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Abstract

Nowadays, the power systems are submitted to current and voltage harmonics
due to the increased presence of nonlinear loads and the wide use of power in-
verters to interface solar and wind power plants. Nevertheless, these inverters
can also be used to compensate the current harmonics. Traditional harmonic
detection methods extracts all harmonic current information and the control
tuning tends to be complex and less flexible. Therefore, this work proposes an
adaptive current harmonic control strategy applied in multifunctional single-
phase solar inverters. The strategy is based on a novel detection method of the
harmonic load current. The harmonic current detection method is frequency
adaptive and designed to extract the load harmonic current with higher ampli-
tude. The detected harmonic is compensated using an adaptive proportional
resonant (PR) controller, reducing the grid current total harmonic distortion
(THD). The detection method counsists of two-cascaded phase-locked loop based
on second order generalized integrator (SOGI-PLL) which uses the detected fre-
quency to automatically tune the PR. The proposed method is explored in terms
of nondetection zone, the impact of the SOGI-PLL parameters and the control

stability analysis. Simulation and experimental results show the performance of
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the proposed control strategy, reducing significantly the grid current distortion.
Keywords: Adaptive control, harmonic compensation, harmonic current
detection method, SOGI-PLL, grid-connected photovoltaic system,
proportional resonant controller
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1. Introduction

For the first time in four decades, the global carbon emissions related to en-
ergy consumption remained stable in 2014, while the global economy grew [IJ.
The high penetration level of renewable energy sources in the global electrical
system is the reason associated with this stabilization [I]. However, some con-
cerns are emerging due to the growth of renewable energy sources integration,
especially wind and photovoltaic (PV) sources, into the electric power system
such as: quality of the energy injected into the grid [2] [3], security and support
under grid faults [4] [, 6], voltage regulation at the point of common coupling
(PCC) during grid voltage sags [7], harmonic current compensation [8, [l [10]
and reactive power compensation [11].

The expansion of the electrical devices with nonlinear characteristic in the
current and voltage relation have caused, for several years, concerns about the
proliferation of harmonics in the power system [12] 13| [14]. Details about the
nonlinear load behaviour is addressed in [I5]. Devices such as power electronic
converters, fluorescent lamps, electronic ballasts, thyristors, computers can lead
to higher harmonic current levels which are responsible for efficiency reduction
in the power grid, besides interacting with resonances present in the system
[13, 14, 16]. Due to this fact, the IEEE and IEC harmonic standards contains
recommendations for harmonic limitation at the point of common couple [16]
17].

The use of power converters to interface renewable sources with the power
system is regulated by grid codes in order to ensure the grid power quality.

However, these devices can also improve the power quality of an installation.
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Several works show that PV inverters have been employed to compensate the
harmonic current generated by nonlinear loads connected at the PCC. However,
this ancillary service is limited by the converter rated current [ [9] [10].

The main objective of the PV systems is to supply active power to the
load/grid, but as generally the converter is operating below its rated current,
the current margin can be used for the harmonic compensation. During the
night, for example, all the converter current capability can be used for harmonic
compensation.

Many issues need to be defined in order to use photovoltaic inverter to com-
pensate harmonic currents. The first one is the harmonic current detection
method. Different strategies have been proposed in the literature. References
[8, [9, 10) 18] apply the conservative power theory for current decomposition in
three orthogonal components, the active, reactive and residual current compo-
nent. In [T9] 20] 21] it is used the instantaneous power theory to separate the
current in average and oscillating components. Reference [22] uses the instan-
taneous symmetrical components theory for extracting the reference currents.
It should be emphasized that the detected harmonic current by the traditional
methods contains all harmonic orders, and it increases the controller tuning
complexity. Therefore, the additional computational processing is necessary to
identify individual harmonic currents [23].

In single-phase applications with harmonic compensation, many works use
proportional-resonant (PR) controllers, due to the presence of many frequen-
cies in inverter current reference [24, 25]. In these conditions, the conventional
proportional-integral (PI) controller has steady state error due to its limited
current tracking capability [24]. On the other hand, a PR controller must be
tuned for each harmonic frequency in order to compensate the harmonic cur-
rents, increasing the control algorithm complexity [25].

