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Abstract— The multifunctional operation of photovoltaic
(PV) inverters consists in using the PV inverter for ancillary
services as reactive power injection and harmonic current
compensation. The multifunctional operation can improve the
ac-grid power quality. Thus, this paper presents a dynamic
method based on the Second Order Generalized Integrator
coupled with a Phase Locked Loop (SOGI-PLL) structure to
detect the most predominant harmonic current components in
the distribution system. This work intends to show the
improvement of the detection method by the use of negative
feedback on the SOGI. It is used an extension of this detector
to detect multiple harmonic currents according to its
amplitude. Besides, the influence of the discretization method
is presented and the error in this conversion is analyzed. At
last, it can be seen a performance improvement in the
detection of the harmonic current amplitudes.

Keywords— Solar Power, Harmonic Current Detectation,
Negative Feedback Method.

L INTRODUCTION

The multifunctional operation of photovoltaic (PV)
inverters have been strongly studied in the literature. This
concept consists in using the PV inverter for ancillary
services as reactive power and harmonic current
compensation. In this case, the use of multifunctional
operation can improve the ac-grid power quality [1], [2].

To improve the grid power quality, the harmonic content
in the load current needs to be estimated. After this step, the

inverter can compensate this harmonic current. However, the
compensation of all load harmonic current content lead to
complex control structures, generally based on multi
resonant controllers [1]. In view of this fact, reference [3]
proposes a harmonic detection structure, which identifies the
greatest harmonic component. Thus, two adaptive resonant
controller are employed in this work. The first one to detect
the fundamental current, and the second one, the harmonic
current.

In literature, some of the commonly harmonic current
component detector used are Second Order Generalized
Integrators (SOGI) [4], instantaneous power theory [5, 6],
conservative power theory [7, 8, 9], Fourier transform [10]
and by delayed signal cancellation [11]. However, most of
these strategies detect the whole harmonic content from the
load, increasing the controller tuning complexity.

Both precision and control complexity are influenced by
the controller. Proportional integral (PI) controllers have
easier implementation, but present steady state errors due to
their limited bandwidth. It can result in a loss of precision.
Proportional resonant controllers (PR) present a better
precision [12], even though the need of one PR tuned in each
frequency being compensated. It can increase control
complexity significantly. A solution to obtain a low
complexity and precise control is making the controller
adaptive to the harmonic current components. Thus, it
follows the harmonic variations occurred in the load current
[13].
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In this work, a harmonic detection is proposed through a
cascade association of a SOGI and a synchronous reference
frame phase-locked loop (PLL) structure. This method
detects the component of higher amplitude [14]. The
association of n structures in series can detect n harmonic
components.

Furthermore, this paper reports a non-detection zone
when two harmonics of very close amplitudes are presented
in the load current. That detector has a bandpass range, and
it is regulated by a SOGI parameter called damping factor.
The control of this factor can improve the detection zone
until certain distance between the harmonics. However, for
two harmonics with very close frequencies it is needed a
further method.

In view of the facts aforementioned, this work proposes
an improvement in the harmonic detector proposed by [3],
reducing the non-detection zone of this structure. This
improvement is based on a negative feedback of the
estimated harmonic components. When it is used a structure
to detect multiple harmonics, the negative feedback method
can be very helpful and easily applied. The mathematical
modeling of the proposed detector are analyzed to prove the
upgrading caused by the negative feedback effect.

In this work, the discretization of the proposed detector is
also analyzed. Nowadays, most current controllers are
implemented in digital platforms. Hence, the influence of the
discretization process should be studied. Thus, the
effectiveness of discretization is also evaluated.

This paper contributes to the improvement of the
harmonic current detection method proposed. It presents
some solution for some problems found in the literature
about detection stage, such as the detection of two harmonics
of very close frequencies. First, the SOGI structure is
presented followed by its transfer function and bode
diagram. After, the negative feedback effect is analyzed and,
at last, the discretization method is applied, and its error is
estimated.

1L

Generally, in single phase PV system, the dc/dc stage with
a boost converter is used to keep the desired dc-link voltage
constant, as show in Fig.1 (a). The boost control strategy is
described in [3].

METHODOLOGY

The inverter control strategy is shown in Fig. 1(b). In the
dc-link voltage control, it is used a PI compensator. The
compensator calculates the active current amplitude which
is injected into the power system. This signal is synchronized
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Figure 1. (a) Single-phase grid-connected photovoltaic system. (b)

inverter control loop.

