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Abstract—Many active islanding detection techniques uses
current injection through q-axis current controller of grid side
converter (GSC) for islanding detection of distributed generation
(DG). This paper studies the impact of injection of current
on voltage quality of DG. The voltage quality of the DG is
investigated by measuring the total harmonic distortion (THD)
of voltage at the point of common coupling (PCC). The THD
curves are plotted to suggest and help in selecting the amplitude
and frequency of g-axis injection current for designing the q-axis
injection current based islanding detection technique (IDT). The
studies are carried out on a partial converter based small wind
energy system on per unit basis to have generalized conclusions.
Computer simulations are carried out in MATLAB.

Index Terms—Distributed generation (DG), grid side converter
(GSCQ), islanding detection technique (IDT), power quality (PQ),
total harmonic distortion (THD) and voltage quality (VQ).

I. INTRODUCTION

Power electronic converter (PEC) based DG generally dis-
tort the voltage by injecting harmonics in the system [1-3].
Beside AC/DC and DC/AC conversion, the PECs are expected
to perform many other functions, for example maximum power
point tracking (MPPT), output active and reactive power con-
trol etc [4-9]. Current literature recommends that the modern
PECs should be equipped with IDT[10-15]. Current injection
based IDTs are recommended for islanding detection when
the power mismatch is very low [10-15]. Thus, the DGs
are recommended to have a converter with injection current
feature either from d-axis [14] or g—axis current controllers
[10-13] [15]. Active voltage and frequency change [14]-[16];
cross correlation index based scheme [12]; average absolute
frequency deviation value (AFDVavg) based active IDT [11],
active ROCOF [15] are based on injection of current either
through d-axis or g-axis of current controllers of GSC. The
injection current can seriously pollute voltage and current if
chosen a high value. For such IDT the estimation of THD is
essential before its implementation.

This paper investigates the impact of reactive current injec-
tion on the voltage quality of DG. The load is kept linear
so that only the effect of injection current on THD may
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be studied and need for segregation of effect of non-linear
load on THD may be avoided. The injection of current is
taken as periodic as recommended in [10, 11] [15]. The
investigation plots the THD curves of voltage versus reactive
current amplitude, injection current frequency and the GSC
filter quality factor. Section II discusses the GSC’s current
controllers and measurement of THD. Section III discusses
the test system. Section IV presents the results and section V
concludes the paper.

II. GSC CURRENT CONTROLLERS AND MEASUREMENT
OF TOoTAL HARMONIC DISTORTION

The output power of PEC based DG is controlled with the
help of internal control loop of GSC [17]. This is done with
help of d-q transformation based control scheme to control
active and reactive power. Fig. 1 shows the d-axis and g-axis
based current controllers of GSC. A proportional plus integral
controller (PI) regulate the g-axis component of PCC voltage
(vq) to zero. The output active power (P) and reactive power
(Q) of DG is expressed in [17] as (1) and (2),

3

P = ivdid (1)
3
Q = Suvaiy )

where 14,14, vq and v, are the GSC ‘s output currents and
voltages respectively. Thus, with the help ¢4 and ¢, , the DG
output active power and reactive power may be independently
controlled. The decoupling of the d and g—axis current may
be done easily as reported in [10-12] [17]. The GSC ‘s
current controllers are now equipped with islanding detection
algorithms with the help of injection of current either through
d—axis[14] [16] or g—axis [10-12] which is as shown in Fig.
1 which is evident from the current injection feature in Fig.1.
The injection current may be selected as in (3) and (4),
respectively.

iq; = Igqcoswgt 3)

i = Iqcoswgt “4)
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Fig. 1. Block diagram of GSC’s current controllers
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Fig. 2. FFT Analysis of converter output voltage waveform for GSC filter
quality factor of 50 without any injection current

where I and I, are amplitude and wy and w, are frequency of
injection current through d—axis and g—axis current controllers,
respectively. The injection current frequencies wg and w, may
be selected different from grid frequency (60Hz) preferably
lower than 60Hz and the magnitude of current is chosen to
very small value to cause a very less power quality deterio-
ration. This generates two currents with sideband frequencies
(i.e. 60+ wgy, 60- wy, if injection is done from g-axis) along
with current at grid frequency.

