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ABSTRACT This article introduces a modified Packed U-Cell (PUC) inverter to establish a three-phase
configuration using a single dc source to overcome the drawbacks of the multi-individual dc sources in
the conventional three-phase PUC topology. The three-phase modified PUC is designed by the cascading
connection of a flying capacitor and Hybrid Packed U-Cell (HPUC) in each phase, where the whole circuit
design is fed by a single-dc-source voltage. The single-dc-source three-phase modified PUC inverter is also
expandable by expanding the HPUC structure. The floating capacitors are actively balanced by integrating
the abundant redundant switching states into the designed pulsewidth modulation technique through a voltage
balancing algorithm. The performance of the three-phase nine-level modified PUC inverter and its floating
capacitor voltage balancing is evaluated through theoretical and experimental analyses under all stand-alone
and grid-connected operation conditions. The comparative study demonstrates that the three-phase modified
PUC has fewer active and passive devices compared to other counterpart three-phase multilevel topologies.

INDEX TERMS Floating capacitor voltage balancing, hybrid packed U-cell (HPUC), reduced components
counts, single-dc-source three-phase nine-level inverter, three-phase modified packed U-cell (PUC).

I. INTRODUCTION

Due to the voltage and current limitations of the semicon-
ductor devices, the conventional single-phase H-Bridge is
not suitable for high-power applications [1]. Therefore,
the cascaded configuration of the H-Bridge configuration
emerged as the solution to overcome this challenge, utilizing
several dc sources to form a multilevel converter [2]. However,
the cascaded H-Bridge and other multi-dc-source topologies
are considered as the nonoptimized structure restricted to
photovoltaic applications [3], [4], [5]. Subsequently, single-
dc-source structures emerged as an optimized inverter
topology [6]. To this end, the first generation of the
multilevel inverter, including diode clamped, and the flying
capacitor (FC) has even been adapted into single-dc-source

configurations, as they continue to inspire new multilevel
converter designs [7], [8].

In case of a single-dc-source structure, H-Bridge, Packed
U-Cell (PUC), and Packed E-Cell (PEC) have emerged as
successful single-phase compact multilevel inverters [9]. The
PUC topology was introduced in [10] to reduce circuit
devices and to multiply voltage levels. Due to the capaci-
tor balancing problem in the extended PUC, the PEC was
proposed as an optimal circuit, where component count is
further reduced, and active capacitor balancing is achieved
[11]. In [12], a compact switched-capacitor single-phase in-
verter was designed using a T-type cell. Nevertheless, it has
extra devices and capacitor balancing issue for a full mod-
ulation index (MI) range. A single-phase single-dc-source
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compact inverter was developed in [13] and [14] utilizing
several bidirectional switches and capacitors to reach mul-
tilevel operation. However, it has the same defects of [12].
In [15] and [16], a single-phase single-dc-source step-up
switched-capacitor multilevel inverter was introduced for
boosting output voltage. However, it has drawbacks of notable
active and passive component counts and capacitor balancing
for a full MI range. Various innovative single-phase single-
dc-source inverters were developed using H-bridge configu-
rations; yet, they are not competitive with other topologies
in terms of the number of devices [17], [18]. The main de-
merit of the aforementioned topologies is the necessity of
three separated dc sources for a three-phase configuration,
where the importance of single-dc-source topologies is greatly
intensified.

The first generation of the single-dc-source three-phase in-
verter was the six-switch two-level topology [19]. In spite of
simplicity, it requires a huge dc-link capacitor, while output
voltage and current qualities are low. The three-phase two-
level inverter is suitable for low-power applications as the
voltage and current of switches are limited [20]. Despite this,
it is used to make the single-dc-source three-phase structure
for H-Bridge, where extra dc sources are replaced by the
capacitors, but it is a nonoptimized in terms of number of de-
vices and voltage levels [21], [22], [23]. Neutral point clamed
(NPC) was the first single-dc-source three-phase multilevel
inverter to operate at high voltage and current rating [24].
Although NPC improves power quality and dc-link voltage
utilization, it has capacitor balancing and right diode selection
challenges especially for its extended topology [25], [26].
To address NPC challenges due to the clamped diode loop,
the three-phase FC was introduced using a clamped capaci-
tor loop [27]. Although the FC is free of diode selection, it
uses more capacitors, and voltage balancing problems appear
especially in the extended structure [8]. Active neutral point
clamped (ANPC) emerged as a single-dc-source five-level
topology that operates in higher power rating and quality
[28]. Extended ANPC confronts the same control complexity
of NPC and FC extension versions [29]. In [30], the single-
dc-source three-phase five-level inverter was developed using
the H-Bridge and the floating capacitor inverter. Although
the three-phase inverter of [30] has single-dc-source bene-
fit and adequate switching states for capacitor balancing, it
includes notable switches and capacitors particularly for the
extended topology. In [31], the step-up-based single-phase
single-dc-source multilevel inverter was presented, while it
is also configurable as three-phase without extra dc sources.
The multilevel inverter of [31] was built by chaining new
bidirectional-switch-based cells to provide varied access to
capacitors for redundant charging and discharging states.
However, it contains noticeable semiconductor devices, while
it confronts high-voltage stress as capacitor voltages are
boosting.

