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Abstract- This paper proposes a graphical approach using a 3D
space vector representation to diagnose the unbalanced operation
of a three-phase cascaded H-bridge (CHB) inverter operating
under non-ideal conditions. Under ideal conditions, the
application of the Clarke transformation to the inverter voltage
phasor results in a circular trajectory within the stationary and
orthogonal (of)-frame, enabling the inverter to supply balanced
three-phase phase/line voltages and currents to the load. In
contrast, when non-ideal conditions arise, such as DC voltage
imbalances among the bridges or failed cells, the Clarke
transformation of the inverter voltage phasor forms an elliptical
path, leading to unbalanced operation. This paper discusses and
highlights the characteristic differences between inverter-
balanced and unbalanced operation modes. Additionally, a
generalized neutral-shift method has been suggested to address
unequal DC voltage sources simultaneously and failed cells
without differentiation. The proposed control strategy ensures the
inverter maintains balanced line-to-line voltages and currents,
even when its phase voltages remain unbalanced. Simulation and
experimental results from a three-cell (per phase) CHB inverter
with a symmetrical RL load are provided to validate the
effectiveness of the proposed approach. Finally, the study explores
the impact of non-ideal conditions on modifying inverter voltage
and current spectra.

L INTRODUCTION

I n the last decades, the cascaded H-bridge multilevel

inverter topology has become a solution for energy
conversion in different industries [1], [2]. Its advantages, such
as high efficiency, low harmonic distortion, modularity, and
scalability, make it one of a promising technological power
conversion in various high-power applications like renewable
energy systems, electric vehicles, motor drives, and grid-
connected systems [3-6], as illustrated in Fig. 1. Each H-bridge
cell in a CHB inverter typically has its own isolated DC source
(e.g., batteries, solar panels, supper-capacitor, or wind).
However, the main challenge when using a three-phase CHB
inverter is that it may exhibit unbalanced operation due to non-
ideal conditions. In this paper, non-ideal conditions primarily
refer to the scenario of unequal DC voltage inputs, where the
connected DC sources exhibit different voltage levels across the
H-bridge cells, leading to inverter output voltage waveforms.

In grid-connected photovoltaic (PV) inverter applications,
the non-ideal condition results from inconsistent power
generation among the power modules due to varying
environmental factors, such as fluctuating solar irradiance,
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Fig. 1. The CHB inverter topology and its applications

partial shading, temperature inhomogeneity, and inconsistent
degradation of some solar cells [7], [8]. In Electric vehicle (EV)
and hybrid EV traction systems, battery degradation or unequal
charging can cause imbalances in the DC-link voltage across H-
bridge cells [9], [10], leading to unbalanced motor drive
operation. Voltage imbalance at motor terminals can cause a
current imbalance up to 6-10 times larger, leading to issues such
as torque pulsation, vibrations, mechanical stress, lower
efficiency, and motor overheating [11], [12].

Non-ideal conditions also occur when power electronic
switches or associated gate driver boards in the power stage fail,
leading to failure and bypass of H-bridge cells [13], [14]. When
the H-bridge cell fails and is bypassed, it cannot contribute to
the inverter output voltage, resulting in an unbalanced system
operation.

Numerous studies have been conducted to develop effective
control and modulation techniques suitable for CHB under non-
ideal conditions (unequal DC source voltages and failed cells).
Table 1 summarizes the most popular existing control
strategies, highlighting their advantages and drawbacks. In
[15], a neutral voltage modulation (NVM) strategy was
proposed to address DC-link voltage inequality in CHBs. The
conventional NVM method uses simple calculations to find the
neutral voltage reference, incorporating zero-sequence voltage
to compensate for output voltage imbalances and an offset
voltage to extend the linear modulation range. However, the
constraints on the neutral voltage are unclear, and in some
cases, the maximum linear modulation index cannot be reached



Table 1. advantages and disadvantages of existing control scheme for CHB
inverter under non-ideal conditions

CHB inverter with unequal DC-voltage sources

v’ Line-to-line voltage balancing

Neutral Voltage capability.
Modulation (NVM) | ¥~ Simple implementation
methods [15], [17], |X  Unsuitable for power balancing
[18] X Unsuitable under failed cell
conditions
v" Power balancing capability.
v" Capable to operate in overmodulation
Zero-sequence Range
Injection (ZST) Unsuitable for line-to-line voltage
methods [8], [19], balancing
(20] x  Complex implementation
v" Unsuitable under failed cell
conditions
CHB inverter with failed cells
v" Line-to-line voltage balancing
capability.
v Maxime the output voltage under
Conventional faulty cells

Neutral-shift

X Unsuitable under non-integer or
method [24]

dynamically changing DC voltage
values

X Unsuitable under severe failed cell
conditions

v' Line-to-line voltage balancing
capability.

v Suitable under severe faulty cell

conditions

Unsuitable under non-integer or

dynamically changing DC voltage

values

X May cause overmodulation.

