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Synthesis of Variable Harmonic Impedance in
Inverter-Interfaced Distributed Generation
Unit for Harmonic Damping Throughout
a Distribution Network

Xiongfei Wang, Student Member, IEEE, Frede Blaabjerg, Fellow, IEEE, and Zhe Chen, Senior Member, IEEE

Abstract—This paper proposes a harmonic impedance synthesis
technique for voltage-controlled distributed generation inverters
in order to damp harmonic voltage distortion on a distribution net-
work. The approach employs a multiloop control scheme, where
a selective harmonic load current feedforward loop based on the
bandpass filter is developed, in addition to the inner inductor
current and the outer capacitor voltage control loops. Together
with the use of multiple resonant integrators in the voltage control
loop, the negative harmonic inductances and positive harmonic
resistances are synthesized at the dominant harmonic frequencies.
Thus, the harmonic voltage drop on the grid-side inductance and
the harmonic resonances throughout a distribution feeder with
multiple shunt-connected capacitors can be effectively attenuated.
Simulation and laboratory test results validate the performance of
the proposed control method.

Index Terms—Distributed generation (DG), distribution
network, harmonic resonance, negative harmonic inductance,
variable harmonic impedance.

1. INTRODUCTION

WIDESPREAD deployment of distributed generation

(DG) units is envisioned in the near future, driven by
the increasing environmental concerns, the diversification of
energy sources, and the energy security challenge [1]. Thanks
to the rapidly developed power electronics technology, the
voltage-sourced dc-ac inverter is gaining a wide acceptance
as an efficient interface for DG units connected to the grid
[2]. On the other hand, harmonic distortion that stems from
the increased use of nonlinear electronic devices may degrade
the grid power quality [3]. Furthermore, due to the widely
used LC-filters in the grid-connected converters, harmonic
resonances resulting from the aggregated shunt-connected ca-
pacitors for a number of LC'-filters, the capacitive loads, as
well as the power factor correction capacitors are becoming a
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power quality challenge [4]. On the other hand, the LC-filter
resonances between the paralleled converters coupled through
the grid impedance degrade the performance of converters in
the microgrid system [5].

To attenuate the aforementioned harmonic interactions and
harmonic resonances, a harmonic voltage detection based on
current control was applied in DG inverters for harmonic
damping on a distribution network [6]. In this method, the DG
inverter is programmed to behave as a resistive load at the
harmonic frequencies so that the harmonic voltage distortion
can be damped. However, since there is no voltage control
loop in this scheme, it is difficult to be implemented in grid-
interactive microgrid applications [7]. To overcome this limit,
an improved solution with the fundamental voltage control loop
was developed in [8]. However, the output voltage rather than
the voltage at the point of connection (PoC) of DG unit was
controlled in this scheme. Thus, even though it can achieve
grid-interactive operation, the harmonic voltage distortion at
the PoC of DG inverter may tend to be underdamped in the
presence of large grid-side inductance. In recent proposals, a
harmonic voltage reduction approach based on the voltage-
controlled DG inverters was reported, in which a PoC voltage
feedforward loop with a positive gain G was introduced [9]. As
a consequence, the harmonic impedance at the PoC of DG unit
is scaled down by a factor of 1/(1 + @), such that the harmonic
voltage distortion at the PoC of DG inverter can be effectively
compensated. Nevertheless, the performance of this scheme on
harmonic resonance damping is limited due to the absence of
damping resistance.

In this paper, a variable harmonic impedance synthesis
technique in voltage-controlled DG inverters is proposed for
harmonic damping on a distribution network. The approach
employs a multiloop control scheme, where a selective load
harmonic current feedforward loop based on the bandpass filter
is developed in addition to the inner inductor current and the
outer voltage control loops. Together with the use of multiple
resonant integrators in the voltage control loop, the negative
harmonic inductances and the positive harmonic resistances are
synthesized at the dominant harmonic frequencies. Thus, the
harmonic voltages drop across the grid-side inductance can be
counteracted by the negative harmonic inductances, whereas
the harmonic resonances and propagation along a distribution
feeder installing with multiple shunt-connected capacitors can

0093-9994/$31.00 © 2012 IEEE
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Fig. 1. Simplified one-line diagram of a three-phase distribution system and the associated control scheme.

be effectively attenuated by the positive harmonic resistances.
Simulation and laboratory test results are shown to confirm the
performance of the proposed control method.

