
+--+S@@—1). (31)

Equation (30) is a transcendental equation, and it is difficult
to obtain the analytical solution of §. The Newton-Raphson iter-
ative method is used to solve §. Based on (25), select a = 1 x 10°.
Letf(6) =0.5 4+ S(a(6 — 2N + 1)) + S(a(§ — 2N + 2)) + - +
S(a( — 1)), then the iterative equation is 8,, + 1 = f(§,,). Under
different initial value conditions, it is found that § converges
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| Determining v,,=rE based on Table III |

elect |ry| units from N units
via random function R,. Is i
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Select ""1" or "2" through

Only one switching-state
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ion

QiQis off Qi1 Qi3 of f
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v

Determining a unique switching-state combination l

Fig.5. Flowchart of determining a unique switching-state combination by two
random selections for symmetric CHBMI.

to 0.5 and is independent of N, so A can be neglected. After
obtaining the value of 4, the output level v,;, of the symmetric
CHBMI can be determined according to the control law (12) and
Table II1.

D. Two Random Selections and Mechanism of Power
Balancing

However, even after determining v,;,, Table I shows that a
unique switching-state combination can be identified only when
vap takes the values NE and —NE. When v}, takes other values, it
corresponds to multiple different combinations. To address this,
use two random selections to determine a unique combination
while achieving power balancing of all the inverter units. The
implementation steps are shown in Fig. 5, and the specific
process is as follows: first, v,;, = rE (r1 = —N, ..., 0,..., N)
is determined according to Table III after obtaining the control
law u based on (12). Here, |r1| inverter units need to generate
E or —E. Subsequently, a random function R; is used to select
|r1] units among N inverter units randomly. Depending on the
output of Ry, the inverter unit that provides a nonzero level or
the inverter unit that provides a zero level can be selected. There
is only one switching-state combination for inverter units with
a nonzero output level. For units with a zero level, there are two
possible combinations (“1”” and *“2,” as described in Section II),
and one of them is selected using the random function R,. Thus, a
unique switching-state combination can be determined through
the two random selections. The mechanism for achieving power
balancing is also revealed as follows.

According to the law of large numbers in probability theory,
if the inverter unit has an equal probability of being selected by
R; to provide a nonzero level (including E and —E), then the
time each unit spends producing nonzero levels will converge to
the same value over a sufficiently long period. From the point of
view of statistical average significance, we can assume that the

9257

time intervals corresponding to the output levels E, 0, and —E
of each inverter unit in a fundamental wave period T are t, fo,
and T — t; — to, respectively. Assuming that the output voltage
Voi(f) of any ith inverter unit within the nth (n > 1) period T is
represented as

E, m—1DT <t<m—-—1DT +1

Voit) =10, m—1DT 4+t <t<m—DT+t+1n
—E, m—DT +1t,+t <t<nT
(32)
Expanding it into a Fourier series
o0
voilt) =i + Y _ (@incos (nwt) + bysin (not ) (33)

n=1
where a; is the dc component, a;,, and b;,, are the coefficients
of the sine and cosine terms of each harmonic, respectively, and
w = 27 /T. The coefficients a;; and b;; of the fundamental wave
component v, ;1 (¢) are, respectively

2 nT
aj| = = Voi (1) cos (wt) dt
T Ju—nr
_ EE sin (wty) n %E sin (o (t; + 1)) (34)
T w T w
2 nT
by = = Voi () sin (wt ) dt
T Jou—vr
zg _Ecos(wtl)—l +% El—cos(w(tl—Hz)) .
T w T w

(35

As t; and to are the same for all inverter units, their funda-
mental wave components are equal.

When the CHBMI operates stably, ir,(¢) approximates a sine
wave and is approximately equal to its fundamental waveform
component: if,(f) & ip1(f) = cicos(wt) + dysin(wt), where ¢q
and d; are constants. The average output power P; of the ith
inverter unit in one period 7 is

P~

f(’;il)T (aio + X_ne ) (@incos (nwt) + byysin (not))) iy () dt
T .
(36)
Using trigonometric product formulas and orthogonality, this
can also be expressed as follows:
VoilmIle

P~ cosf — Van? + bi*Vei? + dy?
2 2

where V,;1m 1s the amplitude of v, ;1 (%), I1,1 18 the amplitude
of ir,1(f), and 0 is the phase difference between v,;1(f) and
ir,1(¢). From (37), whether the average power balancing of the
output of each inverter unit can be realized mainly depends on
whether the fundamental wave components of the output voltage
of each inverter unit are equal. From the previous analysis,
by performing two random selections, the fundamental voltage
components can be ensured to be equal for all inverter units, thus
achieving power balancing.

Fig. 6 illustrates the control block diagram of the proposed
method. As shown in Fig. 6, the proposed method directly
controls the switching devices based on the control law u and

cosf (37)
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Fig. 6. Control block diagram of the proposed method.
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Fig. 7.  Staircase modulation of high-voltage inverter unit 1.

two random selections, eliminating the need to simultaneously
generate multiple different carrier signals or evaluate switching-
state combinations. This is beneficial to reduce the control cost
(without the need to use expensive FPGA) or reduce the execu-
tion time. Consequently, the proposed method maintains good
applicability even as the number of inverter units N increases.