This article focuses on modifying the conventional multi-
dc-source three-phase PUC into a single-dc-source three-
phase inverter topology, while more voltage levels are ob-
tained, circuit devices are decreased, and floating capacitor
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voltages are actively balanced. The proposed three-phase PUC
topology is a compromised between the cascaded connection
of FC and hybrid packed U-cell (HPUC), where the whole
circuit design is supplied by a single-dc-source voltage. The
cascaded connection occurs in two stages per phase. First,
the FC cell that has four switches and one floating capac-
itor is connected to a single dc source. Second, the HPUC
has six switches and two capacitors to provide ac terminal.
The proposed single-dc-source three-phase modified PUC in-
verter can also be expanded by expanding the HPUC stage,
enabling higher voltage levels while maintaining an opti-
mized component count. The floating capacitor voltages are
actively regulated due to the effective and adequate redun-
dant states, which are integrated into the designed pulsewidth
modulation (PWM) technique through a voltage balancing
algorithm without external and complicated voltage regulator
controller, phase current direction, or/and operational con-
dition. As a result of the active balancing for the floating
capacitor voltages and single-dc-source structure, the three-
phase modified PUC inverter is suitable for grid-connected
operations as well as stand-alone ones. Accordingly, a current-
based control framework is designed for the grid-connected
operation of the three-phase modified PUC to synchronize
the grid phase voltages and the inverter’s output currents as
to control the injected active and reactive power to the grid
side. Therefore, the main contributions of this article are as
follows.

1) This article develops the multi-dc-source three-phase
PUC to create a single-dc-source three-phase modified
PUC with reduced device counts.

2) It presents theoretical and mathematical analyses and
discussion of the floating capacitor voltages behavior.

3) It designs the PWM algorithm for the floating capacitor
voltage regulation using the integrated voltage balanc-
ing blockchain.

4) It designs a current-based controller for the grid-
connected operation of the three-phase modified PUC
inverter

5) It provides experimental validation of the three-phase
modified PUC inverter under different stand-alone and
grid-connected operations.

The rest of this article is organized as follows. Section II
describes the circuit configuration and switching state possi-
bilities of the nine-level operation of the three-phase modified
PUC inverter. The mathematical and theoretical study is
performed in Section III to analyze the behavior of the float-
ing capacitor voltages to design a PWM method with the
voltage balancing algorithm for active capacitor voltage reg-
ulation. Section III also includes the designed-current-based
control framework for three-phase grid-connected operation.
Section IV discusses the component count comparison anal-
ysis. The experimental results that are attained for different
stand-alone and grid-connected operation conditions, includ-
ing load and frequency changes, MI variations, start-up
operation, and constant and dynamic grid current condition,
are discussed in Section V. Finally, Section VI concludes this
article.
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FIGURE 1. Conventional three-phase nine-level PUC with three isolated dc
sources.

Il. SINGLE-DC-SOURCE THREE-PHASE MODIFIED PUC
INVERTER

A. CIRCUIT TOPOLOGY AND CONFIGURATION FOR
NINE-LEVEL OPERATION

Although the PUC is a promising single-phase inverter, it
needs three isolated dc sources for the three-phase configu-
ration. Fig. 1 shows the three-phase nine-level PUC inverter
using three dc sources. Indeed, this is the main drawback
of the conventional packed inverters, as not only extra dc
sources, voltage, and current sensors are required, but also a
more complicated controller is needed.

Moreover, there will be circulating current among three
phases, which makes an unbalanced power problem that di-
rectly affects capacitor voltage regulation ability. As a result,
the switching and control techniques would be further com-
plicated. To overcome this challenge, the packed multilevel
inverters need to be developed to a single dc source for a
three-phase configuration. Taking the benefit of the FC cell
and reconfiguring the PUC with two capacitors as an HPUC, a
single-dc-source three-phase packed inverter is created. Fig. 2
illustrates the single-dc-source three-phase nine-level inverter
cascading the FC cell and the HPUC. According to the cir-
cuit, each phase contains a single FC cell as the first stage
connected to a single dc source and an HPUC as the second
stage that makes ac output. The FC cell includes four switches
and one capacitor, and the HPUC contains six switches and
two capacitors. Therefore, ten switches and three capacitors
are needed for nine-level generation. FC cell capacitor voltage
is adjusted to half of dc input voltage (V4./2). The second
and third capacitors placed in the HPUC are regulated to
quarter and one-eighth of dc input voltage (Vy./4 and Vg /8),
respectively. Accordingly, the voltage stress across switches
is distributed based on their location in the proposed modified
PUC inverter. Sy, Sz, S¢, and S7 in the FC cell experience up
to Vic/2, S3, and Sg handle V4./4, and S4, S5, So, and Sio
are limited to Vg./8. This means that no switch is exposed
to Vy., which simplifies device selection, improves reliability,
and supports scalable design with manageable voltage stress
across all components. The nine-level voltage appears be-
tween output terminal of each phase (A, B, and C) and inverter
neutral point (O): Vao, Vpo, and Vo, employing the positive
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TABLE 1. All Possible Switching States For Positive Voltage Levels in a
Single-Phase Nine-Level Modified PUC Inverter

State S

|2}
b4

QOutput Voltage

1 Vour = 0
Vour = 0
Vour = +V4/8
Vour = +V4/8
Vour = +2V4./8
Vour = +2V /8
Vour = +2 Vdc/g
Vou = +3V4/8
Vaut =43 Vdc/g
Vour = +3Va/8
Vour = +3Va/8
Vour = +4V /8
Vour = +4V /8

Vour = +4V4/8
Vour = +4V4/8
Vour = +5 VdL/g
Vour = +5 VdL/g

Vour = +5 Vd(/(g
Vour = +5 Vd(/(g
Vour = +6Vd(/8
Vour = +6Vd(/8

Vou = +6V4/8
Vour = +7V4/8
Vour = +7V4/8
Vou = +8V4/8

0
0
0
0
0
0
I
0
0
1
1
0
0
1
1
0
0
1
1
0
1
/
i
i
i
)i Vou = +8V/8

'\'\'\NNQ\QQNNQQNNQQNNQNQQQQQ&’
NQ'\NNQQQQ%QNQN%NNNNNNQQQNQE‘Q
’NQNQQ\-NNQNQNQNQNQNQQQNNQNQE@
NO TN TN N TN DTN N DN OO DTN DO~ N ~D

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

voltage levels as 0, Vy./8, 2Vy./8, 3Vac/8, 4Vq4c/8, 5Vq./8,
6Vyc/8, TV4c /8, and 8Vy. /8. Phase voltages Va,, Vp,, and Vey
(n is the neutral point of three-phase loads) and line voltages
Vag, Vic, and V¢ are 17-level voltages between +Vy. and —
Ve with the step of Vg /8.

