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Abstract — Harmonic resonance caused by the increased use
of shunt-connected capacitors in LCL-filters and power factor
correction devices may become a serious power quality challenge
in electric distribution systems. A voltage-detection method based
on current control is developed to damp harmonic resonances.
However, it is susceptible to the mismatch between harmonic
conductance and characteristic impedance of distribution feeder.
This paper proposes a current controller which allows discrete
adjustment of harmonic conductance for both the characteristic
harmonic and the non-characteristic harmonic voltages. Thus,
the unintentional impedance mismatch can be attenuated to a
large extent, and a lower power rating compared to the
conventional control method is maintained. Simulations and
laboratory tests are performed to verify the overall performance
of the proposed controller.

1. INTRODUCTION

Switch-mode power converters are gaining wide acceptance
to provide efficient and flexible interfaces for both distributed
generation (DG) units and various electric loads thanks to the
emerging power electronics technology [1]. On the other hand,
harmonic pollution which stems from nonlinear electronic
devices may deteriorate the power quality of the distribution
systems [2]. Moreover, with the increased use of LCL-filters
for grid-connected converters, the harmonic resonances caused
by the aggregated shunt-connected capacitors in the LCL-
filters, capacitive loads, and power factor correction (PFC)
capacitors are also becoming a power quality challenge [3].

An active harmonic filtering function is deemed to be one
of ancillary services provided by grid-connected converters,
such as PWM rectifier and inverter-interfaced DG units [2]. A
number of current control methods are available for grid-
connected converters with an active filtering function, but few
of them can be used to mitigate harmonic interactions between
grid-connected converters, and to damp the resultant harmonic
resonance [5]. Recently, voltage-detection method based on
current control was implemented in grid-connected converters
for harmonic damping in a distribution system [6]-[8]. Instead
of preserving sinusoidal current, a distorted current of which
the harmonic components are in phase with the output voltage
of the converter is produced by the grid-connected converter.
As a consequence, the converter operates like a resistor at the
harmonic frequency, thus the harmonic resonance throughout
a distribution feeder can be damped [6]. However, the
performance of this approach is degraded in the case of the
mismatch between the harmonic conductance and the
characteristic impedance of distribution feeder [7]. The

harmonic voltage of a certain bus is magnified even though
the harmonic voltage at the output of the converter is
suppressed. This phenomenon is also named as ‘whack-a-
mole’ effect [8]. Furthermore, a higher power rating of the
converter is required since it is based on global harmonic
voltage detection [9]. To avoid the unintentional ‘whack-a-
mole’ problem, a discrete harmonic conductance adjustment
scheme was proposed based on the selective harmonic voltage
detection [10]. But it is assumed that harmonic resonances
only arise at the characteristic harmonic frequencies, whereas
the non-characteristic harmonic resonance damping was not
taken into account. It has been shown that the even (4™)
harmonic resonance problem arises in an electrochemical plant
in [11].

This paper proposes a cutrent controller for grid-connected
converter which can suppress the non-characteristic harmonic
resonance, and simultaneously maintain a lower power rating
of converter compared to the conventional global harmonic
voltage detection based method. In the approach, an automatic
tuning conductance is synthesized for the non-characteristic
harmonic voltage in addition to the characteristic harmonic
conductance loops. Thus, the unintentional ‘whack-a-mole’
problem can be significantly attenuated even in the presence
of the non-characteristic harmonic resonance. Simulations and
laboratory test results are presented to verify the performance
of the current controller.

II. OPERATION PRINCIPLE

Fig. 1 illustrates a simplified model of a distribution system
and the proposed current controller. The voltage-source
converter is connected to the distribution system through an
LCL filter of which the capacitor voltage is decomposed to
synthesize the harmonic conductance at both the characteristic
and the non-characteristic harmonic frequencies. The even
harmonic voltages are assumed to be present in the grid, so as
to emulate the unusual non-characteristic harmonic resonance
problem [11]. A three-phase diode rectifier load is connected
to the Point of Common Coupling (PCC) of the converter.

Based on the voltage detection, the current reference can be
derived as
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Fig. 1. A simple model of distribution system and the proposed current controller.

where the fundamental conductance G, is used to regulate the
output active power, and a bidirectional operation with unity
power factor is therefore achieved by multiplying the G, with
the fundamental frequency voltage V. The Gs...G) are the
characteristic harmonic conductance, which are adjusted based
on the distortion limits of characteristic harmonic voltages,
Vs Vaps.. Vapn- The non-characteristic harmonic conductance
G, 1s regulated considering the limit of the non-characteristic
harmonic voltage Vg

A. Output Voltage Decomposition

Fig. 2 shows a block diagram of the voltage decomposition
algorithm based on the multiple reference frame theory [12].
The Second Order Generalized Integrator (SOGI) based
Phase-Locked Loop (PLL) topology is adopted to synchronize
with the grid [13]. The characteristic harmonic voltages are
transformed into dc constants in each rotating frame. A low-
pass filter with 10 Hz cutoff frequency is used to decouple the
interactions between different reference frames. On the other
hand, the non-characteristic harmonic voltage V4, is derived
by subtracting the sum of the fundamental frequency voltage
and the characteristic voltages from the output voltage V.

