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Abstract: The harmonic voltage issue becomes a challenge for a distributed generation system.
Considering that droop control is the most common control algorithm used in the distributed system,
a virtual harmonic power droop strategy which aims to mitigate the harmonic voltage is proposed
in this paper. First, the conventional droop control is analyzed. Based on that concept, the virtual
power algorithm is introduced. Second, the output harmonic voltage issue and the mathematical
model of the inverter are presented. In addition, the second-order generalized integrator is briefly
discussed. Third, taking into consideration the algorithms and models presented, a virtual harmonic
power droop strategy is proposed to implement the harmonic voltage mitigation. In this algorithm,
signals in fundamental frequency and harmonic frequency are separated with the help of second-order
generalized integrators. Unlike the conventional voltage—current dual loop structure which is used
to mitigate system harmonics, this method only needs the virtual power feedback to mitigate the
harmonic voltage. Based on these features, the system’s control structure is simplified. Simulation
and experimental results verified the harmonic voltage mitigation ability of the proposed strategy.

Keywords: droop control; harmonic voltage; second-order generalized integrator; virtual power

1. Introduction

The distributed generator using renewable energy is currently regarded as the premium
supplement form for conventional fossil energy [1]. Unlike the conventional grid, the distributed
generation system is vulnerable to disturbances. Whether the distributed generation system is in
grid-connected mode or islanded mode, an undamped disturbance may greatly affect the connected
apparatuses. Considering the demand of the local load, multifunctional inverters are applied
in these systems [2]. Inverters are currently expected to participate in grid-forming, harmonic
compensation, microgrid voltage supported, all of which improve the system’s stability and promote
its performance [3-5].

For this paper, the inverter operating in islanded mode was investigated. The harmonic current
and the harmonic voltage issues can be serious when they appear in islanded mode, unlike in the
grid-connected mode. The harmonic current will lead to voltage sag in the system. The harmonic
voltage will increase the system’s power loss, reduce the power factor, and even disconnect the voltage
sensitive apparatuses from the microgrid [6]. Moreover, considering that the system power transfer
relies on the paralleled converters connecting to the AC bus, harmonic voltage may lead to a circulating
current issue. To cope with this issue, the isolated transformers, which will form the impedance to the
circulating current, are applied in inverters [7]. However, isolated transformers make the apparatus
bulky and costly. Furthermore, the line impedance cannot mitigate the low-order harmonic elements.
Therefore, in order to improve system performance, several strategies aiming to decrease the harmonic
voltage are proposed by scholars [8-10].

Energies 2018, 11, 2196; doi:10.3390/en11092196 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/11/9/2196?type=check_update&version=1
http://dx.doi.org/10.3390/en11092196
http://www.mdpi.com/journal/energies

Energies 2018, 11, 2196 2 of 19

The virtual capacitor is utilized to compensate the harmonic components existing in the
voltage [11,12]. However, virtual capacitors may form resonant circuits with the output inductor,
which is hardly damped [13,14]. To compensate that resonance, virtual resistors are needed,
whose presence introduces voltage sag into the system. Moreover, when several resonant controllers
exist in a paralleled system, the impedance and the resonant point of the system will change,
which makes it a more complex system. The algorithms utilizing feedback voltage or current signals
to mitigate the harmonic voltage have been proposed [15,16]. However, some of these algorithms
have to measure the load current or the current flowing through the capacitors, which increases
the requirement for additional sensors. They cannot be applied in distributed generators without
changing the system’s structure. Considering the fact that conventional droop control has been applied
successfully in a system, its use can be extended to implement harmonic voltage mitigation.

Most of the existing research about droop control focuses on the power generated by voltage
and current in fundamental frequency. Local information is enough to adjust the output voltage
magnitude and frequency in this strategy. To cope with the line impedance sensitive issue in this
algorithm, a virtual power strategy has been proposed [17,18]. Based on these ideas, a virtual harmonic
power feedback algorithm is proposed to cope with the harmonic voltage issue. Unlike the case of the
conventional droop control, the proposed algorithm separates the signals in fundamental frequency
from the signals in harmonic frequency, and the control structures are built respectively.

