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, Xintian Liu
and Lin He

Xinxin Zheng ", Jingwen Hu

Abstract—Shoot-through is an inherent topology defect of
bridge-type inverters. Especially for multilevel inverters, the ad-
dition and compensation of dead-time have higher requirements
for control strategies. This article proposes a topology construction
regulation of three-phase inverters, which can convert any existing
two-level or multilevel bridge-type inverter into a new topology
without shoot-through problem. Also, the new topology makes it
easier to achieve capacitor balance. With the proposed regulation,
two typical multilevel topologies are given, and their working
principles are analyzed. They have new switching modes that are
not available in conventional bridge topologies and help to achieve
dc capacitor balance. Because the filtering plant is coupled in
the topology, the traditional inverter transfer function is unsuitable
for the newly generated topology. Therefore, power bond graph
method is applied to establish the topology mathematical model.
A new switching model called switch-diode combined junction is
proposed, which is suitable for both discrete and continuous control
signals. Based on this, the control system complex vector model in
synchronous rotating frame is established and the multiconstrained
complex coefficient controller is designed to improve the dynamic
performance of inverters. Finally, the simulation and experimental
results are given to verify the correctness of the theoretical analysis.

Index Terms—Capacitor balance, complex vector model, power
bond graph method, switch-diode combined junction.

1. INTRODUCTION

ULTILEVEL inverters are widely used in high-voltage
M situations [1]. Similar to two-level topology, multilevel
topology also has a shoot-through problem [2]. In order to
solve the problem, dead-time should be added to the driving
signals. However, dead-time is unable to fundamentally solve
the shoot-through problem. During the debugging process of the
experimental prototype, it is easy to cause hardware damage due
to unreliable software settings. What is more, dead-time intro-
duces additional harmonics, harmonic compensation strategies,
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or higher requirement filters are needed. A small-scale high-
precision digital closed-loop modulation method is presented in
[3], which can eliminate the influence of dead time by using
a resistive voltage divider to collect the state information. The
strategy outlined in [4] involves optimizing the output wave-
forms of the bridge arms as a means to counteract the effects
of dead time. With the proposed method, current sensing or
additional control loops are not required but quantization and
sampling circuit is still needed. It can be seen that in order
to solve the shoot-through problem by control strategies, two
steps are needed, one is to add a dead-time, and the other is
to eliminate the dead-time effects [5], [6], [7]. As a result,
the software and hardware of the control system both require
corresponding solutions. In addition, if the dead-time effects
cannot be effectively eliminated, the design and optimization
of ac filters also need to consider the harmonics introduced by
dead-time [8]. The effect of dead time on the voltage harmonic
content is scrutinized in [9]. An optimal inductance ratio for
the LCL filter, taking into account lower-order harmonics, is
provided in [10]. The dead-time effects would increase filter
specifications and design difficulty of the inverter.

In order to fundamentally solve the shoot-through problem,
the topology of the inverter needs to have antishoot-through
capabilities, which means that shoot-through branches cannot
exist in the topology. The Z-source network can be combined
with bridge topology to eliminate shoot-through branches so
it can be applied to two-level and multilevel inverters [11]. It
is a typical inverter topology without shoot-through problem
[12]. However, Z-source inverters have some drawbacks, such as
start-up shocks, large capacitor volumes, and high costs, which
necessitate the consideration of improved topologies and control
strategies, as discussed in [13]. A five-level inverter structure
featuring dual quasi-Z-source networks and a switched capacitor
is suggested in [14]. In [15], a novel series of magnetically
coupled impedance source inverters is introduced, characterized
by a clamped dc-link voltage and reduced shoot-through current.
An advanced amplitude-domain technique aimed at reducing
inductor current ripple in three-phase quasi-Z-source inverters
is discussed in the study reported in [16]. The abovementioned
techniques help to solve the problems of Z-source inverters but
increase the complexity of the inverter system. What is more,
in order to the realize multiquadrant operation of the inverter,
additional bidirectional power switches need to be added to the
topology in [17].
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In addition to Z-source topology, there are still some other
topologies without shoot-through problem, such as the combi-
national power circuit, which consists of the half-bridge circuit
proposed in [18] and the dual-buck topology described in [19],
[20], [21], and [22]. They are both two-level inverters and can be
extended to the modular multilevel converter structure through
cascading. Dual-buck topology has a simpler structure than other
topologies without shoot-through problem. It can be equivalent
to the bridge-type inverter in an ideal condition and has no
dead-time effects [20]. In [21], the evolutionary three-level
and five-level topologies of dual-buck-type inverters are also
provided, however, these topologies still require improvement.

In terms of modeling and control of the inverter, bridge-type
inverters can easily obtain the transfer function from the control
signal to the output of bridge legs [23]. The Z-source-type
inverter can be split into the Z-source network and inverter
bridge. They can be modeled separately [24]. Dual-buck-type
inverters do not have fixed output points of the bridge legs, so
they are usually equivalent to bridge-type inverters, as described
in [20]. But, it is only suitable for ideal situations. The inverter
model is inaccurate and the controller designed based on the
model cannot achieve the desired effect. Small-signal modeling
can solve this problem but it is only applicable to system analysis
and optimization near steady-state operating points [25], [26].

For the abovementioned reasons, this article proposes a topol-
ogy construction regulation of three-phase inverters without
shoot-through problem. With the proposed regulation, any of
the existing two-level or multilevel bridge-type topologies can
be converted into a more reliable topology, and dead-time is not
required. The newly constructed inverters have a new working
mode, which helps to achieve balance of dc capacitors. Similar
to bridge-type inverters, they also have the ability to operate in
four quadrants. However, the filtering plant is coupled in the
topology, the traditional inverter transfer function is not suitable
for newly generated topology. The power bond graph (PBG)
method is applied, which can obtain an accurate inverter model
to design control systems [27]. PBG is a universal modeling
method applicable to electrical, mechanical, and hydraulic sys-
tems simultaneously. But, it is difficult to characterize power
semiconductor devices. A localized model of the inverter, con-
centrating on the segment without power switches, is constructed
using PBG as detailed in [28]. In [29], the concept of switched
power junctions is proposed, and it is suitable for modeling
power electronic converters, as mentioned in [30]. In [31], the
P-cell and N-cell were introduced as the basic switching units
that form the foundation of most power electronic circuits.
These cells, each comprising a switching device and a diode,
offer a new perspective on circuit topology and facilitate the
systematic design and evolution of power conversion circuits. In
[32], a switching equivalent model of PBG is proposed, which is
only applicable to discrete switch control signals. After solving
switch modeling, PBG is suitable for pure circuit modeling,
and its modeling process is more concise compared to small
signal modeling. Especially for inverter circuits where the output
points of the bridge arms are not fixed, PBG is able to build
a unified circuit model without frequent model adjustments
due to the switching of the output points of the bridge arms.
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Fig. 1. Construction regulation of single bridge leg to eliminate the shoot-

through branches. (a) Simplified structure of single bridge leg for multilevel
bridge-type inverters. (b) Construction principle of single bridge leg without
shoot-through problem.