During grid connected mode these current does not show
any significant deviation, however during islanding the current
at side-band frequencies causes a noticeable deviation in the
frequency of island [10-12]. This is because the injection
current is now forced to flow in the load due to the grid
disconnection. On the other hand the d—axis injection deviate
the output voltage [10-12] [14] [16]. Thus, islanding may be
detected locally at DG site by monitoring the PCC voltage or
frequency. Since these methods deteriorate the power quality,
the THD analysis is important. In this paper we have investi-
gated the THD introduced by g-axis injection method, however
for d—axis injection method similar approach may be used.
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Fig. 3. FFT Analysis of converter output voltage for GSC filter quality factor
of 50 with I4= 5% to rated DG capacity and f;=30Hz

The harmonic emission by the inverters are investigated on the
basis of the IEC Standard 61000-4-7 [18] and 61400-21[19].
THD is an important measure of power quality which helps
in quantifying the level of pollution i.e. harmonics present in
voltage and current waveform. It is defined as the measure of
total harmonic components present in the signal with respect
to the fundamental component [20]. For example voltage THD
for a given signal can be expressed as (5),

(=, v2)

THD, =
Wi

&)

where V;, are the amplitude of the n*" harmonic component
and V; is the amplitude of the fundamental component of
the voltage signal. The FFT analysis of DG output voltage
without and with current injection is shown in Fig. 2 and Fig.
3 respectively. The FFT analysis is done only for one cycle
of the signal, keeping a high @, as 50 for both the cases.
However, for all the simulation reported in this paper, the FFT
analysis is done for 30 cycles of the signal to achieve more
accuracy.
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Fig. 4. Single line diagram of the test system
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TABLE I
TEST SYSTEM PARAMETERS
Parameter Value Parameter Value Parameter Value
Vape (L-L) 575V f 60Hz Ry, 0.069
I, (L-L) 6.8kA R, 5.95m$2 Ly, 182uH
SDG 4.8MW La 11.75|JH CL 38.5mF
VDC 1200V f(PWM) 1620Hz Qrr 1

III. TEST SYSTEM DESCRIPTION

Fig.4 shows the single line diagram of a grid connected
distributed generation interfaced to grid through modern PECs.
The circuit breaker connects the distributed generation to
grid and a three phase phase-locked loop module (PLL)
synchronizes the DG to grid. Table I shows the parameters
of test system. A parallel RLC local load (R, Lp,CL) is
made to consume active power equal to rated generation by
DG at a resonant frequency of 60 Hz. The ()7, of the GSC
filter can be set as per (1),

1

Qfg - wo CR

where wy is the fundamental frequency.

The converter is controlled with the help of d—q current
controllers and a pulse width modulation (PWM), which
generates switching pulses. The output voltage and frequency
is basically dependent upon the PWM pulse generator. The
switching frequency of the PWM is 1620 Hz. The DC link
voltage of converter is maintained to 1200 V. The test system
satisfies the IEEE standard 1547.1 [21] condition for testing
islanding and is taken from [11]. The quality factor (Qr) of
the load is taken as 1, as recommended in [21].

(6)

IV. RESULTS AND DISCUSSIONS

This section analyzes the increase in THD, when the q—
axis current injection is done for islanding detection of DG.
The simulation model of the test system as shown in Fig.

4 is run for 1 s and 60 cycles of the corresponding voltage
and current waveform is generated. It is observed that the
Simulink transients settle down within a time span of 0.5 s
i.e. within first 30 cycles. Thus the THD is obtained with the
help of FFT analysis of the voltage and current waveform for
last 30 cycles i.e. after 0.5 s when the Simulink transients
settle down. The number of cycles is chosen as 30 so as to
achieve accuracy in the measured value of THD. The following
subsection discusses the effect of injection current effect on
the THD. The local load is kept linear and constant in all the
cases having a value of 500 kW, 0 kVAr.