A. Current Harmonic Detector

The current harmonic detector proposed in this work is
presented in Fig. 2. The first stage detects the fundamental
component of the load current i; (t). The resulting signal
consists of the harmonic components. The next stages
estimate the harmonic currents according to the largest
amplitude. For example, the Stage 2 detects the largest
harmonic present in the current; the Stage 3 identify the
second largest, and so on, until the last stage (Stage X). A
negative feedback of the estimated signals is employed, in
order to improve the performance of the harmonic detector.
The negative feedback method is the return of part of an
output signal to the input, so the output is improved.

Each stage is composed by a SOGI-PLL structure. The
Second-Order-Generalized-Integrator (SOGI) is used in [4]
for building the Quadrature-Signal-Generator (QSG), and its
signal can be used in many applications, such as grid
synchronization [5] or for frequency estimation in [6].

The SOGI-PLL structure is illustrated in Fig. 3, and it is
applied in the harmonic current extraction, as previously
mentioned.
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Figure 2. Proposed current harmonic detector.
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Figure 3. SOGI-PLL Structure.

The transfer function of the SOGI in Fig. 3, is given by:

G(s) = kw s
s T s2+ ko s+ w? M

where k is the damping factor and w is the SOGI operating
frequency. The damping factor is responsible for the
bandpass range. When k is increased the bandwidth
increases, as seen in [7].

For two harmonics of very close amplitudes, high values
of k can worsen the detection. On the other hand, some low
k values can cause a loss in the detected current amplitude.
Plotting the bode diagram of (1) using different values of k,
it can be seen that variation as shown in Fig. 4. Thus, it can
be seen a better result for k = 0.8 (tight range and no
amplitude loss). After the negative feedback, shown in Fig.
5 (a), the k value does not have a significant impact in the
detection, as can be seen in Fig. 5 (b). The filter does not
need to be very tight due to the valley caused by the negative
feedback effect. In this work, it is used a k = 0.8.
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Figure 4. Bode diagram of (1) using different values of k.

B. Negative Feedback

The main idea is to apply the negative feedback in order
to have better performance during the harmonic detection
process. Considering only two stages and disregarding the
SRF-PLL dynamics, the block diagram is simplified as
shown in Fig. 5(a). Gy is the SOGI transfer function for the
fundamental component detector and Gy is the SOGI
transfer function for the harmonic component.
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Figure 5. Analysis of the proposed harmonic detector: (a) Simplified
structure; (b) bode diagram.

Using the block diagram of Fig. 5 (a), the following
transfer functions are obtained:

L(s) _ Gi(s) = G1(5) X Gn(s)
I,(s) 1=Gi(s) X Gp(s)

2)

I(s) _ Gn(s) — G1(5) X Gn(s)
I,(s) 1=Gi(s) X Gp(s)

which represents the frequency behavior of the proposed
harmonic detector. The bode diagram of this transfer
function is presented in Fig. 5 (b). In this example, it was
considered k=0.8, and 5th harmonic detection. As observed,
the negative feedback introduces an anti-resonance
frequency, which attenuates the frequencies different from
the detected. Similar results can be obtained when the
harmonic estimation is analyzed.

(€)

The system described in this work was simulated on the
PLECS and Matlab environment. In the single phase case
study, the PV array was composed of 2 strings with 10 panels
of 250 W connected in series, resulting in a system of 5 kW.
The system is represented by the Figure 5. The PV panel
utilized in this work has the characteristics presented in
Table I.



TABLE L. PV PANEL SPECIFICATION
Parameters Value
Nominal Power 250W
Short Circuit Nominal Current Iy, =854
Open Circuit Nominal Voltage Voen =355V
Maximum Power Point Current Imp =799 A
Maximum Power Point Voltage Vnp =31.29V

The system parameters are presented in Table II and the
control gain in Table III. The solar irradiance is maintained
in 1000 W/m2. In the case study, there are two stages. The
first SOGI detects the fundamental component of the current
and the Second SOGTI detects the harmonic presents in the
current that flows to the grid.