B. SWITCHING STATE SEQUENCE AND OPERATION

To specify the switching sequence, it is only required to do
it for a single-phase configuration, as the switching intervals
of two other phases are accordingly achieved by phase shift-
ing. Fig. 3 shows a single phase of the nine-level modified
PUC inverter. Considering complementary operation for the
switches: (S1, Se), (S2, $7), (83, S8), (S4, So), and (S5, S10),
there are 32 states. Some states are also not usable as they are
generating negative voltage levels. Indeed, only 26 states can
be effectively utilized for nine-level voltage and six states that
generate levels; —Vy. /8, —9Vq./8, and — 10V /8 are not as-
sumed. A total of 26 effective switching states with positive
voltage levels (between 0 and Vg, with a step of Vy./8) are
listed in Table 1.

C. CHARGING AND DISCHARGING STATES OF FLOATING
CAPACITORS

As shown in Table 1, there are plenty of redundant states
for each level, where they can be used for capacitor voltage
balancing.

Table 2 shows redundant charging and discharging states of
the floating capacitors that are used to regulate their voltages
to the desired dc values. The floating capacitors are involved
in voltage levels Vyc/8, 2Vyc/8, 3Vac/8, 4Vac/8, 5Vqc/8,
6Vy./8, and 7V /8, while there is no effect for voltage levels
0 and 8V4./8. Redundant states must be integrated with the
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1S3a_1S4a __ISsa 1S __1So

1S3 1Sa  _ISsp 1S3c 1S4y __1Sse

E 1 C i

i Single FC-Cell |} HPUC '
_&ici + Cia i : _t_CZa __C3a EA
T i Vla‘__ 1_? V2a:_ V3a:r ‘E-

o | 1Se| _iSmli || _1Ssa| _1Soa| _ISicul:

Single-phase schematic of the single-dc-source nine-level
inverter.

Floating Capacitor States (Nothing: -, Charging: 1, and
Discharging: |) of a Single-Phase Nine-Level Modified PUC Inverter
Related to Table 1

State  S1 S: S3 S¢ S5 Ci C: C;
1 0 0 0 0 0 - - -
2 0 0 1 1 1 - - -
3 0 0 0 0 1 - !
4 0 0 0 1 0 l il
5 0 0 0 1 1 - l -
6 0 1 1 0 0 l T -
7 1 0 1 0 0 1 T -
8 0 1 1 0 1 l T 1
9 0 1 1 1 0 l - 1
10 1 0 1 0 1 T T !

11 1 0 1 1 0 T - I
12 0 1 0 0 0 l - -
13 0 1 1 1 1 l -
14 1 0 0 0 0 T -
15 1 0 1 1 1 i - -
16 0 1 0 0 1 l - l
17 0 1 0 1 0 l l T
18 1 0 0 0 1 i - l
19 1 0 0 1 0 i l i
20 0 1 0 1 1 l l -
21 1 0 0 1 1 i l -
22 1 1 1 0 0 - T -
23 1 1 1 0 1 - T !
24 1 1 1 1 0 - 1
25 1 1 0 0 0 - - -
26 1 1 ) )i )i - - -

PWM algorithm to balance the capacitor voltages with right
switching state selection. Fig. 4 shows all conduction paths
of different states regarding the voltage level +2V;./8 that
indicates the involved floating capacitors.
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Discharging

+ CZa A

1S5 1S3,
Discharging Charging
+| _Cla + C2a A
Vla -T VZa -
O J_Séa J_S9a J_SIOa
J_Sla
Charging
Ve +¢ A
_F Vla -T
S10a
0 _S10

All conduction paths for different switching states of the
voltage level; +2V, /8, and floating capacitor condition with respect to
Tables 1 and 2. (a) State 5, (b) state 6, (c) state 7.

D. EXTENDING OF THE THREE-PHASE MODIFIED PUC
INVERTER TOPOLOGY

The proposed three-phase packed multilevel inverter is ex-
tensible by the extension of the HPUC through adding more
U-Cells. Fig. 5 shows a generalized structure of the single-dc-
source three-phase modified PUC inverter for the m voltage
level generation. For instance, 17 voltage levels are acquired
by adding one extra U-Cell to the HPUC, which means that
only two switches and one floating capacitor are added to the
basic topology of Fig. 2. Therefore, the designed three-phase
inverter has an optimized topology since a great number of
voltage levels are generated, while few active and passive
devices are included.
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FIGURE 5. Extended circuit structure of the single-dc-source three-phase modified PUC inverter.
IIl. ACTIVE CAPACITOR VOLTAGE BALANCING By comparing Vo in (2), it will be found that
ALGORITHM FOR STAND-ALONE AND GRID-CONNECTED
OPERATIONS Vour = Vi + V3
A. FLOATING CAPACITOR VOLTAGE AMPLITUDE _ _
CALCULATIONS Vou = ViV — Vs
As mentioned previously, first, second, and third capacit Vour = Voo = Vi 13
s mentioned previously, first, second, and third capacitor Ve Ve — Vi 4 Vo — V-
voltages of each phase of Fig. 2 should be half, one-fourth, out de L+ V2 3 Vout = Vi
and one-eighth of main dc source, respectively. Indeed, their Vou = Vi + V2 = Vout = Vie — Vi
voltages are reducing by half with even coefficients, as Vi, V2, Vour = Vac = Vi +V2
and V3 are (half, one-fourth, and one-eighth) of V.. Although Vour = Vae — Vo
this is a general procedure in multilevel inverters with the Vout = Vige — Vo + V3
vertical capacitors’ extension, there is no mathematical proof Vout = Vie — V3
that their voltages are regulated in this way. In this article,
the capacitor voltage amplitude calculation of the proposed Vou = V3
three-phase inverter is done, but it can also be generalized for Vour=Vo — Vs
the other multilevel topologies. Since the three-phase dc—ac Vou = Vo
modified PUC is acting as a buck converter (like the other Vouw = Vi — Vs
structures such as NPC, H-Bridge, PUC, PEC, etc.), the fol- o
lowi L 7. > 3 Vou=Vac = V1= V2 3)
owing equation is assumed valid: v Vi 1V
out =V —=Va+V3
Vie > Vi1 > Vo > Vs, (1) Vo =Vi — V3
The nine-level voltage can be written based on Vg, Vi, Vour =Vae = Vi —Vo+ V3
V», and V3 with respect to the switching states as (2). Then, Vour = Ve = Vi — V3.