Since the filters are coupled in the topology, the traditional
inverter transfer function is not suitable for the newly generated
topology. Using the PBG method, an accurate inverter model
can be obtained for designing the control system. In order to
establish an accurate PBG model, this article proposes a new
switching junction applied to PBG, which is suitable for both
discrete and continuous control signals. It contains a switch and a
diode with alternating conduction, which is called switch-diode
combined junction (SDJ). With the proposed SDJ, the transfer
function within a continuous domain of the inverter can be
derived easily. Based on this, the control system complex vector
model in synchronous rotating frame (SRF) can be established.
A multiconstrained complex coefficient controller is designed
to improve the dynamic performance of inverters.

The rest of this article is organized as follows. Section II
analyses the topology construction regulation of inverters with-
out shoot-through problem, and the working principle and dc
capacitors balance are discussed. Taking two kinds of typical
multilevel inverter as an example, the process of topology regula-
tion is given. Section Il introduces the proposed SDJ and derives
the inverter transfer function with the PBG method. Section IV
establishes the control system complex vector model in SRF
and designs the multiconstrained complex coefficient controller.
Section V gives the simulation and experimental results to verify
the correctness of the theoretical analysis. Finally, Section VI
concludes this article.

II. TOPOLOGY CONSTRUCTION REGULATION

A. Elimination of Shoot-Through Branches of Single Bridge
Leg

The bridge legs of the traditional bridge-type inverter have
shoot-through branches, the elimination of which is necessary.
Fig. 1 shows the construction regulation of a single bridge
leg to eliminate the shoot-through branches. Fig. 1(a) shows
the simplified structure of a single bridge leg for multilevel
bridge-type inverters. O is the midpoint of dc voltage. A is the
output point of the bridge leg. L is the ac side filter. Taking the dc
capacitor C(n.1)/2 for example, the power devices Sn-1) /2, and
S(N-1)/2n, respectively, from the forward and reverse pathways
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Fig. 2. Construction regulation of flowchart.

from the positive point of C(n.1),2 to the ac side. S 1)/2p and
S(N41)/2n, respectively, from the forward and reverse pathways
from the negative point of C(n.1)/2 to the ac side. S(N.1)/2p»
S(N-1)/2n, S(N+1)/2p> and S(N41)/2n are the combination of
single or multiple power devices, such as the diodes, IGBTs, and
MOSFETs [33]. Also, the same power device can be multiplexed in
different pathways. The unreliable cut-off of the power devices
may cause simultaneous conduct of S(N.1)/2p, and S(x+1)/20,
which would cause the short-circuit fault of C(n.1)/2, which is
also called the shoot-through fault. Each dc capacitor or their
combination would cause shoot-through fault so dead-time is
necessary for the bridge-type inverter.

Fig. 1(b) shows the construction principle of a single bridge
leg without shoot-through problem. In order to eliminate the
shoot-through branches, the ac side filter L is embedded in
the branch. The inductive current cannot change suddenly so
simultaneously conduct of S(n.1)/2p and S(n1)/2a Will not
cause short-circuit fault of C(n.1)/2. To ensure the symmetry
of the positive and negative half cycle, L is split into L; and
L. To further reduce the volume, L; and Lo can be designed as
coupled inductors [21].

Multilevel inverters have the problem of unbalanced dc ca-
pacitor voltage. Additional balancing circuits need to be added,
or the operating time of the control vectors needs to be adjusted
[34]. The topology in Fig. 1(b) allows simultaneous conduct
of S(N-1)/2p and S(N-+1)/2n. It is a new switching mode that
traditional bridge-type inverters do not have, which can be called
shoot-through mode. In this mode, C(n.1)/2 discharges to L;
and L,. In other switching modes, L; and Ly can transfer energy
to other capacitors. With this principle, it is easy to achieve the
balance of dc capacitors. Fig. 2 illustrates the rules for generating
anew topology, visualizing the logical structure of the provision
and the implementation steps.

B. Construction of Typical Multilevel Bridge Leg

With the construction regulation, any existing two-level or
multilevel bridge-type inverter can be converted into a new
topology without shoot-through problem. Fig. 3 shows the reg-
ulation process of two typical three-level topologies. Fig. 3(a)
and (b) is the leg of the I-type three-level neutral-point-clamped
(BL-NPC) inverter. Sy}, is the combination of S; and Sa. Sq,
is the combination of Dy and D2, which can be replaced by
a single high-voltage diode. Sz, is the combination of D3 and
Sz. Sy is multiplexed in both S;;, and Sy,. L is embedded in
the branch and split into L; and Lo. Fig. 3(c) and(d) is the leg
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Fig. 3. Construction process of two typical three-level topologies. (a) Leg of
I-type 3L-NPC inverter. (b) Newly leg of I-type 3L-NPC inverter. (c) Leg of
T-type 3L-NPC inverter. (d) Newly leg of T-type 3L-NPC inverter.

TABLE 1
UNIFIED SWITCHING EFFECT OF TWO TYPES OF INVERTERS

Output voltage S1pVSin S2pVS2n S3pVSan
Up 1 0 0
Uo 0 1 0
Ux 0 0 1

of the T-type 3L-NPC inverter. Sy, is the single switch Sy. Sy,
is the single diode D;. Sy is the combination of Sy and Ds.
So, 1s the combination of S3 and Ds. It can be seen that the
I-type and T-type 3L-NPC inverters have a common topology
regulation process from bridge-type to the new topology without
shoot-through problem.

The output point of the bridge-type 3L-NPC inverter is A. For
the newly constructed topology, there are two output points, Ay
and As. The unified switching effect of the two kinds of inverters
can be obtained, which is shown in Table I.

With the topology construction method, the five-level topolo-
gies also can be regulated. Fig. 4 shows the typical topologies.
Fig. 4(a) and (b) is the legs of SL-NPC and its improved topology
described in [35]. Fig. 4(c) and (d) is the cascade topologies with
single dc source and multiple independent dc sources. It can be
seen that the proposed method is applicable to all topologies.
But in cascade topologies, more inductors are necessary. The
construction method is more suitable for the NPC topologies.

Fig. 5 and 6 show the switching modes of I-type and T-type
newly constructed bridge legs without shoot-through problem.
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Fig. 4. Construction process of typical five-level topologies. (a) Leg of 5L-
NPC inverter. (b) Leg of improved SL-NPC inverter. (c) Leg of cascade topology
with single DC source. (d) Leg of cascade topology with multiple independent
DC sources.

The positive direction of ac current is defined in Fig. 3. In the
positive half cycle, the output point of the bridge leg is A1, and in
the negative half cycle, the output point of the bridge leg is As. As
a result, the output point of the bridge leg would switch in each
half cycle. The traditional bridge-type inverter transfer function
is not suitable for the newly generated topology because the
filtering plant is coupled in the topology. In [20], the dual-buck
inverter is equivalent to the bridge-type inverter but it is only
applicable to the situation where L; and L, are the same. What
is more, the model is affected by control strategies, so a more
accurate modeling method needs to be considered.

