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Youngjong Ko, Member, IEEE, Markus Andresen, Member, IEEE,
Kangan Wang, Marco Liserre, Fellow, IEEE

Abstract—Cascaded multilevel inverters, such as the cascaded
H-Bridge (CHB) converter, are an attractive solution for multi-
string photovoltaic (PV) systems, because they enable direct
connection to the medium voltage grid and maximum power point
tracking of multiple strings. As a challenge of the topology, the
operation with high power imbalance in the strings is constrained
by the over-modulation. This limitation is analyzed for sinusoidal
modulation and the impact on the maximum power imbalance is
demonstrated. For increasing the operating range with maximum
power tracking in the strings, a discontinuous modulation with
extended maximum power imbalance and reduced losses is
proposed. The method is analyzed in terms of maximum power
imbalance, efficiency and power quality. In addition, the method
is validated on an experimental test bench.

Index Terms—Cascaded H-Bridge (CHB), photovoltaic (PV),
multi-string architecture, module mismatch, power imbalance,
discontinuous modulation

I. INTRODUCTION

The increasing power rating of grid-connected photovoltaic
(PV) systems has resulted in the proposal of multi-string
systems [1], [2]. In such systems, a mismatch in the operating
conditions, such as partial shading, unequal ambient temper-
atures and inconsistent module characteristics is commonly
found [3], leading to the unbalanced power generation among
phases and strings and consequently, a reduced utilization of
PV modules. The power imbalance issue can be addressed on
the phase level [4], [5] or the string level with individual power
point trackers [6].

The Cascaded H-Bridge (CHB) inverters are an attractive
solution for the multi-string PV systems as shown in Fig. 1,
which allow individual connection of each string to isolated
DC buses [3], [7]. Therefore, this topology enables maximum
power point tracking of the different strings. Hence, differ-
ent maximum power of the PV modules under mismatched
operating conditions can be harvested. In this context, the
maximum power imbalance among cells poses a challenge to
the operation under heavy mismatched condition.

The solution to handle the power imbalance among cells
has been discussed in literature and can be categorized into
two solutions, which differ by the modulation: level-shifted
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Fig. 1: Multi-string architecture with individual MPPT for each
string, causing unbalanced power generation.

carriers and phase-shifted carriers [8]. The level-shifted carri-
ers based solution technically aims at modifying the rotating
sequence of carriers [9], [10]. This solution features a good
dynamic response and higher capability for power imbalance
compared to the phase-shifted carrier based solution. However,
the phase-shifted carrier modulation is typically preferred with
various advantages. One of the critical advantages is the higher
equivalent switching frequency, which allows a superior power
quality, lower filter requirement or higher efficiency through
reduced switching frequency [11]. As a solution based on
the phase-shifted carriers, a PI controller was proposed in
[12], which modifies the modulation index of each cell to
independently control the transferred power of the H-bridges.
Furthermore, in [13], several PI based solution are discussed
and different solution are compared in terms of the design
procedure and the influence on system performance. On the
other hand, since the phase-shifted carrier solution is based on
the modified modulation index, it is straight forward that the
over-modulation is a limiting factor of the power imbalance
capability. In other word, the modulation index of a higher
loading cell is increasing, which causes the over-modulation
under the heavy mismatched condition. This impacts the power
quality and may affect the closed-loop control to become
unstable [10], [14], [15].

In order to ensure the stable operation under heavy mis-
matched conditions, several advanced control strategies were
proposed [14]–[18]. A mixed staircase-PWM technique in the
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CHB PV systems, where one cell operates in PWM mode
while the others are kept in either ’charging’ or ’discharging’
to decrease the switching frequency and increase power ex-
traction [14]–[16]; A novel power equalization method based
on the combination of mixed staircase-PWM technique and
different zero-sequence injection methods is proposed in [17],
which can deal with inter-bridge power imbalance and inter-
phase power imbalance at the same time. Reference [18] shows
the third harmonic compensation of the non-reserved cells
and reserved cell. The negative third harmonic component is
injected into the reserved cell to keep the peak value of its
combined modulation waveform being unity. Reactive power
compensation strategy was discussed to extend the operation
region by optimizing the reactive power distribution among H-
bridge cells in [19], [20]. A compensation strategy combining
reactive power compensation with improved LS-PWM method
is proposed to extend the operating range in terms of heavy
module mismatch, which further reduces the switching events
and minimizes the required amount of reactive power [20].
However, even though the optimized reactive power compen-
sation algorithm was adopted, there still is uncertainty about
the reactive power injection or absorption without any request
from a grid operator. In this concern, this work is motivated
to investigate a method, which aims to extend the power
imbalance capability, and consequently in order to ensure the
stability under heavy mismatched condition.

This work proposes a discontinuous modulation strategy,
which operates with the phase-shifted carriers. The proposed
method has two variants of modulation signal, clamped for
additional power and non-clamped for reduced power, and the
power imbalance is handled by manipulating clamping angle.
In fact, this principle was first proposed in [21], in order to
address the reliability of modular smart transformer. Its major
objective is to perform the power routing, which implies the
redistribution of the total power in purpose depending on their
remaining useful lifetime. On the contrary to this, this work
aims at considering the power imbalanced inevitably caused
by different power generation from each PV string. Hence,
the total power shall be varied depending on the generation of
each PV panel, which represents a challenge in implemen-
tation of the discontinuous method. In order to implement
the discontinuous modulation strategy for a high number of
CHB cells, a grouping strategy is proposed. A analytical
demonstration of the potential is shown and validated with
simulations and experimental results. Finally, it is noted that
this work considers the two-stage structure shown in Fig. 1,
which implies that the DC-link voltage of all cells is regulated
at a same level. Hence, the following analysis is performed,
assuming the identical DC-link voltages. On the other hand,
the single-stage system (consisting of PV strings and CHB
without DC/DC stage) has been employed for the large-scale
PV application. In this structure, the identical DC-link voltages
are not guaranteed due to different maximum power points of
the strings. Therefore, the impact of the different voltages must
be considered, even though the principle proposed in this work
can be still applied.