This work proposes a harmonic detector algorithm which detects only the
harmonic content with higher amplitude in the load current, and uses this in-
formation in the harmonic compensation process. If the harmonic current com-

ponent with higher amplitude is eliminated, it is possible to reduce the grid
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current THD with low control algorithm complexity. This method consists of
two-cascaded synchronous reference frame phase-locked loop (SRF-PLL) based
on second order generalized integrator (SOGI-PLL) proposed in [26]. The har-
monic controller consists of a proportional multi-resonant (PMR) controller
whose resonance is frequency adaptive. The utilization of adaptive resonant
controllers is addressed in [27], 28] with focus to minimize the controller degra-
dation associated with grid frequency deviation.

In view of the above discussions, the contributions of this paper are: a novel
harmonic current detection method applied in single-phase PV inverters is pro-
posed; analysis of a nondetection zone when harmonic components with similar
amplitude are present in the load current; stability analysis of the adaptive
resonant controller during variation in its resonant frequency.

This work is organized into the following sections. Section 2 introduces a dis-
cussion about the novel harmonic current detection method and its application
in adaptive current control strategy. Section 3 presents the dynamic behaviour
of the proposed harmonic detector as well as the stability of the adaptive con-
trol. Section 4 presents the simulation and experimental results to validate the

proposed control strategy. Finally, conclusions are stated in Section 5.

2. Adaptive Current Harmonic Control Strategy

2.1. Control Strategy

Generally, in single-phase PV system, the dc/dc stage with a boost con-
verter is used to keep the desired dc-link voltage constant [2], as shown in Fig.
The boost control strategy is shown in Fig. which consists of an outer
loop, responsible for controlling the dc-bus voltage of the solar array vp,, and
an inner loop, responsible for controlling the current of the boost inductor I;,4.
The voltage reference for the dc/dc stage loop is calculated by a maximum
power point tracking (MPPT) algorithm, which maintains the solar array de-

livering the maximum power to the system at various levels of solar irradiance
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Figure 1: (a) Single-phase grid-connected photovoltaic system, (b) Boost control loop, (c)

Inverter control loop.

and temperature [29]. The electrical model of the solar panel is based on the
mathematical model proposed in [30].

The inverter control strategy is shown in Fig. A PI compensator is used
in the dc-link voltage control. This compensator calculates the active current
amplitude I* which will be injected into the power system. This signal is syn-
chronized with PCC voltage and added to harmonic component detected by the
proposed strategy. Finally, the controller calculates the converter modulation
index v*.

The control system is based on PMR controller composed of: a proportional
controller, a resonant tuned to fundamental frequency and another resonant

controller dynamically tuned at harmonic frequency provided by the proposed
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harmonic detection method. The PMR transfer function is given by:

Ry (s) Ry (s)
N S
fsz—f—w? s wd’

Ge(s) = K} + K; (1)

where K7, is the proportional gain. K,y and Kj;, are the integral gains tuned
at the fundamental frequency and harmonic order h, respectively, wy is the
fundamental frequency and wy, is the harmonic frequency provided by proposed
harmonic detection method.

Using traditional harmonic detection methods, one resonant controller is
necessary for each harmonic order. Aiming to reduce the number of resonant
controllers, the proposed harmonic current detection method is able to detect
only the harmonic component with higher amplitude. Thereby, only two res-
onant controllers are required: one of them for fundamental component and
another with frequency adaptive characteristic for harmonic compensation.

The PMR controller has high gains at its resonant frequencies. Thereby,
the terms Ry and R are responsible for tracking the current component at
fundamental frequency wy; and at harmonic frequency wy,, respectively.

