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Abstract: This paper presents a current suppression method based on a droop control strategy under
distorted grid voltage with inter-harmonics and fundamental frequency fluctuation. In this proposed
strategy, the current incomplete derivation controller is employed to decrease the negative impact
caused by harmonic and inter-harmonic grid voltage. This method provides a good dynamic response
and has low complexity against the inter-harmonics with unfixed fundamental frequency. Based on
a mathematical model of the grid-connected inverter, we designed novel instantaneous frequency
detection and feed-forward methods to suppress the grid fundamental frequency fluctuation impacts.
Then the main parameters were analyzed. The simulation and experimental results verified the
feasibility and effectiveness of the proposed method.
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1. Introduction
Droop control has been widely used for microgrid inverters, but its performance is
rarely considered for future electronic-based power systems. There is an increasing number
of micro-source electronic power devices being integrated into the grid. Abundant widefrequency signals, such as inter-harmonics (not an integer multiple of the fundamental
frequency), and fundamental fluctuations are injected into power grid [1]. In addition,
wind turbines and photovoltaic units are often installed far from load centers (e.g., offshore
wind farms). These weak interfaces have high impedance, which affects power stability
and voltage regulation [2].
The droop control strategy has been widely investigated under ideal grid voltage
conditions, [3]. However, harmonic voltage is becoming more common in the power
grid. Distorted voltage conditions, which include frequency and amplitude fluctuates
and harmonics, are worst at the point of common coupling (PCC) [4]. The power flow of
droop control is sensitive to the grid frequency [1]; if it is not modified under distorted grid
voltage conditions, the grid current becomes distorted, leading to power oscillations [5].
In order to satisfy the requirements of total harmonic distortions (THD), the harmonics
current should be suppressed.
Several strategies have been proposed to suppress harmonic current under integer
harmonic voltage. In Reference [6], the current loop gain at harmonic frequency was
increased, by a proportional resonant plus multiple resonant harmonic compensators,
to achieve infinite loop gains at the target harmonic. This is an appropriate strategy
for harmonics but ignored inter-harmonics. In Reference [7], the repetitive control was
proposed to suppress 6n±1 order harmonics currents under the harmonic grid. However,
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repetitive control has a slow response as it is a fractional denominator. In Reference [8], a
current-detection-based harmonic compensation method was proposed with active power
filtering capabilities. But this is a difficult and expensive method when applied to a real
power grid to load current harmonic detection. Recently, a model predictive controller was
used to improve operation of inverters [9], however, this approach has high computational
complexity and requires accurate parameters for the inverter system. In Reference [10], the
paper analyzed harmonic power sharing caused by mismatched grid impedance for island
micro-grid, then developed a two-dimensional impedance shaping control. Considering
circulation current or instability problem in multiple inverters, we only considered the
harmonic suppression of a single interlinking inverter.
In addition to harmonic components, there are inter-harmonic voltage components
in a real power grid. Inter-harmonic voltage can be caused by variable-frequency loads,
photo-voltaic converters [11], adjustable speed device, etc. The International Electronical
Commission recommended considering inter-harmonics as part of the assessment criteria
for inverter systems. However, few studies have focused on the influence of inter-harmonic
voltage on the inverter system.
The existing harmonic current suppression based on repetitive control or a resonant
regulator works on integer harmonic voltage effectively, but this is not a valid approach
for inter-harmonic voltage. Meanwhile, this method considers the fundamental frequency
as fixed. Some harmonic extracting methods, such as Kalman filtering, are still difficult to
extend to inter-harmonic extraction [12]. In Reference [13], a stator harmonic current suppression method was proposed for a DFIG system considering inter-harmonics, however,
droop control is not suitable for a DFIG system. In Reference [14], a selective inter-harmonic
filter was introduced to a classical control scheme, which made it possible to compensate
inter-harmonics in a proper band around fundamental frequency.
Although the above techniques were employed for harmonic suppression, they only
effectively work on integer harmonic voltage with fixed fundamental frequency, which will
be invalid on inter-harmonic voltage. In order to enhance the capability for suppression
of inter-harmonic current for a grid-connected inverter with droop control strategy, this
paper presents a harmonic current suppression strategy for a grid-connected inverter
based on incomplete current derivation feedback. It has been validated within a harmonic
frequency range instead of at frequency points. Compared with the traditional droop
control strategy, the value of frequency feed-forward is calculated by the rotating angular
velocity of the voltage vector instead of the phase-locked loop (PLL) with fundamental
frequency variations. The current feedback is obtained by an incomplete derivation with
a high-pass filter for suppression of the harmonic and inter-harmonic current caused by
the distorted grid. Moreover, unlike the traditional droop control strategy without current
and instantaneous frequency feedback, the proposed strategy has better performance in
particular fundamental frequency variations.
The remainder of this paper is organized as follows. In Section 2, the structure and
droop control of the grid-connected inverter is described, and the influence of grid voltage
harmonics and inter-harmonics on frequency detection are analyzed. In Section 3, the
improved suppression control strategy is explained in detail. In Section 4, simulation
based on Matlab/Simulink and the experimental lab results from a 10 kW three-phase
micro-grid inverter are provided to verify the effectiveness of the proposed improved
harmonic current suppression control strategy. Finally, Section 5 concludes this paper.
2. Modeling of Grid-Connected Inverters
2.1. System Modeling
The basic topology of an AC micro-grid with three phase inverter is shown in Figure 1.
This inverter architecture is a conventional full-bridge inverter topology, which is suitable
for grid-connected and stand-alone operation in a micro-grid. Several PV modules are
connected to the DC side, which is interfaced with the grid through an LCL filter and
mode switch. The inverter is controlled by droop control strategy through the space vector
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When inductance is much greater than resistance under a weak grid, voltage amplitude depends on reactive power, while frequency depends on active power, then the droop
control expression can be written as (3) and (4).
f − f 0 = −k p ( P − Pre f )