This work is structured as following. In section II, the
module mismatch issue in the multi-string architecture is

introduced, arriving at a conclusion that over-modulation of
CHB inverter is a critical limiting factor for power imbalance
capability. The principle of the proposed discontinuous mod-
ulation is introduced, together with proposing generalized im-
plementation strategy in section III. Then, the power imbalance
capability and the influence on efficiency and power quality are
analyzed in section IV. Before finalizing this work in section
VI, the proposed method is validated in the developed test
bench in section V.

II. POWER IMBALANCE IN THE H-BRIDGES

CHB converters have been proposed early for PV applica-
tions, where the power imbalance among the cells represents
a challenge for the operation of the converter [3], [22]. In the
operation with unequal power and voltage processed by each
of the CHB cells, the total harmonic distortion is affected. For
optimizing the THD in the presence of unbalanced operation
conditions, a generalized harmonic control has been proposed,
which minimizes the THD in these conditions [23]. Discon-
tinuous modulation was proposed for regulating thermal stress
for the components in the different building blocks and for
processing different power in the different cells [2], [3] and
even generalization to an arbitrary number of cells has been
proposed [24].

Considering the multi-string architecture shown in Fig. 1,
the operating point of each string is depending on multiple fac-
tors like the number of connected PV panels, the irradiance on
the panels and the MPPT algorithm. Particularly, a mismatch
in the irradiance causes different maximum power points and
therefore a power imbalance among the strings. In this context,
the solution can be addressed in modulation of the CHB
inverter. Assuming that the CHB inverter is modulated with
the conventional sinusoidal modulation, the modulation index
is controlled depending on the power. This results in a higher
modulation index for higher power. In this context, the modu-
lation index could be increased over the linear operation region
under heavy power imbalance. The converter operation in the
non-linear region would cause a DC-link voltage drift, and
in turn, power quality is significantly decreased. Hence, the
power imbalance capability is limited by the linear modulation
region. Furthermore, the limited capability can be translated
into a limited capability of the maximum power point tracking,
leading to loss of the maximum power generation.

A single phase CHB inverter is shown in Fig. 2, which
consists of n cells. In order to evaluate the maximum power
imbalance, the modulation index for each cell M j needs to be
considered, which is obtained by [25]:

M j =
Vj

Vdc, j
. (1)

Here, Vj represents the amplitude of jth cell output voltage
and Vdc, j are the jth DC-link voltage (where j = 1,2, ..,n and n
is the total number of cells). In the following analysis, the unity
power factor is considered. Furthermore, it is assumed that the
DC-link voltage of each cell is equal to Vdc, i.e. Vdc,1 =Vdc,2 =
.. = Vdc,n = Vdc. On the other hand, the nominal modulation
index of the whole inverter Mn can be expressed by the ratio
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Fig. 2: Simplified structure of CHB inverter, consisting of n
cells.

between the total DC-link voltage nVdc and the amplitude of
the grid voltage Vg as

Mn =
Vg

nVdc
=

∑
n
j=1 M j

n
. (2)

Also, the nominal modulation index is equal to the average
value of the summation of all cells’ modulation index, assum-
ing that the voltage drop across the inductor VL is neglected.

On the other hand, as shown in (1), the cell modulation
index determines a respective cell output voltage, modifying
its power. The cell output power Pj is calculated as

Pj =
1
2

VjIg =VdcI j (3)

where I j is the DC current of jth cell and Ig is the amplitude
of grid current. As it can be seen, the cell power is solely
dependent on the cell output voltage, since the grid current
is equally shared by all series connected cells. Moreover,
assuming that the power losses of CHB inverter is zero, the
cell input power VdcI j is identical with the cell output power.

The total power of the whole inverter P is obtained by a
summation of cell power as shown in

P =
n

∑
j=1

Pj =
1
2

VgIg. (4)

In order to derive a relation between the cell modulation
index and the cell power, rearranged (1) and (4) are substituted
in (3). The result is shown in

M j =
Vg

Vdc

Pj

P
. (5)

From (5), it is clear that the cell modulation index is
proportional to the respective cell power (i.e. M j ∝ Pj). As
mentioned before, the over-modulation is the major limiting
factor to the power imbalance capability. This implies that the
maximum modulation index decides the capability.

The degree of power imbalance ε is defined by a ratio
between the average power of total power and the cell power
as the left equation in (6) [8]. By substituting (2) and (5) into
(6), it can be expressed by the modulation index like right
equation.
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Fig. 3: Proposed discontinuous modulation for power imbal-
ance: (a) for additional power (ε>1) and (b) for reduced power
(ε<1).