The A-phase of an I-NPC three-level inverter includes four
power switches S1—S4 and four diodes D;—-D,4. Assuming that
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Fig. 5. Switching modes of the I-type newly constructed bridge leg without
shoot-through problem. (a) P-level output during the positive half cycle of the
AC current. (b) P-level output during the negative half cycle of the AC current.
(c) O-level output during the positive half cycle of the AC current. (d) 0-level
output during the negative half cycle of the AC current. (e) N-level output
during the positive half cycle of the AC current. (f) N-level output during the
negative half cycle of the AC current. (g) Shoot-through mode with capacitor
C; discharging. (h) Shoot-through mode with capacitor C> discharging. (i)
Shoot-through mode with capacitors C1 and Ca discharging simultaneously.

P iy P P
aF . D or= s &D fer= ks, &D
s, Dy L s, D L s, D i| L
. A, o| ¥ A o) (A
5 D L L D Ly L D, L,
Ss A Ss A2 S3 A2
G D& K, CrF Dy J[f Crp DA £Ss
N N N
() () (©
P J P P
fox= s, 2D == +s, #D o= +s, #D
s, Ds L S, Dy L S, Dy L
o] ¥ Al ol = A o] fAr
D, Ly D L s D L
S, i Ss A2 Ss 2
= D& 5, O DF  &Ss O Dy S,
N Kf IN i N i
(d (e) ®
P P J P
CF i &Dy o s, #D o , &D
s, Dy L S, Ds L, S, Dy L
o) = 1 1 0 i 1
D, L, L D, L LD L
S; A2 S; A, S 2
C D& S, C Dy . C Dy .
N N N
(® () @

Fig. 6. Switching modes of the T-type newly constructed bridge leg without
shoot-through problem. (a) P-level output during the positive half cycle of the
AC current. (b) P-level output during the negative half cycle of the AC current.
(c) O-level output during the positive half cycle of the AC current. (d) 0-level
output during the negative half cycle of the AC current. (e) N-level output
during the positive half cycle of the AC current. (f) N-level output during the
negative half cycle of the AC current. (g) Shoot-through mode with capacitor
Cy discharging. (h) Shoot-through mode with capacitor Co discharging. (i)
Shoot-through mode with capacitors C; and Cq discharging simultaneously.
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the current i, flowing from the dc side to the ac side is defined
as positive, when S; and Ss simultaneously turn ON, and S3 and
S4 turn OFF, the output of the inverter’s A-phase is denoted as
the potential of P. When the inverter output current i, > 0, as
shown in Fig. 5(a), the current flows through S; and Ss from the
dc side to the ac side. When i, < 0, as illustrated in Fig. 5(b), the
current flows through D; from the ac side back to the dc side.

When S; and S, turn OFF, and S, and S3 turn ON, the output
of the inverter’s A-phase is denoted as the potential of O. When
in > 0, as shown in Fig. 5(c), the current flows through D3 and
S, from the dc side to the ac side. When i, < 0, as depicted in
Fig. 5(d), the current flows through S3 and D5 from the ac side
back to the dc side.

When S; and S5 turn OFF, and S3 and S, turn ON, the output
of the inverter’s A-phase is denoted as the potential of N. When
i > 0, as shown in Fig. 5(e), the current flows through D4 from
the dc side to the ac side. When i,, < 0, as illustrated in Fig. 5(f),
the current flows through Sz and S, from the ac side back to the
dc side.

The allowable voltage difference between capacitors C; and
Cs is AU. When the voltage of C; is higher than that of Cs, and
the voltage difference exceeds the maximum allowable voltage
difference AU, S1, So, and S35 will turn ON and S, will turn OFF.
At this point, C; discharges through the shoot-through mode to
reduce the voltage difference between C; and Co, as shown in
Fig. 5(g). When the voltage of C; is lower than that of Cs, and
the voltage difference exceeds the maximum allowable voltage
difference AU, Sa, Ss3, and S4 will turn ON and S; will turn OFF.
At this point, Cy discharges through the shoot-through mode to
reduce the voltage difference between C; and Co, as shown in
Fig. 5(h). When S4, So, S3, and S, all turn ON simultaneously,
C; and Cs will discharge through the shoot-through mode, as
shown in Fig. 5(i).

Compared to the traditional bridge-type topologies, the newly
constructed topologies have a new switching mode called shoot-
through mode, which contains three situations: C; discharges,
Cy discharges, and C; and Cy discharge together. Utilizing
the shoot-through mode that C; discharges or Co discharges,
the dc capacitors can easily achieve balance. For the five-level
topologies shown in Fig. 4, the capacitors C;—C4 also have
shoot-through discharge circuit loop formed by L;, Ly and the
corresponding power switches, which is similar as the three-level
topologies. As a result, all of the proposed multilevel topologies
can realize capacitor balance through capacitor discharge in
instantaneous shoot-through mode in theory.

Under the same LCL filter parameters, the topology without
shoot-through problem exhibits lower total harmonic distortion
compared to the conventional topology, mainly because the
additional harmonics caused by the dead-time are mainly con-
centrated in the low-frequency band, whereas the LCL filter has
a stronger attenuation capability for high-frequency harmonics.
According to the LCL filter parameters in Table II, the overall
size and cost of the filter can be reduced despite the increase in
the number of inductors. Therefore, when the dead-time is re-
moved, the LCL filter improves the overall system performance
more significantly.
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TABLE IT
DETAILED PARAMETERS FOR THE LCL FILTER
Parameter Inductor Capacitor
Inverter-side Grid/Load-side
Lr=0.5mH
Proposed M=03mH 0.8 mH 20 uF
Traditional | Li»=1.4mH 1.0 mH 20 uF
L
X Is LM
M Ce R ’
PA Cr R
Le-M i
Le-M 2M
Ly
Cr R
LeM 2M

Fig. 7. Equivalent circuit of a-phase with uncomplete-coupled inductors.

As shown in Fig. 7, L; and Ly can be converted to three
separate inductors by the equivalent model

Li=Lo=Li+M
(D
Ly=M

PBG are centered on describing the flow of energy and con-
version relationships in a circuit. Although coupled inductors
introduce additional magnetic coupling effects, this does not
change the basic energy flow laws in the circuit. Therefore, the
use of coupled inductors does not interfere with the correctness
and validity of the power bonding diagram through appropriate
equivalent processing.

Inductors are passive components that can be easily integrated
into the inverter design without substantially increasing
system complexity. In contrast, implementing software or
hardware-based dead time compensation networks often
requires additional programming, calibration, and testing, which
can be time-consuming and resource-intensive. Inductors help
suppress voltage spikes during switching transitions, reducing
switching losses. By optimizing the current waveform, inductors
can minimize harmonic distortion caused by dead time effects,
leading to improved output power quality.

III. PBG OF THE INVERTER
A. SDJ and Its Application

In the newly constructed topology, the filtering plant is cou-
pled in the topology. The output points of the bridge switch
between A; and As. The switches always work in coordination
with the corresponding diodes. Under continuous current, once
switch S is turned OFF, diode D will conduct freewheeling. S
and D conduct alternately. Therefore, they can form a junction
together applied to PBG, which is called SDJ. Fig. 8 shows two
connection forms of switch and diode. The positive direction
of the current is shown in the figures. In Fig. 8(a), the positive
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Fig. 8.  Two connection forms of switch and diode. (a) Circuit of diversion
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Fig. 9. Unified PBG of combined switch and diode. (a) sw = 1. (b) sw = 0.

direction is the same as that of the real current. In Fig. 8(b), the
positive direction is opposite to that of the real current.

