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A Phase-Shifting MPPT Method to Mitigate
Interharmonics from Cascaded H-Bridge PV Inverters
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Department of Energy Technology, Aalborg University
Pontoppidanstraede 111, Aalborg DK-9220, Denmark
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Abstract—Interhamonics are an emerging issue in photo-
voltaic (PV) systems. It has been revealed in the previous studies
that the maximum power point tracking (MPPT) control is one of
the responsibilities for interharmonic emissions. In cascaded H-
bridge (CHB) PV inverters, if the MPPT perturbations of CHB
cells are in-phase, the sum of the voltages of all CHB cells will
oscillate with a higher amplitude, leading to large interharmonics
in the grid. To address this, a phase-shifting MPPT method is
proposed in this paper. By properly shifting the phase of the
MPPT perturbation of each CHB cell, the oscillation of the
equivalent total DC voltage can be effectively mitigated, and in
turn, the interharmonics can be suppressed to a large extent. A 4-
cell CHB PV inverter is examplified to demonstrate the proposed
phase-shifting MPPT method, and n-cell CHB PV inverters have
further been discussed regarding the implementation and control
performances. The results have validated the effectiveness of the
proposed method in terms of interharmonic suppression.

Keywords—Interharmonics, cascaded H-bridge (CHB),
maximum power point tracking (MPPT), photovoltaic (PV)
systems.

I. INTRODUCTION

With the growing installation of PV systems, challenging
issues related to power quality are emerging [1]. For example,
interharmonics have become one recently due to the large-
scale adoption of power electronics [2]-[8]. As observed in
laboratory tests [2], [3] and field measurements [4], [5], PV
inverters potentially contribute to interharmonics, which may
induce voltage fluctuation, flickering and unintentional
disconnection [6]. Therefore, as recommended by IEC TS
63102 recently [7], interharmonics are considered as one of
the assessment criteria for the grid-connected PV systems. It
thus calls for cost-effective strategies to mitigate
interharmonics. In the literature, it has also been revealed that
the MPPT perturbation is one reason for interharmonic
emissions [2]-[6]. Experimental results on a 3-kW single-
phase grid-connected PV system are shown in Fig. 1 to
demonstrate this phenomenon. It is further explained as
follows: the low-frequency oscillation due to the MPPT will
interact with the grid fundamental frequency through the
control and interharmonics are then generated [2].
Nevertheless, the analysis, modeling, and mitigation of
interharmonics from PV inverters was mainly on a two-level
PV inverter.

This work was supported by the China Scholarship Council (CSC).
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Fig. 1. Experimental results of a 3kW PV inverter operated at 10% of the
rated power in a steady-state MPPT operation (MPPT sampling rate fyppr = 5
Hz, the perturbation step size vy, = 12 V) [6]: (a) filtered DC-link voltage,
(b) grid current, and (c) frequency spectrum of the grid current.

In a large-scale PV system, the cascaded H-bridge (CHB)
configuration has been introduced due to its modularity, high
efficiency, and lower harmonics [9]—[13]. The overall diagram
of the CHB PV inverter is shown in Fig. 2. According to the
previous exploration, the MPPT perturbation for each CHB
will inevitably generate interharmonics. As a consequence, if
the DC-side oscillations of CHB cells are in-phase, the
harmonics (interharmonics) of the total output currents will be
magnified. This is explained that the equivalent total DC
voltage (sum of the voltages of all CHB cells) will introduce
large interharmonics. In other words, the interharmonic issue
is much severer in the CHB PV inverter than one single
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Fig. 2. Overall diagram of a single-phase CHB PV inverter.

inverter. However, this issue has not been addressed in
previous studies.

To alleviate the interharmonics, the sampling rate of the
MPPT algorithm should be reduced, as suggested in [2].
However, this will lead to slow dynamics. In [6], a random
sampling rate MPPT method was proposed to mitigate
interharmonics in the single-phase two-level PV inverter.
Nevertheless, its mitigation capability is limited, since the
power oscillation of the MPPT still exists, which is the main
source of interharmonics. On the other hand, the distributed
DC-side of the CHB topology offers more control flexibility
for the MPPT, which can potentially improve the inter-
harmonics mitigation.

