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Abstract—As the penetration level of grid-connected Photo-
voltaic (PV) systems increases, the power quality is one of
the major concerns for system operators and the demands are
becoming even stricter. The impact of interharmonics on the
grid has been acknowledged in recent research when considering
a large-scale adoption of PV inverters. However, the origins of
interharmonics remain unclear. Thus, this paper performs tests
on a commercial PV inverter to explore interharmonic generation
and more important investigates the mechanism of interharmonic
emission. The investigation reveals that the perturbation of the
Maximum Power Point Tracking (MPPT) algorithm is one of
the sources that induce interharmonics in the grid current,
especially at low-power operating conditions. Accordingly, three
mitigation solutions are discussed to address this issue, and
simulations have been carried out to verify the effectiveness of
the solutions. Simulation results indicate that the constant-voltage
MPPT method is the most suitable solution to the mitigation of
interharmonics introduced by the MPPT operation, as it avoids
the perturbation in the PV voltage during operation.

Index Terms—Photovoltaic (PV) systems, inverters, maximum
power point tracking (MPPT), interharmonics, power quality.

I. INTRODUCTION

Power quality is one of the major concerns along with the
fast growing installation of grid-connected PV systems [1]-
[3]. It is reported that PV inverters might be one source of
harmonics and/or interharmonics that are delivered to the grid,
challenging the power quality of the utility networks [4]-
[9]. Recent studies have revealed that a large-scale adoption
of grid-connected PV inverters may be one contributor to
the increasing interharmonics appearing in the grid currents,
causing voltage fluctuations and light flicker [10]-[16]. As
the high penetration level of PV systems is still growing, the
impact of interharmonics may become higher and worsen the
power quality. Moreover, it has been observed in previous
research that the interharmonic issue is pronounced at the
low-power operations [13]-[16], where some PV inverters are
disconnected for protection [12]. However, disconnecting PV
inverters will lead to considerable energy losses, which should
be avoided. Therefore, the interharmonic issues of the PV
inverter at low-power operations should be explored in order
to design proper mitigation solutions.

In general, there might be several sources of interharmonics
in power electronic systems [17]: two asynchronous conver-
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Fig. 1. Experimental results from a commercial 15-kW PV inverter operating
at 2 % of the rated power (i.e., MPPT operation), where vpy is the PV voltage,
ipy is the PV current, v is the grid voltage, and i is the grid current.

sion systems (ac-dc-ac) like in motor drives [18]-[20], time-
varying loads like arc furnaces [21], mechanical vibrations like
in wind turbines [22]. However, in the case of PV inverters,
one potential root-cause of interharmonics may be related to
the Maximum Power Point Tracking (MPPT) control [13]-
[15]. This has been observed experimentally with commer-
cial PV inverters [13]-[16], where a considerable amount
of interharmonics from PV inverters have been measured at
low-power operations. Specifically, it is suggested in [13]-
[15] that the interharmonic frequency spectrum correlates with
the MPPT frequency. Similar characteristic has also been
observed in a PV inverter from a leading manufacturer tested at
Aalborg University. The test results in Fig. 1 and the frequency
spectrum analysis in Fig. 2 demonstrate the existence of
interharmonics, at least at low-power conditions. Nevertheless,
it is very difficult to obtain the designed controller parame-
ters of commercial PV inverters under test. Thus, mapping
the interharmonic frequency to the MPPT or other control
frequencies is not possible. That is, the mechanism of the
interharmonic emission is not yet fully understood, and the
above analysis is done from observations of measurements.
As a consequence, solutions to mitigating interharmonics have
not been discussed so far either.

In light of the above issues, a more in-depth analysis of
the interharmonic emission from grid-connected PV inverters
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Fig. 2. Frequency spectrum of the grid current from the measurements shown
in Fig. 1 with the frequency resolution of 1 Hz.

is necessary. Hence, this paper explores the mechanism of
interharmonic emission from PV inverters in § II, where it has
been observed that the perturbation of the MPPT operation is
the main cause of interharmonics in the grid current. More
important, solutions to the mitigation of interharmonics are
discussed in § III. Simulations on a 3-kW single-phase PV
inverter have been carried out in § IV, in order to verify the
analysis and the effectiveness of the interharmonic mitigation
solutions. Finally, concluding remarks are given in § V.