it must be clarified that which Vy relationship of (2) be-
longs to which voltage level to calculate the capacitor voltage
amplitudes. The highest, middle, and lowest voltage levels
(Vae/8, 4Vyc /8, and 7V /8) are considered. 0 and 8Vy./8 are
not assumed, as no capacitor is involved

Vour = V3 Vour =Vace —Vi—V2+ V5
Vour =Vo — V3 Vour =Vac = V1 —V3

Vour = V2 Vour = Vi

Vou=V1 — V2 Vou = V1

Vour = Vae = Vi = V2 | Vour = Vac — Vi

Vou =Vi=V2+Vs | Vou =Vae = Vi

Vour =V1 —V3 Vour =V1+V3

Vou=Vi+WVo—V;
Vour=Vac —V1+V3
Vout = Vdc - Vl + V2 - V3

Vou =Vi + V2
X\ Vour = Vae = Vi + Vs @
Vour = Vac — V2
Vour =Vac —V2+ V3
Vout = Vae — V3.
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Here, it can be concluded that these two states of
Vout Vour = V1 and Vo = Ve — V1) represent the middle volt-
age level (4V4./8). Consequently, equating (Vi = Vg — V1),
V) is obtained as V| = V. /2.

Vout for the highest voltage level (7Vy./8) is as (4). By
setting (Vo = (Vi —=V2) = (Vge — Vi = Vo) =TV /8), V> is
Vo =V1/2 = Vg /4

Vout = V2
<1 Vou=Vi -V

{Vout =V3
Vou =Vac = V1 — W2

Vou=V2—V3

Vout =Vi-W+ V3

Vout = Vl - V3

Vour =Vae —V1i—V2+V3
Vour =Vac —V1 —V3

> and
Vour = Vi
Vour = Vae = Vi
Vou = V1 + V3

Vou=Vi+V,—V;

VOLUME 6, 2025
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Vour =Vac —V1+V3

Vour =Vac —Vi+Va—V3

Vouu = V1 +V2

Vout = Vdc -Vi+V; . (4)
Vout = Vac — V2

Vour =Vae =V2+ V3

Vout = Vac — V3

Also, the following equation is valid for the lowest voltage
level (Vy./8), where V3 is also achieved: V3 = V,/2 = V. /8
by equating (V3 =V, — V3) = V4. /8:

Vout = V2

Vouw =Vi = V2

Vour =Vae = V1 = V2
Vou=Vi = Vo2 +V3
Vour=V1 —V3

Vour =Vac —Vi—=V2+V3
Vour =Vae = Vi = V3

Vour = V1

Vour = Vac = Vi

{Vout =V; and

<
Vout = VZ - V3

Vout = Vl + V3

Vout = Vl + V2 - V3

Vour =Vac —V1 +V3

Vour =Vace =Vi+Vo2—V3

Vour =V1+V2 . (5)
Vou =Vac —Vi+V2

Vout = Vae — V2

Vout = Vdc - V2 + V3

Vout = Vac — V3

B. FLOATING CAPACITOR VOLTAGE BALANCING ANALYSIS
In order to explain the necessity of engaging the switching
state into PWM for capacitor voltage balancing, some math-
ematical analyses are done for the voltage level, 4Vy. /8. The
following equation expresses two states of 4V /8, where first
capacitor voltage (V;) is involved:

{Voutzvl = 4Vdc/8

. 6
Vour=Vae — Vi= 4Vdc/8 ( )

Although V; should be equal to V. /2, it has some voltage
ripple in practice as Vi = Vi /2 + Viipple that has to be con-
trolled to well regulate V| to its dc amplitude. It can be shown
that engaging redundant states with the PWM algorithm can
accurately control Vijpple and balance the floating capacitor
voltage. To this end, a predefined nine-level voltage waveform
is assumed as Fig. 6 to perform the theoretical analysis on V;.
Applying Fourier series on the nine-level voltage of Fig. 6,
Vout can be written as

o0 o0
Vou=ao+ Y _ ancos(nt)+ Y bysin(nt) 7
n=1 n=1
where ag, a,, andb, (n= 1,3 5, 7, 9, ...) are calculated as
follows:
Vae _ Ve [cos (nary) 4-cos (naz)
> an=0,bn= |: +cos (na3) +cos (nag) | ®)

o= 7 2nmw
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V(@
8Va/8
Va8
6V go/8-
5Vaol8|
4V,/8
3V,/8
2V,/8

Vio/8

oy 704
o3 m-0l3

o -0

0y
o -0y

103

T+0y 27-0.

w2 T 3m/2 or

FIGURE 6. Predefined fundamental frequency nine-level voltage
waveform.