A. PCC Voltage THD vs GSC Filter Quality Factor

This section plots the curve between PCC voltage THD
(T'HD,) and GSC quality factor (Q¢4). The Q4 is varied
from 10 to 50 and T'H D,, is measured with the help of FFT
analysis of 30 cycles of the voltage signal. Two scenarios are
taken (a) First the injection current amplitude is kept variable
and the injection current frequency is kept constant; (b) Later
the injection current frequency is kept variable and injection
current amplitude is kept constant. The simulation model of
the test system is run for 1 s every time by injecting a periodic
current signal of variable amplitude (1% to 5% of the rated
DG capacity) and constant frequency of 30 Hz from g—axis
current controller of GSC. The PCC voltage THD is measured
by FFT analyses of the voltage waveform for a set value of
quality factor of the GSC filter. The obtained values of THD,,
with respect to @) s, and I, are tabulated in Table II. Later, the
injection current amplitude is kept constant to 5% of the rated
DG capacity and injection current frequency is varied from
10Hz to 50Hz. The THD,, is again measured for a set value
of the GSC filter quality factor. The obtained values of TH D,
with respect to GSC filter quality factor and f, are tabulated in
Table III. The corresponding TH D,, vs @ 4 curves are plotted
for both the scenarios as in Fig.5 and Fig.6 respectively. This is
done to observe the injection current amplitude and frequency
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TABLE II TABLE IV
THD; (FOR VARIABLE INJECTION CURRENT AMPLITUDE) THD., (FOR VARIABLE INJECTION CURRENT AMPLITUDE)
THD; for THD, for
Fi GSC . T.H Di Variable g-axis Injection Current . GSC . T.HD” Variable g-axis Injection Current
ilter Quality ‘Without Amplitude [in%] and tant Filter Quality Without Amplitude [in% d tant
Factor(Q ¢,) injection Current mpitude lin“] anc constan Factor(Q r,) injection Current mplitude [in%] and constan
fg frequency (f,)=30Hz fg frequency (f,)=30Hz
1 2 3 4 5 1 2 3 4 5
1 14.01 1426 1549 1623 1741 17.92 1 15.75 15.95 1597 16.05 16.18 16.8
10 4.77 4.53 5.14 5.53 5.92 6.51 10 6.49 4.21 4.44 4.62 5.18 5.37
20 3.98 4.11 4.36 4.75 5.17 5.22 20 4.12 3.67 3.85 4.44 463 521
30 3.40 3.98 4.31 4.61 4.96 5.13 30 3.36 3.46 3.68 431 4.52 5.02
40 3.13 337 4.04 4.27 4.65 4.96 40 3.03 3.07 3.44 3.95 4.19 437
50 297 3.15 3.59 3.92 4.29 4.77 50 2.85 3.03 3.30 3.62 4.09 422
TABLE IIT
THD,; (FOR VARIABLE INJECTION CURRENT FREQUENCY) TABLE V
THD, (FOR VARIABLE INJECTION CURRENT FREQUENCY)
THD; for
Filtel(‘;z(flality %;ﬁlg;t Variable q-axis Injection Currel}t GSC THD, - T H [I)U' fox:
Factor(Qs,)  injection Current Frequency (Hz) and constant amplitude Filter Quality Without Variable q-axis Injection C“"e'.l‘
9 (I4)=5% Factor(Q;,) injection Current Frequency (Hz) and constant amplitude
10 20 30 40 50 g Uq)=5%
T 1401 1798 1787 1741 1696 1587 10 20 30 40 50
20 308 6.01 373 572 1.03 1.65 10 6.49 6.23 5.96 5.37 5.21 491
30 3.40 543 521 513 477 431 20 4.12 556 538 516 492 457
20 313 521 3.03 176 135 719 30 3.36 5.37 5.25 4.92 4.57 4.32
30 297 5.19 786 447 %)) 3.97 40 3.03 5.22 5.10 4.57 4.25 4.04
50 2.85 5.08 4.57 4.12 3.96 3.34

effect on the PCC voltage THD when varied individually. It
can be seen from Fig.5 and Fig.6 that GSC filter has very
important role in controlling the power quality, the THD,, is
very high at lower value of filter quality factor. A Q¢4 below
20 is not acceptable as there is a chance of T'H D,, crossing its
permissible limit of 5%. Injection current effects the TH D,, to
a great extent. It can be seen from Table II and Fig.5 that more
is the amplitude of injection current, the higher is THD,,.
The injection current amplitude of 5% deteriorates the voltage
waveform and has a high THD, of around 4-5%, even at a
high filter quality factor of 50.

Increasing the amplitude of injection current, the THD,,
also increases and thus injection current amplitude should be
kept as low as possible. However, it can be concluded from
Table II that if the GSC filter quality factor is kept above 20
then the injection current amplitude of up to 5% of the rated
DG capacity is acceptable for an injection current frequency of
30Hz. But it is always preferable to keep the injection current
amplitude as low as possible. From Table III and Fig.6, it can
be seen that an f,=10Hz is not acceptable even for (Q;, as
high as 50, because of T'HD, crossing the acceptable limit
of 5%. It can also be observed that T"H D, goes low if the
injection current frequency is kept as near as possible to the
fundamental frequency.