The rest of this paper is organized as follows. In Section 2, the conventional droop control and the
virtual power are reviewed and analyzed. In Section 3, the mathematical model of inverter is presented.
In Section 4, typical harmonic elimination strategies are initially introduced. After examining the virtual
power introduced earlier, the virtual harmonic power feedback algorithm is proposed. Simulation
and the experimental results are presented in Section 5. Conclusions from the proposed algorithm are
given in Section 6.

2. Review of the Conventional Droop Control and the Virtual Power

As indicated in Section 1, the proposed algorithm utilized virtual harmonic power droop
control. However, the conventional droop control had to be modified to implement the harmonic
voltage mitigation. To facilitate further investigation, the conventional one was initially analyzed.
Following that analysis, the virtual power was briefly discussed, which was then used in the harmonic
voltage mitigation control strategy.

2.1. The Conventional Droop Control

It is proposed that the droop control will make the inverter mimic the external characteristic of
the generator [18]. In this strategy, inverters are regarded as controllable voltage sources. The active
power and reactive power are used to regulate the magnitude and the frequency of the output voltage,
respectively. However, many scholars have validated that the line impedance impacts the effect of
the droop control considerably. The issue of how to decrease the disturbance of the line impedance
should be discussed in detail. For this paper, a three-level neutral point clamped (3L-NPC) inverter
was adopted to execute the experiments, and the inverter operated in islanded mode. The system’s
generalized topology using droop control is shown in Figure 1.
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Figure 1. The topology of the three-level inverter.
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As shown in Figure 1, the inverter is regarded as a controllable voltage source EZJ. As sensors
existing in this system, the voltage of the load point of common coupling (PCC) is denoted as U Z0°,
and the impedance of the line is Z;;,,,Z6. The droop control expressions are presented as follows:

_ EUsind U(Ecoss—U)
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The instantaneous active power and reactive power are P and Q, respectively. Considering the
system’s stability, instantaneous powers are usually substituted by average ones with a first-order
filter. Assuming the feeder is inductive, which means that # = 90° and J is small enough, Equation (1)
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can be rewritten:
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The average ones representing the active power and the reactive power are P and Q, respectively.
The cut-off frequency of the first-order filter is w,.

Based on Equation (2), it can be seen that the active power relates to the angle of the output voltage
and the reactive power relates to the magnitude of the output voltage. Considering the relationship
between the voltage angle § and the angular velocity, the system’s droop expression can be shown as
Equation (3) [19]:

Eye f = Ep — kqQ

In Equation (3), k, and k; are droop coefficients in each equation. It can be seen that the local
power information is enough for the paralleled inverters to regulate the frequency and magnitude of
the output voltage.

Wyer = wgy —k p
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2.2. The Virtual Power Introduction

Aside from the inductive line impedance, there are two other basic types of line impedance, and
they can be reflected by the impedance angle 6. For these three basic types of circuit, having a line
impedance which is inductive, resistive or capacitive, the active power and the reactive power are
decoupled and the droop relationships are presented in [20].

The three typical line impedance conditions can be regarded as the edging conditions of the system.
However, the system impedance can be a mixture of them under practical conditions, which means
that the active power and the reactive power are still coupled. They cannot be adopted to implement
the output voltage adjustment of the inverter. Therefore, enhanced droop control algorithms, such as
the virtual impedance and the virtual power, have been proposed to handle this issue [8,17,21].

For this paper, the virtual power algorithm was used. To facilitate further investigation, the basic
concept was initially presented. It was assumed that the system’s line impedance was Z;;,,Z6,
6 € (0°,90°), which indicated that the active and the reactive power were coupled. To make it a
decoupled system, an orthogonal rotating transformation matrix T was utilized [17]. The droop
expressions in this algorithm are presented as follows:
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where P’ and (' are the average virtual active power and average virtual reactive power, respectively.

Based on these expressions, the relationships between the magnitude and the angle of the output
voltage are shown:
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The following droop control expressions are obtained:

E=Ey—k,Q ©)
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Equation (6) indicates that the decoupled power relationship in the virtual power frame is
achieved, and the magnitude and frequency of the voltage can be uniquely regulated.