Peak-reduction
method [25] X

[16]. To address these limitations, an improved NVM method
was introduced in [17], aimed at achieving a balanced three-
phase output voltage in CHB inverters, even in the maximum
modulation region, while minimizing overmodulation [18].

Zero-sequence voltage injection (ZSI) methods have proven
effective for power control purposes under unequal DC voltage
distribution conditions [8], [19], [20]. They maintain balanced
three-phase currents under non-ideal conditions. However, the
optimal zero-sequence injection method is considered the most
advanced ZSI method, and it can only handle up to 20% of
potential cell DC voltage inequality.

Several other studies have also proposed fault-tolerant
control strategies for CHB inverter operation with faulty cells
[21], [22]. These strategies can maintain balanced inverter
output line voltages despite unbalanced phase voltages caused
by failed cells [23], [24]. The two most commonly used
techniques are the conventional neutral-shift and peak-
reduction methods. Under the traditional neutral-shift methods,
the inverter’s neutral point is moved by adjusting the reference
phase voltage angles [25]. In peak-reduction techniques, the
neutral point is moved by adjusting the reference phase voltage
magnitudes [26].

According to Table. 1, each investigated non-ideal condition
has been addressed separately in the literature, utilizing an
independent compensation control strategy. NVM and ZSI
methods were developed for CHB systems under unequal DC

voltage conditions and are inefficient for CHB systems with
failed cells. Conversely, the conventional neutral-shift and
peak-reduction methods are unsuitable for CHB inverters with
DC voltage inequality, especially under non-integer or
dynamically changing DC voltage levels. There is a gap in the
literature regarding analysis and control methods that
simultaneously address unequal DC voltage sources and failed
cells in CHB topologies.

This paper proposes a unified approach utilizing graphical
analysis to address the challenges posed by unequal DC voltage
distribution and failed cells in CHB systems without
differentiation. The proposed graphical analysis examines the
unbalanced operation of the CHB inverter caused by non-
integer DC voltage inputs, leading to a space vector diagram
with non-integer entries. This novel graphical approach
introduces a generalized control strategy based on the neutral-
shift technique, which mitigates the effects of unequal DC
voltage sources while simultaneously addressing cell failures.
The proposed study applies to CHB-based power conversion
inverter systems with DC source topologies, such as batteries,
solar panels, supercapacitors, or wind energy systems, where
maintaining equal DC voltage inputs is seldom feasible.
Additionally, this method enhances the system’s robustness and
reliability, particularly in high-power variable frequency drive
applications with multiple series-connected power cells, where
some may fail and require bypassing.

I A SPACE VECTOR ANALYSIS OF CHB OPERATION
UNDER IDEAL CONDITIONS
A. Analysis of inverter voltage states under ideal
conditions

Let’s assume the CHB topology (Fig. 1) that uses a k-series
connected single-phase inverters (power cells), each supplied
by an isolated DC voltage source noted v4;j, where i € P =
{a,b,c},j € L = {1,2,... ,k} , Under ideal operating
conditions of the inverter, it is assumed that all DC voltage
sources have equal values on all phase, V4. ;; = 1 p.u, such
that:

o The output voltage of each H-bridge cell j on a given
phase i is:u;; € K={-1,0,1} p.u
o The number of voltage levels per phase is: n = 2k +
1,n € N* (an integer)
o The phase leg voltage amplitude is: v; = Zﬁ-‘zlu”,
vV, €N
Under these conditions, the three-phase CHB inverter produces
a set of balanced three-phase line-to-neutral voltages It is a
common accepted practice to convert the three-phase quantities
of the inverter into its space-vector diagram to enable a more
intuitive representation of the voltage states, making designing
and optimizing its performance easier [27]. The analysis of the
inverter output voltage phasor is performed in the stationary and

orthogonal reference frame «af0 wusing the Clarke
transformation as given in Eq (1).
T
Vi = [Va v Vel Vago = [Va U 0] (1a)
Vapo = M * v; (1b)
1 -1/2  -1/2
M= \E 0 3/2 —/3/2 (1c)
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Where, v, represents the line-to-neutral (LN) output voltage
in abc the reference frame, while v,z is the LN-voltage given
the stationary orthogonal (complex) reference frame af.