IV. EXTENSION OF THE PROPOSED CONTROL METHOD TO
ASYMMETRIC CHBMI

The proposed control method is extended to the asymmetric
CHBMI (see Fig. 1, where m > 1). To reduce the loss of switch-
ing devices, it is expected that the high-voltage unit 1 operates
in a low-frequency state. Therefore, the staircase modulation
shown in Fig. 7 is adopted for unit 1 to make it operate in
the fundamental frequency state. The given modulation wave
signal is vy, = Vysinwt. vy and v._ are carrier signals, and
their amplitudes are V., and —V,,,, respectively. The specific
switching control logic is: when v, > vey, g11 = 1, 12 = 1,
Vo1 = mE; when vy, < vey and viy> ve_, g11 =0, g12 =1,
Vo1 = 0; when vy, < ve—, q11 =0, g12 =0,ve1 = —mE. The
switching control logic can be described by the step function:

I, vm—vegpe— >0

qujiz = H (v = Verje-) = {o, Vi — Vesjeo <0 (38)

Fix V;,, = 1, then the conduction angle « in Fig. 7 is determined
by the carrier amplitude Ve,

o = arcsin (V) . 39)
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The Fourier series expansion of the output voltage v,; of the
high-voltage unit 1 is

4mE A1

Vol = = 3" —cos (kar) sin (kar) .
T k

k=135,

The amplitude V11, of the fundamental wave voltage of its

output voltage can be expressed as follows:

(40)

AmE
Vorim = —% cosar. A1)
T

To achieve the balance of output power between the high- and
low-voltage units, the output power of the high-voltage unit 1
should be m times that of the low-voltage units 2—N. That is,
the amplitude of the fundamental wave voltage of v, should be
m times that of v,o—v, . Suppose the reference voltage of the
asymmetric CHBMI is vyt = Vorerm Sin(wt), then Vg1, needs
to satisfy

m
N—-1+4+m

Based on (39), (41), and (42), the expression of the carrier

amplitude V., can be obtained

Vol Im = VCrefm . (42)

s < < VCrefmT[ ))
Vem = sin | arccos | ————— .
4E (N — 1+ m)

On the basis of using staircase-wave modulation for the
high-voltage unit, the proposed method is adopted. Assume
that the discrete switching variables go1 —q 1 and gos—¢gno of
the low-voltage units 2—N are determined by the continuous
functions f21(ir, ve)—fn1(iL, ve) and faa(in, ve)—fn2(iL, ve).
The specific control logic is: when fj; (ir,, vc) > 0, gj1 = 1; when
fi(iL, ve) < 0, g;1 = 0; when fj2(ir, ve) > 0, gjo = 1; when
fi2(in, ve) < 0,952 =0(G =2, 3,..., N). Thus, the relationship
between fj1/;2(iL, vc) and gj1/52 can also be described using

the step function
- o _ L fiypGive) >0
ap/p =H (fj1/2 i, vo)) = {0, fiie GiL,ve) <07

Based on (38) and (44), the output level v,}, of the asymmetric
CHBMI can be expressed by the sigmoid function as

Vab X (S (@ (v — veq)) + S (a (v —ve))) — I)mE

(43)

(44)

N
+1 (S (afin G.ve)) + S (afi (L. ve))) = (N = 1) | E.
j=2

(45)

It is worth noting that when modeling the symmetric CHBMI
and the asymmetric CHBMI based on the sigmoid function,
the difference between the two is only that the expressions of
vap are different [i.e., (3) and (45) are different]. Therefore, the
asymmetric CHBMI can also obtain a continuous and smooth
sigmoid function model consistent with the form of (4). Using
the method introduced in Section III-B, the control law u of
the asymmetric CHBMI consistent with the form of (12) can be
obtained, which will not be repeated here.

Since the high-voltage unit 1 has adopted staircase modula-
tion, only the control of the low-voltage units 2—N needs to be
considered. Based on (4), (12), and (45), the control law uy, of
the low-voltage units 2—N is obtained

up =u—m(S@m —ver)) +8@m —ve))) — 1)
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TABLE IV
CORRESPONDING RELATIONSHIPS AMONG 1., ¥1,, AND vo

Interval of ur WL VoL
(N=2, N—-1) N-1 (N-1E
(N-3, N-2) N-2 (N-2)E

(-N+2, -N+3) —~(N-3) —~(N-3)E

(—(N-1)+0.5, -N+2) —~(N-2) —(N-2)E
(=(N-1), =(N=1)+0.5) —(N-1) —(N-1)E

_ —kily — koly — Lhy (X) + Yorer
Lnghz (x)

—m((S(a(m —Vet)) +S (@ —ve))) — 1.

Based on (2), (38), and (46), we can obtain the following:

(46)

N

u XYy —m(qn+qn—1)= Z(le +gp—WN-1).
j=2
J )

Let ¢ = Z’,V:z (gj1 +gjp— (N —1)). Use vor, = vo2 +
Vo3 + ... + von to represent the total output level of the
low-voltage units. Using the method introduced in Section I1I-C,
a one-to-one correspondence relationship among uy,, ¥1,, and
VoL 1s established by the sigmoid function, as shown in Table IV.