Therefore, V¢ of Fig. 6 can be written as

Vout = Z
n=1
[Vdc [cos(nay) + cos(nas) + cos(naz) + cos(nom)]] .
sin(nt).
2nmw
)

Considering Fig. 6, Vo = 4V /8 is in the following time
interval:

Vour= 4'Vdc/8

0 <t< (a1/27f)

((r —a)/2n f) <t< ((w +a1)/2n f)
(Qr —ay)/2nf) <t< Qu /27 f)

(10)

where f is the output voltage’s fundamental frequency. To
determine V7j, it is first required to obtain the relationship
between first capacitor current (/;) and output current (oy)
for the redundant states of 4Vy./8. The relationship between
I; and I,y is as follows:
{Vout=V1:>Il=_out (11)
Vout = Vac — Vi = I1 = +lout.

Substituting loy = Vou/Z (Z is the impedance of output
load, and I1 = C1dV;/dt), (11) will be as follows:

dV] Vout
Cl— =+
Vdr Z

12)

where + represents the current direction; hence, V; voltage
ripple is acquired using the following equations:

t
1%
%:i/ ot gt
0 ZCy

13)

where ¢ is the time interval of (10). Considering negative and
positive current direction (I} = —Ioyandly = +Ioy), V1 is
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State 1
State 3 or 4

State 5 or 6 or 7,

ki)
State 8 or 9 or 10 orl

State 12 or 13
or14orl
State 16 or 17
0 8 or 19

State 20 or 21 or 22,

According to Table I

State 23 or 24|
State 26

Switching Pulse Generation

FIGURE 7. Diagram of the level-shift PWM technique integrated into the
floating capacitor voltage balancing blocks for the nine-level three-phase
modified PUC inverter.

obtained as (14) for each time interval of (10)

o0
[%al —14 > % cos(nal)]
\%Z n=1
Vi=F , O<t<au
2 (&5V4
Vripple
- [Vaear]
Vlz% —, T <t<mw+ao
(V4
[ —
Vripple
Vdc o hn < hn
o + - > 1 cos(nay)
Vie n=1 n=1
Vi=57F ,
2 C1Z
Vripple
2r —ap <t < 27.

(14)

It is clear that Vijpple of the first capacitor has a positive
value for each time interval when current is positive that
means V| exceeds Vyc/2. On the contrary, Viipple has a negative
value for each time interval when current is negative that
means Vy drops below Vyc/2. Indeed, Vijpple shows charg-
ing/discharging conditions of the first capacitor, so both states
must be integrated into the PWM technique to balance Cj
energy and to regulate V; to V. /2.

C. DESIGNED PWM ALGORITHM FOR ACTIVE FLOATING
CAPACITOR VOLTAGE BALANCING

Fig. 7 shows a diagram of the designed level-shift PWM
method integrated with the capacitor voltage balancing mech-
anism for the three-phase nine-level modified PUC. C,1-C,3
are the triangle waveforms as the carrier signal, which
are level-shifted between —1 and 1, and Ve is the sinu-
soidal waveform as the reference signal. The floating ca-
pacitor voltages are regulated by balancing blocks. Each
balancing block contains redundant switching states for
an output voltage level, including Vy./8, 2Vy./8, 3Vi./8,
4Vic /8, SVac/8, 6Vac/8, and 7V4. /8, to regulate the floating
capacitor voltages. For instance, Fig. 8 illustrates an example
of an algorithm diagram for the redundant switching state
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voltage level

C;

FIGURE 8. Example of the redundant switching state selection mechanism
for capacitor voltage regulation in the balancing block of the designed
PWM technique of Fig. 7.
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FIGURE 9. Experimental results of main dc source (V,.) and dc capacitor
voltages (V;, V,, and Vs) of Fig. 3 under start-up operation while switching
frequency is 5 kHz, (CH1: Vy.; CH2: V;; CH3: V;; CHA4: V3, all 40 V/Div).

selection mechanism in the balancing block regarding to the
output voltage level 3Vy. /8. Thanks to the balancing block,
the redundant switching states related to the output voltage
level 3Vy./8 are selected as to adjust the charging and dis-
charging of the involved capacitors and, therefore, to regulate
their voltages. If the capacitor voltage is increasing, the redun-
dant switching states for discharging condition are chosen and
vice versa, so that the capacitor voltages are adjusted to their
right dc values with an appropriate voltage ripple. The remain-
ing balancing blocks for other output voltage levels follow
a similar approach to establish the switching state selection
mechanism using Tables 1 and 2 and, therefore, to regulate all
floating capacitor voltages to their desired dc values. It is im-
portant to clarify that voltage balancing refers to the regulation
of each capacitor to its dc voltage (Vy./2, Vyc/4, and Vg /8),
forming a proportional or hierarchical voltage distribution.
The balancing mechanism ensures that each capacitor remains
within an acceptable ripple range of its set point, rather than
enforcing identical voltages.

Fig. 9 shows the experimental results of the dc source (V)
and capacitor voltages (V1, V,, and V3) of single-phase modi-
fied PUC under start-up condition. As a result of the balancing
blocks integrated into the designed PWM method, when V.
suddenly rises from O to 340 V as a start-up operation, Vi, V»,
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FIGURE 10. Current control strategy diagram for the grid-connected operation of the single-dc-source three-phase modified PUC inverter.

and V3 start to charge up to their dc values 170, 85, and 42.5 'V,
respectively.