For a balanced operation of a n-level inverter, the total
number of output voltage states is given by n3, which forms a
cube surface in the af0 -space. In the case of two-level
inverters, there is only 23 = 8 output voltage states exist, which
correspond to the eight corners of the basic cube. The balanced
operation of CHB multilevel inverter introduces additional
intermediate states that are typically uniformly distributed
between the limits of the basic cube. When applying the
transformation described in Eq (1b) to a 7-level inverter with
k = 3, the total number of inverter states is 73 = 343, resulting
in a regular cube surface as shown in Fig. 2(a). Fig. 2(b)
illustrates the well-known space-vector hexagon associated
with the 7-level inverter operation [27]. The solid lines in each
sub-figure represent the theoretical limit of the inverter output

voltage that can be produced under ideal operating conditions.
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Fig. 2. Space vector representation of a balanced 7-level inverter output
voltage states. 3D view and its projection in the a8 — plane.

B.  Analysis of CHB reference voltages under ideal
conditions
In balanced operation, the PWM reference voltage signals
can be expressed as:
v () = m- Vg sin(wot — 6, )
with 6,;=(—1)Z and i€ K={a=1b=2c=3}
Where w, m, and Vg4, are the fundamental frequency, the
modulation index, and the total inverter phase leg voltage,
respectively. N: represents the normal (balanced) operation
under ideal conditions, specifically when the three-phase
inverter has equal DC voltage sources with the same magnitude.
A common-mode voltage is usually added to the PWM
reference voltages to improve the utilization of the DC-source
voltage. The modified PWM reference with the common-mode
component injection is given by:
voi (£) = v (6) + v5 () 3)
The injected common-mode voltage v (t) can be the min-max
voltage component (4) or the third harmonic component (5)
where, V;.is the magnitude of the fundament component of the
LN voltage reference.

min v\ ;(t)+max v ;(t)
Voum(£) = L “
X Vo s
Vorui(t) = ?Osm (wot) ()
The inverter PWM reference signal v; is also Clarke
transformed to S0 reference frame as given in (6).
Vigpo = M [vg v, vg]” (©)

I Modulation index (i.e. p.u. of PWM reference magnitude)
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Fig. 3. Reference voltage cylinder and inverter output voltage cube surfaces.

The space vector representation of the PWM voltage
reference vector in @f50-space when applied Eq (6) is shown in
Fig. 3. This figure illustrates the coupled effects between
inverter output voltage states and its PWM reference voltages.
As shown in Fig. 3, the PWM reference voltage vector forms a
cylindric shape in the af0 -space. Because the homopolar
component moves along the 0-axis, the family of all possible
common-mode values corresponds to the cylinder height,
which is centered and imbricated to the inverter voltage state
cube surface. The inverter output-voltage cube is superposed to
the reference-voltage cylinder within a maximum limit of h €
[—V/3,V3]. The radius of the cylinder corresponds to the PWM
modulation index.

For a balanced operation of the inverter, the PWM reference
voltage must be maintained in its linear region. Subsequently,
the reference-voltage cylinder surface should not exceed the
limits of the inverter voltage cube surface as illustrated in Fig.
4(a). The edges of the intersected cylinder surface correspond
to minimum (h,,;;) and maximum (h,,,,) values to be
attained by all possible homopolar voltage components that can
be added for an operation in the inverter linear region. The
limits of the cylinder height under inverter linear region can be
determined as follows:

h' =23 - \/f(max vr“fg“(t) — min vﬁf{(t)) @)
From the aff-plane shown in Fig. 4(b), the range of the PWM
reference voltages corresponds to the area limited by circle
shape. The radius of the largest circle inscribed on the regular
hexagon gives the maximum output line-to-line achievable by
the inverter. The reference voltage cylinder surface in Fig. 4(a)
can be flattened into a two-dimensional graph as shown in Fig.
5, highlighting the possible common-mode paths at different
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Fig. 4. Practical limits of the trajectory drawn by the PWM reference voltage
vector for balanced and linear operation region.



modulation indexes. It is observed that the boundaries of the
common-mode voltage components tend to reduce when the
modulation index is increased. Fig. 6 shows a balanced
operation of a 7-level inverter controlled by PWM method with
a min-max voltage component injection at a modulation index
of 1.1.