(3)

V − V0 = k q ( Q − Qre f )

(4)

As shown in Figure 1b, the instantaneous active power and reactive power are calculated from the measured-out voltage and current throughput. Using Clark transformation,

mation, αβ coordinate, and instantaneous power value, the power is passed through a
low-pass filter with cutoff frequency of ωc, and P and Q can be obtained as (5).

ωf
P
Q  = s + ω
 
f
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In Figure 2, the proportional integral (PI) controller is used to ensure that the grid
voltage vector is perfectly aligned along the q-axis. Then, this is added with the nominal
frequency of the grid and fed to the integrator, which acts on the frequency error signal
and output phase angle value. This phase angle is fed back to the transformation block to
complete a closed control loop [22].
Lower bandwidth of SRF-PLL can improve phase estimation accuracy, however it will
result in a slow dynamic response under distorted grid conditions [23]. When harmonics
fluctuate rapidly, real-time performance of frequency detection will be unsteady. A Bode
diagram of SRF-PLL is shown in Figure 3, it shows the phase and amplitude decreases
in the high-frequency range. Therefore, high-frequency fluctuations cannot be measured
by SRF-PLL accurately. An enhanced proportion coefficient can improve the range of
detection frequency, however, the gain margin would decrease as well, which would lead
to oscillation [24,25].
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After grid voltage orientation is employed, the fundamental component of usq is zero.
Thus, the relationship between power and voltage and current in dq frame can be expressed
as Equation (10), Ps * and Qs * refer to active and reactive power.


