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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.

Keywords: droop control; grid-connected; inter-harmonics; incomplete derivation; instantaneous
frequency detection

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 wide-
frequency 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 sup-
pression 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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pulse width modulator. The main load laminator heating system and vacuum mixer have
characteristics of high power, which lead to amplitude and frequency fluctuates of the grid
side voltage. The use of three-phase induction heaters could lead to power drops and an
imbalance of grid voltage. Additional equipment to compensate for the harmonics, reactive
power, or voltage imbalance would add a complex interaction to the electronic-based
power system [15,16].

Electronics 2021, 10, x FOR PEER REVIEW 3 of 15 
 

 

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 suit-
able 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 
pulse width modulator. The main load laminator heating system and vacuum mixer have 
characteristics of high power, which lead to amplitude and frequency fluctuates of the 
grid side voltage. The use of three-phase induction heaters could lead to power drops and 
an imbalance of grid voltage. Additional equipment to compensate for the harmonics, re-
active power, or voltage imbalance would add a complex interaction to the electronic-
based power system [15,16]. 

For the control system structure shown in Figure 1, there is no zero-sequence current 
in the three-phase three-wire grid-connected inverter. Hence, the system is usually con-
trolled in the static coordinate system. 

(a) 

 
(b) 

Figure 1. (a) Topology of the AC micro-grid in a photo-voltaic panel factory; (b) control system 
structure of the inverter in a grid-connected mode (List of symbols is in Appendix A). 

The droop control method comes from an attempt to mimic the self-regulation capa-
bility of a synchronous generator. It is used to adjust frequency and amplitude of Vref ac-
cording to distribution of P and Q. It is assumed that the power angle has a small value. 
The active and reactive powers delivered to the grid can be written as [17]: 

2 2

0

0

[ ( cos ) sin )

sin

abc
g abc g g g

g g

R
abc g

g

VP R V V X V
R X

V V
Xδ

δ δ

δ
≈

→

= − +
+

≈

 (1)

2 2

0

0

[ ( cos ) sin )

( cos )

abc
g abc g g g

g g

R
abc abc g

g

V
Q X V V R V

R X
V V V

Xδ

δ δ

δ≈

→

= − −
+

−
≈

 (2)

Figure 1. (a) Topology of the AC micro-grid in a photo-voltaic panel factory; (b) control system
structure of the inverter in a grid-connected mode (List of symbols is in Appendix A).

For the control system structure shown in Figure 1, there is no zero-sequence current in
the three-phase three-wire grid-connected inverter. Hence, the system is usually controlled
in the static coordinate system.

The droop control method comes from an attempt to mimic the self-regulation ca-
pability of a synchronous generator. It is used to adjust frequency and amplitude of Vref
according to distribution of P and Q. It is assumed that the power angle has a small value.
The active and reactive powers delivered to the grid can be written as [17]:

P = Vabc
R2

g+X2
g
[Rg(Vabc −Vg cos δ) + XgVg sin δ)

R≈0≈
δ→0

VabcVg
Xg

sin δ
(1)

Q = Vabc
R2

g+X2
g
[Xg(Vabc −Vg cos δ)− RgVg sin δ)

R≈0≈
δ→0

Vabc(Vabc−Vg cos δ)
Xg

(2)

When inductance is much greater than resistance under a weak grid, voltage ampli-
tude depends on reactive power, while frequency depends on active power, then the droop
control expression can be written as (3) and (4).

f − f0 = −kp(P− Pre f ) (3)

V −V0 = kq(Q−Qre f ) (4)

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

P
Q

]
=

ω f
s+ω f

[
ud uq
uq −ud

][
id
iq

]
ω = ω0 + kpωp(P0 − P)

ud = E0 + kq(Q0 −Q), uq = 0

(5)

where kp and kq are the droop coefficient; P0 and Q0 are reference values of active power
and reactive power; and ω0 and E0 are the fundamental frequency and voltage.