II. VARIABLE HARMONIC IMPEDANCE CONCEPT

Fig. 1 shows a simplified one-line diagram of a three-
phase distribution system and the associated control scheme.
The inverter-interfaced DG unit is connected to the grid with
an LC-filter (Ls and C'3), whereas Lo denotes the grid-side
inductance of the DG inverter including the distribution line
inductance to the PoC of the DG unit (Bus 2). The dc-link
voltage of the DG inverter is controlled by the energy source
side, and a constant dc voltage is assumed. A static switch is
used to switch the distribution system between grid-connected
and islanded operations. Two shunt-connected capacitors (C
and (') are introduced to represent the aggregated capacitors
for the LC-filters in a number of grid-connected converters
and the capacitive household loads [4]. A three-phase diode
rectifier load is fed from the point of common coupling of the
distribution system, Bus 1, which disturbs bus voltages with
harmonic current. The harmonic resonances between the line
inductances and shunt-connected capacitors arise at different
conditions.

To allow the DG unit to operate in both grid-connected
and islanded modes, the output voltage of DG inverter needs
to be controlled. Thus, the closed-loop dynamic behavior of
the voltage control loops of the DG inverter has an important
effect on the harmonic distortions of distribution system. The
closed-loop output impedance of the DG inverter not only
affects the output voltage distortion but also shifts the harmonic
resonant points of the distribution line. Hence, to enable the DG
inverter to suppress harmonic voltages throughout a distribution
line, a variable harmonic impedance concept that allows the
DG inverter to reshape the output impedance at the dominant
harmonic frequencies is proposed.

In order to synthesize the variable harmonic impedance for
a voltage-controlled DG inverter, a multiloop control scheme
is employed, which includes 1) an inner proportional inductor
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Fig. 2. Block diagram of the multiple reference frame-based bandpass filters.

(L3) current control loop for overcurrent protection and better
LCfilter resonance damping [10], 2) an outer capacitor (C'3)
voltage control loop using the proportional plus multiple res-
onant regulators for selective harmonic compensation, and 3)
a selective load harmonic current feedforward loop based on
the use of the multiple reference frame (MRF)-based band-pass
filters (BPF) [11].

Fig. 2 shows the block diagram of MRF-based BPF. A first-
order low-pass filter (LPF) with 1-Hz cutoff frequency is used
in each reference frame to extract the dc component. Fig. 3
shows the time response of the MRF-based BPF for a distorted
input current in the a3-frame.

Fig. 4 shows the block diagrams of the proposed variable
harmonic impedance. Different from the conventional virtual
impedance schemes for the sharing of nonlinear loads among
parallel-connected inverters [12], [13], the proposed variable
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Fig. 4. Block diagrams of the proposed variable harmonic impedance.
(a) Positive-sequence harmonic impedances (Z7, Z13). (b) Negative-sequence
harmonic impedances (Z5, Z11).

harmonic impedance consists of the negative inductances and
the positive resistances at the dominant harmonic frequencies,

which can be given by

( o*ahp> _ < th _whpth> <ioahp) (1)

Voshp WhpLnp By Gophp
< o*ozhn) _ < Rpn WhnL}m) (ioahn) 2)
o*,Bhn *whnLhn Rhn ioﬁhn

where the terms “hp” and “hn” are used to denote the positive-
sequence (+7th and +13th) harmonic components and the
negative-sequence (—5th and —11th) harmonic components,
respectively. Notice that the proposed harmonic impedances for
the positive-sequence harmonic currents are conjugated to the
ones for the negative-sequence harmonic currents.

With the synthesized harmonic impedance, the closed-loop
output impedance of the DG inverter can be reshaped with the
negative inductances and positive resistances at the dominant
harmonic frequencies. Thus, the harmonic voltage drop across
the grid-side inductance can be counteracted to a large extent by
the synthesized negative inductances, which has the same effect
as the PoC voltage feedforward control reported in [9]. On the
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other hand, it is known that a low resistance installed at the end
bus of a distribution feeder can damp the harmonic resonance
propagation [14]. Hence, in addition to the reduction of the
harmonic inductances, the synthesized positive resistances can
terminate the harmonic voltage amplifications at the PoC of DG
inverter when harmonic resonance occurs around the low-order
harmonic frequencies.

Furthermore, in the case that multiple DG units are spread
in a long-distance distribution feeder, a centralized harmonic
resonance damping controller enabled by the low-bandwidth
communication technique can be adopted in combination with
the variable harmonic impedance concept [15].

III. VARIABLE HARMONIC IMPEDANCE IMPLEMENTATION
A. Output Impedance Analysis of DG Inverter

From Fig. 1, it can be seen that the synthesis of variable
harmonic impedance not only relies on the decomposition of
the load current, but also depends on the dynamic behavior
of the voltage control loops of the DG inverter. Similar to the
conventional virtual impedance loop, the closed-loop transfer
function of the output voltage control affects the shape of the
synthesized harmonic impedance [16].