In this paper, a phase-shifting MPPT method is proposed
for the CHB-based PV systems to tackle the interharmonics
issue. By properly adjust the phase-shift between the MPPT
perturbation of each CHB cell, the power oscillation at the
DC-side can be minimized, and thereby the interharmonics.
This concept is very similar with the phase-shifting method in
motor drive applications in [14]. The rest of this paper is
organized as follows. In Section II, the two-layer control
structure of the CHB PV inverter is briefly introduced, as well
as the particular interharmonic magnification issue in the CHB
PV inverter. Then, the proposed phase-shifting MPPT method
is detailed discussed in Section III. In Section IV, the
effectiveness of the proposed method is verified by
simulations on 3-cell and 4-cell CHB PV inverters. Finally,
comcluding remarks are provided in Section V.

II. CONTROL STRUCTURE OF THE CHB PV INVERTER

The CHB-PV inverter is shown in Fig. 2, where the
decentralized control is achieved with a two-layer structure.
The primary control and the secondary control are located in
the central controller and distributed in the local controllers,
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Fig. 3. Control diagram of a single-phase CHB PV inverter.

460
440
420
400
380

110
100
90

W

DC Voltage (V)

Vovi Veve Vevs Viva
\ ¥ £

0 0.5 1 1.5 2 2.5 3
Time (s)
Fig. 4. Steady-state waveforms of the filtered DC voltages of the CHB PV
inverter, operated at 100 W/m? and 25°C with in-phase MPPT voltage
reference.

TABLE1
PARAMETERS OF THE CHB PV INVERTER
Rated power for one PV module 214 W
DC link capacitor 1000 uF
Grid-side L-filter 5 mH
Switching frequency of one cell 5 kHz
Controller sampling frequency 10 kHz
Grid voltage (RMS) 220V
Grid Frequency 50 Hz
MPPT sampling rate SHz
MPPT step-size 5V

respectively, as shown in Fig. 3 [10], [13]. The primary
control obtains the filtered voltage ¥y, and voltage reference
Vo (k denotes for the index of CHB cells) from all the local
controllers through low-bandwidth communication (LBC). It
also regulates the total DC voltage V,,, according to the sum
of the MPPT voltage references V,, through a voltage
proportional integral (PI) regulator, which generates the active
current reference i;. By multiplying i, with the sine value of

the grid voltage phase 0,, the grid current reference i; can be
calculated. Then, the grid current i, is regulated according to
the current reference by a proportional resonant (PR)
controller, giving the modulation index M1 Which is equally
distributed to each CHB cell. The secondary control is
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Fig. 5. Schematic diagram of the phase-shifting MPPT for cell #1 and #2 of a
4-cell CHB inverter.

responsible for the individual MPPT control, which is
achieved by regulating independent PV voltages. As shown in
Fig. 3, the individual PV voltage reference V,,, is generated
by the MPPT controller. In this paper, the Perturb and Observe
(P&O) MPPT algorithm is employed. The DC voltage of each
CHB cell is then regulated according to V,y, through a PI

regulator, which generate a modified value AMi. The
modulation index for the &" CHB cell can be calculated by

M, =M, +AM, sin6, (1)
where 6; is the phase angle of the line current iz, which is
extracted by using the sliding discrete Fourier transform
(SDFT) method [13], [15]. For the last CHB cell (the n™ cell),
the modulation index should be calculated by

n—1

Mn :Mlolal_(zAMkjSinai (2)
k=1

With the above mentioned two-layer control method, the

module-level MPPT can achieved for the CHB inverter,

enabling harvesting more energy [10], [11].

In steady-state, the DC voltage of the PV panel varies
around the maximum power point (MPP) [8]. If the DC
voltage oscillation of each cell is in-phase, the oscillation
amplitude of the equivalent total DC voltage will be n times
larger than the P&O perturbation step-size (n denotes the
number of CHB cells). To demonstrate this issue, a steady-
state operation of a 4-cell CHB PV inverter is shown in Fig. 4,
where the MPPT perturbations of all CHB cells are in-phase.
The parameters of the CHB inverter are shown in Table I, and

4 series PV modules are interfaced to the DC bus of each CHB
cell. As shown in Fig. 4, the equivalent total DC voltage
oscillates with an amplitude of 20 V, which is 4 times larger
than the oscillation on one CHB cell. This amplified
oscillation will consequently lead to larger inter-harmonics in
the grid current, and thus, efforts must be made to address
this issue.