Therefore, after obtaining the control law (46) of low-voltage
units, the total output level v, of low-voltage units can be deter-
mined according to Table IV. Through two random selections,
the unique switching-state combination of low-voltage units of
the asymmetric CHBMI can be obtained.

The main difference between applying the proposed method
to the symmetric CHBMI and the asymmetric CHBMI is as fol-
lows: After obtaining the control law (12) based on the sigmoid
function model (4), for the symmetric CHBMI, what needs to be
determined is the total level v,}, of the sum of the output voltages
of all inverter units, and then the switching-state combination of
all units is determined by two random selections; while for the
asymmetric CHBMI, due to the combination of the staircase
modulation of the high-voltage unit, it is necessary to separate
the control law up, of the low-voltage unit from the control law
(12), and then determine the sum v, of the output levels of all
low-voltage units. Finally, the switching-state combination of
all low-voltage units is determined by two random selections.

V. SIMULATION VALIDATION

To verify the effectiveness and superiority of the proposed
method, simulations were conducted on the MATLAB/Simulink
platform for both a symmetric CHBMI (m = 1) with 1:1:1 dc-
side voltage ratio and an asymmetric CHBMI (m = 2) with 2:1:1
dc-side voltage ratio. The symmetric CHBMI was connected
to a linear resistive load Ry, as shown in Fig. 8(a), while the
asymmetric CHBMI drove a nonlinear rectifier load illustrated
in Fig. 8(b). The system performance was evaluated through
three aspects: steady-state performance, dynamic performance,
and power balancing capability.
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Fig. 8. Loads. (a) Linear resistive load. (b) Nonlinear rectifier load.
TABLE V
MAIN SIMULATION PARAMETERS OF SYMMETRIC CHBMI
Symbol Parameters Values
E DC source voltage 200V
Veretin Amplitude of the reference voltage verer 500/530 V
T Period of the reference voltage veyer 0.02s
L Filter inductor 1 mH
C Filter capacitor 10 pF
Ry Resistive load 30 Q

In this section, part A presents the simulation results when
the proposed method, PS-PWM-based PI control [10], CR-LS-
PWM-based PI control [13], and improved FCS-MPC [23] are
respectively applied to the symmetric CHBMI; part B presents
the simulation results when the proposed method, PBIH-PWM-
based PI control [14], and improved FCS-MPC [23] are respec-
tively applied to the asymmetric CHBMI.

A. Simulation Results of Symmetric CHBMI

The simulation parameter settings are shown in Table V. The
sigmoid function model of the symmetric CHBMI is

=g =-1tzu
; dve _ o _ v
N2="a T ¢ Re (48)

According to Section III-B, the control coefficients of the pro-
posed method were designed as k; =58 900 and k; = 125000. A
dual-loop structure was employed in PS-PWM-based PI control
and CR-LS-PWM-based PI control. Considering the impact of
PI control coefficients on stability and dynamic response [29],
the voltage loop PI coefficients were set as k,, = 5 and k;,, = 200,
while the current loop PI coefficients were set as k,. = 0.5 and
kic = 5. The improved FCS-MPC takes v,}, as the optimization
variable instead of the switching-state combination to reduce the
calculation burden. Its discrete prediction model is

iy e+ 1) = [ 259 4+ 2 74 iy ()

| (49)
vej (k1) = [ 6 — i (0] T+ ve ()

where Ty denotes the sampling period, j = 1, 2,..., 2N + 1.
i, (k), va(k), and i15,q(k) respectively represent the sampled
inductor current, output voltage, and load current in the kth
period. vy, represents the jth outputlevel. it j(k+ 1) and v j(k +
1) respectively denote the predicted current and voltage at the
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TABLE VI
STEADY-STATE AND DYNAMIC PERFORMANCE INDICATORS OF SYMMETRIC CHBMI UNDER DIFFERENT CONTROL METHODS

Proposed control

PS-PWM-based PI

CR-LS-PWM-based Improved

method control [10] PI control [13] FCS-MPC [23]
THD of vap, (Verefin = 500/530 V) 23.90%/22.64% 34.93%/32.18% 24.92%/23.65% 24.52%/23.78%
THD of ve (Verein = 500/530 V) 0.23%/0.23% 0.43%/0.31% 0.41%/0.34% 0.31%/0.27%
RMSE of ve (Verein = 500/530 V) 0.1388/0.1392 V 2.5177/2.6417 V 3.0685/3.2572 V 0.1432/0.1451 V
RMSE of i, (Vcrein = 500/530 V) 0.0457/0.0486 A 0.2289/0.2265 A 0.2268/0.2285 A 0.0503/0.0501 A
vap and vo1—ve3 have level jumps? No Yes Yes No
Maximum fluctuation of v¢/ip 0V/4.8 A 11.5V/9.9 A 11.1 V/9.7A 0V/3.4A
Dynamic response time 0.12 ms 0.31 ms 0.41 ms 0.18 ms
Power balance degree 99.57% 98.94% 98.89% -32.73%
Veretm = 500 V. Vererm =530 V. e Verm =500V Verem =530 V. Vererm = 500 V Verem =530 V Vererm = 500 V Vererm =530 V.
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Fig. 9. Simulation results of symmetric CHBMI under the proposed control ~ Fig. 11.  Simulation results of symmetric CHBMI under CR-LS-PWM-based

method. (a) Waveforms of v,1,, vc, and it,. (b) Waveforms of vo1, Vo2, Vo3.
Instantaneous power and average power when Vcyerm = 500 V: (¢) p1 and P1;
(d) p2 and P2; and (e) p3 and Ps.