This section introduces the conventional droop control algorithm and the virtual power algorithm
to implement the enhanced droop control. With the help of the virtual power algorithm, the droop
control strategy can be transferred into a unified form regardless of the line impedance. In addition,
the virtual power algorithm proposes a solution for the harmonic power droop control, which will be
analyzed in detail in Section 4.

3. The Mathematical Model of the Inverter

In Section 2, real powers or virtual powers are usually referred to as the power generated
by voltage and current in fundamental frequency. The power generated by harmonic voltage and
harmonic current is neglected, which makes the system unable to cope with the harmonic elements in
the system. Furthermore, the controllable voltage source model in the conventional droop control is
too simple to allow the analysis of the harmonic voltage. Therefore, in order to uncover the source
of harmonic components and propose solutions for the harmonic voltage suppression, an elaborate
mathematical model of the inverter is needed.

3.1. The Second-Order Generalized Integrator

First, the output voltage and current of the system can be written as Equation (7):
Vout = Vi+Yn=357,. Van @)
Tout = If + Zn:3,5,7,... I’rljl

In Equation (7), variables with subscript n_h are the components in harmonic frequency,
and variables with subscript f are the components in fundamental frequency. In the conventional
inverter control, the signals are not separated according to their frequency. The approximate
values, which are referred to as V,,; =~ Vf and Iy ~ 1 r, are used for the power calculation.
To mitigate harmonic components, a second-order generalized integrator (SOGI) is used to extract the
harmonic signals.

The concept of SOGI is presented in many papers [22-25]. It acts as the filter to select signals
in a special frequency. Following advanced investigations, it has been revealed that the adjustable
gain offers the SOGI the ability to regulate the magnitude of signal in a selected frequency. Based on
that concept, a quasi-proportional-resonant (quasi-PR) controller designed to eliminate the error in
a selected frequency is presented. Specifically, the transfer functions of the SOGI are presented in
Equation (8):

v’ kewes
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In Equation (8), w, represents the cut-off frequency of the filter, which can be used to control its
bandwidth. w, represents the selected frequency of the signal. As can be seen in Equation (8), this form
makes the amplitude of the filter independent from the bandwidth of the filter, and its amplitude can
be manipulated by k.
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3.2. The Mathematical Model of the Inverter

As discussed previously, the inverter can be regarded as a controllable voltage source. In fact,
many papers have indicated that the control strategies of the converter system can be cataloged into
two main streams: the current control mode (CCM) and the voltage control mode (VCM) [3].

Considering the use of quasi-PR controllers in the three-phase inverter, the control structure in
one axis is the same as a single-phase inverter, which simplifies the analysis. The structures of CCM
and VCM are quite similar to each other with the exception of the reference signals. A block diagram
of the structures is presented in Figure 2.
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Figure 2. The control structure of two strategies. (a) The current control mode (CCM) control structure;
(b) The voltage control mode (VCM) control structure.

As shown in Figure 2a, the control loop of CCM is quite simple. However, its performance relies
largely on the state of the grid. When the inverter is connected to the weak grid, such as the microgrid
in CCM, the disturbance from the grid affects the inverter’s performance considerably. Spikes may
appear when the grid voltage changes. Because stability has to be taken into consideration, inverters
connecting to the microgrid are expected to be able to maintain the voltage of the microgrid [26].
In addition, as a basic demand of the distributed generation system, the inverter must be able to
operate in both islanded and grid-connected mode. Thus, the VCM, which is shown in Figure 2b, is a
more appropriate control strategy to be investigated. To introduce the detailed analysis, the system
block is presented in Figure 3.

1 TR T 1
sLy+ Ry SC{

Figure 3. The transfer function block of the VCM system.

The following transfer function of the system can be obtained:

ZcGi(s) Gy (s) Zc(Gi(s) +Z1)

V.= Vier — I
€7 ZcGi(5)Gv(s) + Gi(s) + Zr + Zc " ZcGi(s)Gy(s) + Gi(s) + Zp + Z¢

)

In Equation (9), Vc is the system’s output voltage, V. is the reference voltage signal, and I,

. ReCy+1 .
is the system’s output current. Z¢c = : (;Cj: = and Z L = Rp + sLy represent the impedance of the
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capacitor and the inductor, respectively. Gy (s) and G;(s) represent the controller of the voltage and
the controller of the current, respectively.