III. PROPOSED PHASE-SHIFTING MPPT CONTROL

The principle of the phase-shifting MPPT control is to
properly adjusting (i.c., shifting) the phase of each three-stair
DC voltage reference of the MPPT control in a way to
minimize the overall oscillation of the equivalent total DC
voltage. An example of the proposed method applied to a 4-
cell CHB inverter is shown in Fig. 5, where only Vpy, and Vyy,
are provided for illustration. As shown in Fig. 5, @1 rer and ¢ rer
are the phase-angle reference of cell #1 and #2, and @2 rr is
phase-shifted by n/2 in respect to @irr. The periods of these
phase angle references equal to 47wppr, Where Tvppr denotes
for the MPPT control period. Similarly, the phase references
for cell #3 and #4, should be phase-shifted by n and 37n/2 (or
— m/2) in respect to @irr. These phase-shifted references can
be realized by time-counters counting from 0 to CNT (the
maximum value of time-counters) with different initial values.
More specifically, the initial values for ¢irer, @2rcf, @3rer and
@arerare 0, 0.75:CNT, 0.5-CNT and 0.25-CNT. To synchronize
these waveforms, a positive pulse is generated every 47Twippr.
This synchronization signal can be generated in the central
controller or in any one of the local controllers, and sent out to
all the cells through the serial communication system [16].
When the rise-edge of the synchronization signal is received
by each cell, the initial value of each counter is forced to be
loaded. In this way, a set of phase-shifted phase-angle
reference can be realized.

With these phase-shifted phase angle references, the
difference between the phase angle reference and the phase of
the three-stair voltage can be calculated by

Agp, = Prrer ~ s 3)

where @i denotes for the phase angle of the three-stair voltage
reference for cell #£, and it can be obtained through the SDFT
algorithm [15], which features a very simple structure for
digital implementation with a sliding window and several
addition and multiplication operations. To extract the actual
phase of the three-stair voltages, the fundamental frequency of
the SDFT should be set as fuppr/4, where fuppr refers to the
MPPT frequency, and equals to 1/Twmppr. Due to the slow
dynamics of the MPPT, the SDFT frequency is not very high.
For example, 100:fvppr can be enough. The fundamental
component of the three-stair voltage for cell #&, denoted as

Vovisorr , is also depicted in Fig. 5.

Depending on Agy, a time delay is then inserted to realize
the phase-shifting of the three-stair voltage. For instance, as
shown in Fig. 5, before the enable of the phase-shifting MPPT
control, there are four possible cases of oscillation for cell #2
with different phase angles, which are Agx = 0, — Yom, m and
am. Regarding these four cases, after the enable of the phase-
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Fig. 6. Flowchart of the phase-shifting MPPT method for CHB cell #2.

shifting control, four types of time delay are inserted in each
case, which are 0, Twprr, 27mppr and 3 Twppr, respectively. In
this way, during steady state, Agx can be controlled as 0, and
the phase-angle of the voltage oscillation on each cell can be
synchronized with the phase reference.

The flowchart of the phase-shifting MPPT method for
cell #2 is shown in Fig. 6. As it can be observed in Fig. 6, after
the start of the MPPT, if the inserted time delay Tge1ay €quals to
zero, the conventional MPPT algorithm is executed.
Otherwise Tgelay Will be decreased by Twepr. Subsequently, if
the difference between the maximum and minimum value of
Agy is less than a small threshold Agg within three
consecutive MPPT periods, cell #2 is regarded being operating
in the steady state of MPPT, where its DC voltage reference is
a three-stair waveform. In this condition, depending on the
value of Ay, four different values are assigned to Telay. On
the other hand, if (A@2max — A@2min) is beyond the range of
[~Apwm, Apa], it is assumed that cell #2 is not operating in the
three-stair voltage mode, and no changes will be made in
terms of the delay Ticlay. In the following MPPT periods, if
T4elay 1 not zero, the conventional MPPT algorithm will be
skipped until Tgeay is reduced to zero after several MPPT
periods. In this manner, the phase angle of the voltage
oscillation can be kept consistent with the phase reference.