ε =
Pj
1
n P

=
M j

Mn
. (6)

Consequently, the maximum power imbalance capability
can be evaluated by

εmax =
Pj,max

1
n P

=
M j,max

Mn
. (7)

From the above (7), the maximum power imbalance is
determined by a ratio between the nominal modulation index
and the maximum modulation index. As one possibility to
extend the capability, the nominal modulation index can be
reduced. This is achieved by increasing the DC-link voltage.
However, the increased voltage would lead to not only over-
designed system such as over-rated devices but also decreased
power quality or strict filter requirement. Another possibility
is to extend the maximum modulation index. This motivates
to explore a modulation strategy.

III. PROPOSED MODULATION

By the conventional modulation method [12], [26], the
maximum modulation index is limited to 1 (i.e. M ∈ [0,1]).
In this section, a novel modulation strategy to extend the
power imbalance capability is proposed, which is based on
discontinuous modulation. The proposed method is applied to
single-phase CHB inverters with the phase-shifted carriers.

A. Principle

The conventional discontinuous modulation methods have
been typically studied to improve power conversion efficiency
in three-phase systems [27]. However, in this work, a new
discontinuous modulation is proposed, which is applied to
single-phase CHB inverter and aims at extending the power
imbalance capability among cells in a phase.

The proposed method is shown in Fig. 3, which has two
variants of signal: Fig. 3 (a) clamped signal mc for additional
power (ε>1) and Fig. 3 (b) non-clamped signal mnc for reduced
power (ε<1). The basic concept is that each modulation signal
is applied to a respective cell according to power imbalance
requirements. Namely, an additional loading cell is modulated
by the clamped signal, whereas an unloading cell is operated
with the non-clamped signal.
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The proposed signals can be obtained by utilizing a same
fundamental offset component mo as expressed as{

mc(ϕ,α) = mn +mo(ϕ,α)

mnc(ϕ,α) = mn−mo(ϕ,α).
(8)

where mn is a sinusoidal signal with modulation index of
Mn, i.e. mn = Mnsin(θ), where θ is the angle. Here, mo is
symmetric with respect to α , i.e. it has non-zero value in
the phase internal [0.5π + α − 0.5ϕ , 0.5π + α + 0.5ϕ] and
[1.5π +α−0.5ϕ , 1.5π +α +0.5ϕ].

From (8) and considering a system with two cells, it should
be noted that the offset components are completely compen-
sated. Hence, a summation of two modulation signals has only
the fundamental component mn, which implies that the total
inverter voltage Vinv does not feature the offset voltage.

On the other hand, as shown in Fig. 3, there are two control
variables: the clamping angle ϕ and the shifting angle α . The
clamping angle mainly affects the degree of power imbalance,
while the shifting angle is determined in accordance with the
power factor. The influence of these two variables will be
analyzed in detail in section IV.

B. Generalization

The principle of the proposed method was previously
presented, considering a system with two cells. However,
considering various power imbalance scenarios in a system
with a higher number of cells, the proposed method needs to
be generalized for a practical implementation of the algorithm.

First, the system with higher number of cells can be
regarded as a system with cell groups, in which the cell
group consists of either two cells or three cells. Namely, there
are two basic groups, one is with two cells and another is
with three cells. For a better understanding, an example is
shown in Fig. 4, where a system with n cells are considered
and all of cells is regarded as k groups. Here, the only
requirement for composing the groups is that every cell must
be involved in one of the groups. By this grouping means,
any systems can be addressed with combination of the basic
groups. Once a system under consideration is restructured
by multiple groups, the proposed method can be individually
implemented to each group. This means that the application of
the proposed method to a respective group does not interfere
other groups. Therefore, the proposed method can be simply
implemented without any restriction of the number of cells.
For a better understanding, an example system is considered,
which consists of five cells and their loading powers are
unbalanced as shown in Fig. 5 (a). First, in order to satisfy
the requirement, two groups should be comprised: one group
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Fig. 5: An example of grouping method of a system with
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one additional loading cell and two unloading cells (strategy
2) or (c) two additional loading cells and one unloading cell
(strategy 3).

is with two cells and another group should involve remaining
three cells. Hence, ten possible combinations exist in total as
listed in Fig. 5 (b) and one candidate can be randomly chosen.
Finally, once the grouping is performed, the power imbalance
strategy is applied to each group. In the following, the three
strategies are addressed.

As the simplest case, the two cell is considered, which is
shown in Fig. 6 (a). Here, one of both has additional power
loading, whereas another one processes a reduced power. To
accomplish this power imbalance, the modulation presented in
(8) can be directly employed.

The possible power imbalance cases with three cells are
shown in Fig. 6 (b) and (c). In case of Fig. 6 (b), one cell is
additionally loaded and the others are unloaded. Further, the
two cells could be differently unloaded. This power imbalance
scenario is handled with three modulation signals, which are
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expressed in

mc(ϕ,α) = mn +mo(ϕ,α)

mnc,1(ϕ,α) = mn−
(

1
γ

)
mo(ϕ,α)

mnc,2(ϕ,α) = mn−
(

1− 1
γ

)
mo(ϕ,α).

(9)

Here, the identical clamping angle ϕ and the shifting angle
α are employed for all modulation signals. However, the
different coefficients are used for each unloaded cell in order
to ensure the individual power loading control of the cells,
where the coefficients are determined by the factor γ (γ ≥ 1).
Namely, the total unloading power is distributed between two
unloading cells, mnc,1 and mnc,2, by means of determining γ .
For example, when γ is 3, the power of mnc,1 is 1/3 of the
total power, while that of mnc,2 is 2/3. Like in the case for
two cells, the offset components are completely compensated
to ensure only the fundamental component in the total voltage.