Paths of common-mode voltage component in ideal conditi
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Fig. 5. Boundaries of common-mode voltage components for a CHB with k =

3 cells per-phase at different modulation indexes under ideal conditions.
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Fig. 6. Balanced operation of a 7-level CHB, f./f, = 25;m = 1.1.

III. A SPACE VECTOR ANALYSIS OF CHB OPERATION
UNDER NON-IDEAL CONDITIONS
A. Analysis of inverter voltage states under non-ideal
operating conditions

Non-ideal operating condition of CHB refers to the scenario
of unequal DC voltage condition [0 < v4;;(p.u.) < 1] or the
presence of one or more failed and bypassed cells [
Vgc,ij(p-u.) = 0]. Under any of these operating conditions, the
total phase leg voltage on the affected inverter phase reduces its
nominal value. Fig.7 shows the space vector diagrams of
inverter voltage states under selected unbalanced conditions
summarized in Table 2. In this figure, the inverter output
voltage states generated under balanced operation (vg4;; = 1)
are shown with circles, whereas the actual voltage states under
unbalanced conditions are shown in solid red dots for the failed
power cells (vg;; =0), and in solid yellow dots for an
operation with unequal DC voltage sources (0<vg;;<1). By
carefully analyzing Fig. 7, it can be observed that:

Table 2. Operation of a CHB with sample abnormal conditions.

CaSGS vdc,a(p~u~) de,b(p‘u') 1;d.':,.':(p-u-)
Balanced (a) [111]; [111] [111]
condition
Operation ®) 11 [110] i1
with faulty
cells
© TN [011] [ro1]
Operation @ [0511] Ty TR
with
unequal DC (g 111 [0.810.2] 111
sources
H [111] [0.40.6 1] [0.7 1 0]

o  The amplitude of the inverter phase leg voltage v; =
Z}‘zl Vgc,ij 1 @ decimal number for unequal DC voltage
source conditions, and the inverter voltage states won’t
vanish. They slightly move at all inside the boundaries of
the box, as seen in Fig. 7(b).

o  However, when there are failed power cells (i.e., when
v; = Zle Vgcij € N*,,v; is an integer), some voltage
states are lost [Fig. 7(e) and (f)]. A similar behavior can
be observed when the inverter is operating with
significantly unequal DC-voltage source conditions [Fig.

7(b) and (c)].
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Fig. 7. Example of CHB space vector diagrams for different abnormal
conditions.
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Fig. 8. Space vector representation of a CHB with 4=3 cells under an
unbalanced condition: vg., = [111]; v4., =[100.2]; v4. . = [10.30.7].



Fig. 8 shows the space vector representation of inverter voltage
states under non-ideal conditions, defined for k = 3 H-bridge
cells per phase and voltage vectors supplied such that: v,., =
[111],v4., =1[00.21], and vy, =[0.7 1 0.3]. As it can
be seen, the inverter cannot produce all the possible voltage
states under abnormal operating conditions, which affects the
achievable limits of the inverter common-mode voltage
quantities during the operation, as discussed in the next
subsection.

B.  Analysis of PWM reference voltages under non-ideal
conditions

The analytical expression of the PWM reference voltage
when the Clarke transformation is applied is given by:

vE*(t) _ Af coswyt + BEcosw,t ®
vg'(t)]  |Ajcoswot + Bicoswyt
where (AY, BY), (AN , Bg ) are coefficients which depend on the

available inverter phase leg voltage magnitude V. ;.1 €
P. They can be computed as shown in Eq (9):

Ay = % (ZVdc, at %Vdc, bt % Vdc,c) (9a)
BE = ~ 55 (Vaco = Vae) (9)
85 = = 55 Vae. = Vace) (%)
B = = (Vac,» + Vace) (9d)

In balanced operating conditions, Vpeq = Vpep = Vpee =
Vie = Z;?:l Vac,ij- This is not true under unbalanced operation
condition, where Vpc 4 # Vpep # Vpe - In this case, the
trajectory of the PWM reference vector describes an elliptic
path in the @f8 —plane. Table 3 presents sample unbalanced
cases for a 7-level CHB under failed cells and unequal DC
sources to analyze the behavior of its reference voltage phasor
as discussed in Fig. 9. The red and blue lines represent the
trajectory of the reference voltage vector under balanced and
unbalanced conditions, respectively. It is observed that, under
certain unbalanced conditions, the inverter reference voltage
vector forms an ellipse path that may have horizontal [Fig. 9(a)]
or vertical [Fig. 9(b)] orientations. The trajectory of the inverter
reference voltage phasor can also draw an ellipse with a
different inclination angle in other unbalanced conditions as
illustrated in [Fig. 9(c)-(d)]. Once this mechanism is
understood, it can be predicted that the inverter loses rotational
symmetry under unbalanced conditions, resulting in
unbalanced output voltages and currents if its PWM reference
voltage signals are not appropriately adjusted.