Fig. 5 shows the per-phase Thevenin equivalent circuit for
the DG inverter. Based on the control diagram given in Fig. 1,
the closed-loop dynamic behavior of inverter voltage control
system can be described as follows:

Vo(s) = Gal(s)V, (s) — Zo(s)Io(s) 3)

where V,(s) and V(s) are the actual and reference inverter
output voltages, respectively, G(s) is the voltage reference-
to-output transfer function, I, (s) is the load current, and Z,(s)
is the output impedance of DG inverter

Gcl(s)

I,(s)=0
_ KpeGa(s)Gy (s)
L3C352+C3 (KpeGals)+Rs) s+ K, Ga(s)Gy(s)

“4)

Vy(s)=0
_ Lys+Rs+ K, Ga(s)

L30382 +03 (Kpch(S) +R3) S+Kpch(S)GV (S)
Ga(s)

®)

1
- _ 6
1+1.5Tgs ©
where Rj3 is the inner parasitic resistance of inductance Ls,
K¢, and Gy (s) are the current and voltage regulators, respec-
tively. G4(s) denotes 1.5 sampling period (7’s) delay including
the computational delay (7s) and the PWM (0.5Ts) delay [17].
Taking the load current feedforward loop into account, the
inverter output voltage reference can be derived by
Vo (s) =

o

o (8) = Zn(8)1o(s) )
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Fig. 5. Per-phase Thevenin equivalent circuit for the closed-loop voltage-
controlled DG inverter.

TABLE 1
PARAMETERS FOR DG INVERTER AND THE DESIGNED CONTROLLER
Parameters Values

Ly 1.5 mH
Output LC-filters R 0.04 Q

G 25 pF
Grid-side inductance Ly 3 mH
Sampling period Ts 50 ps
Current controller Kpe 20

Kpy 0.1

Kivs 300
Voltage controller Gy (s) Kivs= K7 60

Ki11= K13 30

% 1007 rad/s
Variable harmonic impedance R 4Q
Zp=Rp+jhorLy (h=5,7, 11, 13) Ly 2 mH

where Vo*f(s) is the fundamental frequency voltage reference
derived from the output power controller, as shown in Fig. 1.
Zn(s) is the synthesized harmonic impedance, which can be
described in the stationary frame as

>

h=5,7,11,13

2wc (Rhs - (th)ZLh)
§2 + 2wes + (hwy)?

Zn(s) = ®)

where the MRF-BPF is transformed into the stationary frame
using the following equivalence [18]:

s+ (hwf)2
2s

_ 2WeS
82+ 2wes + (hwy)?
¢

Hppr(s) = Hrpr <

where w, is the cutoff frequency of the LPF in the multiple
rotating reference frames, which in this case has a bandwidth
of 1 Hz (see Fig. 2). With this transformation, the effect of the
Zp,(s) can be analyzed in the closed-loop transfer function.

Substituting (7) into (3), the closed-loop transfer function of
the inverter voltage control system becomes

Vo(s) = Ga(s)Vy(s) = Gal(s)Zn(s)1o(s) — Zo(8)1o(5).
(10)

Thus, with the load current feedforward loop, the total output
impedance of the DG inverter Z,,(s) can be given by

Zio(s) = Ga(8)Zn(8) + Zo(5) (11)
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Fig. 7. Frequency-domain responses of the designed harmonic impedances

Z(s) (blue solid line) and the actual harmonic impedance G (s)Zy (s) (red
dash line) of DG inverter.

which implies the term G.(s)Zy(s) is the actual harmonic
impedance that reshapes the output impedance of the inverter.
Therefore, the multiple resonant voltage regulators are needed
to ensure the G;(s) with unity gains and zero phase shifts at
the dominant harmonic frequencies, such that the synthesized
harmonic impedance can reflect the output impedance at the
dominant harmonic frequencies. Furthermore, to enable the
DG inverter to operate in the microgrid applications where
the system frequency deviates slightly, the frequency adaptive
resonant regulators with two integrators are used in the output
voltage controller of the DG inverter [19].

Table I summarizes the parameters of the DG inverter and the
designed control system. Based on these parameters, the Bode
diagram of the G;(s) is shown in Fig. 6, from which a good
reference tracking at the dominant harmonic frequencies can be
observed.