In a previous study [1], the small-signal linearizing mode of the droop-controlled in-
verter was manipulated and the results showed that the active power is significantly greater
and less sensitive to fluctuation of grid voltage magnitude. When the droop coefficient kp
is fixed, the active power has a constant sensitivity to grid frequency fluctuation. Therefore,
grid fluctuation has a significant impact on power flow control in the grid-connected mode.

2.2. Instantaneous Frequency Detection

DG units are typically a long distance from the grid. Consequently, grid voltage
magnitude and frequency are replaced by filter capacitor voltage through PLL. PLL is a
process of extracting information about the frequency and phase angle of the fundamental
frequency positive sequence component of grid voltage [18]. The performance of the
conventional synchronous reference frame phase-locked loop (SRF-PLL) has been widely
used [19], Figure 2 shows a system of a three-phase SRF-PLL. The system consists of a phase
detector, a loop filter, and a digital-controlled oscillator. In the presence of non-sinusoidal
and unbalanced conditions, problems related to calculating the root mean square and
power measurement have generated research interest in the literature [20]. The phase angle
extraction of PLL is affected by various grid voltage disturbances, including imbalances,
harmonic distortion, direct current, frequency variations, and inter-harmonics [21].
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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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In this paper, we propose a new method for accurate and fast frequency measurement.
The instantaneous frequency can be calculated through the rotating angular velocity of
the voltage vector. Figure 4 shows a rotation vector diagram of grid side voltage at two
adjacent sampling times measured by Clark transformation.
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Where, u(k) and u(k − 1) are voltage vectors at two adjacent sampling times, θ(k) and
θ(k − 1) are voltage vector angles. Where, ∆t is sampling time and m is the maximum
harmonic order of the grid, instantaneous frequency of voltage can be calculated as:

f = ∆θ
2π∆t ≈

sin ∆θ|lim∆θ→0
2π∆t = sin(θ(k)−θ(k−1))

2π∆t
sin θ(k) cos(k−1)−cos(k) sin(k−1)

2π∆t

(6)

sin θ(k) =
uβ(k)
|u(k)| (7)

cos θ(k) =
uα(k)
|u(k)| (8)

∆t ≤ 1
2
× 1

m× 50
(9)
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3. Control Strategy Based on Incomplete Current Differential Feedback

VVF techniques have been developed by improving throughput dynamics and self-
stability [26] and system electrical damping [27]. The grid voltage cannot be obtained easily
for real systems; in [27], the voltage feed-forward method was utilized to calculate the
low-pass filter bandwidth of the point of common coupling (PCC). This paper proposes a
novel instantaneous frequency detecting method, in which grid current feedback control
is given by an incomplete derivation with a high-pass filter. The proposed methods are
shown in Figure 5. The DC bus is supported by DC sources as an ideal DC voltage. The
control strategy consists of four parts, as follows.
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(1) Coordinate transformation: The proposed control strategy is developed under the dq
frame, hence the fundamental parts behave as dc components and the electrical angle
of the fundamental grid voltage is obtained by uq after a low-pass filter, as shown in
Figure 2, to avoid the influence of distorted grid voltage. The current Idq and Udq can
be obtained in the synchronous reference frame based on grid voltage Iabc and Uabc,
shown in Figure 5a.

(2) Feed-forward of grid instantaneous frequency and voltage magnitude: Power flow
control in grid-connected mode may be influenced by fluctuation of grid frequency
and voltage magnitude. Meanwhile, a tracking error exists in the reactive power
control loop. The feed-forward of grid frequency and voltage magnitude is applied to
suppress grid fluctuation impacts. Frequency is obtained by instantaneous frequency
detection method, as described in Section 2.2 and shown in Figure 5b, instead of PLL.