The principle to choose numerical value of γ is explained in
the following. First of all, it is assumed that the mean power of
the group Pmean is 1 [p.u.] for simplicity. Hence, the total power
of the group P is 3 [p.u.]. Second, the total additional loading
power by one cell ∆P and the total unloading by two cells
−∆P must be identical. Therefore, the power of the additional
loading cell is 1+∆P [p.u.] and the power of two unloading
cells is 2−∆P [p.u.]. Finally, the unloading power −∆P needs
to be distributed to two unloading cells, −∆P=−(∆P1+∆P2).
Hence, the loading power of two cells can be expressed as
1−∆P1 [p.u.] and 1−∆P2 [p.u.]. From this, the numerical
value of γ can be determined by applying (∆P1 +∆P2)/∆P1.

The final case is shown in Fig. 6 (c), in which two cells are
additionally loaded and one cell is unloaded. Therefore, three
modulation signals need to be employed: two are clamped
signals and one is non-clamped signal. These are shown in
(10).


mc,1(ϕ1,α1) = mn +mo(ϕ1,α1)

mc,2(ϕ2,α2) = mn +mo(ϕ2,α2)

mnc(ϕ,α) = mn− [(mo(ϕ1,α1)+mo(ϕ2,α2)]

(10)

The clamping angle for each clamped signal is different and
this is determined by the power imbalance ε for each cell.
Then, the non-clamped signal is generated with the relation
to the clamped signals. Of course, the offset components are
completely compensated.

IV. ANALYSIS OF THE PROPOSED METHOD

By increasing the amount of injected active power into the
grid, the amplitude of the grid voltage possibly violates the
limitation defined in the grid code [28], [29]. In this regard, the
CHB inverter is supposed to support the grid voltage by means
of reactive power compensation. Therefore, in this section, the
capability of the proposed method is analyzed, considering
operation with the unity power factor and operation with non-
unity power factor.

A. Power Imbalance

As mentioned before, the proposed method has two control
parameters, the clamping angle ϕ and the shifting angle α .
The influence of these two parameters on the power imbalance
is analyzed. To do so, the fundamental component of the
proposed signals in Fig. 3 needs to be derived, because only
the fundamental component (e.g. 50/60 Hz in grid connected
inverters) contribute to a power transfer between AC and DC
ports.

Since the proposed signals are periodic, the fundamental
component of the modulation signals can be derived with
the first-order coefficients of Fourier series. The first-order
coefficients are expressed in (11).

a1 =
1
π

∫
θ2

θ1

f (θ)cos(θ)dθ

b1 =
1
π

∫
θ2

θ1

f (θ)sin(θ)dθ

(11)

where a1 and b1 are the Fourier coefficients for the fundamen-
tal component, θ is the angular frequency of the fundamental
component and f (θ) is the target signal function. Here, the
target signal is the clamped signal mc shown in Fig. 3 (a) and
this is described in (12).

f (θ) =



1, when [0.5π +α−0.5ϕ, 0.5π +α +0.5ϕ]

Mn · sin(θ),

when [0, 0.5π + α − 0.5ϕ],

[0.5π +α +0.5ϕ, 1.5π +α−0.5ϕ],

[1.5π +α +0.5ϕ, 2π]

−1,
when [1.5π +α−0.5ϕ, 1.5π +α +0.5ϕ]

(12)
Consequently, the fundamental component Fc can be ob-

tained as shown in (13) [30].

Fc(ϕ,α) =
√

a2
1(ϕ,α)+b2

1(ϕ,α) (13)

where
a1 = 4sin

(
ϕ

2

)
sin(α)−Mnϕ +Mnπ

+4Mncos
(

ϕ

2

)
sin
(

ϕ

2

)
cos(α)2

b1 = 4sin
(

ϕ

2

)
cos(α)

(
Mncos

(
ϕ

2

)
sin(α)−1

)
.

(14)

Here, a1 and b1 are the coefficient of cosine and sine term,
respectively. As it can be seen, the fundamental component is
a function of the clamping angle and the shifting angle.

On the other hand, the fundamental component of non-
clamped signal is dependent on the three power imbalance
control strategies presented in III-B. The fundamental compo-
nent under different strategies are found as below equations,
where (15) is for the strategy 1, (16) is for the strategy 2
and (17) presents the strategy 3. For better understanding,
the fundamental component of non-clamped signal for the
strategy 1 is obtained by subtracting Fc from the total nominal
modulation index of two cells 2Mn. In the same way, the
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Fig. 7: Maximum limitation of strategy 3 depending on the
nominal modulation index as expressed in (A-5).

fundamental component of non-clamped signal for the strategy
2 and 3 can be obtained, considering three cells.