Vertm = 500 V Verm =530V Verem = 500 V Veram =530 V
600 5 > ]
s
= 0
5
-600 565
U ALSY
% m_l
-400
20 25 00 A
< 15
" 0 09849 08565
B04 006 00§ 01 002 014 004
ime (5)
@
b P =1382W 4 P,=1391W
=3 ~3
g %
< <
0 0
0 0.025 0.05 0.025 0.025
Time (8) Time (3) Time ()
© () ©
Fig. 10.  Simulation results of symmetric CHBMI under PS-PWM-based PI

control. (a) Waveforms of v,p, va, and ir,. (b) Waveforms of vo1, Vo2, Vo3.
Instantaneous power and average power when Vcyerm = 500 V: (¢) p1 and P1;
(d) p2 and P2; and (e) p3 and Ps.

(k + 1)th period of the jth output level. The cost function is
G = Gylipger (k+ 1) — i (k+ D]?

+ Go[verer (k + 1) — ve; (k + 1)]2

where G; and G4 are weighting factors. Since the tracking con-
trol of voltage and current is equally important, let G; = G2 =
1. iprer(k + 1) and verer(k + 1) denote the reference current and

(50)

PI control. (a) Waveforms of v,p, vc, and it,. (b) Waveforms of vo1, Vo2, Vo3.
Instantaneous power and average power when Vcyerm = 500 V: (¢) p1 and P1;
(d) p2 and P2; and (e) p3 and P3.
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Fig. 12.  Simulation results of symmetric CHBMI under improved FCS-MPC.
(a) Waveforms of v, vc, and i1,. (b) Waveforms of vo1, Vo2, Vo3. Instantaneous
power and average power when Vrerm = 500 V: (¢) p1 and P1; (d) p2 and Pa;
and (e) p3 and P3.

voltage at period k + 1, respectively. Figs. 9-12 show the simula-
tion results of the proposed method, PS-PWM-based PI control,
CR-LS-PWM-based PI control, and improved FCS-MPC. When
t = 0.085 s, the value of Vgyerm increased from 500 to 530
V. Table VI gives the steady-state and dynamic performance
indicators, such as the THD of v,;, and v, the root mean square
error (RMSE) of v¢ and ir,, the maximum fluctuation values of
vc and iy, after the mutation of Viyem, the dynamic response
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TABLE VII
MAIN SIMULATION PARAMETERS OF ASYMMETRIC CHBMI

Symbol Parameters Values
mE, E DC-side voltage of unit 1, units 2-3 300V, 150V
Vrefin Amplitude of reference voltage verer 500/530 V
T Period of reference voltage vrer 0.02s
L, L. Filter inductor 1 mH, 0.2 mH
C, G Filter capacitor 1 puF
R Resistive load 20 Q

time, and the output power balance degree when different control
methods are applied to the symmetric CHBMI. As shown in
Table VI, when Vet = 500/530 V with the proposed method
applied, the THD of v,;, is 23.90%/22.64%, the THD of v¢
is 0.23%/0.23%, the RMSE of v is 0.1388/0.1392 V, and the
RMSE of ip, is 0.0457/0.0486 A. These results indicate that
the proposed method achieves the lowest THD and RMSE for
the symmetric CHBMI compared to other methods. In addition,
when Vcyern, mutates, there is no level jump in vy, and v —vo3
of the symmetric CHBMI when the proposed method is applied,
while both PS-PWM-based PI control and CR-LS-PWM-based
PI control have jumps. Although the maximum fluctuation value
of i1, of the proposed method is slightly higher than that of the
improved FCS-MPC, the dynamic response time of v¢ and iy, is
the shortest, only 0.12 ms. In terms of power balance, the power
balance degree of the proposed method is as high as 99.57%,
which is significantly better than —32.73% of the improved
FCS-MPC.

Therefore, according to the analysis of simulation results, for
symmetric CHBMI, compared with the other three methods, the
proposed method has comprehensive advantages in steady-state
accuracy, dynamic response speed, and power balance.