(3) Fundamental droop control (shown in Figure 5c): According to the description in
Section 2.1, the power flow control in the grid-connected mode of traditional droop
control is mainly affected by two aspects—reactive power tracking static error and
grid frequency and grid voltage amplitude fluctuations.
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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.{

I∗sd = P∗s /Usd
I∗sq = 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 har-
monic 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 = Hp HD =
s2

s2 + 2ξωns + ω2
n

ks/ω f

1 + s/ω f
(11)

where ξ and ωn are the damping ratio and cutoff frequency of high-pass filter Hp, respec-
tively; Hp is used to separate the fundamental and harmonic frequency. In this paper, we
consider harmonics as between 250–1000 Hz, ξ and ωn are 0.707 and 500π rad/s. HD is
the proposed incomplete differential transfer function, the cutoff frequency ωf 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 fre-
quency 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 + T(s)
1

Hi(s)
[i∗αβ(s)]−

Gx2(s)
1 + T(s)

[vg_αβ(s)] (12)

Gi(s) =
T(s)

1 + T(s)
1

Hi(s)
(13)

Gu(s) =
Gx2(s)

1 + T(s)
(14)
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According to Figure 6, the improved closed-loop transfer function of Idq can be derived as:

Idq = YUdq + HI∗dq Y(s) = Gu(s)
1+Gu(s)[GPI(s)+GD(s)]

H(s) = Gu(s)GPI(s)
1+Gu(s)[GPI(s)+GD(s)]

(15)

where Y is transfer function of the current to the grid voltage with incomplete differential
feed-forward control.
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Figure 6. Control block diagram of Udq.

Since k in GD plays a decisive role in obtaining the harmonic suppression effect,
Figure 7 shows the Bode diagram of GD under different values of k; the system parameters
are shown in Table 1 in Section 3.
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Figure 7. (a) Bode diagram of GD(s) with different control gains k; (b) Bode diagram of Y(s) with different control gains k.

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,
GD is −69 dB and −50 dB at 50 Hz, which indicates that an overlarge effect may affect
control performance at 50 Hz. In Figure 8, Y(s) reflects the level of suppression of harmonic
currents of the proposed control strategies. When k = 0 and GD(s) = 0, it is shown that
fundamental control loop has little ability for harmonic suppression, however, 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.
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Table 1. Parameters of grid connected inverter system.

Parameter Values

Rated power, frequency 10 kW, 50 Hz
Inductance and capacitance of LC filter L = 1.1 mH, C = 49 µF

Switching frequency fc = 10 kHz
Controller sampling time TC = 10−4 s

DC-link voltage Vdc
* = 600 V

Grid nominal voltage (RMS) Vg = 400 V
Transformer ratio n = 1:2

Grid equivalent impedance R = 2 mΩ
Voltage inner loop coefficient KP = 0.1, Ki = 200

Droop control coefficient kP = 3 × 10−3, kQ = 2 × 10−4

incomplete differential controller (GD) k = 800, ξ = 0.707, ωn = 500 × π
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After employing the proposed incomplete differential controller, the close-loop trans-
fer 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.

4. Results

The performance of proposed strategies was first verified by simulations in MAT-
LAB/Simulink, and then realized in a laboratory. A 10 kW inverter was adopted. The pro-
posed method was compared against the conventional droop control with frequency feed-
forward measured by SRF-PLL without grid current feedback. According to “GB/T12668.2-
2002 Speed Control Electric Drive System General Requirements Low Voltage AC Variable
Frequency Electric Drive System Rated Value Regulations” in China, the definition of THD
includes inter-harmonics and DC components.

4.1. Simulation Results

According to the structure of the grid-connected inverter system in Figure 1, the
main parameters are given in Table 1. In order to simulate real system, simulations were
carefully carried out in a discrete domain with a sample period of 0.1 ms. To implement the
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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 grid-
connected inverter, the simulation grid model consisted of harmonic voltage and inter-
harmonic voltage with fundamental frequency fluctuation.

Case 1: Instantaneous Frequency Detection

Fluctuation of grid voltage fundamental frequency was 1 Hz and magnitude was 10 V
from 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.