Fnc(ϕ,α) = 2Mn−Fc(ϕ,α) (15)


Fnc,1(ϕ,α) = Mn−

1
γ
(Fc(ϕ,α)−Mn)

Fnc,2(ϕ,α) = Mn−
(

1− 1
γ

)
(Fc(ϕ,α)−Mn)

(16)

Fnc(ϕ,α) = 3Mn− (Fc,1(ϕ1,α)+Fc,2(ϕ2,α)) (17)

The clamping angle can be varied between [0, π], however,
referring to [31] the constraint on the maximum clamping
angle must be considered for the analysis. For the strategy
1 and 2, there is no constraint, i.e. the clamping angle can
be controlled in the full range. The constraint is occurred
for the strategy 3 due to over-modulation of the non-clamped
signal. Showing (10), there are two clamped signals, which
have a respective clamping angle ϕ1 and ϕ2. One of the
clamping angles can be controlled in the interval [0, π],
while another one can be varied in [0, 2arccos(1/(3Mn))−α].
For example, when Mn is 0.8 and α is 0, it is 2.28rad
(≈ 130.8°). This constraint is derived in detail in the appendix
I. The maximum boundary value as a function of the nominal
modulation index is analyzed in Fig. 7, which is 2|α|+ϕ . The
higher nominal modulation index allows the higher maximum
boundary value. However, it does not imply the higher power
imbalance capability, since the capability is determined by the
relation in (7).

Based on (13) and (15), the power imbalance capability for
the strategy 1 is shown in Fig. 8 as a function of the clamping
angle and shifting angle, where Fig. 8 (a) is for additional
loading and Fig. 8 (b) is for reduced loading. Here, a nominal
modulation index of 0.8 is considered. By increasing the
clamping angle up to 180°, the fundamental component m j,max
is increased up to 4/π (≈1.273). Therefore, the maximum
power εmax in (7) is 1.59 [p.u.] as shown in Fig. 8 (a). The
minimum power of 0.41 [p.u.] is achieved as shown in Fig.
8 (b). Further, it is noting that the conventional method can
achieve εmax of 1.25 by (7). This is displayed by white-dot
line in Fig. 8 (a), clearly demonstrating the extended power
imbalance capability by the proposed method.
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Fig. 8: Power imbalance capability ε: (a) additional loading
and (b) unloading (Mn = 0.8).

As shown in Fig. 8, the loading power is determined by
the clamping and shifting angles. However, it can be noticed
that the clamping angle mainly affects the loading power with
respect to the shifting angle in case the range of shifting angle
is between 30−70% of the maximum available shifting angle.
For example, the operating condition is (ϕ = 45°, α = 30°)
with assumption of there variation is ±5° (i.e. ∆ϕ = ∆α =
±5°). In this case, the additional loading power obtained with
Fig. 8 (a) is summarized in the below:
• ϕ = 45° and α = 30° ⇒ 1.214 [p.u.] (-)
• ϕ = 50° and α = 30° ⇒ 1.237 [p.u.] (↑ 1.89 %)
• ϕ = 40° and α = 30° ⇒ 1.189 [p.u.] (↓ 2.06 %)
• ϕ = 45° and α = 35° ⇒ 1.211 [p.u.] (↓ 0.25 %)
• ϕ = 45° and α = 25° ⇒ 1.213 [p.u.] (↓ 0.08 %)
On the other hand, when the shifting angle is out of the

range, the impact of the shifting angle is increased. For
example in case the operating condition is (ϕ = 45°, α = 15°),
the additional loading is as below:
• ϕ = 45° and α = 15° ⇒ 1.2 [p.u.] (-)
• ϕ = 50° and α = 15° ⇒ 1.227 [p.u.] (↑ 2.25 %)
• ϕ = 40° and α = 15° ⇒ 1.175 [p.u.] (↓ 2.08 %)
• ϕ = 45° and α = 20° ⇒ 1.209 [p.u.] (↓ 0.75 %)
• ϕ = 45° and α = 10° ⇒ 1.188 [p.u.] (↓ 1.0 %)
Consequently, the loading power is dependent on both
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angles, but it is further influenced by the clamping angle.
Moreover, the shifting angle is determined by power factor
in order to achieve the optimized efficiency (this will be
discussed in the next section CHB Inverter Efficiency).

The capability for the strategies 2 and 3 can be simply
derived based on Fig. 8. For the strategy 2, the capability
of unloading cells is obtained with the factor γ , while that
of additional loading is identical with the strategy 1. For the
strategy 3, Fig. 8 (a) is applied to each additional loading cell,
then, unloading is calculated by a summation of both addi-
tional loading cases. Here, the maximum modulation index
for strategy 3 in Fig. 8 is derived for Mn = 0.8. Therefore, the
available maximum clamping angle of one additional loading
cell is limited by 130.8° as shown in Fig. 7. It should be noted
that even though three cells are considered for the strategies
2 and 3, Fig. 8 can be applied to analyze the loading power.
This is because the impact of cells on the loading power is
independent of each other. Namely, the loading power of each
cell is solely determined by its clamping and shifting angles.

For a better understanding, an example case is described:
For the strategy 1, the operating condition of (ϕ = 45°,
α = 15°) is considered as shown in Fig. 8. Hence, the power
imbalance of ε = (1.2,0.8) is realized. Considering the identi-
cal condition with γ = 4 for the strategy 2, ε = (1.2,0.95,0.85)
is obtained. Finally, for the strategy 3, under the operating
condition (ϕ = 45°, α = 15°), (ϕ = 180°, α = 0°), the obtained
power imbalance is ε = (1.2,1.59,0.21).

B. CHB Inverter Efficiency

The efficiency of CHB inverters is highly influenced by the
modulation strategy. Especially, the discontinuous modulation
schemes inherently obtain lower switching losses with the
clamped behavior. In order to analyze the influence of the
proposed method on loss distribution, the average loss model
is employed [32].


