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A B S T R A C T

In this paper an enhanced distributed maximum power point tracking (DMPPT) algorithm, along with an im-
proved hybrid modulation method for a photovoltaic (PV) module-level Cascaded HBridge (CHB) inverter, is
proposed. The advantages and drawbacks of the CHB topology in distributed PV generation systems are high-
lighted. The main benefits are related to the higher granularity of the PV power control, which mitigates mis-
match effects, thus increasing the power harvesting. Nevertheless, heavy unbalanced configurations need to be
properly addressed by means of dedicated control action. The proposed control strategy allows to overcome the
operating limits of PV CHB inverter, by integrating in the MPPT algorithm a limitation of the individual cell
modulation index. Experimental tests carried out on a laboratory prototype of a singlephase sevenlevel PV CHB
inverter, evidence the effectiveness of the proposed control and modulation approach in terms of extended
operating range and MPPT efficiency.

1. Introduction

Nowadays, the green power generation is an ever-growing chal-
lenge. In fact, the demand of electricity production from renewable
sources is growing continually to reduce the environmental pollution,
global warming and, contextually, the use of fossil fuels. Among the
different renewable sources, solar energy has assumed a relevant role in
order to match the electricity demand so leading to additional issues to
be solved for its optimal integration into the grid [1]. This latter can be
reached by means of power converters which represent the interface
between renewable-energy sources and electrical grid [2], with the aim
of ensuring not only a maximum sun energy harvesting, through a
Maximum Power Point Tracking (MPPT), but also high output power
quality to meet the grid code [3].

In particular, gridtied photovoltaic (PV) systems [4], depending on
PV module arrangement, can be classified in (i) string, (ii) multistring,
(iii) arrays and (iv) single module. Different module arrangements lead
to correspondingly different inverter configurations: (i) string, (ii)
multistring, (iii) central and (iv) ac-module inverter [5].

Centralized, string and multistring PV system architectures (i.e.,
structures based on PV sources consisting in modules connected in
series) suffer from reduced power generation in case of mismatch due to
partial shading, and uneven ageing of PV modules. In fact, in these
circuit topologies, lower performance of an individual PV module can
affect the performance of the whole system. This latter issue can be
overcome by exploiting ac-module topologies, which were introduced

for single module application with the aim of avoiding mismatch losses.
Improved results achievable by ac-module topologies are due to the
chance of build up distributed power generation systems (DPGS), al-
lowing distributed MPPT (DMPPT), which means improved MPPT
capabilities and modularity [6–10]. Aforementioned architectures
usually consist of two power stages: a dc-dc converter, to obtain proper
voltage boost and/or wider MPP tracking, followed by a dc-ac inverter
to interface the PV sources with the grid. The drawback of this inverter
arrangement is that the conversion efficiency is adversely affected by
the doublestage configuration and by the high voltage stepup ratios
needed for the grid connection. A feasible way to realize a distributed
PV module converter architecture avoiding the multi-stage boost con-
figuration is represented by the multilevel topology, which typically
exploits single dc/ac power conversion stage for each PV source, also in
the case of transformerless grid-tie application [11]. Moreover, a mul-
tilevel conversion circuit, thanks to its inherent nature, also accom-
plishes with the concept of DER (Distributed Energy Resources) which
is strictly related to the development of future mixed grid [12].

Among multilevel circuit topologies, the cascaded H-Bridge (CHB)
has assumed a relevant role in PV applications [13–25]. Its wellknown
general features are [26,27]: the separate dc-link for each power cell;
the modular structure (allowing the sharing of voltage boosting among
the power cells forming the cascade); the multilevel output voltage
waveform with a number of voltage steps depending on the number of
cells; the higher equivalent switching frequency, which increases with
the number N of cells. This latter characteristic ensures better quality of
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the output (e.g., reduced total harmonic distortion (THD)) and weaker
requirements for the line filter.

In principle, the peculiarities of the CHB architecture allow to im-
plement a distributed modulelevel inverter with DMPPT capabilities,
which guarantees the maximization of the energy harvested from each
PV generator (i.e., PV module) [19], even under mismatch conditions
among PVGs. For this purpose, the control system must be able to
handle unbalanced power of the cells to meet different operating con-
ditions of the PV generators. The possibility of allowing uneven op-
eration of PV generators is one of the main issues to be addressed for
this circuit topology. In fact, in a cascade structure the H–Bridge cells
are connected in series, so sharing the same output current, while the
power delivered by each cell is directly related to the amplitude of its
voltage modulation index. In other words, the cells which must handle
a larger PV power, with respect to the others, operate with higher
modulation indexes [15–17,20,21]. Under deep mismatch, the mod-
ulation index of the most powerful cell could increase up to exceed the
unity, so reaching the overmodulation region. Conventional modula-
tion strategies (e.g., Multicarrier PWM) cannot achieve modulation
index higher than unity due to the degradation of the output current
THD, as clearly stated in [20,21].

Nevertheless, overmodulation can be exploited to extend the oper-
ating range of the inverter in case of deep mismatch. In such a case, the
modulation index could be theoretically increased up to 4/π (i.e.,
square-wave modulation), which represents the maximum power ca-
pacity of a cell. A further power raise cannot be handled by the cell
itself, thus any power excess is only transferred to the dclink capacitor,
whose voltage increases, so determining a difference between the MPP
voltage reference and the actual dclink voltage [20]. Obviously, this
means that the cell cannot longer track the MPP reference, thus leading
to a lack of the control action. The possibility of achieving the max-
imum power capacity of a cell depends on the used control strategy,
where the modulation technique must be properly conceived to allow
CHB inverter operation also in overmodulation region.