Fig. 10 presents a space vector representation of the output
voltage states and PWM reference voltages for an inverter with
k = 3 cells per phase operating under a specific unbalanced
condition ( Vg =[111] ; v4., =[100.2] ; v4er =
[10.30.7]). The boundaries of all possible common-mode
voltage components in function of the achievable limits of the
inverter output voltages are highlighted.

Table 3. Example of non-ideal conditions of a 7-level CHBI with k = 3 cells

Cases Vac,a(p-u.) Vac,p(p-u.) Vg, (p-u.)

(a) [110.8] [0.610.5] [0.610.5]
(b) [0.401] [110.7] [110.7]
(c) [111] [111] [0.50.4 1]
(d) [1051] [0.50.50.3] [0.511]

a-axis
Fig. 9. Behavior of the PWM reference voltage vector for a CHB with k = 3
power cells per phase under non-ideal conditions.
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Fig. 10. Modified cube and cylinder surfaces for a CHB with £=3 cells under
an unbalanced condition: Vg, =[111] ; vg., =[100.2] ; vy, =
[10.30.7].

It is shown that, the inverter-output voltage limits have
been decreased from their nominal values under this abnormal
condition. The unbalanced operation of the inverter can be
easily perceived from the elliptical shape of its voltage phasor
in the af-plane as shown in [Fig. 10(b)]. The altered PWM
reference voltage cylinder surface vector in Fig. 10(a) can be
flattened to a two-dimensional graph, and the new limits of all
the common-mode voltage components are shown in Fig. 11. It
is shown that the possibility of injecting an appropriate
homopolar voltage component to adjust the behavior of the
inverter’s differential-mode quantities.

Adding an appropriate common-mode voltage to the
inverter reference voltages influences the current flow into the
inverter’s phase, maintaining balanced three-phase inverter
output currents under unbalanced conditions [20], [28], but the
zero-sequence injection-based control methods may not be
sufficient to provide proper compensation in terms of
maintaining balanced line-to-line voltages to the load. Fig. 12
shows the LN-voltage and LL-voltage waveforms for a CHB
with k = 3 cells per phase operating under an abnormal
condition ( Vg =[111] ; v4e, =1[100.2] 5 vgeo =
[1 0.3 0.7]). As can be seen, the inverter phase and line voltages
remain unbalanced because no compensation control technique
has been applied during the operation process. The following
section suggests a compensation control method for CHB
operation under non-ideal conditions. The proposed control
method involves moving the inverter floating neutral point by
adjusting the inverter phase voltage angles to balance output



currents and maximize the utilization of remaining operative
HB cells under a given non-ideal condition.
Paths of common-mode voltage component in non-ideal conditions
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Fig. 11. Boundaries of common-mode voltage components fora CHB with k =
3 cells at different modulation indexes under a non-ideal condition.
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Fig. 12. An Operation of a CHB with k = 3 cells per phase under a non-ideal
condition (Vgeq = [111]; vy, = [100.2]; vy, = [10.30.7]).

V. A GENERALIZED NEUTRAL-SHIFT STRATEGY
SUITABLE FOR CHB OPERATION UNDER NON-
IDEAL CONDITIONS
The proposed generalized neutral-shift method assumed
that the phase angles between a and b or c are no longer 21/3,
and the inverter reference voltages can be expressed as given in
Eq. (10):
U; (t) = Vdc, acos(wo t)
vy () = Vye, peos(wot — O4p) (10)
Ve (6) = Vye, ccos(wot — O.q)

The analytical expression of the corrected PWM reference
voltage when applied the Clarke transformation is given in Eq.
(11). The parameters A%, BS, A%, Bg, AG,and Bf of the PWM
reference voltage phasor under these circumstances can be
determined by:

v§*(t) [Agcoswot + Bgcoswot]

v,‘;*(t) = Agcoswot + Bgcoswotl (11)

vg" () I_Agcoswot + BgcoswotJ
AS = 2 (W 0 = Ve, p00SBap— Vo cc0s6,,)  (122)
BG = _§ (Vdc,b Sin6gp — Ve, sin Oca) (12b)
Af=— ?(Vdc,bcoseab ~ Vige,c€06c4) (12¢)
Bj = %(Vdc,b $in 0y, + Ve, Sin Oy (12d)

The parametric ellipse equation in the @fS-plan defined by the
PWM reference voltage vector under unbalanced conditions
can be expressed as shown in Eq. (13).