In the above discussion, the 4-cell CHB is employed to
illustrate the proposed method. For n-cell CHB PV inverters,
one set of inserted time delay values are shown in Table II. It
should be mentioned that when even number of converter cells
are cascaded, the oscillation in the equivalent total voltage can
be fully eliminated. However, when the cascaded number of
cells are odd, a small oscillation in the equivalent total voltage
still exists. For instance, as shown in Table II, for the 3-cell
CHB, the phase angle references for cell #1, #2 and #3 can be
phase-shifted by 0, /2 and =n. In this case, the waveforms of
the voltage references are shown in Fig. 7(a). As it can be
observed from Fig. 7(a), the oscillation of cell #1 and #3 can
be counteract with each other, while the DC voltage
oscillation of cell #2 will inevitably emerge in the equivalent

TABLE II
PHASE SHIFT ANGLES OF N-CELL CHB PV INVERTERS

Total number
of cells
Cell 2-cell | 3-cell | 4-cell | S5-cell | 6-cell | 7-cell
index
Cell #1 0 0 0 0 0 0
Cell #2 b3 /2 /2 /2 /2 /2
Cell #3 / o m m ] ]
Cell #4 / / 3n/2 | 3n/2 | 3n/2 | 3m/2
Cell #5 / / / 0 0 0
Cell #6 / / / / ] /2
Cell #7 / / / / / T
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Fig. 7. Voltage references of the 3-cell CHB PV inverter with different sets
of phase shift angles: (a) voltage reference for cell #1, #2 and #3 are phase
shifted by 0, n/2 and =, and (b) voltage reference for cell #1, #2 and #3 are
phase shifted by 0, 2n/3 and 4mn/3.

total voltage reference. Even for other phase shift values, e.g.,
0, 2n/3 and 4n/3 for cell #1, #2 and #3, the oscillation in the
equivalent total voltage cannot be eliminated, as shown in
Fig. 7(b). Nevertheless, despite this limitation, comparing to
the in-phase oscillation case shown in Fig. 4, the proposed
phase-shifting MPPT method is capable to reduce the
oscillation in the equivalent total voltage by n-times for CHB
with odd number of cells. Therefore, with the proposed
method, interharmonics in the grid current can be effectively
suppressed. When even-number of cells are cascaded, the
suppression performance can be better.

Notably, the proposed phase-shifting method is only
effective when the MPPT is operating in the steady-state.
During the transient conditions such as the irradiance change,
the steady-state criterion in Fig. 6 (A@2max — A@2min < Apwm
within three consecutive Twvippr) may not be satisfied, and the



conventional MPPT method will be executed. Therefore, the
dynamic MPPT performance will not be affected by the
proposed method. Although the oscillation of each DC voltage
may not be properly phase-shifted during the transients, this is
acceptable in practice, because the interharmonics are mainly
introduced in the steady-state, when the equivalent total
voltage oscillates with a frequency of fuppr/4.

IV. SIMULATION RESULTS

In order to validate the effectiveness of the proposed
method, simulations on 3-cell and 4-cell CHB PV inverters
are performed in MATLAB/Simulink for odd and even
number of cascading cases. The simulation results are shown
in Figs. 8—13. The parameters of the simulation are shown
in Table L.

Case I: Firstly, the performance of the proposed method
for a 3-cell CHB PV inverter is demonstrated under a constant
irradiance condition (100 W/m?), as shown in Fig. 8. Five
series-connected PV modules were interfaced to each
converter cell in the simulation, and the maximum power for
each PV string is 1066 W. Before ¢t = 10 s, the conventional
MPPT is employed. In this case, the perturbations of the
MPPT of all CHB cells are in-phase, as shown in Fig. 8.
Accordingly, the equivalent total DC voltage oscillates with
an amplitude of 15 V (e.g., three times higher than the
individual perturbation step-size). Consequently, the grid
current has a high amplitude of oscillations. As shown in
Fig. 9(a), inter-harmonics appear in the grid current. The main
interharmonics locates at 50 £ 2k + 1) - (fmerr/4) Hz [2],
where k=0, 1, 2..., and their amplitudes are around 0.04 A.
When the proposed phase-shifting MPPT is enabled at
t = 10 s, the oscillation of the equivalent total voltage V., is
suppressed within 1 s (which is the required time for adjusting
the phase-shifting). After + = 10.8 s, the amplitude of the
oscillation on the equivalent total DC voltage is reduced to
5V, which is three times smaller than the oscillation when the
conventional MPPT control is applied. It can be seen from the
individual PV panel voltage in Fig. 8(b) that the MPPT
perturbation of cell #1, #2 and #3 are now phase-shifted by 0,
n/2 and 7, respectively. By doing so, the interharmonics of the
grid current is reduced to one third, with the amplitude of the
main interharmonics being 0.013 A, as shown in Fig. 9(b).
Therefore, for the CHB PV inverter with odd number of cells,
the interharmonics in the grid current can be effectively
suppressed with the proposed method.