Fig. 7 shows a comparison between the frequency-domain
responses of the synthesized harmonic impedance Z(s) and
the harmonic impedance G';(s)Zx(s). It can be seen that no
magnitude and phase divergences exit between the Z,(s) and
G.i(s)Zp(s) at the dominant harmonic frequencies.
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TABLE 1I
PARAMETERS OF THE ANALYZED DISTRIBUTION SYSTEM
Parameters Values
o Lg 3.8 mH
Line inductance
Ly 1.8 mH
Shunt-connected capacitor Ci=Cy 50 puF
Ly 84 uH
Diode rectifier Cye 235 puF
Rac 192 Q
Injected power of inverter P 1kw
(Grid-connected mode) 0 0.3 kVar
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Fig. 10.  Simulated bus voltages under the sinusoidal grid condition. (a) With-
out the synthesized harmonic impedance. (b) With the synthesized harmonic
impedance.

The magnitude of the Z}, (s) can be obtained by

1 Zn(s)| = \/ R}, 4 (hwyLy)?. (12)
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Since the synthesized inductance is negative, the phase angle of
the Z;,(s) is negative at the dominant harmonic frequencies.

Fig. 8 shows the difference between the output impedance
Zo(s) and the total output impedance Z;,(s) of DG inverter.
It can be seen that the inverter output impedance is reshaped
by the synthesized harmonic impedance Zj,(s) at the dominant
harmonic frequencies.

B. Design of Negative Harmonic Inductance

Fig. 9 gives the per-phase equivalent circuit of the analyzed
distribution system shown in Fig. 1 at harmonic frequencies. As
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TABLE III
MAGNITUDES OF SIMULATED HARMONIC VOLTAGES AND THD AT EACH BUS IN THE GRID-CONNECTED OPERATION
Grid condition | Bus No. Vs (%) Van (%) Vivn (%) Vizm (%) THD (%)
Without | With Without | With Without | With Without | With Without | With
Bus 1 1.6 2.7 5.7 2.5 1.8 0.7 0.3 0.4 6.3 3.7
Sinusoidal grid Bus 2 1.2 2.3 4.8 2.0 33 0.5 2 0.5 6.3 3.1
Bus 3 0 2.6 0 2.6 0 0.9 0 0.6 0.6 3
Bus 1 3.6 35 3.7 2.3 1.5 0.9 0.2 0.4 5.5 4.1
Distorted grid Bus 2 2.6 29 32 1.8 2.8 0.7 1.4 0.4 5.2 3.4
Bus 3 0 33 0 2.3 0 1.1 0 0.7 0.6 4.4
200 - = el o0 - ) o = THD: 11.2% o - THD: 3.7%
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Fig. 14. Simulated bus voltages and the associated harmonic spectra in the
case that zero fifth harmonic impedance is synthesized.

Bus1 Bus1

g Ty / /N o2 v \

e WO & DXOOKOCK

s

Z 200 NSNS NS £ NJ. > 200 L i / N
Bus 2 Bus 2

Szoo* /\‘x \ X Szon /\\ ¢\ \\

3 s A

L— Lv \/ NANAY 7 o] / \/ ST

Bus 3

- /\/Y/\ 00%¢

\/ ot \/ S / \/\/

194 19 197 198

200

Voltage (V)

S
>5
(/ <<
Voltage (V)

-200

-200

195
Time (Sec)

(]

Time (Sec)

(a)

Fig. 15. Simulated bus voltages during the islanded operation. (a) Without
the synthesized harmonic impedance. (b) With the synthesized harmonic
impedance.

discussed above, the DG inverter can be simply equivalent as
the total output impedance Z;,. Zc1, Zc2, Z1.1, and Z 1,5 denote
the harmonic impedances for Cy, Cs, Ly, and Lo, respectively.
The background grid distortion can be modeled as a harmonic
voltage source in series with the grid impedance Zr,,, whereas
the diode rectifier is equivalent as a harmonic current source for
simplicity.

Since the synthesized harmonic impedance Zj, reshapes the
total output impedance at the dominant harmonic frequencies,
the dominant harmonic voltages at the PoC of DG inverter
(Bus 2), V5, can be obtained as follows:

Van = ton (Rp + jhws (L + La)) (13)
where 7,;, denotes the load current at the dominant harmonic
frequencies. Thus, the transient harmonic load current can be

Fig. 16. Simulated harmonic spectra of bus voltages during the islanded
operation. (a) Without the synthesized harmonic impedance. (b) With the
synthesized harmonic impedance.

given by

Van Vi

Zch e*Rh,t/(Lh,+L2).
R, Ry

loh = (14)
Thus, to preserve a stable transient response of the harmonic
load current, the following condition should be met:

Lp+Ly>0 (15)

where L, < 0and Ly > 0.