B. Simulation Results of Asymmetric CHBMI

The simulation parameter settings are shown in Table VII.
The sigmoid function model of the asymmetric CHBMI with a
nonlinear rectifier load is

=t

% = dstc — % _ iLr(ZS(CCl‘VC)*l)

X3 = % — VC(ZS(Zw:)—l) _ VL_Crr . (51)
Yi=Vve,y2 =1L

According to Section III-B, the control coefficients of the
proposed method were designed as k; = 353 000, ks =
112 800. Considering the impact of PI control coefficients on
stability and dynamic response [29], the control coefficients of
PBIH-PWM-based PI control were designed as: k,, = 8, ki
= 300, kpc = 1.5, kic = 280. The discrete prediction model
and cost function of the improved FCS-MPC are still (49) and
(50). Figs. 13—15 respectively show the simulation results of
using the proposed method, PBIH-PWM-based PI control [14],
and the improved FCS-MPC [23]. When ¢ = 0.085 s, the value
of Viyem increased from 500 V to 530 V. Table VIII gives the
steady-state and dynamic performance indicators when different
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Fig. 13.  Simulation results of asymmetric CHBMI under the proposed control

method. (a) Waveforms of v,p, vo, and it,. (b) Waveforms of vo1, Vo2, Vo3.
Instantaneous power and average power when Vcyerm = 500 V: (¢) p1 and Py
(d) p2 and P2; and (e) p3 and P3.
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Fig.15.  Simulation results of asymmetric CHBMI under improved FCS-MPC.
(a) Waveforms of v,1,, v, and it,. (b) Waveforms of vo1, vo2, Vo3. Instantaneous
power and average power when Virerm = 500 V: (¢) p1 and Py (d) p2 and Pa;
and (e) p3 and Ps3.
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TABLE VIII
STEADY-STATE AND DYNAMIC PERFORMANCE INDICATORS OF ASYMMETRIC CHBMI UNDER DIFFERENT CONTROL METHODS

Proposed control method

PBIH-PWM-based PI control [14]

Improved FCS-MPC [23]

THD of vap (Vcrein = 500/530 V) 17.78%/17.23% 17.92%/17.29% 17.52%/17.17%
THD of ve (Verem = 500/530 V) 0.37%/0.33% 0.42%/0.36% 0.31%/0.27%
RMSE of ve (Verein = 500/530 V) 1.2208/1.5651 V 2.6603/3.1159 V 2.3096/3.9941 V
RMSE of i (Verein = 500/530 V) 0.4101/0.6225 A 1.014/1.3132 A 0.9077/0.9985 A
Vab and vo1—v,3 have level jumps? No No No
Maximum fluctuation of v¢/ip 0V/0A 20 V/2.76 A 0V/2.03 A
Dynamic response time 0.2 ms 0.97 ms 0.25 ms
Power balance degree 99.73% 78.29% 45.58%

Oscilloscope

| Linear Resistive
Load

Auxiliary
Power Supply

Brldge Multi-Level Inverter

Fig. 16. Experimental platform of symmetric/asymmetric CHBMI with 3
inverter units.

control methods are applied to the asymmetric CHBMI. From
the comparative analysis of Table VIII, although the THD of v},
and v¢ of the proposed method is slightly higher than that of the
improved FCS-MPC, it is less than that of PBIH-PWM-based
PI control. Moreover, compared with the other two methods,
when Veyer, = 500/530 V with the proposed method applied,
the RMSE of v¢ and ir, of the asymmetric CHBMI is the lowest,
being 1.2208/1.5651 V and 0.4101/0.6225 A, respectively. In
addition, when Ve changes suddenly, ve and it, do not have
unexpected fluctuations, and the dynamic response time is the
shortest, only 0.2 ms. In terms of power balance, the power
balance degree of the proposed method is the highest at 99.73%,
significantly better than the other two methods.

Therefore, the analysis of the simulation results shows that,
compared with other methods, the proposed method also has
comprehensive advantages in terms of steady-state accuracy,
dynamic response speed, and power balance for the asymmetric
CHBMIL.

VI. EXPERIMENTAL VALIDATION

To further experimentally verify the proposed method, an
experimental platform of symmetric/asymmetric CHBMI with
3 inverter units (see Fig. 16) was constructed. The switches
were SGH40N60, the voltage probe Tektronix P5200A, and the
current probe CYBERTEK CP8030H.

A. Experimental Results of Symmetric CHBMI

The experimental parameter settings are shown in Table IX.
According to Section III-B, the control coefficients of the
proposed method were set to k; = 52 500 and ky = 112
500. The control coefficients of PS-PWM-based PI control

TABLE IX
MAIN EXPERIMENTAL PARAMETERS OF SYMMETRIC CHBMI

Symbol Parameters Values
E DC source voltage 100 V
Vrefn Amplitude of the reference voltage verer 250/280 V
T Period of the reference voltage verer 0.02s
L Filter inductor 1 mH
C Filter capacitor 10 pF
Ry Resistive load 30 Q
1 Verem =250 V e Veram = 280 V > Veretm = 250 V Vererm = 280 V »
| > GO0V — Vor (150 V/div)
I L/
v (200 ,","f?’!’l-ll‘-.l
ve (50 Vidiv)

Tax_|
i 3 A/div)
Bty

"ve (150 V7 div)

!