D. PROPOSED CURRENT CONTROL FRAMEWORK FOR THE
THREE-PHASE GRID-CONNECTED MODE OF OPERATION
Fig. 10 depicts the designed control strategy diagram in-
cluding current control and grid synchronization for the
single-dc-source three-phase grid-connected modified PUC
inverter. (i, ip, andi.) are the three-phase currents that are
injected by the inverter to the grid. (rf4, rfp, andrys.) and
(Lfa» Lyp, and Lg) are also resistance and inductance parts
of the grid filter respectively. As the three-phase currents
of the inverter must be synchronized with the three-phase
voltages of the grid to ensure the pure active power deliv-
ery, a phase-locked loop (PLL) is employed to extract the
phase angle (@) of the grid voltage. Therefore, the three-phase
current references are established using the phase angles of
the grid voltage to control the reactive power while inject-
ing pure active power. According to the designed three-phase
grid-connected proportional-integral (PI)-based controller of
Fig. 10, the three-phase measured currents (i,, i, andi.) are
transformed into the synchronous reference (dg) frame. Ap-
plying the obtained phase angle of the grid voltage and using
(abc— qd) transformation, the three-phase measured and de-
sired currents are converted from ac into dc components as
follows:

iy 2| cos(@)  cos(d — ZT”) cos(f + 27”) la
[iq} 3 [— sin(@) —sin(@ — ) —sin(d + 27”)} ;
15)
Using Kirchhoff’s Voltage Law, the dynamics model of the

grid-connected system in the dg frame is also presented as
follows:

dig . .
LE = —Riy + a)qu - Vref,d + Vinv,d
dip o
E = _qu —wLig — Vref,q + Vinv,q (16)
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where w is the grid frequency and (Vier,gand Vief, ) are the
dg components of the demanded reference voltages, which
must be desirably generated. (Viny,qand Viyy, o) are also the dg
components of the three-phase voltages of the inverter, which
is achieved from (V4,, Vp,, and V¢,). Afterward, the errors
between the desired currents components (iref,; and iref,¢) and
the actual current components (i, and i;) are compensated by
the current controller blocks using two PI control systems.
Hence, the designed current control structure in the dg frame
is given as follows:

Viet,a = wLig + Vigv.a + Kpeq + Ky / eq(t)dt

Vg = — Lig + Vineg + Kpeg + Ki f e, (Dt (17)

where Kpis the proportional gain, Kjis the integral gain,
eq = lref,g — lg, and ey = iref 4 — iy. By compensating the ob-
tained error between i, and its reference i, the reactive
power is controlled so that the unity power factor is en-
sured. The amount of the active power is also controlled by
compensating the error between iy and its reference it 4 SO
that the desired amount of the active power is delivered to
the grid. The controlled signals are then retransformed into
three-phase control signals using an inverse Park transfor-
mation (dg— abc) to obtain the three-phase reference signals
(Vret. as Vief, b, and Vier, o). The three-phase reference signals
are

Viet.a cos(@)2 — sm(é’)2 1 Viet
Vietp | = | cos (0 — ) —sin(0 — ) 1| | Vietq |-
Vier,c cos(0+%) —sin(0+Z) 1 Viet.0
(18)
These generated three-phase sinewaves (Vier.q, Vref. b,

and Vier, ) will be added to the proposed PWM switching
method as the reference signals to be compared with carrier
signals (C,1—C;g), as illustrated in Fig. 7, to generate the
firing pulses for the three-phase inverter’s switches. The active
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TABLE 3. Circuit Device Analysis Between Single-DC-Source Three-Phase
Nine-Level Modified PUC Inverter and Other Similar Nine-Level Topologies

Type of Inverter Power Auxiliary Power Control
Switch Capacitor Diode Complexity
NPC 8 4 6 Very High
FC 16 8 0 Very High
ANPC 12 5 0 High
MMC-Half Bridge 16 8 0 Very High
MMC-Full Bridge 32 8 0 Very High
Hybrid FC 12 3 0 High
and HB in [30]
Hybrid six-switch 14 3 0 Very High
and HB in [23]
Modified PUC 10 3 0 Very Low

floating capacitor voltage balancing is still achieved through
the balancing blocks using the redundant switching states.

IV. COMPARATIVE ANALYSIS OF THE THREE-PHASE
MODIFIED PUC

The single-dc-source three-phase nine-level modified PUC
inverter has reduced total devices, while it generates
more output stepped voltage. Moreover, it could solve
the main problem of the conventional three-phase PUC
inverter, which was the multi-dc-source structure. In or-
der to further investigate that the proposed three-phase
inverter has an optimized circuit, it is analytically com-
pared to other single-dc-source three-phase multilevel in-
verter topologies such as NPC, FC, ANPC, and Modular
Multilevel Converter (MMC) based on both half- and full-
bridge submodules. Table 3 lists total active and passive
components for the three-phase nine-level modified PUC in-
verter and similar three-phase nine-level topologies. Accord-
ing to the comparative analysis, the nine-level modified PUC
inverter has a notably lower number of circuit devices in com-
parison to the other single-dc-source three-phase nine-level
inverters. A reduced number of active semiconductor devices
generally result in lower switching losses. Although a detailed
switching loss analysis is not the focus of this work, the re-
duced number of switches (as presented in Table 3), combined
with lower voltage stress on the devices and strategic switch-
ing state selection, indicates that the proposed modified PUC
inverter likely offers lower switching losses compared to other
three-phase multilevel inverter counterparts. Despite this, its
prominent advantage lies in the active capacitor voltage bal-
ancing achieved through redundant switching state selection,
which classifies it as a three-phase power converter with a
very low complexity level for the designed control technique.
Thanks to the active capacitor voltage balancing capability
as well as high voltage gain and multilevel voltage output
features, the proposed single-dc-source three-phase modified
PUC inverter is also a strong candidate for solid-state trans-
former (SST) front-/back-end stages. Its compact structure,
reduced component count, and compatibility with medium-
frequency transformers make it well suited for efficient and
flexible SST architectures operating in both stand-alone and
grid-connected modes of operations.
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FIGURE 11. Laboratory prototype and experimental setup of the
three-phase nine-level modified PUC inverter used for experimental
validation for both stand-alone and grid-connected operations.

(a) Laboratory prototype. (b) Experimental setup.