In the recent literature, many conventional methods have been
modified to handle unbalanced dc sources: multicarrier PWM approach
[13–16,18,19,21], reactive power control [17], nonactive power con-
trol [22], selective harmonic elimination (SHE) [23]. However, these
methods cannot manage heavy power imbalance without affecting
system control and power quality (i.e., strongly distorted output wa-
veforms). In particular, as conventional methods, modified approaches
using multicarrier PWM (except [23]) cannot exploit an extended
modulation index range. So, under deep mismatch conditions, the strict
constraint on the unity upper boundary of modulation indexes does not
allow correct MPPT, thus exacerbating the tradeoff between MPPT ef-
ficiency, controllability and THD.

In [20] a hybrid modulation method based on [25], along with a
derivativeofpower based control method, is used to take advantage of
CHB cells full potential and to stabilize the CHB inverter under heavy
mismatch conditions, but the implementation of the proposed tech-
nique can result difficult because of using the derivative of PV power
[21].

In this paper, the hybrid modulation method proposed by the au-
thors in [25] is used in its improved version presented in [28], along
with an enhanced MPPT algorithm, which includes the modulation
index control of [16] properly modified to allow a cell to work in the
overmodulation region (by fixing an upper limit for the modulation
index greater than one), so overcoming the constraint on the unity
modulation index of the conventional control strategies. This latter is
only possible thanks to the proposed hybrid modulation method, which
allows only one cell to work in switching mode (i.e., PWM mode), while
the others are kept in fixed states: 0 mode, corresponding to a cell
bypassed (i.e., its output voltage is zero); ± 1 mode, corresponding to a
cell inserted (i.e., its output voltage is equal to the dc-link voltage). So,
unlike the modulation scheme of [20], the proposed technique performs
a dedicated mixed staircase-PWM strategy which carries out four

possible states for a cell: 0, ± 1, PWM, but only one cell is in PWM,
while the other cells provide a constant output voltage. In such a way, it
is possible to extend the operating range of a distributed PV module-
level CHB architecture or rather the system can fully operate also in
heavy mismatch conditions, with no detrimental effect on the harmonic
content of the output current (i.e., grid current) and ensuring optimal
performance in terms of MPPT efficiency.

In the following sections, numerical analysis and experimental tests,
carried out on a singlephase sevenlevel PV CHB inverter, are presented
to validate the effectiveness of the developed modulation and DMPPT
techniques.

The paper is organized as follows. System description and principle
of operation are presented in Section 2. The hybrid modulation method
and the proposed control approach are reported in Section 3. A nu-
merical analysis of system operation under different mismatch condi-
tions is provided in Sections 4. Section 5 reports the experimental re-
sults to demonstrate the suitability of the proposed design and control
approach. Conclusions are drawn in Section 6.

2. System description

The architecture of distributed PV modulelevel CHB inverter is
shown in Fig. 1. It consists of N series connected power cells (i.e., H-
Bridge circuits) forming a single stage dc/ac converter. A filter inductor
L connects the dc/ac converter output to the grid, in order to allow the
injection of a sinusoidal current with unity power factor (PF). At the
input of each cell, the power decoupling is achieved by means of the
dclink capacitor Ci, properly sized to guarantee a reduced voltage ripple
at the rated power level. A single PV module supplies each cell to
realize a DPGS.

The main quantities describing the operation of the circuit can be
defined as follows. The inverter ac output voltage is

=
=

v vinv
i

N

Hi
1 (1)

Fig. 1. Architecture of 2N + 1-level grid-tied PV module-level CHB inverter.
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where vHi represents the output of i-th cell and can be easily expressed
as

= = =v S S v h v i N( ) 1, ...,Hi i i pvi i pvi1 3 (2)

Si,j being the logic state of the j-th switch in the i-th cell; the switch
conducts when Si,j = 1, while is off when Si,j = 0. By considering

=S S̄i i,1 ,2 and =S S̄i i,3 ,4, under unipolar PWM, the control signal hi can
assume three discrete values: +1 (i.e., Si,1 = 1 and Si,3 = 0), −1 (i.e.,
Si,1 = 0 and Si,3 = 1), 0 (i.e., Si,1 = Si,3).

By replacing hi with a continuous switching function si (i.e., mod-
ulating waveform), the system dynamics can be modeled as follows:
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The magnitude of the modulating waveform represents the mod-
ulation index:

= =m
v
v

i N
¯

1, ...,i
Hi

pvi

,1

(4)

where vHi,1 is the fundamental component of vHi and v̄pvi is the mean
value of vpvi. In Section 4, the dependency of mi on the operation of the
other cells is discussed in order to evidence the operating limits of the
whole converter in case of mismatch.

3. Control implementation

The control scheme, for the application under study, is shown in
Fig. 2. It consists of four stages [7]: the MPPT stage, the dc voltage
control, the power/current control and the modulator stage. As can be
seen, the first stage performs dedicated MPPT controllers, which pro-
vide individual MPP voltage reference of each PV module, based on P&
O algorithm, and dynamic control of operating voltage and modulation
index. The second and the third stages perform the main control by
generating the inductor current reference iin

ref and the inductor voltage
reference vL

ref . The modulator stage supplies the driving signals for the
power cells by means of an improved hybrid modulation technique; it
embeds a sorting algorithm selecting which cell is to be driven in PWM
mode. The detailed description of each stage is reported in the fol-
lowing subsections.