Figures 9 and 10 show the results of the power stepping of the grid-connected inverter
under harmonic and inter-harmonic conditions, enabled by the proposed control strategy.
The reference of the output active power increased to 6 kW from 8 kW at 0.2 s and reference
of reactive power was adjusted from 0–2 kW at 0.2 s. The reference of active power
decreased to 6 kW from 8 kW. It can be seen in Figure 10 compared with Figure 9 that the
proposed control strategy reactive responded accurately, it did not worsen the dynamic
and steady performance of the droop control of the inverter system.
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Case 2: Current suppression

Initially, grid voltage fundamental frequency was set to 50 Hz and the fundamental
phase voltage was 230 V. The grid voltage consisted of 250 Hz and 350 Hz, which were
0.1 p.u. and 0.1 p.u. injected at 0.2 s, and 280 Hz, 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 11a. The proposed scheme was based on the instantaneous frequency
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detection described in Section 3, the traditional scheme was based on SRF-PLL and without
the incomplete differential element of k = 0 in GD.
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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
than the traditional scheme.

4.2. Experimental Results

The performance of proposed strategies was further verified through experimental
results in laboratory. The algorithm was designed using TI-DSP28335, voltage and current
were sampled by the signal acquisition and conditioning circuit and fed back to the DSP
controller, and the DSP calculated the feedback amount to obtain the PWM duty cycle.
Since the power of the PWM signal output by the DSP could not drive the IGBT, it was
necessary to add a drive circuit to amplify the power of the PWM signal and isolate the
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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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
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phase-to-phase voltage was 230 V, the frequency was 50 Hz, the frequency changed 0.5 Hz
at 0.4 s, and the rise time was 0.1 s. We compared the output current of experimental wave
forms between the traditional and proposed feed-back control methods, and the results are
shown in Figure 13.
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Figure 13. Experimental results of grid current comparison. (a) current responses of the traditional control method when
frequency changes. (b) current responses of the proposed method when frequency changes. (c)current responses waveform.

From Figure 13c, the grid voltage fundamental frequency changed from 50 to 50.5 Hz
with harmonics, and the corresponding current responses of the proposed harmonic current
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.

5. Conclusions

The aim of this paper was to suppress the inter-harmonic current of a grid-connected
droop control-based inverter using incomplete current differential feedback under grid
voltage conditions with inter-harmonics and frequency fluctuations. Conclusion can be
highlighted as follows.

1. The proposed instantaneous frequency detection method has a faster response and
better precision than SRF- and SOGI-PLL systems under grid voltage conditions with
fundamental frequency fluctuations and inter-harmonics.

2. The suppression strategy based on incomplete differential feedback can work on
a harmonic range, so that the harmonic frequency detection can be avoided and
inter-harmonic current can also be suppressed.

3. The incomplete differential feedback and instantaneous frequency feed-forward meth-
ods were applied in a droop control; control parameters can be designed by consider-
ing the harmonic current suppression frequency range. This method is flexible and
convenient to apply to future inverter custom modifications.
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Appendix A

Table A1. Definition of symbols in Figure 1.

Definition Symbols

Voltage of DC side Udc

Reference voltage Vref
Grid voltage ug (Vg as RMS)

Output voltage of inverter vabc (Vabc as RMS)
Output current of inverter i2abc

Conductance and capacity of filter L1, L2, Cf
sampling coefficient H1, H2

Instantaneous active power, reactive power P, Q
Reference active power, reactive power Pref, Qref

Grid equivalent impedance Lg = Rg + jXg

References
1. Deng, Y.; Tao, Y.; Chen, G.; Li, G.; He, X. Enhanced Power Flow Control for Grid-Connected Droop-Controlled Inverters With

Improved Stability. IEEE Trans. Ind. Electron. 2016, 64, 5919–5929. [CrossRef]
2. Wu, X.; Li, X.; Yuan, X.; Geng, Y. Grid Harmonics Suppression Scheme for LCL-Type Grid-Connected Inverters Based on Output

Admittance Revision. IEEE Trans. Sustain. Energy 2015, 6, 411–421. [CrossRef]
3. Yao, W.; Chen, M.; Matas, J.; Guerrero, J.; Qian, Z.-M. Design and Analysis of the Droop Control Method for Parallel Inverters