Furthermore, taking into account a 20% variation of the grid-
side inductance in practical applications, the size of the L, can
be designed as

0.3Ly < |Lp| < 0.8Ls. (16)

If the |Ly,| is higher than 80% of the grid-side inductance, the
closed control loop tends to be unstable, whereas selecting the
| Ly, less than 30% will be hard to obtain an apparent effect on
reducing the harmonic inductance at the PoC of DG inverter.

IV. SIMULATION RESULTS

To evaluate the performance of the proposed controller, the
three-phase distribution system shown in Fig. 1 is built both
in simulations and laboratory. Table II summarizes the circuit
parameters of the built distribution system, whereas the DG
inverter is built using the parameters listed in Table I.

A. Grid-Connected Operation

Fig. 10 shows the simulated bus voltages before and after
using the proposed variable harmonic impedance under the
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TABLE 1V
MAGNITUDES OF SIMULATED HARMONIC VOLTAGES AND THD AT EACH BUS IN THE ISLANDED OPERATION

Bus No. Vstn (%) Van (%) Vi1n (%) Vistn (“o) THD (%)
Without | With | Without | With | Without | With | Without | With | Without | With
Bus | 10.7 32 3.1 1.9 0.3 0.4 0 0.2 112 3.7
Bus 2 7.8 2.7 2.7 1.8 0.5 0.8 0.4 1.0 8.3 35
Bus 3 0 3.1 0 1.0 0 0.3 0 0.3 0.5 33

sinusoidal grid condition. Only the diode rectifier load is the
harmonic source, and the grid voltage in Fig. 9 can be short-
circuited. Fig. 11 shows the corresponding harmonic spectra of
bus voltages.

Fig. 10(a) shows the bus voltages without the synthesized
harmonic impedance. The output voltage of the DG inverter
(Bus 3) is sinusoidal which justifies the frequency responses
shown in Fig. 6. Thus, the Bus 3 in Fig. 9 can be short-circuited.
Consequently, the dominant harmonic voltages at the PoC of
DG inverter (Bus 2) are the harmonic voltage drops across
the grid-side inductance. From Fig. 11(a), it can be seen that
the harmonic voltage is amplified around the seventh harmonic
frequency.

The bus voltages with the synthesized harmonic impedance
are shown in Fig. 10(b). The voltage at the Bus 3 is distorted,
due to the harmonic currents flowing through the synthesized
harmonic impedance. However, the equivalent impedance at
the Bus 2 is then dominated by the positive resistances at the
dominant harmonic frequencies. Thus, the seventh harmonic
voltages can be effectively damped, as shown in Fig. 11(b).

Fig. 12 shows the simulated bus voltages under distorted
grid condition, where the grid voltage is distorted with the 2%
fifth and 2% seventh harmonics. The corresponding harmonic
spectra of the bus voltages are depicted in Fig. 13. In this case
both the distorted grid voltage source and the nonlinear load
current source shown in Fig. 9 affect the harmonic distortions
of bus voltages. From Fig. 13(a), it can be seen that both the
fifth and the seventh harmonic voltages are amplified without
the synthesized harmonic impedance. It implies the harmonic
resonant point is shifted toward the fifth harmonic frequency
due to the presence of the background grid distortion. Similar
to the sinusoidal grid condition, the voltage at Bus 3 becomes
distorted with the synthesized harmonic impedance, whereas
the other bus voltages are improved.

Table III shows the magnitudes of the dominant harmonic
voltages and the total harmonic distortion (THD) for each
bus under both sinusoidal and distorted grid conditions. The
changes brought by the variable harmonic impedances can be
seen.

It is interesting to note that the fifth harmonic voltages are
slightly increased in both cases. To see the damping effect
of the synthesized impedance at the fifth harmonic frequency,
Fig. 14 shows the simulated bus voltages and the associated
harmonic spectra under the distorted grid condition, where the
fifth harmonic impedance is set zero. Compared Fig. 14(b)
to Fig. 13(b), it can be observed that the fifth harmonic
voltage is actually reduced by the synthesized impedance.
However, the reason for the less reduction of the fifth har-
monic voltage lies in the mismatch between the characteristic

impedance of distribution feeder and the synthesized harmonic
resistance. This phenomenon is also named as the “whack-
a-mole” effect in [20]. To avoid such undesired effect, the
variable harmonic impedance can be separately designed for
each dominant harmonic load current, but this is not adopted in
this paper for the sake of simplicity.

B. Islanded Operation

Fig. 15 shows the simulated bus voltages before and after
applying the harmonic impedances in the islanded operation. In
this case, the grid model in Fig. 9 is open-circuited. Only the
diode rectifier load is the harmonic source. Fig. 16 shows the
corresponding harmonic spectra of bus voltages.