TABLE II. SIMULATION PARAMETERS
Description Value
Switching frequency 12 kHz
Sampling frequency 12 kHz
LCL filter inductors 1 mH / 19m€Q
LCL filter capacitor 3.8 uf
LCL filter damping resistance 4Q
PCC voltage 220 Vips
Dc- link voltage 390 V
Dc-link capacitance 500 uF
TABLE IIL CONTROL PARAMETERS OF THE INVERTER
Controllers Gains Value
de-link controller Kp_sqc=0.145
Ki_gqc=1.244
Kp—yMm = 1.508
Ki_ym = 158.733
Dc/dc boot converter controllers Kp_pv = 0.193
Ki_jm = 0.387
c I Kp_res= 14.833
Resonant Controller Ki_ oo = 2000

III. DISCRETIZATION METHODS

Most current controllers are implemented in digital
platforms. Thus, the influence of the discretization process
should not be ignored [8]. There are several discrete-time
implementations of these controllers. According to [8],
because of the narrow band of the harmonic current detector,
they present some sensitive to the discretization process.
Thus, it is very important to evaluate the effectiveness of the
discretization alternatives, providing an accurate resonant
frequency. Table I shows some discretization methods.

TABLE IV. RELATIONS FOR DISCRETIZING BY DIFFERENT METHODS

Discretization method Equivalence
— -1
Forward Euler s = 1-z
z 1T,
1 _ -1
Backward Euler s = z
T
— 1
Tustin s = 3 1-z
Ts1+2z71

In order to choose the discretization method for the SOGI
structure, a study about the frequency error is made in this
work, as can be seen in Fig 6. The sampling frequency (f;)
is changed from 8 kHz to 18 kHz and component harmonic
(f) is changed from the 2 to the 12", As can be observed,
the discretization error for the Forward-Backward method
results in a large frequency error for low sampling
frequencies and for high harmonic components orders
comparing to the Tustin-Tustin discretization method.
Therefore, in this paper the Tustin-Tustin method is
employed in the SOGI structure discretization process.
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Figure 6. Discretization error as function of sampling frequency and
harmonic order: FB discretization method.
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Figure 7. Discretization error as function of sampling frequency and
harmonic order: Tustin discretization method.

IV. CASE STUDY

The nonlinear load is used to simulate the injection of the
harmonics components into the grid. The nonlinear load is
composed by two different stages. In the first stage there are
an injection of the 5" harmonic component with 5A and the
7" with 2 A. In the second stage, the injection of the fifth



harmonic component is stopped and the 2% harmonic
injection, with 5 A, is started. In addition, in both stages the
fundamental component is injected with 10 A of amplitude.
The parameters of the SOGI structure are shown in Table II.

TABLE V. HARMONIC DETECTOR PARAMETERS

Structure Value

SOGI-PLL Parameters of | k =0.8

the 1st Stage
Wn = 60.2.n rad

SOGI-PLL Parameters of | k =0.8

the 2™ Stage
Wh =602.n.5rad (fort < 3s)

Wh =60.2.1 2rad (fort > 3s)

The first SOGI structure detects the fundamental
component of the load current and the second SOGI
structure detects the harmonic component with higher
amplitude. In particular to this case study, the sampling
frequency is 12 kHz and the simulation time is 5 seconds.
Also, the Tustin-Tustin discretization method was used on
the SOGISs structure.

Also, in this case study, the same simulation is made
using the sampling frequency equal to 6 kHz and 12 kHz.
The Tustin-Tustin and Forward-Backward discretization
method is analyzed when the fs in decreased.

In the last part of this work, the negative feedback
strategy is applied in a photovoltaic inverter shown in Fig.1
(a). All the parameters used in this simulation are presented
in TABLE I, IT and III. Also, the nonlinear load is composed
by two stages. The first one has an injection of 3" harmonic
component ha with 5 amperes of amplitude and the 7
component harmonic with 1 ampere of amplitude. In the
second stage the injection of the 3th component is stopped
and the 5™ harmonic component is injected. Therefore the
result of the harmonic compensation using negative
feedback is analyzed. In addition, the Tustin-Tustin
discretization method is used in this simulation.

V. SIMULATION RESULTS

The harmonic current detection starts at 1.0 seconds of
simulation. The injection of the 5" harmonic components is
kept until the simulation time of 3 seconds and then it is
changed to 2% harmonic component. During the entire
simulation, the 7" harmonic component is also injected by
the nonlinear load. The current from the nonlinear load and
the harmonic spectrum are shown in Fig.7.