∗ = P∗ /U
Isd
sd
s
∗
Isq = Q∗s /Usq

(10)

When voltage is harmonically distorted, the α-axis voltage also contains harmonic
components. From Equation (10), the α-axis reference contains the same order harmonics
as the voltage. The DC component can be restrained by the PI regulator, but the harmonic
components cannot be restrained due to the limited control bandwidth [28]. The main
reason for grid current distortions of the inverter connected to the grid is a certain degree
of the grid voltage, and the output impedance is relatively small. The strategy to suppress
the harmonics of the grid current is based on increasing the harmonic impedance and
counteracting the grid harmonic voltage.
If the grid voltage uabc contains 280 Hz inter-harmonics, as shown in Figure 5d, after
power calculation, P and Q also contain 280 Hz inter-harmonic components, and they
cannot be filtered by a low-pass filter.
(4)

Incomplete Differential Control

Differential control is employed to increase current control gain within a wide harmonic frequency range. However, differential control has a potential instability problem as
a result of infinite gain at the infinite frequency. Thus, the differential controller is replaced
by an incomplete differential element, which is expressed in Equation (11). The proposed
controller is used to decrease the magnitude of the harmonic current. Hp is a high-pass
filter to avoid the influence of a fundamental frequency that behaves in the same way as DC
components in the dq frame. Therefore, a second-order high-pass filter is preferable. GD is
used to improve harmonic suppression capability of the grid-connected inverter, which
is named as an incomplete derivation feedback controller. The difference between the
reference of the harmonic current Ih * and the grid-connected output current is multiplied
with GD to generate a correction term. Harmonic current Ih * is set to zero to suppress
harmonic and inter-harmonic current. GD can be expressed as
GD = H p HD =

ks/ω f
s2
2
2
s + 2ξωn s + ωn 1 + s/ω f

(11)

where ξ and ω n are the damping ratio and cutoff frequency of high-pass filter Hp , respectively; Hp is used to separate the fundamental and harmonic frequency. In this paper, we
consider harmonics as between 250–1000 Hz, ξ and ω n are 0.707 and 500π rad/s. HD is
the proposed incomplete differential transfer function, the cutoff frequency ω f should be
higher than the harmonic frequency, and it is set to 10,000π rad/s; k is control gain.
The voltage reference in the dq frame comprises of the output fundamental frequency voltage UPI * , decoupling component jωLIdq , and harmonic voltage Uh * , as shown
in Figure 6.
The three-phase grid-connected inverter has the same structure and no coupling term
under αβ frame compared with dq frame. The complete expression can be derived as.

[iαβ (s)] =

T (s)
1
G (s)
∗
(s)] − x2
[iαβ
[v
(s)]
1 + T (s) Hi (s)
1 + T (s) g_αβ
Gi (s) =

(12)

T (s)
1
1 + T (s) Hi (s)

(13)

Gx2 (s)
1 + T (s)

(14)

Gu (s) =
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The fundamental frequency used in this paper is 50 Hz. From Figure 7, between
100–1000 Hz, increasing k can magnify the amplitude of GD , when k = 100–2000 V/A,
The fundamental
used
paper
is 50 Hz.
From
Figure
7, between
GD frequency
is −69 dB and
−50indBthis
at 50
Hz, which
indicates
that
an overlarge
effect 100–
may affect
1000 Hz, increasingcontrol
k can magnify
the
of G
, when
k =the
100–2000
V/A, GD is
performance
at amplitude
50 Hz. In Figure
8,DY(s)
reflects
level of suppression
of −69
harmonic
of the
proposedthat
control
strategies. When
= 0 and
GD (s)
= 0, it perforis shown that
dB and −50 dB at 50 currents
Hz, which
indicates
an overlarge
effectkmay
affect
control
fundamental control loop has little ability for harmonic suppression, however, the proposed
mance at 50 Hz. In Figure 8, Y(s) reflects the level of suppression of harmonic currents of
controller can decrease the amplitude of Y(s) significantly; when k is higher harmonic
the proposed control
strategies.
When
k = 0 andAccording
GD(s) = 0,
it isanalysis
shownin that
fundamental
current
suppression
is improved.
to the
Figure
8, k = 800 V/A was
control loop has little
ability
harmonic
suppression,
selected
forfor
both
harmonic suppression
andhowever,
stability. the proposed controller

can decrease the amplitude of Y(s) significantly; when k is higher harmonic current suppression is improved. According to the analysis in Figure 8, k = 800 V/A was selected for
both harmonic suppression and stability.
After employing the proposed incomplete differential controller, the close-loop
transfer function of H shown in Equation (15) changed. For the minimum phase system,
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Table 1. Parameters of grid connected inverter system.
Parameter