From Equation (9) it can be concluded that the output voltage relates to the reference voltage and
the output current. The block can be substituted by the two-terminal Thevenin equivalent circuit as:

Ve = G(S)Vref - Zeqlo/ (10)

where G(s) is the gain of the reference voltage, Z, is the equivalent impedance of the system, and I,
is the load current. From Equation (10) it can be concluded that the inverter can be regarded as the
controllable voltage source, which has been applied in the conventional droop control. Its equivalent
circuit is shown in Figure 4.

Ze

q

G (5 ) Vref'

r— =

Figure 4. The equivalent circuit of the voltage source.

As mentioned before, the signals existing in the system are mixtures of different frequency.
Equation (10) can be rewritten as follows:

Ve = G(S) Vref - Zo_ro_f - Z Zo_ho_k (11)
k=3,5,7...

The k represents the harmonic order of the signals. From Equation (11) it can be seen that the
reference signal V,,r is the ideal sinusoidal signal in fundamental frequency, which does not add
harmonic elements to the output voltage V.. Thus, the harmonic voltage merely relates to the output
current. Therefore, to implement the harmonic voltage mitigation, either the decrease in the magnitude
of Z, i or the addition of feedforward compensational harmonic reference signals can be adopted.

Equation (9) reveals that, in order to decrease the magnitude of the output impedance in a selected
harmonic frequency, the amplitude of Gy (s) existing in the outer loop should be increased. However,
as [12] has indicated, the infinite gain deteriorates the system’s stability. To cope with this issue,
virtual resistance and virtual capacitance are needed. However, this strategy increases the system’s
complexity and makes the virtual impedance tuning more difficult, in addition to the resonance issue
and the voltage sag issue which occur with this algorithm.

Therefore, the second conclusion is a more attractive option. The algorithm proposed in this paper
uses the feedforward virtual harmonic power reference to eliminate the harmonic output voltage.

4. The Proposed Droop Control Strategy to Mitigate the Harmonic Voltage

As introduced in the last section, the conventional harmonic mitigation algorithm uses
feedforward signals. Considering the demand imposed on inverters applied in a distributed generation
system, this algorithm has to combine droop control. Thus, to facilitate further investigation,
the conventional droop control is initially analyzed.

According to the system block shown in Figure 3, the equivalent two-terminal circuit of the
converter is shown in Figure 5.
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Figure 5. The equivalent topology two-terminal circuit of the converter. (a) The equivalent circuit of
the inverter in fundamental frequency; (b) The equivalent circuit of the inverter in harmonic frequency.

In Figure 5a, the variable with the subscript f indicates that the signals are in fundamental
frequency. As mentioned above, load current and load voltage contain harmonic components, which do
not exist in the inverter’s output voltage. Thus, the equivalent circuit of harmonic frequent signals is
shown in Figure 5b. According to [15], when the feedback signals of V;,,,,(s) are opposite to the load
harmonic voltage, the equivalent harmonic output impedance Zj, ., (s) will be decreased:

Iuh (S) — _ ‘/im}h(s)Z: uoh(s) (12)
iy () = o) (13)

The transfer function block of the system can be seen in Figure 6.
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Figure 6. The transfer function block of the voltage feedback system.

As shown in Figure 6, the system’s main part deals with the signals in fundamental frequency,
and the harmonic output voltage components are added to the system with the help of SOGIs.

In addition to the reduced output impedance, the harmonic components in the output voltage
can be absorbed by the inverter. However, this algorithm cannot be applied to droop control directly,
as the adjustment of output voltage relates to the system’s power. Furthermore, to make a decoupled
system of droop control, the phase difference between the inverter output voltage EZ$; and the
terminal voltage U ZJ; is usually regarded as a small value . However, as [3] has indicated, the output
harmonic voltage may not be in phase with the reference signal. Thus, a novel relationship between
powers and the harmonic output voltage U, is proposed.