3.1. Main inverter control strategy

The main inverter control, performed by the second and third
stages, is designed to ensure the transfer of the active power from PV
modules to the grid with unity power factor and low distortion. As
shown in Fig. 2, the main control loop is unique because of the series
connection of the H-bridge cells, which means that the output current is
the same for each of them. The control action is performed by using a
dualloop controller (i.e., cascade of two PI controllers) [29]. The outer
loop regulates the sum of dclink voltages to obtain the amplitude of the
current reference. This latter is then multiplied by the PLL output in

order to provide a sinusoidal current reference in phase with grid vol-
tage (i.e., unity power factor). The inner loop provides the reference
inductor voltage, vL

ref , which subtracted from the grid voltage, gives the
inverter voltage reference, vinv

ref . This latter quantity is the input of the
modulator stage, where hybrid modulation achieves individual dclink
control or rather contributes to the individual MPP tracking. In fact, it is
obtained by means of two different mechanisms, namely, (1) the outer
overall dc-link voltage control loop and (2) the voltage error control
due to the sorting algorithm. The former acts by regulating the output
current amplitude in order to reduce the average overall dc-link voltage
error, while the latter provides the operating modes of each cell in order
to individually track the MPP voltage references. As an example, even if

the overall dc-link voltage error (i.e.,
= =

v v
i

N

pvi
ref

i

N
pvi f

1 1
_ , see also Fig. 2)

is close to zero, due to the compensation of positive and negative errors,
which means that this control loop does not act to further regulate the
output current, nevertheless the sorting algorithm, performed in the
modulator stage, allows to individually track the MPP voltage reference
of each cell, as detailed in Section 3.3.

Then, it must be considered that the execution time of the sorting
algorithm is much smaller than MPPT period, thus ensuring that, in
each MPPT period, the cells can change their switching state hundred
times in order to track the desired MPP voltage reference.

Finally, it is worth highlighting that the use of a PR in the inner
control loop (i.e., the current controller) is high advisable because of its
ability of zeroing the steady-state error at the fundamental frequency.
Moreover, a reactive power control should be implemented to satisfy
the grid code requirements, as in [28], where the authors applied the
proposed approach to a threephase PV CHB inverter. Nevertheless, in
this work, the authors chose to simplify the control scheme and to re-
strict the operation of the inverter to power injection with unity power
factor, in order to focus the attention on the extended operating range
under mismatch conditions.

Nevertheless, in this particular application, the main objective is to
verify the extended operating range of the PV CHB inverter, and a PI
controller does not affect the desired results, while ensuring adequate
performance in terms of output power quality.

3.2. Distributed MPPT

The proposed DMPPT approach consists in a dedicated MPPT con-
trol stage for each power cell. As described in Fig. 3, each stage per-
forms a fixed-step perturbation of the reference voltage vpvi

ref . The per-
turbation sign is chosen by a multiplexer, whose selection signal is
derived from the logic OR among the output of a P&O algorithm, and
the output of two specific control checks (comp #1 and #2). The cor-
responding output is set to 1 when the MPP voltage is supposed to be
larger than the reference voltage, and to 0 otherwise. The iteration
period is equal to 50 ms and the voltage reference step is Δpv = 0.5 V.

The P&O block receives as inputs the measured PV voltage and
current, properly filtered by means of a 100 Hz bandstop digital filter.
This latter cuts off the 100 Hz ac oscillation inherently due to dc/ac
conversion. The main purpose of placing the 100 Hz filter between the
measured dclink voltages (i.e., vpvi i = 1,..,N) and the main controller

Fig. 2. Proposed control scheme.

M. Coppola, et al. Electrical Power and Energy Systems 119 (2020) 105892

3



inputs (see Fig. 2) is avoiding the presence of third harmonic in the
output current reference [13]. Nevertheless, the injection of third har-
monic voltage and current is unavoidable and the PI does not allow to
avoid this issue, also if, as aforementioned, this does not invalidate the
obtained results.

Moreover, in order to guarantee that the overall dc voltage (i.e., the
sum of the cells’ dc-link voltages) be always greater than the grid peak
voltage, a lower boundary, vpv_ min, for the MPP tracking range of in-
dividual cells, at least greater than the grid peak voltage divided by N,
was assumed. If the voltage reference vpvi

ref is lower than the vpv_ min, the
output of comparator #1 (see Fig. 3) goes high, thus leading to a po-
sitive increment of the voltage reference, regardless to the P&O output.
It should be noted that the definition of the MPP tracking range poses
control issues; for example, the operation of a solar panel in the flat
region of the IV curve (i.e., where the PV panel behaves as constant
current generator) should be prevented. This further constraint was
taken into account in the choice of vpv_ min, based on the IV character-
istic of the used PVG.

In addition to that, a control of the modulation index is exploited
starting from the method proposed in [16]. By considering Eqs. (1)–(4),
the relationship between the modulation index and the main circuit
parameters can be derived. By taking in mind Eq. (3), we can write:

=i C
dv

dt
s ipvi i

pvi
i grid (5)

and by considering the average quantities at steadystate, it can be easily
obtained

=i m I¯ 1
2

cospvi i grid (6)

where Igrid is the amplitude of grid current, while cosφ is the power
factor. Moreover, the average power balance, in an ideal lossless system
and neglecting higher harmonic content, can be expressed as:

= = =
=

P v i V I P¯ ¯ 1
2in ave

i

N

pvi pvi grid grid out ave,
1

,
(7)

where Vgrid is the amplitude of the grid voltage and Pout,ave, Pin,ave are the
average total output power and the dc total input power, respectively.
As a consequence, in case of steadystate at unity power factor
(cosφ = 1) Eq. (6) can be rewritten as:

=m
i

I
2¯

i
pvi

grid (8)

By substituting the value of Igrid extracted from Eq. (7), it can be es-
tablished the following relationship:

= =

=
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N
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i
i

1

¯
¯
pvj

pvi (9)

From Eq. (9), it can be inferred that the modulation indexes mainly
depend on the ratio ipvj / ipvi, thus if the irradiance of ith power cell
decreases, w.r.t. the other cells, its modulation index decreases, while it
increases as the cell is subjected to an increasing irradiance.