V. EXPERIMENTAL VALIDATION AND DISCUSSION OF
THE SINGLE-DC-SOURCE THREE-PHASE NINE-LEVEL
MODIFIED PUC INVERTER

The single-dc-source three-phase packed multilevel inverter
is experimentally verified for stand-alone and grid-connected
operations. The experimental tests include three-phase linear-
balanced loads, the output load change, the amplitude MI
variation, fundamental frequency change, and variable and
steady grid current operation. These tests are done to vali-
date the excellent regulation of the floating capacitor voltages
regardless of the operation condition. Fig. 11(a) depicts
the prototype of the three-phase nine-level modified PUC.
Fig. 11(b) also shows the experimental setup of the modified
PUC inverter for both stand-alone and grid-connected opera-
tions. The three-phase inverter’s power switches are chosen as
SiC MOSFET, C3M0120090D, and are controlled through the
implementation of the proposed three-phase level-shift PWM
method of Fig. 7 and the designed three-phase grid-connected
control technique of Fig. 10 in a MicroLab Box 1202 setup.
The OPAL-RT high-voltage/-current measurement is also uti-
lized to measure single-dc-source and dc capacitor voltages as
well as grid voltage and current. Moreover, the parameters of
the experimental tests for the stand-alone and grid-connected
operations are listed in Table 4.

A. THREE-PHASE LINEAR AND BALANCED LOAD
As the first step, the presented modified PUC inverter is
tested with the three-phase linear-balanced RL loads (under
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TABLE 4. Experimental Test Parameters of the Three-Phase Modified PUC
Inverter

Input DC Voltage 340V,
Grid AC Voltage 120V s
DC Capacitors Capacitance 2040uF
Linear R-L load (for each phase) 80Q & S5mH
Fundamental and Switching Frequency 60Hz & 5kHz
Amplitude Modulation Index 0.9

e

2 HE I

dé““‘ﬂ“" LML | AA!A\AUIA)“:HH-) AL
(il )IIMMI nnm m.m

VW

A AAMARAMARAALAAR AL EARAR
iy mvmmtmm

Vaor,
] A
2
g
i Viine AB
et
w"""u\‘ ;anu F f"(fmqm‘ L \
* b M‘( HL.VMJ'f “"\1
b e ‘
APV I i Wy it
W, ) (] y Wy, Ar
@ -, " " .’ i
R, " Ve T 3
f g Mg Mg
@ ovio M0 B2 QEDHOV Sems 0smezSoms | MG 104V Tomaiciv oS 200yt
- 200vin MO B,250M  QEP0OV  SS6ms 30.6ms 25.0ms I P
- v MO Besoow POV 5Shms 20.6ms 25.0me 138 3can RLt00
- v MO RSN OV SS6me 30.6me 250me Ado Mayr2205  1rses2

FIGURE 12. Nine-level and three-phase line voltage waveforms of the
stand-alone three-phase modified PUC inverter under linear and
symmetrical load condition, (CH1: nine-level voltage, 100 V/Div; CH2, 3,
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FIGURE 14. Output variables of the stand-alone three-phase modified
PUC inverter, (nine-level, phase, line voltages, and phase current) under
output load change operation, (CH1: nine-level voltage, 120 V/Div; CH2:
line voltages, 120 V/Div; CH3: phase voltage, 45 V/Div; CH4: phase current,
1.5 A/Div).
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FIGURE 13. Harmonic content of three-phase line voltage waveforms of
Fig. 12.

same test parameter of Table 4). Fig. 12 shows a nine-
level voltage of phase A (V40) and three-phase line voltages
(VaB, Vpc, and Vey4). As it can be perceived from the obtained
results of Fig. 12, the nine-level voltage waveform is perfectly
generated according to the switching sequence of Table 1 that
leads to an appropriate 17-level line voltage waveform as well.
Considering the line voltage waveforms, it can be concluded
that all dc capacitor voltages are properly regulated to their dc
values. Fig. 13 displays the harmonic content (up to 49th) of
three-phase line voltage waveforms of Fig. 12. The obtained
total harmonic distortion (THD) is as low as (approximately)
~ 4%, which means that ac output filter is not required.

B. OUTPUT LOAD CHANGE OPERATION

For the first dynamical stand-alone operation, the floating
capacitor voltage balancing of the designed three-phase in-
verter is tested under output load change. To this end, the
resistive part of one phase load (phase A) is changed from

VOLUME 6, 2025

FIGURE 15. Output variables of the stand-alone three-phase modified
PUC inverter, (nine-level, phase, line voltages, and phase current) under Mi
change, (CH1: nine-level voltage, 120 V/Div; CH2: line voltages, 120 V/Div;
CH3: phase voltage, 45 V/Div; CH4: phase current, 1.5 A/Div).

80 to 160 2 and again to 80 2. Fig. 14 shows the nine-level,
phase, line voltage, and load current waveforms under dynam-
ical load conditions. The load current responds to the load
change, while all dc capacitor voltages remained balanced
at their dc amplitude as can be seen from proper generation
of output stepped voltages. Therefore, the performance of
the three-phase modified PUC inverter is robust against the
uncertainties of the load changes. In other words, the float-
ing capacitor voltage regulation is independent of the current
direction or current changes.