Scholars have revealed that the output harmonic voltage relates to the harmonic power in a usual
approach [14]. However, that algorithm relies on the assumption that the phase difference between
the inverter’s output voltage and the terminal current is quite small, which cannot be assured for
every second. Thus, with the help of a virtual power concept, a harmonic virtual power algorithm is
proposed to solve the output harmonic voltage issue.
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First, the generalized expressions of droop control are displayed as (14), with the assumption that
the line impedance is inductive:

P — E;,Uh sin(51—52)

h Ziine (14)

Q) = Uy (Ep COSZ(51*52)*U;1)
line

The symbols with subscript & represent signals in harmonic frequency. As the phase difference
between Ej, and Uj, may not be regarded as a small value, they are preserved as their original values J;
and J;. Aiming to regulate the harmonic output voltage, the droop relationship between the power
and the harmonic output voltage is expected. Thus, Equation (14) has to be modified.

To relieve the influence of the difference between the voltage angles, the orthogonal matrix T is
applied based on the virtual power algorithm:

cosdy sindy
T= 15
—sindy cosdy ] (15)
The virtual instantaneous power Pyj, and Qy;, can be calculated as follows:
Py, _T P, _ U, | Epsinédy — Uy sind, 16)
Q1n Qn Ziine | Epcosdy — Uy cos oy

As can be seen, virtual active power Py, and virtual reactive power Qqj, are still coupled.
Considering Esind; and E cosd; are additional reference signals in this proposed algorithm, the
voltage angle J; can be manipulated. Assuming é; = J; + 90°, Equation (16) can be transferred to:

Py | Uy | Epcosédy, — Uy sind, (17)
th B Zline _Eh sin (52 - llh COS (52
To make this a more decoupled system, one more matrix Tj is applied:
T — sin cqs oy (18)
cosdp —sindy
Py Py Up | —Uy,
[ Qun 1 ! l Qin Ziine | En

The new virtual powers P, and Q,, are shown. According to Equation (19) and based on the
demand introduced before, P, can be used for the harmonic mitigation. The relationship between
them is as follows:

Py ~ =Uy (20)

The droop control uses the form:
Ey = kgn Pop (21)

where Ej is used to mitigate the output harmonic voltage. The system’s control block is shown
in Figure 7.
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Figure 7. The control block diagram of the voltage harmonic mitigation.

As shown in Figure 7, Gy¢(s) and G¢(s) are the quasi-PR controllers that merely regulate the
signals in fundamental frequency, respectively. I is the fundamental component of the current
flowing through the inductor. The SOGI;, represents the SOGI to exact harmonic components of the

corresponding signal. )},  Ey,Zdy, represents the system’s harmonic compensation references.
k=357...

is the operator to implement the angle change of the output voltage. E;r /0y is the reference
signal for the voltage regulation in fundamental frequency.

In this control strategy, there are two droop control modules. Module #1 only has to control the
voltage and current in fundamental frequency. The harmonic frequency signals are regulated in droop

£190°

control module #2. The harmonic components are exacted and regulated by the quasi-PR controllers in
the module. Thus, the signals in fundamental frequency and the harmonic frequency are decoupled
and the harmonics existing in the output voltage can be mitigated.

5. Simulation and Experimental Results

The proposed algorithm was tested on a three-phase converter prototype. The system parameters
are displayed in Table 1.

Table 1. System Parameters.

Parameter Value

Filter Inductor 4 mH

Filter Capacitor 3.3 uF

DC Bus Voltage 200V
Switching Frequency 5 kHz
Output Peak Phase Voltage 60V

5.1. The Simulation Results of the Proposed Algorithm

The system parameters are shown in Table 1. As indicated previously, a voltage feedback
algorithm already exists to mitigate the output harmonic voltage. This section will display the
simulation results of the uncompensated voltage, the conventional voltage feedback compensated
algorithm and the proposed algorithm.

1. Linear load condition

The load is purely resistive 25 (). The simulation results are shown in Figure 8.
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Figure 8. The output voltage analysis in two strategies. (a) The fast Fourier transform (FFT) of the
line voltage without compensation; (b) The FFT of the line voltage with 250 Hz harmonic voltage
mitigation with the conventional algorithm; (c) The FFT of the line voltage with 250 Hz harmonic
voltage mitigation with the proposed algorithm; (d) The magnitude of 250 Hz harmonic voltage
without compensation; (e) The magnitude of 250 Hz harmonic voltage with the conventional algorithm;
(f) The magnitude of 250 Hz harmonic voltage with the proposed algorithm.