7 N
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vor (150 V/ div) Vo2 (150 V/div) Voa (150 V/div)
0 Adiv) ,/‘ i, (N}NQV) || (10 Adivy— / N\
N N | i Nz ;
P, =3483W =347.6 W - P;=3474W
Pi (S00W/div) P2 (soowm.v) P (S500W/div)

Time (10ms/div)

(© (d ©

Time (10ms/div) Time (10ms/div)

Fig. 17.  Experimental results of symmetric CHBMI under the proposed con-
trol method. (a) Waveforms of v,},, vc, and it,. (b) Waveforms of vo1, Vo2, Vo3.
Instantaneous power and average power when Vcyerm = 250 V: (¢) p1 and P1;
(d) p2 and P2; and (e) p3 and P3.

and CR-LS-PWM-based PI control were designed as kp, = 3,
kiy =200, kpc = 0.8, and k;. = 180. Figs. 17-20 respectively
show the experimental results of using the proposed method,
PS-PWM-based PI control, CR-LS-PWM-based PI control, and
the improved FCS-MPC. During the experiment, the value of
Voretm increased from 250 V to 280 V.

Table X presents the steady-state, dynamic performance, ex-
ecution time, power balance degree, and actual efficiency when
different control methods are applied to the symmetric CHBMI.
Table XI presents the actual switching frequency and switching
loss of the symmetric CHBMI when different control methods
are applied. As shown in Table X, compared to the other three
methods, the proposed method achieves the lowest THD of
Vab and ve when Ve = 250/280 V, with values of only
23.91%/20.74% and 0.21%/0.20%, respectively.

Among them, the THD of v,;, of the proposed method is
reduced by 6.29%—12.24% compared with PS-PWM-based PI
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TABLE X
STEADY-STATE AND DYNAMIC PERFORMANCE, EXECUTION TIME, POWER BALANCE DEGREE, AND ACTUAL EFFICIENCY OF SYMMETRIC CHBMI UNDER
DIFFERENT CONTROL METHODS

Proposed control PS-PWM-based PI CR-LS-PWM-based PI Improved
method control [10] control [13] FCS-MPC [23]
THD of vap, (Verefin = 250/280 V) 23.91%/20.74% 36.15%/31.68% 30.20%/29.00% 24.07%/20.92%
THD of vc (Ve = 250/280 V) 0.21%/0.20% 0.57%/0.42% 0.43%/0.36% 0.24%/0.23%
vap and vo1—ve3 have level jumps? No Yes Yes No
Maximum fluctuation of v¢/ip 0V/A42A 12V/6.0 A 20V/6.6 A 0V/33A
Dynamic response time 0.15 ms 0.63 ms 0.65 ms 0.18 ms
Execution time 10.32 ps 9.44 us 11.17 ps 13.23 ps
Power balance degree 99.69% 99.11% 98.51% —32.75%
Actual efficiency 95.16% 94.75% 94.83% 93.74%
TABLE XI

ACTUAL SWITCHING FREQUENCY AND SWITCHING LOSS OF SYMMETRIC CHBMI UNDER DIFFERENT CONTROL METHODS

Proposed control PS-PWM-based ~ CR-LS-PWM-based Improved
method PI control [10] PI control [13] FCS-MPC [23]
Effective switching frequency of Q;;1—Q1» 15.02 kHz 20.34 kHz 19.99 kHz 20.03 kHz
Switching times/loss of Q;;—Qpxina T 300/0.7639 W 408/1.0390 W 399/1.0160 W 402/1.0237 W
Effective switching frequency of Qi3—Q14 14.89 kHz 20.24 kHz 19.26 kHz 20.09 kHz
Switching times/loss of Q;3—Qsina T 298/0.7589 W 405/1.0313 W 391/0.9957 W 403/1.0262 W
Effective switching frequency of Q,1—Qx» 15.19 kHz 20.12 kHz 20.51 kHz 20.53 kHz
Switching times/loss of Q,—Qxnina T 305/0.7767 W 403/1.0262 W 412/1.0491 W 410/1.0441 W
Effective switching frequency of Q23—Qa4 15.02 kHz 20.04 kHz 20.50 kHz 20.50 kHz
Switching times/loss of Q,3—Qxuina T 301/0.7665 W 401/1.0211 W 410/1.0441 W 410/1.0441 W
Effective switching frequency of Q3,—Qs> 15.01 kHz 20.11 kHz 19.29 kHz 20.21 kHz
Switching times/loss of Q;1—Qsina T 299/0.7614 W 404/1.0288 W 387/0.9855 W 406/1.0339 W
Effective switching frequency of Q33—Qs4 15.08 kHz 20.07 kHz 20.14 kHz 20.53 kHz
Switching times/loss of Q33—Qssina T’ 303/0.7716 W 403/1.0262 W 405/1.0313 W 411/1.0466 W
Total switching loss ina 7' 9.1979 W 12.3453 W 12.2435 W 12.4370 W
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Fig. 18.  Experimental results of symmetric CHBMI under PS-PWM-based
PI control. (a) Waveforms of v,p, vc, and i1,. (b) Waveforms of vo1, vo2, vo3.
Instantaneous power and average power when Vcrerm = 250 V: (¢) p1 and P1;
(d) p2 and P2; and (e) p3 and P3.