Fig. 15(a) shows the bus voltages without the synthesized
harmonic impedance. The Bus 3 in Fig. 9 is short-circuited.
The harmonic current generated from the diode rectifier flows
through the distribution feeder and causes harmonic voltage
distortions at the Bus 1 and Bus 2. Furthermore, from Fig. 16(a),
it is obvious that the fifth harmonic voltage amplification occurs
due to the resonances between the line inductance and shunt-
connected capacitors.

With the synthesized harmonic impedance, the bus voltages
are shown in Fig. 15(b). Compared to Fig. 15(a), it can be
seen that the voltage waveforms are improved significantly.
Fig. 16(b) depicts the corresponding harmonic spectra of bus
voltages, where it is obvious that the fifth harmonic resonance
propagation is effectively damped by the positive resistances.
Also, the seventh harmonic voltages are counteracted by the
negative inductances. Since the absence of grid impedance Zp,4
changes the characteristic impedance of the distribution feeder,
there is no mismatch between the synthesized fifth harmonic
resistance and the characteristic impedance. Table IV lists the
magnitudes of the dominant harmonic voltages and the bus
voltage THDs.

V. EXPERIMENTAL RESULTS

In the laboratory test setup, a 5.5-kW Danfoss frequency
converter with a constant dc voltage source is adopted as the
DG inverter. The switching frequency of the inverter is 10 kHz.
The designed controller with the parameters given in Table I is
implemented in the DS1006 dSPACE system.

Fig. 17 shows the measured per-phase bus voltages before
and after applying variable harmonic impedances in the grid-
connected operation. The corresponding harmonic spectra are
shown in Fig. 18. Fig. 17(a) shows the bus voltages without
the synthesized harmonic impedance. It can be observed that
the output voltage of inverter is sinusoidal and the other buses
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Fig. 17. Measured per-phase bus voltages during the grid-connected operation (4 ms/div, 100 V/div). (a) Without the synthesized harmonic impedances. (b) With

the synthesized harmonic impedances.

Fig. 18.
harmonic impedances. (b) With the synthesized harmonic impedances.

are distorted, which is similar to the simulation results shown
in Fig. 12(a). Also, from the measured harmonic spectra in
Fig. 18(a), it is seen that the harmonic voltage amplification
arises around the seventh harmonic frequency.

Fig. 17(b) shows the measured voltage waveforms with the
synthesized harmonic impedance. It is seen that the voltage at

Harmonic spectra of the measured per-phase bus voltages during the grid-connected operation (125 Hz/div, 2 Vrs /div). (a) Without the synthesized

the Bus 3 becomes distorted while the voltage at the Bus 2 is
significantly improved. Also, the seventh harmonic resonance
is damped as shown in Fig. 18(b).

Fig. 19 shows the measured per-phase bus voltages during
the islanded operation, and the associated harmonic spectra of
the bus voltages are shown in Fig. 20. Fig. 19(a) shows the
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Fig. 19. Measured per-phase bus voltages during the islanded operation (4 ms/div, 100 V/div). (a) Without the synthesized harmonic impedances. (b) With the

synthesized harmonic impedances.

Fig. 20. Harmonic spectra of the measured per-phase bus voltages during islanded operation (125 Hz/div, 2 Vrs/div). (a) Without the synthesized harmonic

impedances. (b) With the synthesized harmonic impedances.

measured voltage waveforms before the synthesized harmonic
impedance is applied. It is seen that the voltage at the Bus 3 is
sinusoidal while the other bus voltages are severely distorted.
From Fig. 20(a), it is obvious that the harmonic resonance
propagation occurs at the fifth harmonic frequency, which is
similar to the simulation results shown in Fig. 16(a). With the

synthesized harmonic impedance, the voltage at the Bus 3 is
distorted while the voltages at the other buses are significantly
improved, as shown in Fig. 19(b). Also, from Fig. 20(b), it
is clearly seen that the fifth harmonic voltage amplifications
are effectively damped. Table V summarizes the magnitudes
of measured harmonic voltages in grid-connected and islanded
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TABLE V
MAGNITUDES OF MEASURED HARMONIC VOLTAGES AT EACH BUS IN LABORATORY TESTS
. Vstn (V) Van (V) Vit (V) Vizin (V)
Operation mode Bus No. - - - - -
Without With Without With Without With Without With

Bus 1 3.2 2.8 5.6 42 1.8 2.0 0.8 1.6
Grid-connected Bus 2 1.6 0.4 4.2 1.2 4.6 0.6 2.8 0.4
Bus 3 0 2.2 0 2.8 0 2.0 0 1.4

Bus | 20 44 6 3.2 04 1.2 0.8

Islanded Bus 2 10 2.8 4.6 0.8 1.8 04 2.0
Bus 3 0 34 0 2.0 0 1.6 0 0.4

operation. Notice that the magnitudes of the harmonic voltage
depicted in the harmonic spectra are RMS values.