—

0 0.5 2.5 3

As shown in Figure 8a, the total harmonic distortion (THD) of the output voltage is 3.04% without
any compensation algorithm. The magnitude of 250 Hz harmonic voltage under this condition is
displayed in Figure 8d, and its magnitude is 1 V. Figure 8b presents the FFT result of the output
voltage with the 250 Hz harmonic voltage mitigation in the conventional voltage feedback algorithm,
and the magnitude of 250 Hz harmonic voltage using this algorithm is displayed in Figure 8e. It can be
seen that its THD is 2.93% and the magnitude of 250 Hz harmonic voltage is nearly 0.2 V. Figure 8c
presents the FFT result of the output voltage with the 250 Hz harmonic voltage mitigation with the
proposed algorithm, and the magnitude of 250 Hz harmonic voltage using this algorithm is displayed
in Figure 8f. It can be seen that its THD is 2.8% and the magnitude of 250 Hz harmonic voltage is
nearly 0.5 V.

To show the effect more precisely, the harmonic mitigation algorithms starts to operate at 1 s.
It can be seen that both algorithms can mitigate the selective harmonic component. Because of the
first-order filter in the droop control, the proposed algorithm needs more time to implement the
mitigation progress.

2. Non-linear load condition
The system’s resistive load is replaced by a three-phase uncontrolled bridge rectifier.
The bridge rectifier is connected to the capacitors and the resistor which is 50 (). In this simulation,

the 250 Hz and 350 Hz harmonic components are selected to test the effect of the mitigation algorithms.
The simulation results are displayed in Figure 9.
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Figure 9. The voltage analysis when the load is non-linear. (a) The FFT of the line voltage without
compensation; (b) The FFT of the line voltage with 250 Hz, 350 Hz harmonic voltage mitigation with
the conventional algorithm; (c) The FFT of the line voltage with 250 Hz, 350 Hz harmonic voltage
mitigation with the proposed algorithm; (d) The magnitude of 250 Hz, 350 Hz harmonic voltage
without compensation; (e) The magnitude of 250 Hz, 350 Hz harmonic voltage with the conventional
mitigation algorithm; (f) The magnitude of 250 Hz, 350 Hz harmonic voltage with the proposed
mitigation algorithm.

As shown in Figure 9a, the THD of the output voltage is 14.38% without any compensation
algorithm. The magnitudes of 250 Hz and 350 Hz harmonic components under this condition are
displayed in Figure 9d. Under this condition, the magnitudes of 250 Hz and 350 Hz harmonic are 4 V
and 2V, respectively.

Figure 9b shows the FFT result of the output voltage with the conventional algorithm.
The magnitudes of 250 Hz and 350 Hz harmonic voltage in this algorithm are displayed in Figure 9e.
It can be seen that the mitigation algorithm starts to work at 1s. Under this condition, THD = 12.51%
and the magnitudes of 250 Hz and 350 Hz harmonic are 1.5 V in the final part.

Figure 9c shows the FFT result of the output voltage with the proposed algorithm. The magnitudes
of 250 Hz and 350 Hz harmonic voltage using this algorithm are displayed in Figure 9f. The mitigation
algorithm starts to work at 1 s. Under this condition, THD = 11.87% and the magnitudes of 250 Hz and
350 Hz harmonic are 3 V and 1V in the final part.

From the simulation results displayed above, both of the harmonic voltage mitigation algorithms
can decrease the harmonic components in the output voltage.

5.2. The Experimental Results of the Proposed Algorithm

The parameters of the experimental apparatus were the same as the simulation. The prototype of
the experimental platform used was a 1 kVA three-level NPC converter in the laboratory. The switch
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module was an Infineon FS3L30R07W2H3EF, the microcontroller was a digital signal processor (DSP)
TMS320C6748 and a field-programmable gate array (FPGA) Xilinx Spartan 6E. The system parameters
were the same as those in Table 1. The dead time of the IGBT was 4 ps. Similar to the simulation’s
sequence, the first experimental result was the system’s output voltage in linear load. The voltage
harmonics results were presented by the scope of power analyzer Fluke 435.