B. Harmonic Conductance Controller

The harmonic resonance frequency of a distribution feeder
is usually susceptible to the variations of circuit parameters,
such as the changes of shunt-connected capacitors, different
operation modes of grid-connected converters, and various
load conditions. Hence, it is important to regulate adaptively
the harmonic conductance based on the allowed harmonic
voltage distortion limits. There are two schemes for automatic
adjustment of the harmonic conductance [14], [7]. The first
scheme consists of a sign detector and a step up-down counter
to adjust the harmonic conductance [14]. The second one is
the proportional-integral (PI) based controller that is adopted
in this work [7].

Fig. 3 shows a block diagram of the harmonic conductance
controller. The low-pass filters with 10 Hz cutoff frequency
and square operations can be used to approximately calculate
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Fig. 2. Block diagram of output voltage decomposition algorithm based on
the multiple reference frame theory.
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Fig. 3. Block diagram of the harmonic conductance controller.

the rms value of the harmonic voltage distortion [7].
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It is worth to note that the dynamic performance of the non-
characteristic harmonic conductance loop is influenced by the
characteristic harmonic conductance. This is due to the use of
negative feedback loops in the derivation of non-characteristic
harmonic voltage. A higher proportional or integral term in the
PI controller of non-characteristic impedance loop may lead to
oscillations of characteristic harmonic conductance. However,
a compromise can be found in tuning of PI controllers, due to
the slow variation of the harmonic voltage [14].

3)

IIT. SIMULATION RESULTS

A 6.2 kVA 400 V three-phase distribution system which is
shown in Fig. 1 is tested in both simulations and laboratory
tests to evaluate the performance of the proposed current
controller. The main parameters of the system are shown in
Table 1. Due to the presence of non-characteristic resonance at
the even harmonic frequencies, the 4™ (2%) and 6™ (1%)
harmonic voltages are assumed to be present in grid voltage,
the harmonic spectrum of which is shown in Fig. 4. The grid-
connected converter operates as a PWM rectifier (unity power
factor) with 3.2 kW dc load.

Fig. 5 (a) shows the per-phase bus voltages without using
any harmonic damping control, and a sinusoidal input current
is produced in the PWM rectifier. It is observed that the bus
voltages are severely distorted. Fig. 6 (a) shows the harmonic
spectrums of the bus voltages. It can be seen that the harmonic
resonance arises at the 4™ harmonic frequency. Moreover, the
unintentional 2™, 10®, 14™ and 16™ harmonic voltages also
appear along the distribution feeder.

Fig. 5 (b) shows the per-phase bus voltages under the use of
the discrete-frequency tuning harmonic damping control in [7].
Since only the characteristic harmonic voltage is of concern in
this method, the even harmonic resonance cannot be damped.
The bus voltage distortions are still high. Fig. 6 (b) shows the
related harmonic spectrums. Compared with Fig. 6 (a), it can
be observed that the characteristic harmonic voltages are well
damped, but the 4™ harmonic resonance becomes more severe
unfortunately. It implies that the diode rectifier has a damping
effect on 4th harmonic resonance in this case. Similar results
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TABLE I
MAIN PARAMETERS OF THE DISTRIBUTION SYSTEM

L, 3.5mH
Line inductor Ly=L; 3 mH
Ly 1.5 mH
C 100 pF
?:;;ti-tco(;nnected G 50 uF
(@ 25 pF
Lae 84 uH
Diode rectifier Cuc 235uF
Ry 550 Q
PWM rectifier Ve 750 V

Fundamental (50Hz) = 326.6 , THD=2.24%

Meag (% of Fundamental)

Fig. 4. The harmonic spectrum of simulated grid voltage.

can be found in laboratory tests, as shown in Fig. 9 and Fig. 10.

Fig. 5 (c) shows the per-phase bus voltage waveforms with
the proposed current control method, and the related harmonic
spectrums are given in Fig. 6 (c). It is clear that the voltage
distortions are reduced significantly. The 4™ harmonic voltage
resonance and other unintentional non-characteristic harmonic
voltages are effectively damped.