The discretization method used in Ry(s) and Ry(s) is the Tustin with pre-
warping. This technique avoids a displacement of the poles [31]. The z-domain
transfer function of the Ry(s) and Rj(s) is given by:

sin(w,Ts) 1—272

R = 2
=(2) 2w, 1—2271cos(w,Ts) + 272’ (2)

where w; is the resonant frequency (wy or wy) and T is the sampling period.

2.2. Adaptive Harmonic Current Detection Method

The proposed harmonic current detection method is based on two cascaded
SOGI-PLL, as shown in Fig. 2] The resonant frequency of the SOGI-based
adaptive filter (SOGI-based AF) is provided by the SRF-PLL frequency feed-
back [2]. Furthermore, the harmonic current detection structure consists of two

stages.
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Figure 2: Current harmonic detection method based on two cascaded SOGI-PLL.

The first stage is responsible for detecting the parameters of the load current
fundamental component such as its frequency (wy = 2760 rad/s) and amplitude.
In the SRF-PLL, the dq reference frame angular position is adjusted forcing
iq to zero [32]. Therefore, the amplitude of the current fundamental component
Iy is equal to 14 filtered by a low-pass filter (LPF). Therefore, the fundamental

current component i¢(t) is detected as:

if(t) = Ipcos(by), (3)

where 6 is the fundamental component phase angle detected by the SRF-PLL.
The total harmonic content iz, (t) is determined by the difference between the
load current iz (¢) and i (¢).

The second stage is similar to the previous one. However, it is responsible for
detecting the harmonic current component with higher amplitude. Its harmonic
frequency wp and amplitude I, are detected by the second SOGI-PLL. The

harmonic component i, (t) is determined as:

in(t) = Incos(6n), (4)

where 6}, is the harmonic component phase angle of the load current with higher
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amplitude. Furthermore, the second stage is also responsible for the adaptive
characteristic of the proposed current control, i.e., the frequency is used to
adjust the PMR controller.

In the next section, a detailed analysis is performed in order to stress the
proposed methodology. Among the analysis, it is highlighted the SOGI-PLL
tuning process, which should to ensure an admissible settling time with a flexible
bandwidth to track the harmonic current component. Other important point is
the effect of the low- pass filters (LPFs) cut-off frequency, which needs to avoid

unwanted oscillations in the detected amplitude and frequency.

3. Harmonic Detector and Controller Stability Analysis

3.1. SOGI Gain Effect on the Harmonic Detection

For the proposed analysis, a load harmonic current iy (t) with harmonic

frequency wy, and amplitude [, is considered, as given by:

irn(t) = Incos(wpt). (5)

In this analysis, the SRF-PLL feedback frequency is assumed to ideally track
down the frequency, i.e., the detected frequency is wy,.The SOGI-based AF trans-

fer functions are expressed as:

- iLha(S) - kwhs
Ha(s) = irn(s) 82+ kwps +w?’ (6)
Hys) = 2] — e )

irn(s) $2 + kwps + wi’

These transfer functions show that the bandwidth of the SOGI-based AF
only depends on the gain k. It can be observed that irp, and ippg are two
orthogonal currents and the Bode diagram of (6]) and (7) are illustrated in Fig.
and Fig. for several values of SOGI gain (k), respectively. It is seen

that the signal attenuation increases with k, but with different shapes for H,(s)
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Figure 3: Bode diagrams of SOGI for several values of gain (k), (a) Ha(s) bode diagram and
(b) Hg(s) bode diagram.

and Hg(s). This fact can influence in the harmonic signal detection and it is
discussed in the following sections.
Applying Laplace transform in , replacing it in @ and and applying

inverse Laplace transform, the time responses of the iy, and ipng are:

w t k ) A t
iLha(t) = Incos(wpt) — Ihe(thk) cosh(Awpt) — % , (8)

. . I 6(7%71“)51'71 Awpt
Zth(t) = Ihsm(wht) + h 2 ( h ), (9)

where A = 4/ —%.