II. INTERHARMONICS IN GRID-CONNECTED PV
INVERTERS

A. Single-Phase Grid-Connected PV Inverters

A typical system configuration of single-phase single-stage
grid-connected PV systems is shown in Fig. 3. It consists of
three parts: PV panels (or arrays), PV inverters (with output
LC L-filters), and the ac grid. The PV inverters (e.g., full-
bridge inverter) play a major role in controlling the power
delivery from the PV arrays to the ac grid. The typical
control structure of single-phase single-stage grid-connected
PV inverters is shown in Fig. 3 [23], and the system param-
eters are given in Table I. In order to ensure a maximum
power extraction from the PV arrays, an MPPT algorithm
(e.g., Perturb and Observe - P&O) is employed to determine
the reference dc-link voltage v}, (i.e., PV voltage) during
operation. Then, the dc-link voltage controller, which is based
on a Proportional Integral (PI) controller, regulates the dc-
link voltage vq4. accordingly through the control of the grid
current i,. For single-phase systems, the dc-link voltage vgc
contains double-line frequency components (e.g., 100 Hz), due
to the power coupling between the PV side (dc power) and the
single-phase grid (ac power). Thus, a Low-Pass Filter (LPF)
can be used to improve the dc-link voltage control performance
[24]. Notably, a Phase-Locked Loop (PLL) is also required for
synchronization of the grid current with the grid voltage, as
shown in Fig. 3.

B. Interharmonic Characteristic of PV Inverters

It has been reported in [16] that PV inverters have a so-
called “power-dependent” interharmonic (and also harmonic)
characteristic, where the emission level increases at the low-
power operation. In order to demonstrate this, two simulation
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Fig. 3. System configuration and control structure of single-phase grid-
connected PV systems with MPPT operation (PI - Proportional Integral, PR
- Proportional Resonant, PWM - Pulse Width Modulation).

TABLE 1
PARAMETERS OF THE SINGLE-PHASE GRID-CONNECTED PV SYSTEM.

PV rated power 3 kW
DC-link capacitor Cyc = 1100 puF
Liny =4.8 mH, Ly =2 mH,
LC L-filter Cj =43 jF
Switching frequency Full-Bridge inverter: fi,y = 8 kHz
Controller sampling frequency fs =20 kHz
DC-link voltage vy, =450V
Grid nominal voltage (RMS) Vg =230V
Grid nominal frequency wo = 2w x50 rad/s
MPPT algorithm sampling rate  fyppr = 20 Hz
MPPT perturbation step size Useep = 4 V

cases with the system parameters in Table I have been carried
out. Results are shown in Figs. 4 and 5, where the PV inverter
operates at 100 % and 5 % of the rated power, respectively.
In both cases, the MPPT operation is stable and the dc-
link voltage (PV voltage) oscillates around three optimum
operating points with the MPPT algorithm sampling frequency
fmppr of 20 Hz, as it is shown in Fig. 4. This is considered
as the optimum MPPT operation in [25] and similar behaviors
have been observed in the commercial PV inverter as shown
in Fig. 1. However, the corresponding injected grid current
is much more distorted at the low-power operation, as it is
shown in Fig. 5(b). The frequency spectrum of the grid current
(with the frequency resolution of 1 Hz) in Fig. 6(a) shows that
the interharmonic level is higher (in absolute value) when the
PV inverter operates at 5 % of the rated power, even though
the fundamental component of the grid current (i.e., 50 Hz)
is much less than that at the rated power. In that case, the
interharmonic emission from the PV inverter is significant.

C. Interharmonic Emission Mechanism

It is necessary to understand the root causes of interharmon-
ics in order to design a proper mitigation solution. From the
results in Fig. 5(b), it can be noticed that the grid current
is significantly distorted during the dc-link voltage change
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Fig. 4. Simulation results of the PV inverter operated at 100 % of the rated
power (i.e., 3 kW) at the steady-state MPPT operation: (a) dc-link voltage
(v;;C is the reference dc-link voltage, vqc is the measured dc-link voltage, véc
is the dc component of vg.), (b) grid current (¢ is the reference grid current,
ig is the measured grid current), and (c) error in the dc-link voltage eqc.

(i.e., during the MPPT perturbation). In fact, at the beginning
of each MPPT period, the MPPT algorithm will introduce a
step change in the dc-link voltage reference with an amplitude
corresponding to the perturbation step-size of the MPPT algo-
rithm, i.e., vgep. This will result in an error (g4c) at the input
of the dc-link voltage controller during transients as shown in
Fig. 5(c). Due to the periodical MPPT perturbation, the error
in the dc-link voltage eq4. is typically a periodic waveform,
which contains a certain set of frequency components f,.
Since the dc-link voltage controller is the outer control loop
of the current controller (Fig. 3), the frequency components of
the dc-link voltage error €4, can propagate to the grid current
amplitude |i4|. Then, the multiplication between the grid
current amplitude |¢,| and the phase angle of the grid voltage
(i.e., sinfy) will cause the amplitude modulation between the
two signals, resulting in the reference grid current iy with
the frequency components of f, + f,, where f, is the grid
frequency. As a consequence, the current %, injected to the grid
may contain interharmonic components due to the amplitude
modulation with the frequency components of f, & f; Hz.
The above analysis can be verified by considering the fre-
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Fig. 5. Simulation results of the PV inverter operated at 5 % of the rated
power (i.e., 0.15 kW) at the steady-state MPPT operation: (a) dc-link voltage
(v(’l‘C is the reference dc-link voltage, vqc is the measured dc-link voltage, véc
is the dc component of vg.), (b) grid current (¢ is the reference grid current,
ig is the measured grid current), and (c) error in the dc-link voltage egc.