The control signal of S is sw. In the condition that sw = 1, S
turns ON and D turns OFF. S can be seen as a potential source and
the potential variable S, = 0. D can be seen as a current source
and the current variable S¢ = 0. In the condition that sw = 0, S
can be seen as a current source, and Sy = 0. D can be seen as
a potential source and S, = 0. With the positive direction, the
two connection forms can be unified and the PBG of them are
the same. Fig. 9 shows the unified PBG of combined the switch
and diode. Fig. 9(a) is the PBG in the condition that sw = 1 and
Fig. 9(b) is the PBG in the condition that sw = 0.

It can be seen that there are seven junctions in the PBG.
Junctions (2), (3), (4), and (7) are the inner junctions. The causal
relationships of them change with sw. (1), (5), and (6) are the
external junctions. The causal relationships of them are certain,
which have no relationship with sw.

In the PBG, only one input is allowed as a potential of a “0”
node. The potentials of each junction in the “0” node are the
same. Only one input is allowed as a current of a “1” node. The
currents of each junction in the “1” node are the same. Under
the defined energy flow reference direction, the relationships of
the junctions are as follows:

up =ug = ug,ip = i2 + i3
U5 = Uz + Us, 13 = 1g =15 (2)
Ug = UT + U2, 19 = lg = 17.

In Fig. 9(a), sw = 1, uy = 0, iy = 0. In Fig. 9(b), sw = 0,

i7 = 0, uy = 0. The relationships of the external junctions can
be expressed as follows:

’i5 = (1 — sw)i1
’L'6 = swil (3)

uy = swug + (1 — sw)us.
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Fig. 11. Equivalence of two-level and three-level inverters constructed by
the proposed regulation. (a) Positive half cycle of reference waveform (I-type).
(b) Negative half cycle of reference waveform (I-type). (c) Positive half cycle
of reference waveform (T-type). (d) Negative half cycle of reference waveform
(T-type).

According to the principle of area equivalence, the discrete
signal sw can be replaced by A continuous signal. In (3), sw can
be a continuous signal in the range of [0,1]. As a result, the SDJ
can be established and it can be represented in the form of Fig. 10.
It is universal for both discrete and continuous signals. With
SDJ, the inverters based on digital control can be transformed
into continuous systems, thereby writing state equations and
deriving transfer functions.

Fig. 11 shows the equivalence of two-level and three-level
inverters, which are both constructed by the proposed regulation.
In the pulsewidth modulation methods of three-level inverters,
some power devices would keep normally on for half a cycle
[36]. In the positive half cycle of reference waveform, S in the
I-type and T-type legs keeps normally on and can be considered
as a short circuit. The switch status of Dy follows that of Ss,
it also can be considered as a short circuit. S4 and D4 do not
work and the branches of them can be ignored. Similarly, in the
negative half cycle of the reference waveform, S; and D3 can
be regarded as short circuits. The branches of S; and D; can be
ignored.

It can be seen that the equivalent circuits of the I-type inverter
and the T-type inverter are the same. In the positive half cycle of
the reference waveform, the three-level inverter can is equivalent
to a two-level inverter with an input voltage of Cy, while in the
negative half cycle, it is equivalent to that with an input voltage
of C 2.
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Fig. 12.  PBG model of the three-phase inverters without shoot-through

peoblem.

As a result, the two-level, I-type and T-type three-level in-
verters without shoot-through peoblem can share the same PBG
model. Fig. 12 shows the common PBG model of the three-
phase inverters without shoot-through peoblem. LCL filter is
applied, in which L; and L, are equivalent to the inverter-side
inductor. L is the load-side inductor. Cy is the capacitor in the
LCL filter. R is the equivalent input impedance on the ac side.
Uy, is the voltage of C; or Cs. Uy, is the common mode voltage.
Because the state equation is established in a continuous domain,
Uerm 18 0.

B. State Equation and Transfer Function Derivation of the
Inverter

The state equation of the inverter can be established by Fig. 12.
The input variable is

u(t) = swit). )
The state variables also are energy variables, which can be
expressed as
T
z(t) = [q1a P15 P3 P10 ®)

where g4 is the capacitor charge of C;. The current of C is

i14 and it is the differential of g14. ps, p10, and p15 are the flux
of Ly, Lo, and Ls. The inductor voltages are the differential of
fluxes. Therefore, the differential of the state variables is

#(t) = [da P15 P3 Pro] =i wis uz wio]” . (6)

The capacitor voltage u14, and inductor current iy5, i3, i19 can
be expressed as

: ; - 914 P15 p
[u1a i15 i3 210]:[@ Ts L

(53

- )
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According to the relationship shown in Fig. 12, (6) can be
converted as

o0 L1 1 1
Ls Li Ls q14
1 R
L(1) — (o ) 0 0 P15
H=1_1 0 0 0
Cr pP3
—a 00 0] [puo
0
0
+ sw = Ax(t) + Bu(t). (8)
_Uvin
_(]in

The output variable of the inverter is iig, thus, the output
equation can be expressed as

q14
1
= —pis=[0 £ 0 0] [P =CTz(t).
y(t) P 0 ] b | =CT2®). O
P1o

After Laplace transform, (8) and (9) can be transformed as

{SX(S) = AX(s) + BU(s) (10,

Y(s) = CTX(s).

Ignoring the switching delay, the transfer function from sw to
i16 can be expressed as

Y(s)
Ul(s)

After matrix operation, G(s) can be expressed as (12) shown
at the bottom of this page, where the coefficient K; is

_ 2UnlL1 Ly
- =

(sI —A)"
[sI — Al

G(s) = =CT(sI—A)'B=C" B. (11)

K (13)

The LCL filter also has a resonant frequency f;es, which is

(14)

b LiLo+ LoLs + L1 Ly
res = L1LyLsCy

With the PBG method, the transfer function of a traditional
bridge-type inverter with an LCL filter can also be obtained,
which is
U;

G'(s) = -
(S) 1-412[/3C’J08‘3 -+ LlchS2 + (L12 -+ Lg) S + R

15)

where L5 is also shown in Fig. 12. In the condition that L1 = Lo,
G(s), and G’ (s) are exactly the same. In the real condition, L; and
Ly would deviation. G’ (s) cannot be used as the transfer function
of the inverters without shoot-through peoblem. Therefore, (12)
should be used in the design process of the controller.

G(s)

K,

- L1L2L30f53 + LlLQCfR82 + (LlLQ + LoLs + Lng)S + (L1 + LQ)R

12)
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Fig. 13.  Control diagram of the inverter system. (a) Complex vector diagram.
(b) Coupling relationship of the dg-axis.

IV. CONTROL SYSTEM DESIGN
A. Establish of the Control System Complex Vector Model

Model predictive control (MPC) can be easily realized with
(4), (8), and (9). But MPC has the disadvantages of large com-
putation and poor real-time performance [37]. In this article,
complex vector control is used to realize the decoupled dynamic
performance of the inverter.