When k = /2, an optimal relationship between settling time and overshoot

is achieved presenting a critically damped response. To verify the influence of the
SOGI gain in frequency and amplitude detection, initially a 3rd harmonic order
of amplitude 1 A is considered in the simulation. At 0.4 seconds, a 5th harmonic
order component with amplitude equal to 3 A is added on the harmonic detector
input. Fig. [{a]and Fig. [4b]show the frequency and amplitude detection response
of the 5th harmonic component for several values of k, respectively.

It can be observed that for £ = 0.1, the harmonic detector is not able to
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Figure 4: Detected frequency and amplitude for several values of SOGI gain (k), (a) Detected
frequency and (b) Detected amplitude.

detect the harmonic with higher amplitude due to the narrow bandwidth of the
SOGI-based AF. On the other hand, a wide bandwidth can allow considerable
overshooting in the SOGI outputs and it can affect the response time. k = /2

is used in following analysis and in the case study.

8.2. Frequency Filtering Effect on the Harmonic Detection

In the proposed harmonic detector method, the LPF has an important in-
fluence in the output characteristic, mainly when the harmonic detector input
irn(t) has two or more harmonic components. Therefore, unwanted oscillations
must be avoided in the amplitude and frequency detection process. In this work,
the second order Butterworth low pass filters with cut-off frequencies f.¢ (for
frequency filtering) and f., (for amplitude filtering) are used.

Fig. and Fig. shows the influence of three f.; and f., values (5 Hz,
10 Hz and 30 Hz) on frequency and amplitude detection of the 5th harmonic
at 0.4 seconds, respectively. In steady state conditions, the frequency ripple is
1% for f.y = 30 Hz, as depicted in Fig. whereas the amplitude ripple for
fea = 30 Hz is 4%, as shown in Fig. For f.r = 30 Hz, besides the direct
component, there is an oscillation of 2nd harmonic in the detected frequency I,

as shown in Fig. Therefore, unwanted 3rd and 7th harmonic components in

10
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irn(t) arises in i (t) by the product between the 2nd harmonic oscillation and

the detected phase angle of the 5th harmonic content, which can be observed

in (ED and Fig. In order to reduce the unwanted frequencies in the detected

predominant harmonic and a fast detection response, for this work f., =5 Hz

and f.y = 10 Hz are chosen.
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quencies (f.f and feq) of the LPFs, considering k = v/2, (a) Detected frequency for three f.y

values, (b) Detected amplitude for three fcq, keeping f.y = 10 Hz, (c) Detected amplitude

spectrum for three fco values, keeping f.; = 10 Hz and (d)Detected iy, (t) current spectrum,
parameters: fcq =30 Hz, foy =10 Hz and k = V2.
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8.8. SRF-PLL Natural Frequency Impact on the Harmonic Detection

The closed-loop transfer function of a SRF-PLL is given by [32]:

On(s) kps + ki
= = 1
Gpri(s) Oin(3) $2 + kps + K, (10)

where 6}, and 0;,, are the output and input phase angle, respectively. k, and k;

are the PI controller gains. The expression shown in is a standard second-
order transfer function. It is defined k, = 2w, and k; = w?, where ( is the
damping factor and w,, = 27 f,, is the SRF-PLL natural frequency.

In order to obtain an acceptable dynamic performance of the phase angle
detection process, ( = % is recommended in the literature and w,, is adjusted
in accordance with the desired controller bandwidth. [2] [32].

The frequency and amplitude detection of the 5th harmonic component for
some w,, values are shown in Fig. [6a] and Fig. [6b] respectively. It can be
observed that for f,, = 10 Hz, the amplitude and frequency of the 5th harmonic
has not been detected. For f, = 100 Hz, an offset is observed in the detected
amplitude due to SRF-PLL wide bandwidth. This wide bandwidth generates
unwanted oscillations at the detected phase angle, and thus the dq reference
frame angular position is affected. The acceptable relationship between settling

time, unwanted oscillations suppressions and lower steady-state error is found

for f, =50 Hz.