1. Linear load condition

The experimental results are displayed in Figure 10.
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Figure 10. The experimental output voltage. (a) The output line voltage waveform without
compensation; (b) The FFT magnitude of 5th order harmonic voltage without compensation; (c) The
output line voltage waveform with the conventional algorithm; (d) The FFT magnitude of 5th order
harmonic voltage with the conventional algorithm; (e) The output line voltage waveform with the
proposed algorithm; (f) The magnitude of 5th order harmonic voltage with the proposed algorithm.
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Figure 10b shows the FFT of the output voltage when the system did not use the proposed
algorithm. It can be seen that the harmonic voltage in 250 Hz exists and it is equal to 1% of the
fundamental frequency signal. Figure 10d displays the FFT of the output voltage with the conventional
algorithm to mitigate the 250 Hz harmonic voltage. It shows that the 250 Hz component reduces to
0.3% of the fundamental frequency signal. Figure 10f displays the FFT of the output voltage with the
proposed algorithm to mitigate the 250 Hz harmonic voltage. It shows that the 250 Hz component
reduces to 0.2% of the fundamental frequency signal.

2. Non-linear load condition

Then, the resistive load was replaced by a three-phase uncontrolled bridge rectifier, with a 50 ()
resistor as the load. The output voltage waveforms and the harmonic FFT diagrams are shown
in Figure 11.
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Figure 11. The experimental results of the output voltage. (a) The output voltage waveform without
compensation; (b) The voltage FFT without compensation; (c) The output voltage waveform with
the conventional compensation algorithm; (d) The voltage FFT with the conventional compensation
algorithm; (e) The output voltage waveform with the proposed compensation algorithm; (f) The voltage
FFT with the proposed compensation algorithm.
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As shown in Figure 11a,b, the 5th and the 7th order harmonic voltage elements are high in the
output voltage. The THD of this condition is 19.3%, as shown in Figure 11b. Thus, the algorithms
aiming to mitigate these two harmonic elements are applied.

Figure 11c,d indicate the result of the output voltage when the conventional voltage feedback
algorithm is applied. It is easy to observe that the THD reduces to 18.3% and the 5th harmonic
component reduces to nearly 8%, whereas the original 5th harmonic component is greater than 10%.
At the same time, the 7th harmonic component reduces slightly.

Figure 11e,f indicate the result of the output voltage when the proposed algorithm is applied. The
THD reduces to 8.7% and the 5th harmonic component reduces to nearly 5%, while the 7th harmonic
component reduces dramatically at the same time.

Specifically, the experimental FFT results of the waveforms in Figure 11 are shown in Figure 12.
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Figure 12. The experimental comparison results of the output voltage. (a) The FFT of the voltage

without any compensation algorithm; (b) The FFT of the voltage with the conventional voltage
compensation algorithm; (c) The FFT of the voltage with the proposed compensation algorithm.
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Figure 12 provides the data of the harmonic components under three conditions. Based on the
above, the THD, the 5th harmonic component and the 7th harmonic component were selected to make
the comparison. The result of the harmonic voltage mitigation performance is shown in Figure 13.

Il Without Compensation
[ With Conventional Compensation
With Proposed Compensation

Percentage(%)

THD 5th Harmonic 7th Harmonic

Figure 13. The comparison of the experimental harmonic components.

The experimental results and simulation indicate that the proposed algorithm reduces the
voltage harmonic.

6. Conclusions

This paper proposes an output voltage harmonic mitigation strategy that uses virtual power and
harmonic droop control.

This control strategy uses a droop control algorithm, which is suitable for inverters operating in a
distributed generation system. The proposed strategy does not require additional sensors nor does it
change the system’s structure. The harmonic voltage and fundamental voltage are decoupled with
SOGIs, allowing them to be controlled separately.

The control loop for the harmonic element is built with the help of virtual power. Unlike the
conventional virtual power, the compensation values are obtained with the secondary transfer
matrix T7.

Simulation and experimental results verified the validity of this algorithm. The reduced harmonics
improves the system’s stability and can be used to reduce the system’s filters, which makes the
apparatus less costly and more compact.
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