Px?2+Qxy +Sy?+T =0 (13)
2 2
P=(45)"+(Bf) @ = -2(4545 + BSBS)  (14)
2
S = (492 + (BO?; T = —(ASBS — AGBY) (15)

If Q # 0, the general ellipse equation can be written as follows.

[(x—Cx) cos 8+(y—Cy) sin 0]  [(x—Cy)sin® +(y—Cy) cos 0]
RZ + R3

(16)
Where Ry, R, and 6 stand for the major-axis, minor-axis, and
the tilt angle of the ellipse (blue line) respectively, and they are
highlighted in Fig. 13. The coordinates (Cy, C,) is the center of
the ellipse, and its tilt angle 6 can be determined by the
following relationship:

2Q
tan @ = s (17)

The fundamental the proposed neutral-shift control relies on
finding the new achievable circle from the ellipse equation
generated by the inverter PWM reference voltages in the
aff —plane under unbalanced conditions. This is achieved by
establishing appropriate criteria that transforms the ellipse
equation into a circle equation. The new circle equation (18b)
of the corrected PWM reference voltage can be obtained by
fulfilling the condition given in Eq. (18a). Fig.13 illustrates how
an inverter PWM reference ellipse shape is transformed into a
circle shape (green line) when applying the proposed neutral-
shift strategy.

Unbalanced condition:
Vaca = (111 vgep = 100.2]; vae = [10.30.7]
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Fig. 13. . Transformation of an inverter PWM reference ellipse shape into a
circle shape using the proposed neutral-shift strategy.
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Fig. 15. Implementation steps of the suggested neutral-shift strategy.

Q=0
{S=P (18)
Z42y2=1 (18b)

The corrected PWM reference voltages are designed to
neutralize the effects of unbalanced LN voltages, making it
possible to achieve balanced output LL voltages at any non-
ideal conditions.

Fig.14 shows the block diagram of the overall feedback
control scheme with the suggested generalized neutral strategy.
The first stage of this scheme is the outer control loop, which
varies based on the application. For instance, in motor drive
applications, it regulates the speed/torque of the electrical
machine. In PV-based or battery-based energy conversion
systems, it regulates the sum of the DC-link voltages to
determine the overall active power P required to control the
system. The outer voltage controller loop indirectly gives the
active power reference in the form of d-axis current reference.
The g-axis current reference is chosen depending on the system
requirements, typically set to zero to inject the energy into the
grid with a unity power factor. dg-currents are also regulated by
a proportional-integral (PI) controller, which delivers the
inverter reference voltage in the synchronous frame, which are
transformed back to the three-phase coordinates in stage 3,
where the suggested neutral-shift strategy (Fig. 15) under non-
ideal conditions is applied. In Stage 3, inverter voltage
reference angles and magnitudes are adequately adjusted using
g the neutral shift strategy under unequal DC voltages or failed
cells. Finally, a PD-PWM method in stage 4 is used to generate
gating signals to control the power switches.

Fig. 16 depicts inverter voltage waveforms of an inverter
with k = 3 cells per-phase (V.o = [111]; vy, = [111];
Vgee = [10.40.6]) and controlled by the suggested neutral-
shift method. It is clearly observed that, the inverter phase
voltages are remained unbalanced, however the inverter line
voltages have been successfully rebalanced by properly
adjusting its PWM reference phase voltages using the neutral-
shift strategy. The min-max voltage component is injected to
extend the inverter modulator linear region under unbalanced
conditions.

Modified PWM references with the Neutral-Shift Method

o1

Y

R ’\;L,:O\_l/ 7

>

—

Modified Inverter LN-Voltageswith the Neutral-Shift Method

LR T
TF{“‘%-MM “%.::?u'ﬁ':..rﬁ%

Modlﬁed I(lverter LN-VoIlageswnth the Neutral-Shl@ Melhod

v,y [pul

2 “ab ]

v, ipu]

Fig. 16. Voltage waveforms for a CHB with k = 3 cells per phase operating
under corrected mode using the neutral-shift control strategy.