In the stationary frame (SF), a synthetic vector of signal can
be expressed as

(16)

where A is the amplitude of the signal, w is the angular fre-
quency. After coordinate transformation, the signal in SRF can
be expressed as

ZTap = A(coswt + jsinwt)

Zag = Alcos (w —wp) t+ jsin (w — wp) ]

a7

where wy is the fundamental angular frequency. According to
(16) and (17), the relationship between the transfer function in
SF and SRF is

(18)

The transfer function (12) is established in SF, in which s is
sqp. It can be easily converted to that in SRF. Fig. 13 shows the
control diagram of the inverter system. Fig. 13(a) is the complex
vector diagram. i,.r gq* is the reference current vector, which
can be can be expressed as

Gap(Sap) = Gag(sdq + jwo).

i?"ef_dq* = Z.7“ef_d + jiTef_q- (19)

The real part is the d-axis current and the imaginary part is
the g-axis current. Similarly, i,cf 44 i the output current vector.

Gpeu(s) is the time delay introduced by digital control [37],
which is

Gpgu(s) = e 15Ts (sHjwo) — 671'5TSS(COS Opp — jsinlpp)
(20)
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Fig. 14. Comparisons of response curves in different frames (R = 0).

(@) Gp&H($)- (b) Gplant (5). (¢) GP1()GD&H(S)GPlant ().

where T is the sampling and calculation period. g is 1.5Tswg.
Gpiant (s) 1s the inverter transfer function in SRF, which is

_ K
fi(s) +ifa(s)
in which Ks, f1(s) and fi(s) are

— 3 R .2 LyLotLoLa+LyLs 2
fils) ="+ 28 +( LiL2LsCr 3W0)5

Li+Lo 7"-’_(2)
Jr(LleLg,cf Lg)R

_ 2 2wo R LyLo4LoLs+LiLy 2
f2(8) = 3wos” + Ls ° + wo L1L2LsCy wWo

GPlam(S) - (21)

2U;,
L320f '

Ky =
(22)

Gpe1(s) and Gpiant () contain imaginary parts, which would
introduce coupling of the dg-axis. Fig. 13(b) shows the coupling
relationship of the dg-axis. If a traditional PI controller is applied
in the current loop, the coupling of the dg-axis is obvious. Fig. 14
shows the comparison of the double-side response curves in
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Gdcc ouplc(s)

Giim(s )
16 )

— e ——

Fig. 15. Unified control diagram of a coupled system and its decoupling
method. (a) Decoupling of a coupled transfer function. (b) Decoupled transfer
function.

different frames. The negative frequency corresponds to a three-
phase negative sequence ac signal. Fig. 14(a) is the comparison
of Gpgn(sap) and Gpgu(saq). Fig. 14(b) is the comparison of
Gplant (Sag) and Gplant (Saq)- R is set as 0. In SF, both time delay
and inverter models are decoupled, so the response curves of
GpgH(Sas) and Gpian(sqg) are symmetrical. After coordinate
transformation, imaginary parts of the transfer functions are
introduced so GpgH(sdq) and Gpiant(sdq) are asymmetrical,
which implies that the system is coupled. Fig. 14(c) shows the
response curves of the current loop. The traditional PI control is
applied. The current loop has a serious coupling problem.

B. Design of the Multiconstrained Complex Coefficient
Controller

The coupled transfer functions have a unified expression,
which is

Gcouple(s) = G?re(s) + jG,im(s) (23)

in which the imaginary part is the coupling term. The control
diagram is shown in Fig. 15. Fig. 15(a) shows the decoupling of
a coupled transfer function. A compensation G, (s) is added
to the control diagram, which can be expressed as

(24)
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Multi-constrained complex controller

Fig. 16. Multiconstrained complex controller.

After compensation, the decoupled transfer function can be
expressed as

G im(s)?
G re(s)

It can be seen that the decoupled transfer function does not
have an imaginary part. The control diagram of Gqccouple(S) is
shown in Fig. 15(b).

Therefore, the traditional PI controller and the decoupling
compensation can form a high-order controller, the transfer
function of which is

Goar(s) = (K+K) (1 -

Gdecouple(s) = G_re(s) + (25)

sinfpp fa(s)
]cosepp) (1_] )

fi(s)
- Gctr_r(s) + chtr_i(s) (26)
where G, +(s) and Gy, (s) are
_ K; _ sinfpp fa2(s)
Gct’l“_’l“(s) (KP+ s ) (]- cosblpp f1(5)) (27)

Gctr_i(s) = - (Kp+K

i
S

) (m6ee + £65).

With the new controller G (s), the current loop can be
decoupled. However, a high-order controller would introduce
more poles, which should be compensated. In order to simplify
the controller, a multiconstrained complex controller has been
proposed, which is shown in Fig. 16. Ggump(s) is the active
damping of the LCL filter, which can be expressed as

2w s

Gaamp(s) = k (1 +i—5— 32) CrL3(s 4 jwo)®  (28)

where k is the damping coefficient. The controller consists of
two parts, Part I to compensate for Gpg1(s) coupling, and Part
II to compensate for Gpiant (s) coupling. Part IT s just the specific
implementation of Fig. 15. Part I is a complex PI controller. It
needs to eliminate the poles introduced by coordinate transfor-
mation and ensure the symmetry of the response curve to achieve
decoupling.



6796

According to (21) and (22), the poles introduced by Gpjant ()
can be calculated by the following equation:

3
fils) +jfa(s) =Y kis' =0 (29)
=0

where kyg—ks are complex coefficients, which can be expressed
as

ki=1

k‘Q = %-’-&UQj

— LiLotLolLat+lnls _ g ,2 | 2woR
ks = L1L2Ls0f 3wy + T

_ Ly+Lo ‘*’75 LyLotloLs+l Ly .2
ka= (LleLgcf Ts ) +wo T1L2LsCy wo ) J-
(30)

In order to compensate the poles, (29) should contain
(Kps+Kji), so ko—ks have the following relationship:

9(Kyp, K;) = K% ko — K2 Kk + K, Ki%ky — K;2ks = 0.
(3D
According to (30), K;, and K; are also complex coefficients.
In Fig. 16, K,1 and Kj; are the real part of the controller, while
K2 and Kjs are the imaginary part. Therefore, (31) can be
transformed into

{91 (Kp1, Kpa, Kin, Kig) = Re[g (K, K;)| =0
=0

(32)
92 (Kpl,Kp% K, KiQ) =Im [9 (Kp; Kz)}

In Fig. 14, the response curves in SRF and SF among the
high-frequency range are basically symmetrical. In order tore-
alize symmetry during the low-frequency range, the positive and
negative cutoff frequencies should be the same. The amplitude
gain of the current loop can be expressed as

|Gptant (jw)| -

K (Ki )
—J - p2
(33)

w
The expected cutoff frequency is w., so another constraint
condition for the controller coefficients is

A(jw) =1
A(—jw) =1+¢

Ajuw) = ]Km n

(34)

where ¢ is the asymmetric threshold. It represents the allowable
minor asymmetry. With (33) and (34), the parameters of the
controller can be solved by iteration. Fig. 17 shows the response
curve of the current loop with the control strategy shown in
Fig. 16. It can be seen that the curve is basically symmetrical,
and the resonance of the LCL filter can be eliminated. With Part
I of the controller, the effective bandwidth changes from 41 Hz
to 120 Hz. With Part II, the effective phase margin increases
from approximately 39.55° to around 52.16°. The current loop
with the proposed controller has a better dynamic performance.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

A PBG model based on MATLAB/Simulink has been estab-
lished. Fig. 18 shows the proposed SDJ model. i1, u5, and ug are
the input signals of SDJ. sw, uy, i5, and is are the output signals.
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Fig. 18.  SDJ simulink model.