quency spectrum analysis of the error in the dc-link voltage in
Fig. 6(b). It can be seen from the results that the interharmonic
components are of f,, = (2n — 1) fyppr/4 Hz, where fyppr is
the MPPT algorithm sampling frequency and n is an integer
number (e.g., f, = 5, 15, 25,... Hz for fyppr = 20 Hz).
The dominant frequency components with high amplitudes are
around 45, 55, and 65 Hz. If the grid voltage only contains the
fundamental component (e.g., f; = 50 Hz), which is the case in
this simulation, the dominant frequencies after the frequency
modulation should be 5, 15, 95, 105, and 115 Hz. This is
in a close agreement with the frequency spectrum of the grid
current shown in Fig. 6(a). Thus, the above frequency spectrum
analysis shows that the main cause of interharmonics in the
grid current is the transient response in the dc-link voltage
controller during the MPPT perturbation.

III. MITIGATION OF INTERHAMONICS

According to the previous discussion, the grid current
is distorted by the perturbation in the dc-link voltage (PV
voltage) due to the MPPT algorithm. Normally, the MPPT
algorithm will introduce a step-change in the reference dc-link
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voltage at the beginning of each MPPT period. This leads to a
relatively aggressive transient behavior of the dc-link voltage
controller, which will cause interharmonics (e.g., at the low-
power operation), as it can be seen previously. In order to
alleviate the above problem, this section presents three possible
solutions to mitigate the interharmonics.

A. Adaptive Gain for the DC-link Voltage Controller

As it has been discussed previously, one of the sources of
interharmonics in the grid current is the transient response
of the dc-link voltage controller, which reacts relatively fast
to changes in the reference dc-link voltage due to the MPPT
perturbation. Therefore, reducing the proportional gain of the
PI controller k,, which affects the transient response of the
controller, can decrease the abrupt change in the grid current
and thereby effectively alleviate this problem. However, this
will increase the settling time of the dc-link voltage controller,
which may limit the perturbation rate of the MPPT algorithm.
Notably, the maximum MPPT sampling rate is determined
by the settling time of the dc-link voltage controller, as the
dc-link voltage should reach its steady-state value before the
next perturbation (from the MPPT algorithm) occurs. Thus,
a possibility to avoid slow response time is to employ an
adaptive gain for the PI controller, where the proportional gain
kp should be adjusted as a function of the PV power F,,, as it
is shown in Fig. 7. In this way, a small k,, will be used for low-
power operations and the interharmonic level is reduced, while
the controller dynamic is maintained at high-power operations.

Currrent controller

Adaptive Gain
DC-link voltage controller

Gr1d synchromzatmn

Fig. 7. Control structure of the PV inverter using an adaptive gain for the
dc-link voltage controller.

DC lmk voltage controller

Rate limiter Grid synchronlzatlon

Fig. 8. Control structure of the PV inverter using a rate limiter for the dc-link
voltage controller.

B. Rate Limiter for the DC-link Voltage Controller

Alternatively, a smooth change in the dc-link voltage at
each MPPT perturbation can also be achieved by directly
limiting the change rate of the reference dc-link voltage. In
this approach, the reference dc-link voltage is changed from
the previous value to the new set-point with a ramp-changing
manner. This is achieved by using a rate limiter to limit the
change rate of the reference dc-link voltage, as it is shown
in Fig. 8. In this case, the control parameters of the dc-
link voltage controller remain unchanged. This will result in
a smooth transition during transients of each MPPT period,
where the overshoot in the dc-link voltage during transients is
minimized (as it will be shown in Fig. 9(b)).

It is worth mentioning that limiting the change rate in the
reference dc-link voltage will not worsen the MPPT efficiency,
as the main contributor to the PV power losses is the power
oscillation in the steady-state MPPT operation. That is affected
by the perturbation step-size of the MPPT algorithm [25]. The
objective of the dc-link voltage controller is only to ensure
that the operating point of the PV system (e.g., PV voltage)
is regulated according to the set-point given by the MPPT
algorithm, where an extremely fast dynamic response is not
necessary. The only constraint for the rate limiter is that the
reference dc-link voltage has to change from the previous
value to the new set-point within one MPPT sampling period
in order to ensure that the dc-link voltage reach its steady-state
value before the next MPPT perturbation.