Values

Rated power, frequency
Inductance and capacitance of LC filter
Switching frequency
Controller sampling time
DC-link voltage
Grid nominal voltage (RMS)
Transformer ratio
Grid equivalent impedance
Voltage inner loop coefficient
Droop control coefficient
incomplete differential controller (GD )

10 kW, 50 Hz
L = 1.1 mH, C = 49 µF
fc = 10 kHz
TC = 10−4 s
Vdc * = 600 V
Vg = 400 V
n = 1:2
R = 2 mΩ
KP = 0.1, Ki = 200
kP = 3 × 10−3 , kQ = 2 × 10−4
k = 800, ξ = 0.707, ω n = 500 × π
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After employing the proposed incomplete differential controller, the close-loop transfer function of H shown in Equation (15) changed. For the minimum phase system, the
necessary conditions for system stability included a phase margin greater than 0 and gain
margin greater than 1. From Equation (15), when k = 800, the gain margin is 13 dB, which
guarantees the stability.
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discretization of an incomplete differential controller, a pre-warped Tustin transformation
was used to convert from s-plane to z-plane.
In order to verify the proposed inter-harmonic suppression strategy for the gridconnected inverter, the simulation grid model consisted of harmonic voltage and interharmonic voltage with fundamental frequency fluctuation.
Case 1: Instantaneous Frequency Detection

Fluctuation of grid voltage fundamental frequency was 1 Hz and magnitude was 10 V
Electronics 2021, 10, x FOR PEER REVIEW
from
Electronics 2021, 10, x FOR PEER REVIEW 0.1 s to 0.4 s, grid voltage consisted of 5.6th and 7th components of 0.0008 p.u. The
voltage frequency detection results are shown in Figure 8 and compared with SRF and
SOGI PLL (dual second-order generalized integrator PLL), the proposed instantaneous
frequency detection method had a fast response speed and high precision.
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Figure 11. (a) Grid voltage waveform, output current of inverter waveform frequency, and feed-forward frequency detection
results from phase A (measured under p.u.) when the grid voltage frequency was 50 Hz; (b) grid voltage waveform, output
current of inverter waveform frequency, and feed-forward frequency detection results from phase A (measured under p.u.)
when the grid voltage frequency varied from 46 Hz to 52.5 Hz.