Fig. 19 shows the simulation results of the PBG. Uy, is 800 V.
sw can be a continuous or discrete signal. The fundamental
frequency of sw is 50 Hz and the switching frequency of sw
is 10 kHz. Fig. 19(a) and (b) shows the comparison of the SDJ
current with continuous and discrete sw. It can be seen that the
fundamental waves of the signals in Fig. 19(b) are the same as the
signals in Fig. 19(a). Fig. 19(c) and (d) shows the comparison of
the SDJ voltages. The relationship of the signals is given in (3).
Fig. 19(e) and (f) shows the comparison of the inductor current.
With the LCL filter, the harmonic content of output current i3
is low. The effect of continuous sw and discrete sw is the same.

An 18 kW three-phase I-type three-level newly constructed
inverter without shoot-through problem has been established.
The parameters are the same as the simulation. The control
parameters K1, Ky, Kii, and Kjo, respectively, are 0.1435,
—1.4620, 456.2283, and 45.3853. Fig. 20 shows the principle
prototype. It contains the main and control circuit, sample and
protect circuit, and LCL-type filter.

Fig. 21 shows the balancing effect of the dc capacitors. The
voltage of Cy is Uyp. The voltage of Cs is Ugown. The allowed
voltage difference between C; and Cs is AU. If the difference
between Uyp and Ugown is higher than AU, C; or Cy should
be discharged utilizing shoot-through mode, which is shown in
Fig. 5(g) and (h). In Fig. 21, the initial value of U,,, is higher
than Uqown, S0 C1 should be discharged. The discharge process
is controlled by the signal EN a1ance, Which enables the shoot-
through mode of Cy. AU and EN pajance are output from the DA
port of the controller. In the condition that Uyp-Udown>AU,
EN palance can be 1 or a narrow pulse with fixed frequency
and duty cycle. When EN pajance is 1, it will not change to 0
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Fig. 19. Simulation results of the PBG. (a) SDJ current (continuous signal
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(d) SDJ voltage (discrete signal sw). (e) Inductor current (continuous signal sw).
(f) Inductor current (discrete signal sw).
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Fig. 20. Principle prototype.
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with fixed shoot-through time (10 kHz, 1%). (b) Variation of inductor current
with fixed shoot-through time (10 kHz, 1%). (c) Variation of DC voltages
with fixed shoot-through time (10 kHz, 2%). (d) Variation of inductor current
with fixed shoot-through time (10 kHz, 2%). (e) Variation of DC voltages with
changing shoot-through time. (f) Variation of inductor current with changing
shoot-through time.

until Uyp-Udown is less than AU. As a result, during the balance
process, shoot-through time is not fixed. Fig. 21(a) and (b) shows
the variation of dc voltages and inductor current with changing
shoot-through time. C; and C, can realize balance quickly, but
the inductor currents of L; and Ly would significantly increase.
This problem can be solved if EN pajance 1S @ narrow pulse.
Fig. 21(c)—(f) shows the variation of dc voltages and inductor
current with fixed shoot-through time. The frequency of the
narrow pulse is 10 kHz. The balance time and current increment
are related to the duty cycle. In Fig. 21(c) and (d), the duty cycle
is 1%. The current increment is tiny and the balance time is
long. In Fig. 21(e) and (f), the duty cycle is 2%. Compared to
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Fig. 24.  Experimental results in the dynamic load condition. (a) Change of
Uyp and Ugown. (b) Current and voltage of switch Sy. (c) Effect of shoot-
through mode.

Fig. 21(c) and (d), the current increases slightly and the balance
time can be shortened. In Fig. 21(b), (d), and (f), the change of
i1,1 and ir,» will not affect iy,3.

It can be seen that changing shoot-through time would lead
to a high current increment and is not controllable. So fixed
shoot-through time is necessary. Fig. 22 shows the effect of the
shoot-through time with a fixed frequency of 10 kHz. Compared
to Fig. 21, the initial voltage difference is higher and the change
of AU is faster. In Fig. 22(a), the duty cycle is 1%. After AU
stabilizes, the balancing process is not over yet. In Fig. 22(b),
the duty cycle is 2%. balancing speed can follow the change
of AU.

Fig. 23 shows the effect of the current controller. The inverter
power jumps from half load to full load. For clearer comparison,
the jump time of the active power is set to the reverse zero
crossing point of i,. In Fig. 23(a), the traditional PI controller
is applied, and there is a clear coupling between the current iq
and iy. Fig. 23(b) employs a higher order controller as described
in (26), but without pole compensation. Although the controller
can achieve current decoupling, it will cause low-frequency os-
cillation of the current. The proposed multiconstrained complex
coefficient controller is applied in Fig. 23(c). The current ig and
iq can basically achieve decoupling.

Fig. 24 shows the experimental results in the dynamic load
condition. The load has a sudden change form 2.5 kW to 18 kW.
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In Fig. 24(a), after the load changes, EN palance has a short
adjustment period. Uy, and Ugewn are still able to maintain
balance. Fig. 24(b) shows the current and voltage of switch Sy
(as shown in Fig. 5) during the adjustment period. In order to
observe the effect of instantaneous shoot-through more clearly,
the switching frequency of swis reduced to 5 kHz. Shoot-through
occurs when EN palance 18 high level. During the first high level,
S; is ON, regardless of whether the balancing strategy is added
or not. During the second high level, S should be OFF without
the balancing strategy, but EN pajance forces Sy to turn ON. The
effect of shoot-through mode can be seen in Fig. 24(c). The
waveforms from top to bottom, respectively, is the charge current
of Cy and Cs, the dc source current and EN pajance. During the
first high level, C; is already discharging. The discharge caused
by through is not obvious. During the second high level, Cy
is originally charging. It switches to discharging in the shoot-
through mode, and continues charging after EN pajance reduces
to low level.

VI. CONCLUSION

The proposed topology construction regulation can convert
any of the existing two-level or multilevel bridge-type topologies
into a more reliable topology without shoot-through problem.
The PBG method is applied to establish the inverter model.
Based on this, a multiconstrained complex coefficient controller
is designed. The main advantages of the proposed inverter are
as follows.

1) Topological Advantages: Dead time is not necessary so
there are no dead-time effects. The output current har-
monics are small and the ac filter specifications can be
reduced. The shoot-through modes are able to help achieve
the balance of dc capacitors.