VI. CONCLUSION

This paper has discussed a variable harmonic impedance
synthesis method for voltage-controlled DG inverters in order
to perform harmonic damping on a distribution feeder. In the
approach, the negative inductances and positive resistances
are synthesized based on a selective load current feedforward
loop. Thus, the harmonic voltage reduction in the presence of
large grid-side inductance, and the damping of the harmonic
resonances caused by the multiple shunt-connected capacitors
can be achieved at the same time. The theoretical analysis and
the expected performance of the control scheme have been
validated through simulations and laboratory tests.

REFERENCES

[1] R. Lasseter, “Smart distribution: Coupled microgrids,” Proc. IEEE,

vol. 99, no. 6, pp. 1074-1082, Jun. 2011.

F. Blaabjerg, Z. Chen, and S. B. Kjaer, “Power electronics as efficient

interface in dispersed power generation systems,” IEEE Trans. Power

Electron., vol. 19, no. 5, pp. 1184-1194, Sep. 2004.

F. Wang, J. Duarte, M. Hendrix, and P. Ribeiro, “Modelling and analysis

of grid harmonic distortion impact of aggregated DG inverters,” I[EEE

Trans. Power Electron., vol. 26, no. 3, pp. 786-797, Mar. 2011.

[4] J. H. Enslin and P. J. Heskes, “Harmonic interaction between a large
number of distributed power inverters and the distribution network,” IEEE
Trans. Power Electron., vol. 19, no. 6, pp. 1586-1593, Nov. 2004.

[5] J. Agorreta, M. Borrega, J. Lopez, and L. Marroyo, “Modeling and control

of N-paralleled grid-connected inverters with LCL filter coupled due to

grid impedance in PV plants,” IEEE Trans. Power Electron., vol. 26, no. 3,

pp. 770-785, Mar. 2011.

T. Takeshita and N. Matsui, “Current waveform control of PWM converter

system for harmonic suppression on distribution system,” /EEE Trans.

Ind. Electron., vol. 50, no. 6, pp. 1134-1139, Dec. 2003.

X. Wang, J. M. Guerrero, F. Blaabjerg, and Z. Chen, “A review of power

electronics based microgrids,” J. Power Electron., vol. 12, no. 1, pp. 181—

192, Jan. 2012.

T. Lee and P. T. Cheng, “Design of a new cooperative harmonic filtering

strategy for distributed generation interface converters in an islanding

network,” IEEE Trans. Power Electron., vol. 22, no. 5, pp. 1919-1927,

Sep. 2007.

[9] J. He, Y. W. Li, and M. S. Munir, “A flexible harmonic control approach
through voltage-controlled DG-grid interfacing converters,” IEEE Trans.
Ind. Electron., vol. 59, no. 1, pp. 444-455, Jan. 2012.

[10] Y. W. Li, “Control and resonance damping of voltage-source and current-
source converters with LC' filters,” IEEE Trans. Ind. Electron., vol. 56,
no. 5, pp. 1511-1521, May 2009.

[11] P. Xiao, K. A. Corzine, and G. K. Venayagamoorthy, “Multiple ref-
erence frame-based control of three-phase PWM boost rectifiers under
unbalanced and distorted input conditions,” IEEE Trans. Power Electron.,
vol. 23, no. 4, pp. 2006-2016, Jul. 2008.

[2

—

[3

[t}

[6

=

[7

—

[8

—_

[12] U. Borup, F. Blaabjerg, and P. Enjeti, “Sharing of nonlinear load
in parallel-connected three-phase converters,” IEEE Trans. Ind. Appl.,
vol. 37, no. 6, pp. 1817-1823, Nov./Dec. 2001.

[13] X. Wang, J. M. Guerrero, F. Blaabjerg, and Z. Chen, “Secondary voltage
control for harmonic suppression in islanded microgrids,” in Proc. [EEE
PESGM, 2011, pp. 1-8.

[14] H. Akagi, “Control strategy and site selection of a shunt active filter for
damping of harmonic propagation in pwer distribution systems,” I[EEE
Trans. Power Del., vol. 12, no. 1, pp. 354-363, Jan. 1997.

[15] X.Wang, F. Blaabjerg, Z. Chen, and J. M. Guerrero, “A centralized control
architecture for harmonic voltage suppression in islanded microgrids,” in
Proc. IEEE IECON, 2011, pp. 3070-3075.