C. Constant-Voltage MPPT Method

In order to eliminate the interharmonics from the PV
inverter, the perturbation of the dc-link voltage should be
avoided at the low-power condition. This can be achieved by
using a Constant-Voltage MPPT algorithm (CV-MPPT), where
a constant reference dc-link voltage (PV voltage) is assigned
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power (i.e., 0.15 kW) at the steady-state MPPT operation with the proposed

mitigation solutions: (a) using an adaptive gain, (b) using a rate limiter, and (c) using a constant-voltage MPPT method, where v} is the reference dc-link

voltage, vq. is the measured dc-link voltage, véc is the dc component of vgc, %
in the dc-link voltage.

to the dc-link voltage controller without perturbations. The ref-
erence voltage is approximated as 71-78 % of the open-circuit
voltage of the PV arrays [26]. Since the dc-link voltage (PV
voltage) remains unchanged, there is no interaction between
the dc-link voltage controller and the current controller, and
thus the interharmonics due to the MPPT perturbation can be
avoided. The shortcoming of this approach is the decrease in
the MPPT accuracy, which leads to loss in the PV energy yield.
Specifically, the variations in PV voltage at the MPP can be
introduced due to the ambient temperature as well as solar
irradiance level change. Therefore, the CV-MPPT algorithm
should be activated only when the PV inverter operates at low-
power conditions [27]. Otherwise, the P&O MPPT algorithm
should be continuously employed.

IV. RESULTS AND DISCUSSION

Simulations of the three discussed solutions are carried out
on the single-phase PV system in Fig. 3 with the system
parameters given in Table I. The PV inverter operates under
constant solar irradiance (i.e., steady-state MPPT) correspond-
ing to 5 % of the rated power (i.e., 0.15 kW), where the
interharmonics emission is pronounced. The performances of
the three mitigation solutions under this operating condition
are presented in Fig. 9. The frequency spectrum of the grid
currents (in Fig. 9) is shown in Fig. 10, where it can be seen
that all three methods can effectively reduce the interharmonic
components in the grid current, compared to the case with
the normal MPPT operation. Employing an adaptive gain
and a rate limiter result in a similar grid current waveform,

*

g is the reference grid current, 74 is the measured grid current, €4 is the error

0.5
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Fig. 10. Frequency spectrum of the PV inverter output current at the MPPT
operation at 5 % of the rated power with the proposed mitigation solutions.

where an abrupt change in the grid current during the MPPT
perturbation is significantly reduced (see Fig. 9), compared
to the case in Fig. 5(b). As a consequence, the interharmonic
level is significantly reduced, especially in the frequency range
between 80-140 Hz, as it can be seen from the frequency
spectrum in Fig. 10. Nevertheless, the CV-MPPT method is
the most effective method among the three solutions in terms
of minimizing the interharmonics. This is due to the fact that
there is no perturbation in the case of CV-MPPT method,
where the reference dc-link voltage is constant during the
operation. However, the MPPT accuracy is compromised, as
the reference dc-link voltage at the MPP is an approximation,
which is a disadvantage of this method. Nevertheless, the



approximation error of the DC-link voltage by the CV-MPPT
algorithm does not cause significant MPPT efficiency loss
since the power-voltage curve of the PV array is relatively
flat at low solar irradiance conditions.

V. CONCLUSION

In this paper, the interharmonic emission from PV in-
verters has been analyzed, and the mechanism of interhar-
monic emission at low-power operation for grid-connected
PV systems has been explored. It has been observed from
the frequency spectrum analysis that the perturbation from the
MPPT algorithm is one of the main causes of interharmonics
in the grid current, especially at the low-power operating
condition. This may cause the interharmonic in the grid
current due to the frequency modulation between the error
in the dc-link voltage and the grid voltage. Accordingly, three
mitigation solutions (i.e., adaptive gain, rate limiter and CV-
MPPT methods) have been introduced in this paper to alleviate
interharmonics from the PV inverters. Simulation results have
been carried out on a 3-kW single-phase PV system with the
mitigation solutions. It can be seen from the results that both
employing an adaptive gain and a rate limiter can reduce the
interharmonics significantly, which is achieved by reducing
the dynamic response of the dc-link voltage controller during
the MPPT perturbation period. Nevertheless, the CV-MPPT
method is the most effective method among the three in terms
of minimizing the interharmonics, since the perturbation in
the dc-link voltage is avoided during the low-power operation.
However, the MPPT accuracy is compromised, as the reference
voltage at the MPP is an approximation.
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