2) Modeling Advantages: SDIJ is suitable for continuous and
discrete control signals. With SDJ, the circuit with power
semiconductor devices can be modeled easily using the
PBG method. It can expand the application of PBG in
power electronics.

3) Control Advantages: With a more accurate inverter model,
the designed current loop controller is capable of achieving
expected results, such as effective bandwidth and phase
margin. The introduction of imaginary terms can improve
the dynamic performance of inverters.

REFERENCES

[1] A. Poorfakhraei, M. Narimani, and A. Emadi, “A review of multilevel
inverter topologies in electric vehicles: Current status and future trends,”
IEEE Open J. Power Electron., vol. 2, pp. 155-170, Mar. 2021.

[2] A. K. Singh and R. K. Mandal, “A new switched capacitor based multi-
level inverter with fewer capacitors,” Int. J. Electron., vol. 110, no. 8,
pp. 1393-1407, Aug. 2022.

[3] J.Ning,H.Ben,J.Li, X. Wang, and T. Meng, “A small-sized high-precision
digital closed-loop modulation method for dead-time compensation for fly-
ing capacitor three-level inverters,” IEEE Trans. Power Electron., vol. 39,
no. 4, pp. 3968-3973, Apr. 2024.

[4] J. Ning, H. Ben, M. Li, T. Meng, and X. Wang, “High-frequency inverter
advanced digital modulation strategy and implementation method consid-
ering dead time and switching transient effect,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 12, no. 2, pp. 1921-1933, Apr. 2024.



ZHENG et al.: TOPOLOGY CONSTRUCTION, MODELING, AND CONTROL OF MULTILEVEL INVERTERS

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J.-H. Lee and S.-K. Sul, “Inverter nonlinearity compensation through
deadtime effect estimation,” IEEE Trans. Power Electron., vol. 36, no. 9,
pp. 10684-10694, Sep. 2021.

A. Sheianov, X. Xiao, and X. Sun, “Adaptive dead-time compensation
for high-frequency three-level sparse NPC inverter,” I[EEE J. Emerg. Sel.
Topics Power Electron., vol. 11, no. 5, pp. 5169-5182, Oct. 2023.

J. Ye et al., “An accurate dead time compensation method for SPWM
voltage source inverters,” IEEE Trans. Power Electron., vol. 38, no. 4,
pp. 4894-4908, Apr. 2023.

M. Bierhoff, R. Soliman, and J. R. Espinoza C, “Analysis and design of
grid-tied inverter with LCL filter,” IEEE Open J. Power Electron., vol. 1,
pp. 161-169, May 2020.

G. Maji¢, M. Despalatovi¢, and K. Verunica, “Influence of dead time on
voltage harmonic spectrum of grid-connected PWM-VSC with LCL filter,”
in Proc. 10th Int. Conf. Compat., Power Electron. Power Eng., Bydgoszcz,
Poland, 2016, pp. 228-233.

Y.-J. Kim and H. Kim, “Optimal inductance ratio of LCL filter for
grid connected inverters considering with low order harmonics,” in
Proc. 42nd Annu. Conf. IEEE Ind. Electron. Soc., Florence, Italy, 2016,
pp. 2355-2360.

X. Ding, Y. Hao, K. Li, H. Li, Z. Wei, and W. Wu, “Extensible Z-source
inverter architecture: Modular construction and analysis,” IEEE Trans.
Power Electron., vol. 36, no. 2, pp. 1742-1763, Feb. 2021.

M. F. Elmorshedy, I. J. A. Essawy, E. M. Rashad, M. R. Islam, and S. M.
Dabour, “A grid-connected PV system based on quasi-Z-source inverter
with maximum power extraction,” IEEE Trans. Ind. Appl., vol. 59, no. 5,
pp. 6445-6456, Sep./Oct. 2023.

N. Subhani, R. Kannan, A. Mahmud, and F. Blaabjerg, “Z-source inverter
topologies with switched Z-impedance networks: A review,” IET Power
Electron.,vol. 14,n0.4, pp. 727-750, Mar. 2021, doi: 10.1049/pel2.12064.
P. Manoj, A. Kirubakaran, and V. T. Somasekhar, “A quasi-switched ca-
pacitor based grid-connected PV inverter with minimum leakage current,”
1IEEE J. Emerg. Sel. Topics Power Electron., vol. 11, no. 6, pp. 5969-5978,
Dec. 2023.

A. Nikbahar and M. Monfared, “A Family of high step-up magnetically
coupled impedance source inverters with clamped DC-link voltage and
low shoot-through current,” IEEE Trans. Power Electron., vol. 38, no. 1,
pp. 107-111, Jan. 2023.

W. Liang, Y. Liu, Y. Shen, and J. Yin, “An improved amplitude-
domain PWM technique with minimum inductor current ripple for three-
phase quasi-Z source inverter,” IEEE Trans. Ind. Appl., vol. 60, no. 2,
pp- 2991-3005, Mar./Apr. 2024.

D. Nanda, K. Mukherjee, and P. Syam, “A simplified control technique
for a Z-source PWM rectifier,” in Proc. IEEE Region 10 Symp., Mumbai,
India, 2022, pp. 1-6.

K. Xu, S. Xie, X. Wang, B. Zhang, and S. Bian, “A combinational
power circuit-based submodule topology for MMC with shoot-through
and selfbalancing capability,” in Proc. IEEE Int. Power Electron. Appl.
Conf. Expo., Shenzhen, China, 2018, pp. 1-5.

J. Salmon, A. M. Knight, and J. Ewanchuk, “Single-phase multilevel PWM
inverter topologies using coupled inductors,” IEEE Trans. Power Electron.,
vol. 24, no. 5, pp. 1259-1266, May 2009.

X. Zheng, L. Zhang, X. Liu, Y. He, J. Shi, and C. Wang, “Half-cycle
control method of the bidirectional three-phase dual-buck inverter without
zero-crossing distortion,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 9, no. 2, pp. 2088-2097, Apr. 2021.

Z.Yao, “Review of dual-buck-type single-phase grid-connected inverters,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 4, pp. 4533-4545,
Aug. 2021.

Z. Yao and Y. Zhang, “A doubly grounded transformerless PV grid-
connected inverter without shoot-through problem,” IEEE Trans. Ind.
Electron., vol. 68, no. 8, pp. 6905-6916, Aug. 2021.

M. H. Mahlooji, H. R. Mohammadi, and M. Rahimi, “A review on model-
ing and control of grid-connected photovoltaic inverters with LCL filter,”
Renewable Sustain. Energy Rev., vol. 81, no. 1, pp. 563-578, Jan. 2018.
J. Yuan, Y. Yang, P. Liu, and F. Blaabjerg, “Model predictive control
of an embedded enhanced-boost Z-source inverter,” in Proc. IEEE 19th
Workshop Control Model. Power Electron., Padua, Italy, 2018, pp. 1-6.
R. Reddivari and D. Jena, “A detailed model of Z-source converter con-
sidering parasitic parameters,” in Proc. Int. Conf. Power, Instrum., Control
Comput., Thrissur, India, 2018, pp. 1-6.