V. EXPERIMENTAL VALIDATION AND TEST RESULTS
A. Experimental Setup description

This section discusses steady-state experimental results
obtained from a scaled-down laboratory test bench equipped
with k = 3 AC-DC-AC Semikron SK 10GD12T4ET power
modules. The three-phase 7-level inverter is connected to a Y-
connected R-L load, switching each phase leg at 1 kHz. The 15-
ohm resistance balances the lab’s system setup performance
and experimental constraints, such as the inverter’s power
source’s voltage and current ratings. This value was selected to
ensure the safe operation and repeatability of the experiments
at lower current ratings under various DC voltage conditions
and cell failures. The proposed compensation neutral-shift
control strategy is implemented and executed on Simulink real-
time target PC using a NI-PCI 6229 board to redirect the
appropriate PWM command signals to the inverter gate drives.



The unequal DC-voltage conditions for the inverter were
performed by feeding each inverter H-bridge cell through a DC-
power supply, model NES-1000-80 (0 to 80 V). A bypassed
contactor is connected at the output of an individual H-bridge
cell and is used to emulate the system operation with one or
more faulty cells. The overall experimental system picture is
depicted in Fig. 17, and its key parameters are summarized in
Table 4. Several abnormal operating conditions were tested to
emulate the inverter’s unbalanced operation with unequal DC-
voltage and fail cell conditions. The following selected

abnormal conditions summarized in Table 5 are presented and

discussed for simplicity.
Experimental setup

Fig. 17. Picture of the scaled-down laboratory prototype

Table 4. Key parameters of the experimental system.

No Devices Characteristics
1 IGBT Semikron SK 10GDI12T4ET 1200
V/15 A
2 DC Link capacitors Photo Flash 3600uF, 450V/360w
3 DC-power supply NES-1000-80 rated at 80 V, 12.5 A.
4 Gate drives Semikron SKHI 61. R
5 Voltage sensors model CHV-100/800.
6 Current sensors TKCS50BR 4.0V/50A
8 Resistive load 15Q
9 Line reactor TLDKQ 8A/30mH
10 Data acquisition board Dual NI-DAQ PCI 6229
11 Oscilloscope Tektronix MD04104C
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Fig. 18. Voltage and current test results for a CHB with k = 3 cells per phase under operating condition case 1: V4., =

Table 5. Selected tested abnormal operating conditions.

CaSGS Vdc,a(v) 1jdc,b (V) vdc,c (V)
(1) 50*[011] 50+ [111] 50*[111]
) 50 = [0.6 1 0.4] 50 % [111] 50 % [110]
3) 50 % [111] 50 % [111] 50 * [0.8 0 0.2]

B. Test results and Discussion.
1. Steady-state time-domain experimental results

Figs 18-20 show the corresponding experimental results of each
unbalanced operating condition in Table 5. In each figure, both
inverter voltage and current waveforms obtained under
abnormal [Figs 18(a)-20(a)] and corrected [Figs 18(b)-20(b)]
modes waveform. In Fig. 18 (case 1), the three-phase system
imbalance is only caused by a bypassed cell (cell#1) in phase
A. Fig. 19 (case 2) shows, a bypassed cell in phase A4, while all
the H-bridge cells in phase C are fed with different DC-voltage
values. Finally, in Fig. 20 (Case 4), the imbalance of the three-
phase system results from two scenarios: a bypass cell in
inverter phase C and its remaining operational H-bridge cells
are supplied by different DC-voltage magnitudes. Figs 18(a)-
20(a) indicate the unbalanced state of the inverter output
voltage and current waveforms when no compensation control
method applied during abnormal conditions. However, in
corrected inverter operation mode, the proposed neutral-shift
compensation control technique, which has modified the
inverter PWM reference voltage amplitudes and angles, is used
to keep the balanced inverter LL-voltages, even if the inverter
LN-voltage remains unbalanced, as shown in Figs 18(b)-20(b)
The three-phase inverter output currents for each abnormal case
have been successfully re-balanced in corrected mode.