8.4. Nondetection Zone of the Proposed Harmonic Detector

The main goal of the proposed harmonic detector is to track the predominant
harmonic in the current signal. However, depending of the amplitude of the
harmonic components, the detector cannot follow the harmonic with highest
amplitude. In fact, there is a nondetection zone which can be explained by two
factors. The first one is the SOGI bandwidth limitation. The second one is
the capability of SRF-PLL follows the predominant harmonic component. The

analysis for both phenomena are presented in this section.

12
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fn. Parameters: k = V2, fea = 5 Hz and fe.y = 10 Hz, (a) Detected frequency and (b)
Detected amplitude.

8.4.1. Effect of SOGI bandwidth limitation
To evaluate the nondetection zone in terms of SOGI bandwidth limitation,
a harmonic current composed of a 3rd and 5th harmonic components is applied

in the harmonic detector input. Thereby, i1, (t) is given by:

ipn(t) = Izcos(wst) + Iscos(wst), (11)

where ws = 27180 rad/s and ws = 27300 rad/s. I3 and I5 are the amplitudes
of 3rd and 5th harmonic current, respectively.

The SRF-PLL feedback frequency is considered as ws and k = /2. The
magnitude Bode diagrams of SOGI structure are illustrated in Fig. and
Fig. When the amplitude of 5th harmonic current component becomes
higher than the 3rd harmonic component (I5 > I3), the 5th harmonic content

is detected as predominant harmonic if:

Rl R2
Ts - 0.798 > Iy andTs - 0.482 > I, (12)

where 0.798 and 0.482 are the magnitude gains at 300 Hz , as shown in Fig.
[7al and Fig. [TD] respectively. Once the magnitude gain at 180 Hz is unitary, if

13
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5th harmonic component detection response for two different value of Is at 0.4 seconds.

I5 does not satisfy Ry in , the 5th harmonic content is not detected.

In order to check simulations are used. In 0.4 seconds, two different
amplitude values of a 5th harmonic component (2 A and 2.2 A) are applied in
(4), and the amplitude of the 3rd harmonic current signal is constant (1 A).
Considering that the SRF-PLL natural frequency is 50 Hz, and I5 = 2 A, the
expression Ry is not true. Therefore, the 5th harmonic component of the current
is not detected, as shown in Fig. For Is = 2.2 A, the expression Ry are true
and the 5th harmonic content is detected, as shown in Fig.

14
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8.4.2. SRF-PLL detection threshold

In fact, if the input signal of SRF-PLL is composed of two harmonics with
similar amplitudes, the SRF-PLL can estimate the frequency incorrectly. In
this condition, this work defines the PLL detection threshold, which consists
in the minimum amplitude difference between two harmonic components which
implies in the correct frequency detection. In order to understand the SRF-PLL
detection threshold, firstly it is necessary to understand its dynamic behaviour
during frequency changes (single harmonic approach).

The SRF-PLL is a nonlinear system. The transfer function presented in
section 3.3 considers a locked state. However, for large frequency variation
(change of harmonic content), this approach is not valid [33]. The study of
PLLs modelling in unlocked state is related in some texts in literature [33 [34].
Using a similar methodology of [33], the SRF-PLL dynamics can be modelled

by the following nonlinear differential equation:

., + éekpsiné?e + kpcosbe + kisin, = i, (13)

where 0, = 0}, — 0;, is the phase error.

The solution of this differential equation is not a trivial task [33]. Specialized
texts evaluate the performance during unlock state using some key parameters
obtained from some approximations and simulations analysis [33], 34} [2].

For two or more harmonic components, the determination of these param-
eters is more complex. Some texts in literature approaches this problem con-
sidering the main component much larger than other harmonics. In this case,
these harmonic components can be modelled as a noise signal [34]. However,
this approach is not valid for the proposed harmonic detector. Numerical solu-
tions can be used in order to solve this problem, for specific values of £ and w,,.
Thus, it is possible to estimate the SRF-PLL detection threshold.

To illustrate this process, initially, it is used a 1 pu of 3rd harmonic sig-
nal in the SRF-PLL input. When it reaches the steady-state, a 5th harmonic

component is added in the SRF-PLL input signal. The amplitude value of 5th

15
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harmonic component is slowly increased, in order to determine the SRF-PLL
detection threshold.