Psw =

[
1

2π

Vdc

Vbase

∫
θ2

θ1

(
ai2c +bic + c

)
dθ

]
fsw

Pcd =
1

2π

∫
θ2

θ1

δ icVcedθ

(18)

Thereby Psw and Pcd are the switching and conduction losses,
respectively, fsw is the switching frequency, Vdc is the DC-link
voltage, Vbase is the reference DC-link voltage used to obtain
the Esw− Ic curve in the data-sheet and a, b and c are curve
fitting constants. δ is the modulation function and Vce is the
on-state voltage.

In the following, the loss distribution is analyzed with the
above loss model, considering only the clamped signal. This
is because the non-clamped signal hardly influences the loss
distribution, whereas the influence of the clamped signal is
significant as presented in [31].

The loss distribution with the clamped signal is analyzed
in Fig. 9 under different power factors, in which Fig. 9 (a)
is with the unity power factor cos(ϕ) = 1, Fig. 9 (b) is with
cos(ϕ) = 0.66 and Fig. 9 (c) presents with cos(ϕ) = 0.33. Of
course, system operation with such low power factor could

be restricted by grid operator, however, in order to clearly
show impact of the proposed method, extreme cases are
considered. For each case, the influence of clamping angle
and shifting angle can be identified. As it can be seen, the
clamping angle affects the loss distribution, since it highly
contributes for power loading as analyzed in previous section.
It is reasonable to conclude that different power affects the loss
distribution for all cases. On the other hand, the contribution
of shifting angle is non-negligible as well. Furthermore, its
influence is dependent on the power factor, i.e. reactive power
compensation strategy.

For the unity power factor shown in Fig. 9 (a), as increasing
the shifting angle with a fixed specific clamping angle, the
losses are becoming higher. This means that the minimum
losses can be achieved with 0° shifting angle for all clamping
angles. On the other hand, for the second (in Fig. 9 (b))
and third (in Fig. 9 (c)) case, the losses are decreasing for
higher shifting angles. At a certain point, they increase again.
Therefore, it can be noticed that the shifting angle for the
minimum losses is moved from 0° to the certain point. For the
case with cos(ϕ) = 0.66 power factor, the current is delayed
by 30° in respect to the voltage, the minimum losses are
shown with shifting angle between [25°, 30°]. In case of
cos(ϕ) = 0.33, the shifting angle between [55°, 60°] enables
the minimum losses. From this analysis, it can be noticed that
the losses are dependent on the shifting angle. Remarkably,
the minimum losses are achieved when the clamped angle
is centered at the peak current. In other words, when the
shifting angle is identical with a power factor angle, because
the switching losses are proportional to the peak current.

To sum up the analysis of both power imbalance capability
and loss distribution, the clamping and shifting angles need to
be properly chosen, considering a requirement of power imbal-
ance together with achieving a higher efficiency. For the higher
efficiency, the shifting angle is first determined by power factor
that is determined with reactive power compensation strategy,
then, the clamping angle is chosen to perform a required power
imbalance with the designated shifting angle.

C. Power Quality

The power quality is one of the most important criteria to
evaluate power converter’s performance. The CHB inverters
are typically advantageous to achieving high power quality
with higher equivalent switching frequency. However, this
advantage is taken only when the system operating condition is
identical, i.e. balanced DC-link voltage and modulation signal
for each cell [33], [34]. The proposed method technically
exploits unequal modulation signal to perform the power
imbalance, which would lead to an inferior power quality.
Hence, the influence of the proposed method on the power
quality needs to be investigated.

Referring [35], the inverter output voltage vinv is regenerated
through the Fourier series as shown in (19) and (20).

vinv(t) =
n

∑
j=1

v j(t) (19)
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Fig. 9: Loss distribution with clamped signal for different power factors: (a) cos(ϕ) = 1 (0°), (b) cos(ϕ) = 0.66 (30°) and (c)
cos(ϕ) = 0.33 (60°) (the losses are represented in per unit of the value when ϕ = 0° and α = 0°, circle: minimum losses with
a specific clamping angle).

where

v j(t) =Vdcm j +
2Vdc

π

∞

∑
k=1

sin(kπm j)cos(kωct +θ j)

k
. (20)

Here, v j is the cell voltage, ωc is the carrier frequency
and θ j is the carrier phase angle. Then, the Total Harmonic
Distortion (THD) is calculated from the regenerated signal.
In the following, a system with eight cells, e.g. n = 8, is
considered and each strategy is applied for a basic group for
the sake of simplicity. Namely, a group having two cells is
operated for the strategy 1, while the others are operated with
sinusoidal modulation. In the same way, the other strategies
are applied. In addition, γ=2 for the strategy 2 and ϕ1=ϕ2 for
the strategy 3 are considered. Hence, for the strategy 3, the
maximum available clamping angle is limited to 130°. With
such assumption, this analysis does not represent the overall
performance with the proposed method. However, it would be
valuable to show the trend of power quality as increasing the
degree of the power imbalance.

Fig. 10 shows the normalized performance in dependence
of the clamping angle and the shifting angle, where Fig. 10
(a) is with strategy 1, Fig. 10 (b) is with strategy 2 and Fig. 10
(c) is with strategy 3. For all cases, the performance becomes
worse with a wider angles. The strategies 1 and 2 show similar
performance (maximum THD is 1.68 and 1.64 p.u.), while the

strategy 3 further negatively affects the performance, showing
1.91 p.u. of the maximum THD. The line for 1.2 p.u. THD is
indicated, which shows the trend of performance with different
angles.