C. Analysis of inverter experimental data using Clarke
Transformation

This section discusses the space vector diagrams of voltage

and current and the associated spectra of experimental data to

validate the correctness of the proposed analysis approach using

the Clarke transformation.
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Fig. 20. Voltage and current test results fora CHB with k = 3 cells per phase under operating condition case 3: V4., = [50 50 50]V; v4., = [50 50 50]V; vy, =
[40 0 10]V: (a) Operation without the proposed neutral-shift method; (b) Operation with the proposed neutral-shift method.

The experimental waveforms (Fig. 18) were saved as text
files and later imported into MATLAB for further analysis.
We then applied the Clark transformation to the data in both
the time and frequency domains. Figs. 22 and 23 display the
results of the transformation both before and after

processing. Before, Fig. 21 shows the inverter phase voltage,
current space vector diagrams, and their respective spectra in
af -plane under ideal conditions (vg4., =[505050]V ;
Vgep = [505050] V; v, =[505050]V ). It can be
observed that the inverter current Clark’s vector pattern for



balanced operation is a perfect circle. From the harmonic point
of view, the inverter voltage and current spectra do not contain
carrier band and triple baseband harmonics in the af-plane.
They are canceled by differentiating inverter phase
voltage/current using the Clarke transformation. This is not
valid under an unbalanced operation caused by non-ideal
conditions, as shown in Fig. 22.

The experimental case studied in Fig. 22 is similar to the
one discussed in Fig. 18 (v4., =[05050]V ; v4.p =
[505050] V; v4.. =[50 50 50] V). As can be observed, the
output current phasor has an elliptical shape, indicating the
inverter’s unbalanced operation, which leads to more harmonic
distortions than under ideal operation. The spectrum of the
inverter voltage phasor in Fig. 22 contains two relevant
harmonic components with high magnitude. The first is a
triplen baseband harmonic component at the frequency of
150Hz (3 - f,), while the second is a carrier-band harmonic
component at the frequency of 1000Hz (f;). It is evident that
compared to ideal operation (Fig. 19), these unwanted
components are no longer common-mode harmonics in a faulty
condition. Therefore, they weren’t canceled out through the
differentiation of the inverter phase voltage using the Clarke
transformation in af-plane.

Fig. 23 depicts the voltage and current phasor as well as
their spectra under the unbalanced operation of the inverter
when controlled by the proposed neutral-shift method. The
voltage phasor for unbalanced operation without the neutral-
shift method (Fig. 22) differs from the one when using the
neutral shift, as shown in Fig. 23.

This adjustment successfully rebalanced inverter line
voltages and currents and modified the inverter phasor shapes
in the af-plane. As aresult, the rebalanced three-phase inverter
output forms a circular shape in the ab-plane even if its phase
voltage remains unbalanced. However, from the harmonic
analysis point of view, the suggested neutral-shift method hasn't
eliminated some undesirable harmonic content, such as triple
baseband harmonic component at the frequency of 150Hz (3 -

fo)-
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This limitation can be addressed by optimizing the switching
strategy of the proposed neutral-shift strategy to mitigate some
classes of harmonics during the compensation control process
of the inverter’s unbalanced operation, as discussed in [11].

VL CONCLUSION

This paper has proposed a graphical analysis of the
interaction between cascaded H-bridge inverter output voltage
states and its PWM reference voltage using Clarke
transformation under non-ideal conditions, such as faulty cells,
DC-source failure, and unequal DC voltages. The Clarke
transform matrix was used to convert the inverter’s three-phase
quantities to differential-mode and common-mode quantities to
better understand its output voltage and current phasor shapes
under non-ideal operating conditions. The proposed study is



also crucial in identifying the linear region boundaries of all
potential common-mode voltage components that can be
injected under non-ideal conditions. Understanding this
mechanism makes finding an appropriate homopolar
component to maintain balanced inverter output currents under
non-ideal conditions more straightforward. A generalized
neutral-shift strategy was also proposed to produce balanced
inverter line voltages and currents under non-ideal conditions.
The effectiveness of the suggested control strategy was proven
through experiments conducted on a laboratory prototype based
on a 3-cell per-phase cascaded H-bridge inverter. Finally, an
analysis of the experimental inverter output voltage and current
data and their respective spectra in af3-plane was conducted to
validate the relevance of the suggested study. The readjusting
of the inverter voltage reference phase voltage angles and
amplitudes through the suggested control scheme redistributes
the ON and OFF times, directly impacting the inverter’s
switching and conduction losses. Future work will investigate
these aspects in detail, assessing how the proposed method
influences the energy distribution among modules and
quantifying its effects on the inverter power losses and
efficiency.
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