Eq. (9) is implemented in the control, thus providing the in-
stantaneous value of mi as input to the MPPT block. If mi overcomes the
allowed upper limit mul the output of comparator #2 (see Fig. 3) goes
high, thus leading to a positive increment of the voltage reference, re-
gardless to the P&O output. As a consequence, the corresponding
modulation index mi decreases.

In order to avoid lack of system control and high distorted current,
the algorithm proposed in [16] fixes the upper limit of the modulation
index to 1, corresponding to the circuit operation in the linear mod-
ulation zone. So, if the modulation index of a cell overcomes the unity
boundary, the algorithm stops performing the P&O and increases the
cell voltage vpvi (i.e., reduces the current ipvi) until the modulation index
becomes lower than unity.

In our case, the proposed hybrid modulation method allows mod-
ulation indexes greater than one, since, as described in the next section,
only one cell per cycle is in PWM mode unlike conventional modulation
techniques [20]. As a consequence, the operating region can be en-
larged, thereby allowing each cell to handle its own PV power also in
case of deep mismatch among the PV modules. This means that the PV
CHB inverter becomes able to properly operate in a higher number of
mismatch configurations of cells, so improving the system performance.
The upper limit mul is greater than 1 and its maximum achievable value
depends on the adopted modulation strategy. The identification of such
limit will be discussed in Section 5.

3.3. Hybrid Modulation Method

The proposed hybrid modulation method is based on an adaptive
algorithm which divides, at every control step (i.e., the execution time
period of the proposed algorithm), the inverter output voltage reference
vinv

ref in N intervals (N being the number of cells in the cascade). Due to

Fig. 3. Logic circuit describing the MPPT for the i-th cell.

Fig. 4. Scheme of sorting algorithm.
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the different values of the MPPT voltage references (vpvi
ref ), each interval

has different amplitude. More in details (see Fig. 4), the input data for
the adaptive algorithm are: the MPPT voltage references, vpvi

ref ; the fil-
tered measured dclink voltages, vpvi f_ ; the inverter voltage reference,
vinv

ref . The first step is the calculation of the voltage error at each dclink as
the difference between MPPT voltage reference and the filtered mea-
sured dclink voltage. A positive error means that the cell dclink must be
charged. Consequently, the cell is bypassed (i.e., 0 mode), so allowing
the PV source to charge the corresponding dclink, meanwhile, the cell
output voltage vHi is zero. Conversely, a negative error means that cell
dclink must be discharged to track the desired reference. To this end,
the cell is inserted (i.e., ± 1 mode), so the corresponding dclink can be
discharged; meanwhile the cell output voltage is equal to ± vpvi (the
sign depends on the detected sign of vinv

ref ). After the voltage errors
calculation, a sorting procedure is applied to obtain an ordered vector,
where the first element (i.e. #1) is associated to the cell with the lowest
negative error, while the last element (#N) is associated to the cell with
the highest positive error. It worth noting that the ordering index j does
not correspond to the physical position of the cells in the cascade (as
per the index i). Each element of the sorted vector consists of pair made
by the cell voltage error and the corresponding MPPT voltage reference
(i.e., the desired voltage at the dclink). After that, the cell, to be driven
in PWM mode, is identified by means of an iterative procedure. This
latter performs the sum of the MPPT voltage references, starting from
the first position of the sorted vector, until the index k, verifying the
following relationship is found.

+
=

v v v| |
j

k

pvj
ref

pvk
ref

inv
ref

1

1

(10)

To properly synthesize the inverter multilevel waveform, the first k-
1 cells of the sorted vector will be kept in discharging mode ( ± 1
mode), the kth cell will be driven in PWM mode, whereas the remaining
N-k cells will be bypassed (0 mode corresponding to the charging
mode). The updated control signals do not change until the next ex-
ecution of the sorting algorithm, whose time step Tsort is chosen greater
than the switching period Tsw. It is worth noting that the sorting algo-
rithm, at steady state, allows to discharge the most powerful cells by
assigning them an index j ≤ k. When a single cell exhibits a producible
power significantly larger than the others, that cell is nearly always
kept in +1 mode in the positive half-cycle and −1 mode in the nega-
tive half-cycle, thus tending to the square wave operation. Nevertheless,
the cell cannot achieve a full square wave operation because it must be
operated in PWM mode at least when k = 1. On the contrary, the
control proposed in [20] allows to reach a full square wave operation
because it never uses the 0 mode, while always keeping at least one cell
in +1 mode in the positive half-cycle and −1 mode in the negative
half-cycle.

4. Extended operating range analysis

This section is devoted to identify the boundaries of the extended
operating region of a distributed PV modulelevel CHB inverter. This
architecture allows independent voltage control and ensures individual
MPPT at each dclink. Indeed, in normal operating condition each cell of
the cascade can handle its corresponding power, while ensuring stably
tracking of the MPP. However, in case of heavy mismatch, the cells with
the higher power content could be not able to work at the MPP. In fact,
the cells with the lower power limit the injected current, thus forcing
the cells with higher power to drift away from the MPP towards higher
voltages (i.e., higher power cells towards a higher voltage, lower power
cells towards a lower voltage) until reaching a new condition, where
the corresponding power can be tolerated by the cell. Therefore, a re-
duction of overall power production is the price to pay to guarantee
extended inverter operating range.