The performance is compared with the conventional sinu-
soidal method as a function of power imbalance ε , considering
the identical system with Fig. 10, where the conventional
method modifies only the amplitude of sinusoidal modulation
signal in dependence of the power. The result is shown in Fig.
11, where x-axis represents the degree of power imbalance
and y-axis is the relative THD. Here, it is noted that ε = 0
represents the balanced power and the higher ε means the
heavier power imbalance. As increasing the power imbalance,
the performance is decreased by both methods. Showing Fig.
11 (a), the power imbalance of 1.25 p.u. is the maximum
value with the conventional method at the expense of 30%
decreased power quality. Here, the maximum power imbalance
capability of the conventional method is obtained by (7). The
proposed method instead extends the power imbalance upto
1.59 p.u. with 68% decreased THD performance. Further, it
is remarkable that in the range of 1.0 < ε < 1.25, the THD
with the proposed method shows the similar or even better
performance. At ε = 1.25, THD is 1.3 with the conventional
method, while it is 1.17 with the proposed method (around 10
% improved). The THD with the strategies 2 and 3 exhibits
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Fig. 10: THD performance with the proposed method, considering a system of n = 8: (a) strategy 1, (b) strategy 2 and (c)
strategy 3 (the THD is represented in per unit of the value when ϕ = 0° and α = 0°, Mn = 0.8).
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Fig. 11: Comparison of THD performance between conventional and proposed method (α=0°): (a) strategy 1, (b) strategy 2
and (c) strategy 3 (the THD is represented in per unit of the value when ϕ = 0° and α = 0°, Mn = 0.8).

the similar trend as shown in Fig. 11 (b) and (c), respectively.
To sum up, the proposed method can significantly extend the

power imbalance capability compared with the conventional
method, while showing the similar (slightly lower or higher)
or better THD depending on the power imbalance.

V. IMPLEMENTATION

In order to validate the feasibility of the proposed method,
it is implemented to feedback controller of the whole system
consisting PV model, DC-DC converters and CHB converter.

Fig. 12 shows the control scheme for the DC-DC converters
and for the CHB converter, where the system consists n cells.
The DC-DC converters are responsible for the DC-link voltage
control as shown in Fig. 12 (a), where V ∗dc is the reference
voltage, vdc,x is the measured voltage and ϕx represents the
phase shift angle (x = 1,2, ...,n). Here, the dual active bridge
converters operated with the phase shift control [36], are
employed as the DC-DC converters. On the other hand, the
CHB converter performs the Maximum Power Point Tracking
(MPPT) algorithm, leading to the grid current reference I∗g .
Here, vpv,x, ipv,x and ppv,x are the voltage, current, power of xth

PV string and ppv is the total generated power. By employing

the analysis in Figs. 4 and 8, the clamping and shifting
angles are calculated, depending on the power imbalance
requirements εx. Finally, the final modulation signals mx are
obtained with the output of the current controller mavg, ϕx and
αx. The entire control scheme for the CHB is shown in Fig.
12 (b).

The control scheme is implemented in the system with 3
cells and the result waveforms are shown in Fig. 13, where
Fig. 13 (a) is voltage of PV strings, Fig. 13 (b) is the grid
voltage and current, Fig. 13 (c) is the DC-link voltage of CHB
and Fig. 13 (d) represents the modulating signals. In case the
generated power is balanced (before 0.1sec), PV voltages and
the modulating signals for all cells are identical. At the 0.1sec,
the generated power from the PV strings becomes uneven and
ε1,2,3 = [1.2,0.95,0.85]. The PV voltages become 1 [p.u.], 0.94
[p.u.] and 0.8 [p.u.] due to different MPPs, while the DC-link
voltages are kept equally. Remarkably, in order to handle the
power imbalance, the modulating signals are modified with
the clamping and shifting angles, employing the strategy 2.
Hence, one cell is clamped and the others are modulated with
the non-clamped signal. Finally, as it is seen, the operating
point from the sinusoidal method to the proposed method is
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seamlessly transferred, without affecting control performance.

VI. EXPERIMENTAL VALIDATION

The proposed method is validated in terms of its power
imbalance capability, efficiency and power quality. The devel-
oped setup consists of 3 cells, where the cells are individually
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Fig. 14: Developed experimental setup consisting of 3 cells.
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Fig. 15: Experiment inverter voltage and current waveforms
with (a) strategy 2 (ϕ=30°, α=30°, γ=3) and (b) strategy 3
(ϕ1=30°, ϕ2=60°, α=15°).

supplied by its respective DC source and the nominal mod-
ulation index of 0.8 is applied. The input power (DC power
of each cell) and the output power (AC power) are monitored
with a power analyzer ’Yokogawa WT3000E’, and the AC
voltage and AC current are measured with an oscilloscope
’Tektronix DPO3014’ as shown in Fig. 14.

First of all, the feasibility is confirmed in Fig. 15, where
the inverter voltage and current are shown together with
corresponding modulation signals. The voltage and current are
always sinusoidal when the strategy 2 and 3 are applied as
shown in Figs. 15 (a) and (b), respectively. Here, the power
factor is cos(ϕ) = 0.98.

The power imbalance capability is validated in Fig. 16,
by comparing the transferred power of each cell. Fig. 16 (a)
shows the power imbalance when the strategy 2 with γ=4
is applied, where the left figure is for an additional loading
cell and the middle and right figures are for unloading cells.
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Here, the operating points are described as below.