The focus of this simulation is to compare the
performance of the harmonic detection using negative
feedback and the method that already exist, without negative
feedback. The results of the amplitude and frequency
detection of the harmonics components for both methods
are shown in Fig.9 and Fig 10 respectively.
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Figure 8. Current load representation: (a) and (c) represent the first stage
of the current load and the harmonic spectrum respectively; (b) and (d)
represent the second stage of the current load and the harmonic spectrum
respectively.
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Figure 9. Amplitude harmonic detection using Negative Feedback and
without using Negative feedback.
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Figure 10. Frequency harmonic detection using Negative Feedback and
without using Negative feedback.

As can be seen, both methods detect the harmonic current
with the higher amplitude. However, the system using
negative feedback detects the harmonic with amplitude
closer to 5 A, which is injected to the grid. Also, the results
are even improved to the harmonic with high frequency
(5™). The steady-state error without negative feedback
strategy is 1.26% while the steady-state error using negative



feedback is 0.08%. Therefore, the method using negative
feedback has improved the harmonic component detection.

In order to check the effect of the sampling frequency in
the discretization process of the SOGI structure, the f; is
changed from 6 kHz to 12 kHz and the amplitude error of
the harmonic component are shown in Fig. 11 and Fig. 12,
respectively.
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Figure 11. Backward & Forward and Tustin discretization methods with
fs equal to 6 kHz.

5
FB

4 Tustin
= s 1
é 5.05
3 2 s

L 4.95|

1.5 2
o ]
-1
o 1 2 3 4 5

Time (s)

Figure 12. Backward & Forward and Tustin discretization methods with
fs equal to 12 kHz.

The steady-state error for Forward and Backward using
the frequency equal to 6 kHz is around 9.8% and for
sampling frequency equal to 12 kHz the steady-state error
is around 0.76 %. In the same way, the steady-state error
using Tustin-Tustin discretization method for sampling
frequency equal to 6 kHz is 1.26 % and for f; equal to 12
kHz the steady error is 0.28%.Therefore, it is clear to check
the increasing of the steady-state error when the sampling
frequency is decreased.

Finally, the negative feedback strategy is applied in an
inverter photovoltaic system in order to detect the
components harmonics applied to the grid and compensate
them.. The load current, the inverter current and the grid
current, are shown in Fig.11.

7 T T : -
i i | I = 2s
; ; 1 ___ISRS
P R S R
< o
@ : 3
o . '
= H :
g_3— ------------------------ froeee I e FEEEEREREES
< | 1
1 - R ' ________ 4; __________ R, PR
o 3 L L
1 3 5 T 9 11 13 15
Harmnonic Order
(a)
7 T T T T T T
| | | | |
| | | | b =
I I I | o | = 4
| | | | | T
| | | | | |
| | | | | I
Rl ™ S Sy H e
—_ | | | |
< | | | |
‘g‘ | | | |
ko] | | | |
2 | | | |
53----F---—-@R--—-+- -
%3 | | | |
< | | | |
| | | |
| | | |
| | | |
| | | |
1r--—-fF-———""fF - """+t ———1———=—F-—=———1-= -
| | | |
| | |
04.-_ll_l._.4.l_i S - _
1 3 5 7 9 11 13 15
Harmonic Order
(b)
7 . . . . . :
| | | | |
| | | | |
| | | | |
| | | | |
| | | | | |
| I | | | I
e e e e A
— | | | | | |
< | | | | | |
= | | | | | |
3 | | | | | |
2 | | | | | |
<R 1 S O B
%3 | | | | | |
<< | | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| e B i Rl ===t - === ==
| | | | |
0 - = - e
1 3 5 7 9 11 13 15
Harmonic Order
©

Figure 13. Current harmonic spectrum from the inverter photovoltaic
system: (a) Load Current; (b) Inverter Current; (c) Grid Current.

As can be seen, the negative feedback strategy has a
considerable performance in a harmonic detection used for
harmonic compensation in photovoltaic inverters. The
current that flows into the grid has very low amplitude of
the harmonics injected in stagel end 2.



VI. CONCLUSIONS

This work compares the negative feedback harmonic
detector with the method already existent in the literature. As
highlighted, the negative feedback method improves the
harmonic detection.

Also, two different discretization methods were used in
order to analyses the discretization process of the SOGI
transfer function. The Tustin-Tustin method is more
efficient in the harmonic current amplitude detection. This
method presents less error for different frequency harmonic
and sampling frequency.
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