The following analysis gives a deeper insight into the effect of
mismatch on inverter operation. For the sake of generality, the analysis
does not refer to a particular modulation strategy. The obtained results
are carried out by properly implementing a Matlab code to solve Eq. (9)
taking into account the constraints imposed by the P-V curve and the
PV voltage operating range [vpvmin = 24.5 V ÷ Voc = 35 V]. In fact, Eq.
(9) represents the necessary and sufficient analytical expression to ad-
dress the interaction among the cells in mismatch conditions.

Let’s consider a CHB inverter made of N cells, each powered by a PV
module. Initially, all modules were subject to an irradiance of 500 W/
m2. Then, in order to investigate the effect of mismatch, the irradiance
of p modules was kept constant, while the irradiance of the other N-p
modules was linearly varied in the range [50 W/m2 ÷ 1000 W/m2].

The behavior, for N = 3 (i.e., seven-level CHB), of the modulation
indexes mi, corresponding to the p cells, is reported in Fig. 5, where the
irradiance mismatch is defined as the difference between the constant
irradiance of the p modules and the varying irradiance of the remaining
N-p. Thus, the x-axis span over the range −500 W/m2, +450 W/m2

(i.e., (5001000) W/m2, (50050) W/m2). Under uniform condition (i.e.,
p = 3), the modulation index is constant and, as expected, the same for
all the three cells. In case of mismatch (p < N), the modulation index is
a monotonic increasing function of the irradiance mismatch. In parti-
cular, positive mismatches drive the more powerful cells in over-
modulation, thus affecting the performance of the whole system. The
slope of mi increases as the number N-p of uneven irradiated modules
increases, thus suggesting that the inverter can properly operate under
a reduced number of irradiance mismatch configurations. The effect of
mismatch in the worst case (p = 1) is exacerbated when the number N
of cells increases, as shown in Fig. 6 for the cases N = 1 ÷ 10.

In order to ensure an extended operation of the system, a specific
control strategy must be implemented. The approach proposed in [16]
fixes the modulation index limit to unity. Unfortunately, the cells

Fig. 5. Modulation indexes (N = 3): behavior of modulation index w.r.t. the
irradiance mismatch for different mismatch configurations (p = 1, 2, 3).

Fig. 6. Modulation indexes (w.c., p = 1): behavior of modulation index w.r.t.
the irradiance mismatch for different number of cells.
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subject to this limitation are not able to properly track the MPP of the
corresponding PV module, thus affecting the global MPPT efficiency.

In order to point out the MPPT efficiency degradation, let’s refer to
the N = 3 topology. By following a combinatorial approach, the irra-
diation level of module #1 was varied independently with respect to
module #2 and #3 (i.e., module #2 and #3 were always subject to the
same irradiance).

In Fig. 7 the behavior of modulation indexes of the three power cells
is reported (m1 being the green surface; m2 and m3 being the same blue
surface), while the corresponding global MPPT efficiency is shown in
Fig. 8. In the region where the irradiance of module #1 prevails with
respect to module #2 and #3, the control acts to keep m1 < 1. Un-
fortunately, this action affects the MPPT efficiency, which significantly
degrades in that region. According to that analysis, it is not possible to
perform individual MPPT for the PV sources of a CHB in case of deep
mismatch.

Fig. 9 shows the effect of mismatch on the MPPT efficiency when
the module #1 is subject to a constant irradiation level of 1000 W/m2,
while module #2 and #3 experience the same irradiation varying in the
range [200 W/m2, 1000 W/m2]. The irradiance mismatch is defined as
the difference between the constant irradiance of the module #1 and
the varying irradiance of the remaining modules #2 and # 3. Thus, the
x-axis span over the range 0 W/m2, +800 W/m2 (i.e., (10001000) W/
m2, (1000200) W/m2). As the mismatch increases, the modulation
index of cell #1 increases, reaching the unity value at about 500 W/m2

(i.e., irradiance mismatch of 500 W/m2). In this condition, cell #1 still
operates at MPP. Conversely, in case of larger mismatches, the control
forces the operating voltage of module #1 to increase w.r.t. the MPP
voltage, thus avoiding the modulation index to exceed the unity

threshold. The control action affects the MPPT efficiency, which falls to
60% at an irradiance mismatch of 800 W/m2 (see Fig. 9.a). The whole
system properly operates and all the cells modulate in linear region,
thus no significant harmonic distortion on the grid current is expected.

Nevertheless, the constraint on the modulation index can be re-
laxed. The following analysis investigates the possibility to improve the
MPPT efficiency by imposing for the modulation index an upper limit
greater than 1.

Indeed, the whole system properly operates even if the modulation
index of the power cells overcomes the limit of linear region, that is
when the overmodulation occurs.

To better illustrate the improvements due to an enlargement of the
allowed range for mi, the previous analysis is repeated by varying the
upper limit between 0.9 and 1.2. The results are shown in Fig. 10.

It can be deduced that, for increasing values of the upper limit,
power cells track the MPP even in case of a larger mismatch (see
Fig. 10.c), thus improving MPPT efficiency (see Fig. 10.a). Moreover,
even if the modulation index saturates to its upper limit (e.g., panel #1
in Fig. 10.b), the corresponding operating voltage decreases by in-
creasing mi; therefore, the power cell operates closer to the MPP, so

Fig. 7. Modulation indexes (N = 3): irradiance level of module #1 in-
dependently varies with respect to module #2 and #3.

Fig. 8. MPPT efficiency (N = 3): irradiance of module #1 independently varies
with respect to the irradiance of module #2 and #3.