The study case results are presented in Fig. [§] It can be observed that the
detection threshold reduces significantly for large £ and w,. However, large £
results in poor dynamic behaviour as mentioned in [2]. Furthermore, large w,
increases the amplitude offset and the estimated frequency ripple, as presented
in section 3.3. For the chosen parameters, the detection threshold is close to
1.4 pu. This value is smaller than the nondetection zone imposed by the SOGI
bandwidth. Therefore, for the adjustment considered in this work, the SRF-PLL

structure does not increase the nondetection zone of the harmonic detector.

200

400 4
w, [rad/s] s

Figure 8: SRF-PLL detection threshold in function of £ and wy, considering a transition from

3rd to 5th harmonic order.

8.5. Control Stability Analysis

Considering the solar plant and the dc-link represented by a dc-bus volt-

age source and neglecting the load and the grid impedance, the grid-connected

16
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photovoltaic system, as depicted in Fig. can be modelled as:

Pr(z) = (1 - f) = (14)

- RyTs )
(1 —z7le Ir ) Ry

where L; and Ry are the inductance and equivalent series resistance of the L

filter, respectively [31] [35].
The error rejection between the inverter current i5(z) and its reference i*(2)

can be expressed as:

E(z) 1
ii(2) 1+ Ge(2)Pr(2)’

where F(z) is the error expressed as i¥(z) —ig(z). The function 1+ G.(2)Pr(2)

(15)

is known as the distance of the open loop transfer function G.(z)Pr(z) to
the critical point —1 + 0j at each frequency in the Nyquist diagram. For
resonant controllers applied in simple system, the minimum distance 7, of
[K, + KinR.(2)|PL(2) to the critical point is more reliable and compact in-
dicator of system stability than analysis by means of margin and phase gains
[311 [35].

Besides to reach an admissible 7y, the K gain is set to ensure that the
crossover frequency f. of K} Pr(z) is lower than a decade below the switching
frequency to effectively filter the commutation harmonics.

It is considered the PR controller tuned at the 3rd harmonic frequency R3(z)
to illustrate the K influence on the minimum distance to the critical point in
the Nyquist diagram. Fig. [9a] and Fig. [9D] shows the Nyquist diagrams of
[K, + KinR3(2)|PL(2) for two K] values (15, 29). For very large values of
K, the effect on stability can be neglected. Fig. and Fig. [0d] shows the
closed loop poles displacement for the same K, values with resonant frequency
variation in Ry (2), between wy, = 27180 rad/s and wy, = 271260 rad/s. The red
colour poles indicates when its position is outside the unit circle in the z-plane.

For K, = 15, the minimum distance is 0.81, as depicted in Fig. @ However,

the system becomes unstable at the frequency wy, = 27633 rad/s, as shown in

17
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during resonant frequency variation in Ry (z) between wp, = 27180 rad/s and wp, = 271260
rad/s for two values of K (15 and 29). Parameters: Ly = 8 mH, Ry = 80 m, sampling
period Ts = 1/12000 s, Ky = 1000 and K;h = 5000, (a) K}, =15, (b) K] =29, (c) K, = 15
and (d) K, = 29.

Fig. and thus the PMR controller presents a narrow frequency margin which
can act. For K = 29 the minimum distance is 0.65, as illustrated in Fig. @
and the system becomes unstable at the frequency wy, = 27903 rad/s (Fig. @
However, the control is stable if tuned until 15th harmonic order, which are the
common harmonics currents in the power system.

Moreover, in this case, the crossover frequency (f. = 580 Hz) is lower than

a decade below the switching frequency, attending the minimal design specifi-
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cations. For large values of K, the PMR controller presents an wide frequency
margin of action. However, the minimum distance to the critical point is re-

duced. Moreover, the crossover frequency of the K Pr, (2) becomes closer to the

switching frequency (fs = 6000 Hz) with the increase of K} Pr(z).