B. Load Current THD vs GSC Filter Quality Factor

This section plots the curve between load current THD
(T'HD;) and GSC quality factor (Qf,). In this case also,
Qg is varied from 10 to 50 and T'H D; is measured at each
Qg4 for the two same scenarios as discussed in the previous
subsection i.e. (a) First the injection current amplitude is kept
variable and the injection current frequency is kept constant;
(b) Later the injection current frequency is kept variable and

injection current amplitude is kept constant. The simulation
model of the test system undertaken is run for 1s every time
by injecting a periodic current signal of variable amplitude
(1% to 5% of the rated DG capacity) and constant frequency
of 30Hz from g-axis current controller of GSC. The THD; is
measured every time by FFT analyses of the current waveform
for a set value of quality factor of the GSC filter for 30cycles
of the signal. The obtained values of T'H D; with respect to
GSC filter quality factor are tabulated in Table IV. Later, the
injection current amplitude is kept constant to 5% and injection
current frequency is varied from 10Hz to 5S0Hz. The T HD;
is again measured by FFT analyses of the current waveform
for a set value of (Qf,. The obtained values of T'HD; with
respect to GSC filter quality factor for the two scenarios
taken are tabulated in Table IV and Table V respectively. The
corresponding THD; vs Q¢4 curves are plotted for both the
scenarios as in Fig.7 and Fig.8 respectively. This is done to
observe the injection current amplitude and frequency effect on
the T'H D; when varied individually. It can be seen from Fig.7
and Fig.8, that GSC filter has very important role in controlling
the THD;, the THD; is very high at lower value of Qy,. It
can be seen from Figs. 5-8 that for the same condition T'H D;
is more severe than THD,. A Q) ¢, below 30 is not acceptable
as there is a chance of T'H D, crossing its permissible limit of
5%. Injection current effects the T'H D; to a great extent. It can
be seen from Table IV and Fig.7 that more is the amplitude of
injection current, the higher is T'H D;. The injection current
amplitude of 5% deteriorates the current waveform and has a
high T'H D; of around 4-5%, even at a high filter quality factor
of 50. TH D, increases with the increase in the amplitude of
injection current, thus injection current amplitude should be
kept as low as possible. It can also be concluded here that if
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the GSC filter quality factor is kept above 30 and the injection
current frequency is kept above 30 Hz, than injection current
amplitude of up to 5% can be accepted. But it is preferable
to keep the injection current amplitude as low as possible and
injection current frequency as near as possible to fundamental
frequency.

C. THD vs Injection Current Amplitude Curves (at Constant
GSC Q¢4 and Variable Injection Current Frequencies)

THD, and THD; values for varying injection current
amplitude and frequencies at constant GSC filter quality factor
are obtained through simulations and the corresponding THD
curves are plotted in Figs. 9-12 respectively. These curves
will be of great help to protection engineers for selecting
the right value of injection current amplitude and frequency
needed to be injected from g-axis current controllers of GSC
for islanding detection as well as maintaining the harmonics
level. For an active IDT, once the )y, and sensitivity of
IDT is known, the right amount of injection current can be
determined from the THD curves plotted in Figs. 9-12. It can
be observed from all the curves in Figs. 9-12, that THD rises
for higher value of I, and decreases for w, chosen near to the
wo. In all the cases, the T'"H D; is greater than T'H D,, for same
value of GSC filter quality factor and injection current. Hence,
it is recommended to select the injection current amplitude
and frequency on the basis of TH D, rather than THD,,. It
can also be seen that current injection based IDT are suitable
for only those converters which has high filter quality factor.
The converters which have low value of filter quality factor,
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Fig. 7. THD; Vs GSC filter quality factor for variable injection current
amplitude and constant frequency f;=30Hz
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Fig. 8. THD,; Vs GSC filter quality factor for variable injection current
amplitude and constant frequency /4=5%

are more prone adverse effect of injection current IDT and
therefore have poor quality factor with a higher value of THD.

V. CONCLUSIONS

It has been shown that the current injection through g-
axis controllers of grid side converter for islanding detection
causes deterioration of voltage quality by increasing the THD.
The maximum and minimum permissible current for an IDT
can be fixed on the basis of sensitivity of islanding detection
technique, THD values and GSC’s filter quality factor. All the
measurement is done on per unit basis thus the generalized
and specific observation can be listed as following:

e THD, and T HD; may increase out of permissible limit
of 5% for higher values of injection current amplitude.

e An injection current frequency near to fundamental fre-
quency has less impact on THD as compared to far
frequencies.

o Current injection based IDT are not a suitable method for
converters having a low filter quality factor as the THD
values are very high even with small amount of current
injection.

e« THD,; are more sensitive to injection current compared
to THD, and thus IDT should be designed keeping in
view the increase in T'H D; rather than THD,,.

THD, and THD,; curves for varying g-axis injection
current amplitude and frequencies at various GSC’s filter
quality factors have been obtained in this work. These curves
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can be referred while designing and implementing the g-axis
current injection based IDT.
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