Fig. 9. Effect of mismatch: (a) global MPPT efficiency, (b) modulation indexes,
(c) operating and MPP voltages for the three cells w.r.t. the irradiance mis-
match.
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improving the overall power extraction.
This approach cannot be used in case of conventional modulation

methods (e.g., Multicarrier PWM), also in their modified versions, be-
cause of the detrimental effect on the harmonic content of the current
injected to the grid [20,21]. On the contrary, as discussed in Section
3.3, with the proposed hybrid modulation, the most powerful cell is
able to operate in the overmodulation region without significant effects
on the current distortion, although it cannot reach the square wave
operation due to the used switching scheme (including the zero
switching state), which poses an upper limit to the maximum allowed
modulation index. In the following section, the choice of the proper
upper limit of mi for the implemented prototype is discussed.

5. Experimental results

A laboratory prototype (see Fig. 11) of a sevenlevel PVmodule CHB
inverter was built to prove the validity of the proposed design and
control approach. Each power cell was equipped with four power
MOSFET (IRFB4127PbF) with a breakdown voltage of 200 V and a
continuous drain current of 54 A at Tj = 100 °C. The capacitance of the
dclink capacitor was 4.6 mF. Each cell was fed by a PV simulator
Ametek Elgar TerraSAS with a maximum rated power of 800 W (i.e.

80 V, 10 A). Each PV simulator was programmed to supply the IV
profile of an individual PV module, with PMPP = 150 W corresponding
to VMPP = 29.5 V and IMPP = 5 A at STC. According to the IV curves in
the irradiation range of [200 W/m2, 1000 W/m2], the lower boundary,
vpv_min, of the MPPT range was set to 24.5 V.

A stepup transformer was needed to interface the inverter output
with the grid to meet the grid peak voltage. The transformer exhibited a
secondary side voltage amplitude of about 43 Vrms in agreement with
the MPPT range and the nominal input power of 450 W at an overall
voltage of 88.5 V. Moreover, the line filter inductance L of 5 mH was
used. The used switching frequency for the PWM is 5 kHz.

A realtime hardware platform dSpace ds1006 equipped with ds5203
(with onboard Field Programmable Gate Array (FPGA) Xilinx Virtex5)
and an additional piggyback module providing 32 digital I/O, 12 A/D
and 12 D/A channels was exploited to implement the control law. The
design of the control circuit was realized in the Matlab/Simulink en-
vironment integrated with XSG (Xilinx System Generator) tool and
dSpace RTI (RealTime Interface). The most part of the control was di-
rectly implemented on the FPGA by means of both IP blocks and custom
Verilog modules. The main FPGA clock frequency is fclk = 100 MHz.
The module implementing the MPPT algorithm is executed at every
TMPPT = 50 ms. The MPPT period mainly depends on the rated power of
the PV generator and on the input capacitor size. In particular, it should
be ensured that the PV voltage reaches its reference voltage within the
MPPT period. It is worth noting that the adopted MPPT time period
(i.e., TMPPT = 50 ms) is the lower one which allows to be in compliance
with the aforementioned constraint.

On the other hand, the module implementing the sorting algorithm
represents the bottleneck of our control in terms of timing. It should be
guarantee that the sorted vector is obtained within the time interval
Tsort, at the end of which the operating modes of the power cells are
updated. Moreover, the Tsort cannot be increased too much to avoid a
deterioration of the tracking behavior, while it must be set to a
neighbor integral multiple of the switching period. For this purpose, the

Fig. 10. Extension of mi upper limit: (a) global MPPT efficiency, (b) modulation
indexes for the three cells w.r.t. the irradiance mismatch and for the mi upper
limit value [0.9, 1, 1.1, 1.2], and (c) operating and MPP voltages.

Fig. 11. Laboratory prototype.
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computational time needed to obtain the sorted vector must be much
lower than Tsort. In our case (N = 3), this time period is equal to 3Tclk,
so no limiting the choice of the Tsort. Nevertheless, its maximum com-
putational time complexity can be O(N2), being N the number of ele-
ments to sort.

Therefore, by considering a realistic number N of cells (e.g., in
single-phase application it will be less than 20), the high operating
frequency of the FPGA allows to perform the sorting with no impact on
the system dynamics.

To verify the system performance three different scenarios were
considered: static uniform and mismatch in both static and dynamic
conditions.

5.1. Uniform Conditions

In the first experiment, to emulate PV sources under uniform irra-
diance conditions, the three PV simulators were set at the same irra-
diance level, and the steady state behavior of the system was con-
sidered. The tests were repeated for different irradiance values, starting
from 1000 W/m2 down to 100 W/m2.

Measured MPPT, conversion, and global efficiencies, along with
THD, are reported in Fig. 12. As can be seen in Fig. 12.a) the MPPT
efficiency was always greater than 98%; the degradation at high irra-
diance levels was likely due to the 100 Hz oscillation, whose amplitude
increases with the input power. It is worth noting that the conversion
efficiency linearly decreases as the power increases. This behavior was
related to the increased power losses on the semiconductor devices,
mainly dominated by the static losses of freewheeling diodes. Fig. 12.b)
shows the good system performance in terms of THD, whose values
accomplished grid requirements in all the considered cases.

For the case corresponding to the highest irradiance value (i.e.,
1000 W/m2), the MPP tracking behavior for the three PV sources, re-
ported in Fig. 13.a, shows that, as expected in uniform condition, each
cell operates close to the MPP voltage of 29.5 V. The modulation in-
dexes achieve the expected value of 0.7 (i.e., (Vgrid /3) / VMPP)) for all
the power cells, as shown in Fig. 13.b). At ac side, the grid current
results sinusoidal in phase with the grid voltage (see Fig. 14), thus
leading to a satisfying power factor and a low value of THD (i.e., about

1%).