J. Yu, S. Wang, Z. Liu, J. Li, J. Liu, and J. Shang, “Accurate small-signal
terminal characteristic model and SISO stability analysis approach for
parallel grid-forming inverters in islanded microgrids,” IEEE Trans. Power
Electron., vol. 38, no. 5, pp. 6597-6612, May 2023.

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

6799

A.Zaidi and Z. B. Ismail, “Bond graphs and Bayesian networks based fault
diagnosis: Application to a photovoltaic power supply,” in Proc. IEEE Int.
Conf. Artif. Intell. Green Energy, Sousse, Tunisia, 2023, pp. 1-6.

R. K. Mahapatra, L. Umanand, and K. Gopakumar, “Flux-rate controlled
harmonic filtering of an integrated magnetics-based isolated single-phase
inverter topology,” IEEE Trans. Ind. Appl., vol. 59, no. 5, pp. 6300-6311,
Sep./Oct. 2023.

A. C. Umarikar and L. Umanand, “Modelling of switching systems in
bond graphs using the concept of switched power junctions,” J. Franklin
Inst., vol. 342, no. 2, pp. 131-147, Mar. 2005.

P. Ghimire, M. Zadeh, E. Pedersen, and J. Thorstensen, “Dynamic model-
ing, simulation, and testing of a Marine DC Hybrid Power System,” [EEE
Trans. Transp. Electrific., vol. 7, no. 2, pp. 905-919, Jun. 2021.
F.Z.Peng, L. M. Tolbert, and F. Khan, “Power electronics’ circuit topology
- the basic switching cells,” in Proc IEEE Workshop Power Electron. Educ.,
Recife, Brazil, 2005, pp. 52-57.

J. Dai, Y. Shen, and Z. Zhao, “Modeling and Matlab simulation of the
inverter based on bond graph,” in Proc. IEEE 16th Conf. Ind. Electron.
Appl., Chengdu, China, 2021, pp. 588-593.

A. Q. Huang, “Power semiconductor devices for smart grid and renewable
energy systems,” in Power Electronics in Renewable Energy Systems and
Smart Grid: Technology and Applications, 1st ed. Hoboken, NJ, USA,
Wiley, 2019, ch. 2, pp. 85-152.

W. Zhang, Y. Wang, P. Xu, D. Li, and B. Liu, “DC-bus voltage
balancing control for 3-level DC/DC converters in renewable genera-
tion systems,” Energy Reps, vol. 9, no. 10, pp.210-217, Oct. 2023,
doi: 10.1016/j.egyr.2023.05.174.

X. Yuan and I. Barbi, “Fundamentals of a new diode clamping multilevel
inverter,” IEEE Trans. Power Electron., vol. 15, no. 4, pp. 711-718,
Jul. 2000.

A. Bicak and A. Gelen, “Comparisons of different PWM methods with
level-shifted carrier techniques for three-phase three-level T-type inverter,”
in Proc. 7th Int. Conf. Electr. Electron. Eng., Antalya, Turkey, 2020,
pp. 28-32.

Y. Elthokaby, I. Abdelsalam, N. Abdel-Rahim, and I. Mohamed, “Simpli-
fied three-phase split-source inverter for PV system application controlled
via model-predictive control,” Int. J. Circuit Theory Appl., vol. 52, no. 5,
pp- 2266-2289, May 2024.

J. Shi, J. Shen, Q. Chen, S. Schroder, H. Stagge, and R. W. De Doncker,
“Performance evaluation of current control strategies in LCL-filtered high-
power converters with low pulse ratios,” in Proc. IEEE Energy Convers.
Congr. Expo., Pittsburgh, PA, USA, 2014, pp. 3234-3242.

Xinxin Zheng received the B.S. and Ph.D. degrees
in electrical engineering from the Nanjing University
of Aeronautics and Astronautics, Nanjing, China, in
2009 and 2015, respectively.

She is currently with the Automotive and Trans-
portation Engineering, Hefei University of Technol-
ogy, Hefei, China.

Jingwen Hu received the B.S. degree in vehicle engi-
neering from the Taiyuan University of Technology,
Taiyuan, China, in 2023. She is currently working
toward the M.S. degree in vehicle engineering with
the Hefei University of Technology, Hefei, China.


https://dx.doi.org/10.1049/pel2.12064
https://dx.doi.org/10.1016/j.egyr.2023.05.174

6800

Xintian Liu (Fellow, IEEE) received the Ph.D. degree
in automation from the University of Science and
Technology of China, Hefei, China, in 2011.

He is the Chief Lecturer for an International Coop-
eration Project in Anhui Province on power lithium
battery lifecycle management system. From 2010 to
2012, he was a General Manager and Chief Engineer
of Anhui LIGOO New Energy Technology Company
Ltd. He is currently an Associate Professor with the
Automotive and Transportation Engineering, Hefei
University of Technology, Hefei, China.

Yao He received the B.Sc. and Ph.D. degrees in
automation from the University of Science and Tech-
nology of China, Hefei, China, in 2007 and 2012,
respectively.

He is currently an Associate Professor with the
Automotive and Transportation Engineering, Hefei
University of Technology, Hefei, China. His research
interests include battery management system and bat-
tery equalization.

Dr. He was the recipient of the Anhui Science and
Technology Award for his achievement on new energy

automotive power lithium battery technology and key management systems.

Weihan Li received the Ph.D. degree in vehicle engi-
neering from Hefei University of Technology, Hefei,
China, in 2016.

He is currently a Researcher with the Department
of Vehicle Engineering, Hefei University of Technol-
ogy, Hefei, China. From 2012 to 2014, he was a joint
Ph.D. student funded by the China Scholarship Coun-
cil with the GATE Center for Electric Drive Trans-
portation, Department of Electrical and Computer
Engineering, University of Michigan, Dearborn, MI,
USA, where he was involved in the modeling and

design of wireless chargers for electric vehicles (EVs)/plug-in hybrid electric
vehicles (PHEVs). His research interests include two areas: 1) New energy vehi-
cle technology, including wireless power transfer, EV/PHEV systems, renewable
energy, and 2) decision-making and control for intelligent and connected vehi-

cles.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

Yanan Zhou received the B.S. degree in automation
from Anhui University of Technology, Maanshan,
China, in 2005, and the M.S. and Ph.D. degrees in
electrical engineering from Hefei University of Tech-
nology, Hefei, China, in 2012 and 2018, respectively.

He is currently an Assistant Research Fellow
with the Automotive and Transportation Engineering,
Hefei University of Technology. His research inter-
ests include predictive control and robust control of
electrical motor drives.

Lin He (Member, IEEE) received the Ph.D. degree
in automotive engineering from Tongji University,
Shanghai, China, in 2010.

After that, he entered into the State Key Labo-
ratory of Automotive Safety and Energy, Tsinghua
University, Beijing, China, as an Assistant Research
Fellow. There into, he does some research on ad-
vanced engine control technology for Toyota Motor
Corporation with Sophia University, Tokyo, Japan,
from 2010 to 2011. He is currently a Professor with
Hefei University of Technology. His main research

interests include system dynamics models and control for vehicles, electric
motors, lithium-ion batteries, steering, and brakes.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