C. AMPLITUDE MI VARIATION

The proposed single-dc-source three-phase nine-level inverter
is also tested under amplitude MI changes for stand-alone
operation. Fig. 15 indicates the nine-level, phase, line voltage,
and phase current waveforms when the MI varies from 0.85
to 0.98. As can be seen, pulsewidth and the number of voltage

1457



SHARIFZADEH ET AL.: SINGLE-DC-SOURCE THREE-PHASE MODIFIED PACKED U-CELL INVERTER

;Vl/W\,’\.*»'"v’\r‘v"v"/Av\’\;’*v'\/\/‘v\«’\’\:’b’\'@N%ﬂ‘.‘f.‘l_i&‘f;‘lﬂ‘i,‘b'-. A

» <

F=60Hz F=300Hz
, VasL Jit ut s f
- " -~ o Ry \
e i P I gl \ \ \ \ \
d \ ¥ / o =
VoL

MMIM el Veor, I )r-l.l J"l. nL )n_“ ‘Jl I"-
Inr" "'u] l"’ﬁ ‘h"‘l.l JI‘ Vo f' \ |') \ ) f \ i
V W

\

o o ' by v ‘]h h'l \d
& o {
@ i WO Sezsow QD 1SV S6Tme Sioms ditme | [AGEDS 2OV Toomaidy o tSn 200wt

@ 1sovia MO Ay250M QUG ISOV  667ms 91.3ms 24ms Stopped
Qi ot GEBWr  arme. et dttes e pne
il e e il o

FIGURE 16. Output variables of the stand-alone three-phase modified
PUC inverter, (nine-level, phase, line voltages, and phase current) under
fundamental frequency change, (CH1, 2, and 3: three-phase nine-level
voltages, 80 V/Div; CH4: phase current, 2 A/Div).

levels vary because of MI variations. However, the floating
capacitor voltages are kept balanced regardless of the MI
changes.

D. SYSTEM FUNDAMENTAL FREQUENCY CHANGES

Since multilevel inverters must be operational for different
system fundamental frequency, the three-phase modified PUC
inverter is tested under fundamental frequency changes to
verify its performance for a more electric aircraft applica-
tion. Fig. 16 demonstrates the three-phase nine-level voltages
and output phase current waveforms when the fundamental
frequency changes from 60 to 300 Hz. The output load is a
three-phase linear and symmetrical (RL) with values listed in
Table 4. As shown in Fig. 16, the output voltage and cur-
rent variables have a stable performance under fundamental
frequency changes as the dc capacitor voltages remained reg-
ulated at their dc values.

E. GRID-CONNECTED OPERATION OF THE THREE-PHASE
SYSTEM

As the last performance validation analysis, the modified
PUC inverter has been experimentally tested for three-phase
grid-connected operation, which is controlled based on the
designed current controller of Section III-A. The dc-source
voltage has been adjusted to 340 V, and the grid voltage is
120Vims. Fig. 17 displays the output variables of the three-
phase grid-connected modified PUC inverter including the
line and nine-level voltages as well as the grid voltage/current,
where the current reference has been set constant to 4 A. As
can be seen from Fig. 17, the capacitor voltages are balanced
as the output stepped voltages are perfectly generated, while
the three-phase grid connectivity requirements are met as the
grid voltage/current waveforms are in phase.

Fig. 18 also demonstrates the experimental results of
the three-phase grid-connected modified PUC inverter
including line and nine-level voltages along with grid volt-
age/current under dynamic grid current operation. To this end,
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FIGURE 17. Output variables of the three-phase grid-connected modified
PUC inverter (line and nine-level voltages and grid voltage/current) under
normal grid-connected operation, (CH1: line voltage 200 V/Div; CH2:
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FIGURE 18. Output variables of the three-phase grid-connected modified
PUC inverter (line and nine-level voltages and grid voltage/current) under
dynamical grid-connected operation. (a) Increasing the current reference
(4 to 6 A). (b) Decreasing the current reference (6 to 4 A), (CH1: line
voltage 200 V/Div; CH2: nine-level voltages, 150 V/Div; CH3 and CH4: grid
voltage/current, 100 V/Div and 10 A/Div).
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Fig. 18(a) indicates the experimental results related to the
grid-connected operation condition when the current refer-
ence increases from 4 to 6 A, and Fig. 18(b) demonstrates
the experimental results when the current reference decreases
from 6 to 4 A. Considering that the output stepped voltage
waveforms of Fig. 18 are well formed, the capacitor voltages
are kept balanced under dynamical grid-connected opera-
tion, while the grid connectivity requirements are fulfilled
for the three-phase inverter even though the current reference
changes.

VI. CONCLUSION

In this article, a novel modified PUC topology has been in-
troduced by cascading the FC cell and the HPUC to establish
a single-dc-source three-phase packed multilevel inverter and,
therefore, to overcome the drawbacks of the multi-dc-source
structure in their conventional three-phase configuration. Ac-
cording to the designed three-phase modified PUC inverter,
the single FC cell is connected to the HPUC unit in each
phase where the three-phase configuration is fed by a sin-
gle dc source. Thanks to the cascaded connection of FC
and HPUC units, there are abundant redundant switching
states, where floating capacitor voltages are actively balanced
within acceptable voltage ripple with no need of the external
voltage regulator. To this end, the voltage ripple of V; was
measured to be within £2.3% of Vy./2, while the voltage
ripple of V> and V3 are remained within £5% of Vy./4 and
of Vy./8, respectively, under all tested load and operating
conditions, including load steps, MI variation, and frequency
change, confirming effective regulation of capacitor voltage
using the proposed balancing blocks. Indeed, the designed
voltage balancing mechanism, based on redundant switching
state selection within the PWM framework, offers inherent
robustness even under such nonidealities. The HPUC unit is
also extendable by adding more U-Cells to generalize the
circuit structure of the proposed single-dc-source three-phase
packed multilevel inverter. Comparative study shows that the
single-dc-source three-phase modified PUC inverter has an
optimized structure as it has fewer active and passive compo-
nents compared to other similar single-dc-source three-phase
multilevel inverter topologies. The theoretical analyses along
with experimental validations prove excellent performance of
the three-phase modified PUC inverter in dealing with differ-
ent stand-alone and grid-connected operation conditions, as
capacitor voltages are actively balanced to their determined
dc voltage amplitudes.
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