5.2. Mismatch Conditions

The second experiment provided information about the system be-
havior under deep mismatch conditions. The effect of mismatch among
PV sources on the MPP tracking was investigated for different values of
the modulation index upper limit.

According to the theoretical analysis discussed in Section 4, tests
were performed under the worst irradiance conditions, obtained by
supplying two cells with 250 W/m2, and the third with 1000 W/m2. The
value of 250 W/m2 corresponds to a solar panel only subject to the
diffuse component of the sunlight; such a condition occurs when, in a
clearsky sunny day, the solar panel is completely shielded from direct
light.

Fig. 15.a) shows the behavior of the modulation indexes mi for the
different value of the upper limit (represented by the black dashed line
in the figure). As expected, the modulation index of the cell #1 (i.e., the

Fig. 12. Uniform conditions: (a) global, conversion and MPPT efficiency of the
laboratory prototype as function of the irradiance of the PVGs; (b) THD beha-
vior is also shown.

Fig. 13. PVGs irradiance of 1000 W/m2: steady state behavior of (a) input
operating voltages and (b) corresponding modulation indexes of the three
power cells (blue, cell #1; red, cell #2; green, cell #3) in an observation
window of 2 s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 14. PVGs irradiance of 1000 W/m2: steady state behavior of grid current
(blue line), modulated voltage (red line), and the grid voltage in an observation
window of [1.9 s, 2 s]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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cell with higher input power/irradiance) grew with respect to the other
cells (cells with weaker power/ irradiance) up to reach the upper limit
when this latter assumed the values of 0.9, 1, and 1.1.

In such cases, the modulation index m1 exceeds the upper limit, due
to the P&O algorithm, so activating the control section which increases
the PV reference voltage of a quantity equal to Δpv = 0.5 V until the
modulation index falls again below the limit. The recurrence of such
behavior establishes a limit cycle around the modulation index
threshold (i.e., the fixed upper limit) as shown in Figs. 16 and 17, for
the threshold values of 1 and 1.1, respectively. Cell #1 operates cor-
rectly at a higher voltage w.r.t. VMPP (as also shown in Fig. 15.b) in both
the cases.

Nevertheless, by relaxing the threshold from 1 to 1.1, the control
allows cell#1 to achieve a lower operating voltage closer to the MPP,
thus resulting in a 10% increase of the overall MPPT efficiency (see
Fig. 15.c)).

As can be inferred from Fig. 15.d), the proposed modulation tech-
nique allows to operate the system in the overmodulation region with
no relevant effect on the THD, which always remains in the required
limits for gridconnected application.

Fig. 15. Experimental extension of mi upper limit in case of mismatch: (a)
modulation indexes; (b) operating and MPP voltages for the three cells; (c)
global, conversion and MPPT efficiencies, and (d) THD for the mi upper limit
value [0.9, 1, 1.1, 1.2].

Fig. 16. mi limit 1: steady state behavior of (a) input operating voltages and
reference voltages, and (b) corresponding modulation indexes of the three
power cells (blue, cell #1; red, cell #2; green, cell #3) in an observation
window of 2 s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 17. mi limit 1.1: steady state behavior of (a) input operating and reference
voltages, and (b) corresponding modulation indexes of the three power cells
(blue, cell #1; red, cell #2; green, cell #3) in an observation window of 2 s. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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By analyzing the trends in Fig. 15, it could be erroneously argued
that an improvement in terms of MPPT efficiency can be obtained by
relaxing the upper limit of the modulation index up to the theoretical
maximum value of 4/π, but the effective maximum achievable value
depends on the used modulation technique.

It is worth noting that the proposed hybrid modulation strategy, as
already discussed in Section 3.3, implies that at least one cell per cycle
is in PWM mode, while the others can assume the remaining modes
(i.e., 0 mode, cell bypassed; ± 1 mode, cell inserted). As a consequence,
the cells cannot reach the squarewave operation (mi = 4/π), thus
limiting the maximum modulation index to a value depending on the
specific operating configuration: grid peak voltage, instantaneous input
power, line inductance value and IV characteristics of used PV sources.
In particular, in the considered configurations, the system operating
range can be extended to a maximum value of the modulation index
lower than 1.2.

In fact, as shown in Fig. 18, by imposing an upper limit of 1.2, the
more powerful cell reaches its maximum power capability with a
modulation index lower than 1.2 (see Fig. 18.b), while reaching its
minimum allowed operating voltage (see Fig. 18.a). As a consequence,
the modulation index control never acts (i.e., the upper limit is never
exceeded), so the voltage reference is still provided by P&O algorithm,
which erroneously asks for further decreases of the voltage to track the
MPP. In such a case, the voltage reference achieves the minimum al-
lowed value of vpv,min, always located at lower voltage w.r.t. the MPP.
The main control loop keeps to zero the input PI error by compensating
the negative voltage error of cell #1 with the positive ones of the other
cells. This means that the system continues to operate but the cells are
not able to track their references.

In fact, the system is able to inject a sinusoidal current to the grid,
but it is no more under control and the THD value increases noticeably
w.r.t. the stable operating conditions considered during other experi-
ments (see Fig. 15.d).

According to the above discussion, a suitable choice of the upper

limit is in the range [1.1 ÷ 1.2] with the aim of guaranteeing an ex-
tended operating range of the CHB inverter due to a proper operation of
the system control.

5.3. Dynamic Mismatch Conditions

The third experiment was performed to investigate the behavior of
the system under dynamic mismatch conditions.