Considering the Impact of the Complex Impedance on the Power Sharing. IEEE Trans. Ind. Electron. 2011, 58, 576–588. [CrossRef]
4. Liu, J.; Miura, Y.; Ise, T. Comparison of Dynamic Characteristics Between Virtual Synchronous Generator and Droop Control in

Inverter-Based Distributed Generators. IEEE Trans. Power Electron. 2016, 31, 3600–3611. [CrossRef]
5. Silwal, S.; Taghizadeh, S.; Karimi-Ghartemani, M.; Hossain, M.J.; Davari, M. An Enhanced Control System for Single-Phase

Inverters Interfaced With Weak and Distorted Grids. IEEE Trans. Power Electron. 2019, 34, 12538–12551. [CrossRef]
6. Zhang, H.; Ruan, X.; Lin, Z.; Wu, L.; Ding, Y.; Guo, Y. Capacitor Voltage Full Feedback Scheme for LCL-Type Grid-Connected

Inverter to Suppress Current Distortion Due to Grid Voltage Harmonics. IEEE Trans. Power Electron. 2021, 36, 2996–3006.
[CrossRef]

7. Liu, Q.; Li, Y.; Hu, S.; Luo, L. A Transformer Integrated Filtering System for Power Quality Improvement of Industrial DC Supply
System. IEEE Trans. Ind. Electron. 2019, 67, 3329–3339. [CrossRef]

8. Liu, Q.; Li, Y.; Luo, L.F.; Peng, Y.; Cao, Y. Power Quality Management of PV Power Plant With Transformer Integrated Filtering
Method. IEEE Trans. Power Deliv. 2018, 34, 941–949. [CrossRef]

9. Alishah, R.S.; Bertilsson, K.; Blaabjerg, F.; Sathik, M.A.J.; Rezaee, A.Y. New Grid-Connected Multilevel Boost Converter Topology
With Inherent Capacitors Voltage Balancing Using Model Predictive Controller. In Proceedings of the 2020 22nd European
Conference on Power Electronics and Applications (EPE’20 ECCE Europe) IEEE, Lyon, France, 7–11 September 2020; pp. 1–7.
[CrossRef]

10. Qi, Y.; Lin, P.; Wang, Y.; Tang, Y. Two-Dimensional Impedance-Shaping Control With Enhanced Harmonic Power Sharing for
Inverter-Based Microgrids. IEEE Trans. Power Electron. 2019, 34, 11407–11418. [CrossRef]

11. Ravindran, V.; Ronnberg, S.K.; Bollen, M. Interharmonics in PV Systems: A Review of Analysis and Estimation Methods;
Considerations for Selection of an Apt method. Renew. Power Gener. IET 2019, 13, 2023–2032. [CrossRef]

http://doi.org/10.1109/TIE.2016.2606081
http://doi.org/10.1109/TSTE.2014.2384509
http://doi.org/10.1109/TIE.2010.2046001
http://doi.org/10.1109/TPEL.2015.2465852
http://doi.org/10.1109/TPEL.2019.2909532
http://doi.org/10.1109/TPEL.2020.3014338
http://doi.org/10.1109/TIE.2019.2916383
http://doi.org/10.1109/TPWRD.2018.2881991
http://doi.org/10.23919/epe20ecceeurope43536.2020.9215690
http://doi.org/10.1109/TPEL.2019.2898670
http://doi.org/10.1049/iet-rpg.2018.5697


Electronics 2021, 10, 1827 15 of 15

12. Jin, Z.; Zhang, H.; Shi, F.; Sun, Y.; Terzija, V. A Robust and Adaptive Detection Scheme for Interharmonics in Active Distribution
Network. IEEE Trans. Power Deliv. 2018, 33, 2524–2534. [CrossRef]

13. Pang, B.; Nian, H.; Wu, C.; Cheng, P. Stator Harmonic Current Suppression for DFIG System Considering Integer Harmonics and
Inter-harmonics. IEEE Trans. Ind. Electron. 2019, 66, 7001–7011. [CrossRef]
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