• OP1 : α=0° and ϕ=[0, 30, 60, 90, 120, 150, 180]°
• OP2 : α=15° and ϕ=[0, 30, 60, 90, 120, 150]°
• OP3 : α=30° and ϕ=[0, 30, 60, 90, 120]°
• OP4 : α=45° and ϕ=[0, 30, 60, 90]°
• OP5 : α=60° and ϕ=[0, 30, 60]°
• OP6 : α=75° and ϕ=[0, 30]°

For all operating points, the degree of power imbalance ε

is increasing with a wider clamping angle. Further, as setting
the γ=4, the unloading cell #1 has the coefficient of 1/4 (1/γ
in (16)) and the unloading cell #2 has 3/4 (1-1/γ). Hence,
the loading power of the cell #2 is less than that of the
cell #1. In addition, it is shown that the maximum power
imbalance is performed between the additional loading cell
and the unloading cell #2, when the clamping angle is 180°
and the shifting angle is 0° in the OP1. In that case, the
additional loading power is 234% higher the unloading power
(=1.512/0.6455).

The power imbalance with the strategy 3 is shown in Fig.
16 (b), when the ϕ1 is varied, whereas the ϕ2 is fixed at 30°.
The operating points for this case are as below.

• OP1 : α=0°, ϕ1=[0, 60, 90, 120, 150, 180]° and ϕ2=30°
• OP2 : α=15°, ϕ1=[0, 60, 90, 120, 150]° and ϕ2=30°
• OP3 : α=30°, ϕ1=[0, 60, 90, 120]° and ϕ2=30°
• OP4 : α=45°, ϕ1=[0, 60, 90]° and ϕ2=30°

Since the clamping angle for the second additional loading
cell ϕ2 is fixed at 30°, its loading power is constant unless
the shifting is varied. On the other hand, the power for
the additional loading of cell #1 and the unloaded cell is
varied depending on the first clamping angle ϕ1. As increasing
ϕ1, the degree of the power imbalance is increasing. The
maximum power imbalance is 362% (=1.496/0.413) between
the additionally loaded cell 1 and the unloaded cell, when the
clamping angle is 180° as considered in OP1.

The impact of the proposed method is shown, when the
strategy 2 with γ=2 is applied under the unity power factor.
The x-axis is the shifting angle α and the y-axis is the
normalized efficiency. The efficiency becomes higher with a
wider clamping angle. Further, as shown in Fig. 9 (a), the
higher efficiency is achieved when the shifting angle is zero
unless the clamping is varied. This result is well matched with
the theoretical analysis in Fig. 9 (a).

The THD of the inverter voltage is analyzed, when strategy
2 is applied with γ=2 and α=0°, as shown in Fig. 18. The
experimental waveform is sampled trough the oscilloscope
with 0.4 usec sampling time. The power quality is decreasing
as the clamping angle is increased, as discussed in Fig. 10 and
Fig. 11.

VII. CONCLUSION

The multi-string photovoltaic architecture is inevitably chal-
lenged by the mismatched operating conditions, leading to the
unbalanced power among modules. For improving the power

imbalance capability, and consequently the utilization of the
PV modules, the discontinuous modulation based modulation
has been introduced. The proposed grouping strategy enables
the generalized implementation of the proposed modulation.
The theoretical analysis demonstrates the capability of the
power imbalance, the impact on the power efficiency and
power quality. The maximum power imbalance capability is
59% of the full power with 56% reduced losses and 68% lower
power quality, in respect of the sinusoidal modulation. The
proposed method was validated in the experimental prototype
in terms of potential power imbalance, its impact on the
efficiency and power quality.

APPENDIX I: CONSTRAINT DERIVATION

Referring in [31], the constraint is occurred by non-clamped
signal due to its over-modulation. The constraint of non-
clamped signal for strategy 3 is addressed. The non-clamped
signal is shown in Fig. A-1 to exemplify the constraint,
assuming that ϕ1 ≥ ϕ2.

In order to avoid over-modulation, the below conditions
described in (A-1) must be satisfied.{

|∆m1−m1| ≤ 1
|∆m1 +∆m2−m2| ≤ 1

(A-1)

where 
m1 = Mncos

(
ϕ1

2
+α

)
m2 = Mncos

(
ϕ2

2
+α

) (A-2)

and {
∆m1 = 1−m1

∆m2 = 1−m2.
(A-3)

By substituting (A-2) and (A-3) into (A-1), it can be re-
written as


∣∣∣1−2Mncos

(
ϕ1

2
+α

)∣∣∣≤ 1∣∣∣2−2Mncos
(

ϕ2

2
−α

)
+Mncos

(
ϕ1

2
+α

)∣∣∣≤ 1.
(A-4)

With the assumption of ϕ1 ≥ ϕ2, ϕ1 can be varied in the
full range [0, π] rad, satisfying the first condition in (A-4).
Therefore, only ϕ2 is limited by the second condition in (A-4).
By re-arranging the condition with assumption of ϕ1 = ϕ2, the
constraint is consequently derived as

ϕ2 ≤ 2
(

cos−1
(

1
3Mn

)
−α

)
. (A-5)
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Fig. 16: Validation of power imbalance capability: (a) strategy 2 (ϕ=varied, α=varied, γ=4) and (b) strategy 3 (ϕ1=varied,
ϕ2=30°, α=varied) (circle: measured, dot line: trend line).
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