The idea is to dynamically force the system to move from a uniform
condition to a heavy mismatch condition (the worst case considered in
the previous experiment). The irradiance of the PV simulators sup-
plying cells #1 and #2 is set to the constant value of 250 W/m2 during
the whole test period. On the contrary, the PV simulator supplying cell
#3 tracks the dynamic irradiance profile depicted in Fig. 19 (i.e., the
irradiance cycle). As it is shown, the irradiance value switches between
1000 W/m2 and 250 W/m2 with dwell time of 2 s and rise/fall time of
1 s.

The effect of dynamic mismatch among PV sources on the MPP
tracking accuracy and on the quality of the output power was in-
vestigated for three different values of the modulation index upper
limit, namely 1.0, 1.1 and 1.2. The dynamic MPPT efficiency is aver-
aged over the 15 irradiance cycles, while the PF and the THD are
evaluated over a time window corresponding to a single irradiance
cycle.

In Figs. 21(a) and 20(a) the behavior of the input operating voltage
of the three cells are shown compared to the respective reference vol-
tages. As expected, the reference voltages of cells #1 and #2 are not
perturbated by the irradiance variation involving cell #3, and the
corresponding input voltages properly track the references. On the
contrary, for cell #3, the MPPT algorithm, based on P&O, is affected by
a degradation of performance close to the rising/falling irradiation
edges. Moreover, due to the modulation index control, the input voltage
experiences a sudden increase, thus moving the operating point far
from the MPP. Nevertheless, by comparing Figs. 21(a) and 20(a), the
increase of the operating voltage results mitigated by extended the
upper limit from 1 to 1.1.

It is important to note that at ac side, the current control loop well
performs even during the irradiance transitions and the grid current
results sinusoidal in phase with the grid voltage (see Figs. 21(a) and
20(a)), thus leading to a satisfying power factor and a low value of
THD.

In Fig. 22(a) the behavior of the input operating voltage of the three
cells are shown compared to the respective reference voltages for the
upper limit set to 1.2. It is easily inferred that the inverter does not
control anymore the input voltage of the cells, which do not track the
corresponding reference voltages.

Table 1 resumes the experimental results obtained during dynamic
tests. It can be inferred that, for the upper limit of the modulation index
set to 1 and 1.1, cell #1 and #2 stably operate near their own MPP,
while cell #3 is forced to operate far from the MPP due to modulation
index control, thus affecting the global MPPT efficiency. It is worth

Fig. 18. mi limit 1.2: steady state behavior of (a) input operating voltages and
reference voltages, and (b) corresponding modulation indexes of the three
power cells (blue, cell #1; red, cell #2; green, cell #3) in an observation
window of 2 s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 19. Irradiance profile of PV simulator (cell #3).
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noting that the MPPT efficiency of cell #3 improves, as expected, by
relaxing the upper limit by passing from 1 to 1.1.

For the upper limit of the modulation index set to 1.2, the MPPT
efficiency experiences a further increase, reaching the 82.7%, thus
enhancing the global MPP up to the 98.3%. On the other hand, the
converter experience a lack of control due to the mechanism discussed
in Section 5.2, leading to the failure of the MPPT, while the THD
reaches the significant value of 1.3.

6. Conclusions

This paper has been focused on the control and modulation of a PV
module-level CHB inverter. The advantages and drawbacks of the used
circuit topology have been highlighted. In particular, the tradeoff be-
tween the extended circuit operating range and the harvesting of the
maximum available PV power has been considered also in case of heavy
mismatch conditions (i.e., worst case).

A numerical analysis has been conducted to show the operating
limits of the proposed architecture and how these limits can be theo-
retically overcome by increasing the modulation index, while assuring
proper operation with no degradation of MPPT efficiency, at least until
heavy mismatch occurs. Obtained results prove that the enlargement of
the modulation index boundary allows the cells to properly handle the
corresponding PV power in an extended range of mismatch configura-
tions.

An enhanced distributed maximum power point tracking (DMPPT)
algorithm along with an improved hybrid modulation method has been
implemented to extend the operating range of the seven-level PV CHB
inverter. Experimental results clearly show that the system is fully
functional in different operating conditions included the case of deep
mismatch. In this latter case, the increase of the modulation index
upper limit determines improved system performance in terms of effi-
ciency and power quality, thus proving the effectiveness of the pro-
posed control and modulation method.

It has been also highlighted a limitation of the proposed hybrid

Fig. 20. mi limit 1: (a) input operating and reference voltages in an observation
window of 8 s (b) grid voltage, grid current, and inverter modulating voltages in
an observation window of 0.1 s during the rising edge of the irradiance profile
in Fig. 19.

Fig. 21. mi limit 1.1: (a) input operating and reference voltages in an ob-
servation window of 8 s (b) grid voltage, grid current, and inverter modulating
voltages in an observation window of 0.1 s during the rising edge of the irra-
diance profile in Fig. 19.

Fig. 22. mi limit 1.2: (a) input operating and reference voltages in an ob-
servation window of 8 s (b) grid voltage, grid current, and inverter modulating
voltages in an observation window of 0.1 s during the rising edge of the irra-
diance profile in Fig. 19.

Table 1
Experimental results under dynamic mismatch condition: MPPT efficiency,
Power Factor (PF), THD.

mi upper limit MPPT efficiency [%] Power Factor THD [%]

Cell #1 Cell #2 Cell #3 Global

1 99.3 99.3 66.8 77.8 0.98 0.3
1.1 99.3 99.2 77.7 83.0 0.97 0.3
1.2 98.2 98.6 82.7 98.3 0.97 1.3
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modulation, which is not able to drive the cells in squarewave opera-
tion, thus requiring the choice of the suitable upper limit of the mod-
ulation index.
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