IV. EXPERIMENTAL RESULTS

To evaluate the performance of the current controller under
different load conditions, the light load and heavy load cases
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Fig. 5. Simulated bus voltages with three different control methods. (a) Without any harmonic damping control. (b) With discrete-frequency tuning control [7].

(c) With the proposed current control.
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Fig. 6. Harmonic spectrum analysis of simulated bus voltages with three different control methods. (a) Without any harmonic damping control. (b) With

discrete-frequency tuning control [7]. (c) With the proposed current control.

are tested on the laboratory setup, respectively. Table II gives
the load conditions, where the heavy load parameters are the
same as the load parameters used in the simulations. A 6.2
kVA laboratory grid simulator is utilized to generate the
needed 4™ and 6" harmonic voltages. Fig. 7 shows the
measured voltage waveform of the grid simulator and the
related harmonic spectrum. The proposed current controller is
implemented in the DS1006 dSPACE system using 10 kHz
sampling frequency. A 5 kW Danfoss converter is controlled
to operate as a PWM rectifier.

Similar to simulations, the voltage distortions with the three
different current control methods are tested on the laboratory
setup, respectively. Fig. 8 shows the per-phase bus voltages
measured in heavy load (0.6 pu) condition. The corresponding
harmonic spectrum for the terminal voltage of converter (bus
3) is shown in Fig. 9. It can be observed that the 4™ harmonic
resonance arises in the experiment, which is the same as in
simulations. Since the equivalent series resistances (ESR) of
the LC components are much higher in practical applications,
a lower 4™ harmonic voltage is observed in the experiments.

Also, it is noted that the unintentional non-characteristic 2"
and 10™ harmonic voltages appear along the distribution line,
as shown in Fig. 9 (a). Similarly, the increase of 4™ harmonic
voltage and other non-characteristic harmonic voltages can be
observed when only applying the discrete-frequency tuning
control, as shown in Fig. 9 (b).

Fig. 10 shows the harmonic spectrum analysis result for the
terminal voltage of converter (bus 3) under light load (0.1 pu)
condition. Note that a more severe harmonic resonance arises
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Fig. 7. The measured grid voltage waveform (100 V/div, 10 ms/div) and the
related harmonic spectrum (2 V/div).
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Fig. 8. Measured bus voltages with three different control methods under the heavy load condition (100 V/div, 10 ms/div). (a) Without any harmonic damping
control. (b) With discrete-frequency tuning control [7]. (¢) With the proposed current control.

(a) THD (6.84%) (b) THD (5.98%) (c) THD (2.24%)

Fig. 9. Harmonic spectrum analysis of the measured voltage at the terminal of converter (bus 3) under the heavy load condition (2 V/div, 125 Hz/div). ((a)
Without any harmonic damping control. (b) With discrete-frequency tuning control [7]. (c) With the proposed current control.

(a) THD (7.19%) (b) THD (5.88%) (c) THD (2.48%)

Fig. 10. Harmonic spectrum analysis of the measured voltage at the terminal of converter (bus 3) under the light load condition (2 V/div, 125 Hz/div). (a)
Without any harmonic damping control. (b) With discrete-frequency tuning control [7]. (¢) With the proposed current control.

under the light load condition compared to the Fig. 9. Fig. 11 TABLEII

shows the per-phase bus voltages under the light load TWO DIFFERENT LOAD CONDITIONS FOR TEST
condition. Also, the voltage distortions are more serious than Heavy load Diode rectifier 0.5 kW (0.08 pu)
the heavy load condition. Additionally, it is interesting to note PWM rectifier 3.2 kW (0.52 pu)
that the 2™ harmontihc Voltag§ is not as high as the heavy load Diode rectifier 0.2 KW (0.03 pu)
case, whereas the 4™ harmonic resonance is much more severe. Light load

This implies that different load situations may result in various PWM rectifier 0.5 kW (0.07 pu)
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Fig. 11. Measured bus voltages with three different control methods under the light load condition (100 V/div, 10 ms/div). (a) Without any harmonic damping
control. (b) With discrete-frequency tuning control [7]. (¢) With the proposed current control.

unintentional non-characteristic harmonic voltage distortions.
Therefore, the automatic adjustment of harmonic conductance
is important to achieve an optimum harmonic damping
performance.

V. CONCLUSIONS

This paper has discussed a current control method of grid-
connected converter for providing harmonic damping function
in a distribution system. It can not only damp the characteristic
harmonic voltage distortions by separately adjusted harmonic
conductance loops, but it can also damp the non-characteristic
harmonic resonance through an automatic-tuned conductance
loop. Therefore, the unintentional ‘whack-a-mole’ effect can
be attenuated. Simulation and experimental results validated
the performance of the current controller.
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