control and CR-LS-PWM-based PI control. And when Vcyefm
changes suddenly, there is no level jump in v,}, and vo1 —v,3 of
the proposed method, while there are jumps in PS-PWM-based
PI control and CR-LS-PWM-based PI control. Although the
maximum fluctuation value of i1, of the proposed method is
slightly higher than that of the improved FCS-MPC, its dynamic
response time is the shortest, only 0.15 ms. Compared with
PS-PWM-based PI control and CR-LS-PWM-based PI control,
the dynamic response time of the proposed method is shortened
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L ime (0.25 ms/div
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Fig. 19. Experimental results of symmetric CHBMI under CR-LS-PWM-
based PI control. (a) Waveforms of v,1,, vc, and ir,. (b) Waveforms of vo1,
Vo2, Vo3. Instantaneous power and average power when Vorerm = 250 V: (c)
p1 and Py; (d) p2 and P2; and (e) p3 and Ps.

by 76.19% and 76.92%, respectively. In addition, although the
execution time of the proposed method is slightly higher than
that of PS-PWM-based PI control, the power balance degree
and actual efficiency are the highest, 99.69% and 95.16%, re-
spectively. Among them, the power balance degree is increased
by 132.44% compared with the improved FCS-MPC. From the
comparative analysis of Table XI, the actual switching frequency
of the proposed method is the lowest, and the switching loss is
the smallest.
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Fig. 20. Experimental results of symmetric CHBMI under improved FCS-
MPC. (a) Waveforms of v,},, vc, and ip,. (b) Waveforms of vo1, vo2, Vo3.
Instantaneous power and average power when Vcrerm = 250 V: (¢) p1 and
P1;(d) p2 and P2; and (e) p3 and P3.

TABLE XII
MAIN EXPERIMENTAL PARAMETERS OF ASYMMETRIC CHBMI

Symbol Parameters Values
mE DC-side voltage value of high-voltage unit 1 144 V
E DC-side voltage value of low-voltage units 2-3 72V
Vcrefin Amplitude of the reference voltage veyer 220/250 V
T Period of the reference voltage vrer 0.02's
L Filter inductor 10 mH
C Filter capacitor 10 uF
L, Filter inductor 0.2 mH
C Filter capacitor 1 uF
R Resistive load 200
Verem=220V Verem =250 V Vrem =220 V Vrem =250 V
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Fig. 21. Experimental results of asymmetric CHBMI under the proposed
control method. (a) Waveforms of v,1,, vc, and if,. (b) Waveforms of vo1, vo2,
Vo3. Instantaneous power and average power when Vcyerm = 220 V: (¢) p1 and
P1; (d) p2 and P3; and (¢) p3 and P3.

B. Experimental Results of Asymmetric CHBMI

The experimental parameter settings are shown in Table XII.
According to Section III-B, the control coefficients of the pro-
posed method were set to k3 = 272 500 and ko = 151 300,
and the control coefficients of PBIH-PWM-based PI control
were designed as kp, = 2.5, ki, = 350, kpe = 1.2, and k;c =
220. Figs. 21-23 respectively show the experimental results of
using the proposed method, PBIH-PWM-based PI control, and
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Fig. 22. Experimental results of asymmetric CHBMI under PBIH-PWM-
based PI control. (a) Waveforms of v,p, vc, and ir,. (b) Waveforms of vo1,
Vo2, Vo3. Instantaneous power and average power when Voyerm = 220 V: (¢)
p1 and Pq; (d) p2 and P2; and (e) p3 and Ps.
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Fig. 23. Experimental results of asymmetric CHBMI under improved FCS-
MPC. (a) Waveforms of v,1,, va, and ip,. (b) Waveforms of vo1, Vo2, Vo3.
Instantaneous power and average power when Vcyerm = 220 V: (¢) p1 and
P1; (d) p2 and P2; and (e) p3 and P3.

the improved FCS-MPC. During the experiment, the value of
Vrefm increased from 220 to 250 V.

Table XIII presents the steady-state, dynamic performance,
execution time, power balance degree, and actual efficiency
when different control methods are applied to the asymmetric
CHBMI. Table XIV presents the actual switching frequency
and switching loss of the asymmetric CHBMI when different
control methods are applied. From the comparative analysis of
Table XIII, the THD of v,;, and vc of the proposed method is
slightly higher than that of the improved FCS-MPC but lower
than that of PBIH-PWM-based PI control. When Vet changes
suddenly, there is no unexpected fluctuation in v and iy, of the
proposed method. The v of the improved FCS-MPC also has no
fluctuation, but its maximum fluctuation value of i, is 2.4 A. The
maximum fluctuation values of v and if, of PBIH-PWM-based
PI control are 30 V and 2.4 A, respectively. Moreover, the
dynamic response time of the proposed method is the lowest,
only 0.12 ms. Compared with the improved FCS-MPC and
PBIH-PWM-based PI control, the dynamic response time of the
proposed method is shortened by 25% and 68.42% respectively.
Although the execution time of the proposed method is slightly
higher than that of PBIH-PWM-based PI control, its power
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TABLE XIII
STEADY-STATE AND DYNAMIC PERFORMANCE, EXECUTION TIME, POWER BALANCE DEGREE, AND ACTUAL EFFICIENCY OF ASYMMETRIC CHBMI UNDER
DIFFERENT CONTROL METHODS

Proposed control method

PBIH-PWM-based PI control [14] Improved FCS-MPC [23]