[16] J. He and Y. W. Li, “Analysis, design, and implementation of virtual
impedance for power electronics interfaced distributed generation,” IEEE
Trans. Ind. Appl., vol. 47, no. 6, pp. 2525-2538, Nov./Dec. 2011.

[17] V. Blasko and V. Kaura, “A new mathematical model and control of
a three-phase AC-DC voltage source converter,” IEEE Trans. Power
Electron., vol. 12, no. 1, pp. 116-123, Jan. 1997.

[18] D. N. Zmood and D. G. Holmes, “Stationary frame current regulation
of PWM inverters with zero steady-state error,” IEEE Trans. Power
Electron., vol. 18, no. 3, pp. 814-822, May 2003.

[19] A. G. Yepes, F. D. Freijedo, O. Lopez, and J. Doval-Ganboy, “High-
performance digital resonant controllers implemented with two inte-
grators,” I[EEE Trans. Power Electron., vol. 26, no. 2, pp. 563-576,
Feb. 2011.

[20] K. Wada, H. Fujita, and H. Akagi, “Considerations of a shunt active filter
based on voltage detection for installation on a long distribution feeder,”
IEEE Trans. Ind. Appl., vol. 38, no. 4, pp. 1123-1130, Jul./Aug. 2002.

Xiongfei Wang (S’10) received the B.S. degree
in electrical engineering from Yanshan University,
Qinhuangdao, China, in 2006, and the M.S. degree
in electrical engineering from Harbin Institute of
Technology, Harbin, China, in 2008. Since 2009, he
has been with the Department of Energy Technology,
Aalborg University, Aalborg, Denmark, where he is
currently working toward the Ph.D. degree.

Between 2007 and 2008, he was a Visiting Scholar
at Hanyang University, South Korea. His research
interests are in the areas of grid integration of renew-
able energy systems, distributed generation, and microgrids.



WANG et al.: SYNTHESIS OF VARIABLE HARMONIC IMPEDANCE IN INVERTER-INTERFACED DISTRIBUTED GENERATION UNIT

Frede Blaabjerg (S’86-M’88-SM’97-F’03) re-
ceived the M.Sc.EE. and Ph.D. degrees from Aalborg
University, Aalborg East, Denmark, in 1987 and
1995, respectively.

He was employed at ABB-Scandia, Randers, from
1987 to 1988. From 1988 to 1992, he was a Ph.D.
student at Aalborg University, where he became an
Assistant Professor in 1992, an Associate Professor
in 1996, and a Full Professor of power electronics
and drives in 1998. He has been a part-time Re-
search Program Leader at the Research Center Risoe,
Roskilde, Denmark, working with wind turbines. From 2006 to 2010, he was
the Dean of the Faculty of Engineering, Science and Medicine at Aalborg
University. He was a Visiting Professor at Zhejiang University, Hangzhou,
China, in 2009. His research areas are power electronics and applications like
wind turbines, PV systems, and adjustable-speed drives.

Dr. Blaabjerg received the 1995 Angelos Award for his contribution to
modulation technique and the Annual Teacher Prize from Aalborg University,
also 1995. In 1998, he received the Outstanding Young Power Electronics
Engineer Award from the IEEE Power Electronics Society. He has received
ten IEEE prize paper awards and another prize paper award at PELINCEC
Poland 2005. He received the IEEE Power Electronics Society Distinguished
Service Award in 2009 as well as the EPE-PEMC 2010 Council Award.
Since 2006, he has been Editor-in-Chief of the IEEE TRANSACTIONS ON
POWER ELECTRONICS. He was a Distinguished Lecturer for the IEEE Power
Electronics Society from 2005 to 2007, and a Distinguished Lecturer for the
IEEE Industry Applications Society from 2010 to 2011.

N

1417

Zhe Chen (M’95-SM’98) received the B.Eng. and
M.Sc. degrees from Northeast China Institute of
Electric Power Engineering, Jilin City, China, and
the Ph.D. degree from the University of Durham,
Durham, U.K.

He is a Full Professor in the Department of Energy
Technology, Aalborg University, Aalborg, Denmark.
He is the Leader of the Wind Power System Research
Program in the Department of Energy Technology,
Aalborg University. His research areas are power
systems, power electronics, and electric machines,
and his main current research interests are wind energy and modern power
systems. He has more than 260 publications in his technical field.

Dr. Chen is an Associate Editor (renewable energy) of the IEEE TRANSAC-
TIONS ON POWER ELECTRONICS, a Fellow of the Institution of Engineering
and Technology, U.K., and a Chartered Engineer in the U.K.