Case 2: The performance of the proposed method for a
4-cell CHB PV inverter under constant irradiance condition
(100 W/m?) is shown in Fig. 10. Each converter cell is
interfaced with a string of 4 series-connected PV modules, and
the maximum power is 856 W for each PV string. As it can be
observed in Fig. 10, before # = 10 s, due to the in-phase
perturbations on the DC voltages of all CHB cells, the
oscillation in the equivalent total voltage reaches 20 V, i.e., 4
times larger than the oscillation on one CHB cell. Meanwhile,
remarkable interharmonics appear on the grid current, as
shown in Fig. 11(a), with the main interharmonics locating at
50 £ 2k + 1) - (fmer1/4), and their amplitudes are around
0.05 A. When the proposed phase-shifting MPPT method is
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and 25°C, with phase-shifting MPPT control enabled at 10 s: (a) DC voltages
of 3 CHB cells, (b) the equivalent total DC voltage, (c) grid current.
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Fig. 9. Frequency spectrums of the grid current i, shown in Fig. 8: (a) with
in-phase MPPT perturbations and (b) with the proposed phase-shifting
MPPT control.

enabled at = 10 s, the MPPT perturbation of each cell #1—4 is
phase-shifted by 0, n/2, = and 3m/2 after 5 MPPT cycles.
Compared to Case 1, the oscillation in the equivalent total
voltage is fully eliminated in the 4-cell CHB inverter. Thus,
the interharmonics are almost fully suppressed, as it is shown
in Fig. 11(b). Most interharmonics are below 0.005 A, except
the interharmonics at 50 + 1.25 Hz and 50 + 3.75 Hz, whose
amplitudes are only 0.02 A and 0.007 A. Therefore, for the
CHB PV inverters with an even number of cascaded cells, the
oscillation in the equivalent total voltage can be fully
eliminated by the proposed phase-shifting MPPT method,
resulting an even better interharmonic suppression
performance compared to the case with an odd number of
cascaded cells.

Case 3: To verify the performance of the proposed method
under irradiance changes, simulations are carried out on the 4-
cell CHB PV inverter and the results are provided in Fig. 12.
In this case, the irradiance level for PV1, PV3 and PV4 jumps
from 100 W/m? to 300 W/m? at ¢ = 20 s, and the irradiance for
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PV2 changes from 100 W/m? to 250 W/m? at the same time.
As it is seen in Fig. 12, during 20 s to 23 s, PV1, PV2, PV3
and PV4 enter the steady-state at 1 =23 s,22.4 5,23 sand 21.6
s, respectively. During this transition, the oscillation can be
observed on the equivalent total voltage as the phase-shift of
each cell is being adjusting in this period. After 23 s, all the
DC voltages are properly phase-shifted, and no oscillation can
be observed in the equivalent total voltage 7. Consequently,
the interharmonics are still low on the grid current iz, as shown
in Fig. 13.

V. CONCLUSIONS

In the CHB PV inverter, the oscillation in the equivalent
total voltage may be amplified, if the MPPT perturbations of
all CHB cells are in-phase. This can lead to larger inter-
harmonics in the grid current when the conventional MPPT
control is employed. To tackle this issue, a phase-shifting
MPPT method for the CHB PV inverter has been proposed in
this paper. The proposed method shifts the phase of the MPPT
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irradiance change: (a) DC voltages of 4 CHB cells, (b) the equivalent total DC
voltage, (c) PV power of 4 CHB cells, and (d) grid current.
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Fig. 13. Frequency spectrums of the grid current i, shown in Fig. 12 after 23s.

perturbation of each CHB cell in a way to counteract with
each other. By doing so, the oscillation of the equivalent total
voltage can be suppressed, and the interharmonics can be
significantly reduced, especially when an even number of cells
are employed in the CHB, while maintaining the MPPT
performance. This method is very simple for implementation,
and can be easily expanded to n-cell CHB PV inverters.
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