THD of vap (Verein = 220/250 V) 22.37%/21.35%

22.57%/21.44% 20.67%/20.14%

THD of ve (Veretm = 220/250 V) 0.22%/0.20% 0.26%/0.22% 0.18%/0.13%
vap and v 1—ve3 have level jumps? No No No
Maximum fluctuation of vc/ip 0V/0A 30V/2.4 A 0V/24A
Dynamic response time 0.12 ms 0.38 ms 0.16 ms
Execution time 11.18 ps 10.54 us 13.47 us
Power balance degree 99.56% 93.03% 40.62%
Actual efficiency 95.78% 94.17% 93.41%

TABLE XIV
ACTUAL SWITCHING FREQUENCY AND SWITCHING LOSS OF ASYMMETRIC CHBMI UNDER DIFFERENT CONTROL METHODS

Proposed control method

PBIH-PWM-based PI control [14] Improved FCS-MPC [23]

Effective switching frequency of Q1—Qi» 50 Hz 391 Hz 20.67 kHz
Switching times/loss of Q;1—Qpina 7 1/0.0025 W 8/0.0204 W 414/1.0542 W
Effective switching frequency of Q13—Qi4 50 Hz 349 Hz 20.47 kHz
Switching times/loss of Q13-Q4ina T 1/0.0025 W 6/0.0153 W 411/1.0466 W
High-voltage unit operating at 50 Hz? Yes No No
Effective switching frequency of Q2—Qx» 14.47 kHz 19.95 kHz 20.89 kHz
Switching times/loss of Q2—Qyina T 291/0.7410 W 400/1.0186 W 418/1.0644 W
Effective switching frequency of Q3—Qa4 14.26 kHz 19.58 kHz 20.64 kHz
Switching times/loss of Q;3—Qysina T 287/0.7308 W 392/0.9982 W 413/1.0517 W
Effective switching frequency of Q3—Qs; 11.98 kHz 20.02 kHz 20.48 kHz
Switching times/loss of Q3—Qs ina T 241/0.6137 W 401/1.0211 W 411/1.0466 W
Effective switching frequency of Q33—Qs4 12.34 kHz 19.91 kHz 19.90 kHz
Switching times/loss of Q33—Qssina T 251/0.6392 W 400/1.0186 W 399/1.0160 W
Total switching loss ina T’ 54597 W 8.1844 W 12.5592 W

balance degree and actual efficiency are the highest, 99.56%
and 95.78%, respectively. Among them, the power balance
degree is increased by 58.94% and 6.53% compared with the
improved FCS-MPC and PBIH-PWM-based PI control, respec-
tively. From the comparative analysis of Table XIV, compared
with the other two methods, the actual switching frequency of the
proposed method is the lowest, the switching loss is the smallest,
and it ensures that the high-voltage unit always operates at the
fundamental frequency.

Therefore, the experimental results shown in Figs. 17-23 are
consistent with the simulation results shown in Figs. 9-15. The
results show that, whether for the symmetric CHBMI with a
linear load or the asymmetric CHBMI with a nonlinear load,
the proposed method has comprehensive advantages compared
to other methods in terms of steady-state accuracy, dynamic re-
sponse speed, power balance, and switching loss. Moreover, the
proposed method can also ensure that the high-voltage inverter
unit of the asymmetric CHBMI operates at the fundamental
frequency.

VII. CONCLUSION

To achieve power balance in CHBMIs while ensuring good
steady-state and dynamic performance, this article proposes a
feedback linearization random selection control method based
on the sigmoid function. The proposed method is applicable
to symmetric and asymmetric CHBMIs with any number of
inverter units, which are connected with linear or nonlinear
loads. Simulations and experiments were carried out on a sym-
metric cascaded H-bridge 7-level inverter with a linear resistive

load and an asymmetric cascaded H-bridge 9-level inverter with
anonlinear rectifier load, and comparisons were made with other
methods. The results show that:

1) For the symmetric CHBMI, compared with PS-PWM-

based PI control and CR-LS-PWM-based PI control, the
THD of the output level using the proposed method is re-
duced by 6.29%—12.24%. Moreover, when the maximum
amplitude of the reference voltage changes suddenly, there
is no level jump in the output level using the proposed
method. However, both PS-PWM-based PI control and
CR-LS-PWM-based PI control have level jumps. In ad-
dition, compared with these two methods, the dynamic
response time of the proposed method is shortened by
76.19% and 76.92% respectively. In terms of power bal-
ance degree, the proposed method is improved by 132.44%
compared with the improved FCS-MPC.
For the asymmetric CHBMI, the THD of the output
level using the proposed method is slightly higher than
that of the improved FCS-MPC, but lower than that of
PBIH-PWM-based PI control. Compared with these two
methods, the dynamic response time of the proposed
method is shortened by 25% and 68.42% respectively,
and the power balance degree is increased by 58.94%
and 6.53% respectively. In addition, compared to these
two methods that struggle to ensure the high-voltage unit
works in a low-frequency state, the proposed method can
ensure that the high-voltage unit operates at the funda-
mental frequency, thereby effectively reducing the loss of
switches.

2)
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Therefore, compared with the existing methods, the proposed
method achieves better steady-state and dynamic performance,
and a higher power balance degree.
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