It can be observed from Figure 11a that the measured THD of the injected grid
currents was 4.62% using the proposed scheme, which was approximately 1/5 of that of
the traditional scheme based on SRF-PLL 20.36% when the THD of the grid voltage was
14.14%; the measured THD of injected grid currents was 2.85%, which was approximately
also 1/5 of the traditional scheme based on SRF-PLL 12.58% when the THD of the grid
voltage was 4.2%. The proposed instantaneous frequency detection method could detect
power supply voltage frequency changes rapidly. SRF-PLL could not detect the changes
of frequency, and the oscillation time at the beginning was 0.05 s, which was larger than
the IFD. Therefore, the proposed strategies suppressed the injected grid current harmonics
and inter-harmonics when the fundamental frequency was stable.
The dynamic response was studied to evaluate the transient response when the
fundamental frequency varied from 46 Hz to 52.5 Hz from 0.1 s to 0.5 s. The grid voltage
consisted of 250Hz and 350Hz, which were 0.1 p.u. and 0.1 p.u. injected at 0.2 s, and 280 Hz
and 380 Hz, which were 3.5% and 3.5% injected at 0.35 s. The grid voltage, frequency, and
current waveform results from phase A are shown in Figure 11.
From Figure 11b, it can be observed that between 0.1 s to 0.2 s, the measured THD of
the injected grid current was 4.79% using the proposed scheme, which was less than that
of the traditional scheme based on SRF-PLL 5.38% when fundamental frequency varied
and THD of the grid voltage was 4.7%. Between 0.2 s to 0.35 s, the measured THD of the
injected grid current was 6.31% using the proposed scheme, which was approximately
also 1/3 of that of the traditional scheme based on SRF-PLL 21.07% when THD of the
grid voltage was 15.04%. Between 0.35 s to 0.5 s, the measured THD of the injected grid
current was 5.42% using the proposed scheme, which was approximately also 1/3 of that
of the traditional scheme based on SRF-PLL 13.13% when the THD of the grid voltage
was 6.64%. The proposed strategies could detect power supply voltage frequency variety
accurately. SRF-PLL could not detect the changes of frequency, and the oscillation time at
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the beginning was 0.05 s, which was larger than IFD. Therefore, the proposed strategies
suppressed the injected grid current harmonics and inter-harmonics when the fundamental
frequency varied.
In summary, proposed strategies based on instantaneous frequency detection offer
immunity against harmonics and inter-harmonics, whereas the traditional SRF-PLL do not
perform accurately. In addition, the dynamic response of the proposed scheme is faster
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than the traditional scheme.
4.2. Experimental Results
The performance of proposed strategies was further verified through experimental
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main circuit from the control circuit to protect the control circuit. The IGBT adopts the
intelligent switch module IPM. When the IGBT has an over-current fault, it will send a
fault signal to the DSP error joint prevention module to prohibit the PWM output.
As shown in Figure 12, grid voltage was simulated by a programmable AC source
(AN99030A Ainuo) and the proposed strategies were tested on a prototype two-level
PWM inverter. A non-liner load was the source of the harmonics/inter-harmonics. The
programmable AC source can change the fundamental frequency and amplitude of the grid.
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Figure 12. Experimental prototype developed in the laboratory.

Experimental results were measured under 3 kW active power and 2 kVar reactive
power load condition. The simulated grid voltage distorted by 2% and 0.8% of the 5th
and 7th harmonics and 1% of the 5.8th inter-harmonic, respectively. The fundamental

From Figure 13c, the grid voltage fundamental frequenc
with harmonics, and the corresponding current responses of
rent suppression control method was observed to be faster
with the traditional feed-back control method. The maximum
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phase-to-phase
was 230 V, the frequency was 50 Hz, the frequency changed 0.5 Hz
Figure 12. Experimental prototype
developed in voltage
the laboratory.
at 0.4 s, and the rise time was 0.1 s. We compared the output current of experimental wave
13 are
of 15
between
the traditional
and changed
proposedfrom
feed-back
control
From Figure 13c, the grid voltage
fundamental
frequency
50 to 50.5
Hz methods, and the results
shown in Figure
13.responses of the proposed harmonic curwith harmonics, and the corresponding
current
rent suppression control method was observed to be faster and more stable compared
with the traditional feed-back control method. The maximum oscillation value of the current reached 5 A of the traditional feed-back control method based on SRF-PLL. The measured total harmonic distortion (THD) of the injected grid current is shown in Figure 13a,b,
and the measured THD values of the injected grid currents were 13.87% and 3.26%, respectively. It can be observed that the grid voltage distortion affected the injected grid
current of the micro-gird inverter and the proposed harmonic current suppression control
scheme suppressed the injected grid current harmonics and inter-harmonics. Compared
with the traditional feed-forward control method, the proposed strategy performed better
in terms of suppression of the injected grid current harmonics.
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Appendix A
Table A1. Definition of symbols in Figure 1.
Definition

Symbols

Voltage of DC side

Udc

Reference voltage
Grid voltage
Output voltage of inverter
Output current of inverter
Conductance and capacity of filter
sampling coefficient
Instantaneous active power, reactive power
Reference active power, reactive power
Grid equivalent impedance

Vref
ug (Vg as RMS)
vabc (Vabc as RMS)
i2abc
L1 , L2 , Cf
H1 , H2
P, Q
Pref , Qref
Lg = Rg + jXg
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