In order to achieve the minimum distance to the critical point and to ensure

the crossover frequency lower than a decade below the switching frequency, for

this work K = 29 is chosen.

4. Results

4.1. Simulation Results

The case study presents a solar array with 4 parallel strings of 15 panels of 48

W in series connection. The simulation was implemented in Matlab/Simulink

environment with simulation time of 4.5 seconds. Parameters of the simulation

system are presented in Table

Table 1: Parameters of the simulation setup.

System Parameters Value
Switching frequency 6 kHz
Sampling frequency 12 kHz
Filter parameters 8 mH /80 mQ
Dec-bus voltage 390 V
PCC parameters 220 V /60 Hz
Solar Irradiance 600 W/m?
Injected Power 1.55 kW
Current control parameter Value

Resonant controller gains
Fundamental SRF-PLL gains
Harmonic SRF-PLL gains
filter f.y cut-off frequency
filter f., cut-off frequency
SOGI gain

K =29, K;f = 1000 and K;;, = 5000
kppir,; = 26.66 and k; i1, 5 = 355.31
kppi,n = 444.3 and k; pi., = 98696.04
10 Hz
5 Hz
1.4142
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In this simulation, the load harmonic current contents are changed to vali-
date the proposed harmonic detection method and the adaptive control strategy.
The nonlinear loads connected to the PCC are represented by current sources,
emulating the harmonic characteristics of the load current. The load current
spectrum during the simulation time intervals are shown in Fig.

Fig. and Fig. shows the amplitude and frequency detection of the
predominant harmonic in the load current. The harmonic detection is enabled
at 0.5 seconds. Between 0.5 < t < 1.5 seconds, the 3rd harmonic component
with amplitude equal to 3 A is detected. Between 1.5 < ¢t < 3 seconds, the
7th harmonic component with amplitude equal to 2 A is detected. Between
3 < t < 4.5 seconds, the 5th harmonic component with amplitude equal to 4 A

is predominant in the load harmonic current and it is detected.

25 ———
Il 0<t<15s
200 ¢ [CJ15<t<30s |
[ ]40<t<45s
<
FRc (I
3 3
=5 2
glO’ 1 [ﬂ Hl
< 0
3579 11
5,
1] 1 S
01 5 9 11 13 15 17 19

Harmonlc Order

Figure 10: Load current spectrum.

After the load current harmonic detection, the resonant controller is auto-
matically tuned in the detected frequency and load harmonics are compensated
by the inverters. Using the proposed control strategy, the inverter compensates
the 3rd harmonic content of the load current, which is eliminated from the grid
current, as depicted in Fig. [[2a] Furthermore, the inverter injects 10 A of active
current into the grid (1.55 kW). Fig. shows the inverter injecting 7th har-
monic content to eliminate it from the grid current. It can be seen that the 7th

harmonic of the grid current is strongly reduced. In the last analysis, the 5th
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harmonic is predominant in amplitude, as depicted in Fig. In this case, the

inverter compensates the 5th harmonic content of the load, and this component

is strongly reduced in grid current. Fig. [I3a] and Fig. [I3D] shows the inverter

current (ig) and its reference (¢%) during harmonic detection transients. It can

be seen that the control remains stable even in the detection transitions.
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Figure 11: Detected harmonic component of the load current. The system became operational

at 0.5 seconds,(a) Detected frequency of the predominant harmonic in the load current and

(b) Detected amplitude of the predominant harmonic in the load current.
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Figure 12: Current spectra during harmonic compensation between 0 < t < 4.5 seconds, (a)

0 <t < 1.5 seconds, (b) 1.5 < t < 3.0 seconds and (c) 3.0 < t < 4.5 seconds.
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Figure 13: Inverter current (is) and its reference (i%) during the detection transients , (a)

Transient at 1.5 seconds , (b) Transient at 3 seconds .

4.2. Ezxperimental Results

Similar tests are also conducted in a laboratory prototype whose parameters
are presented in Table[2] A single-phase power inverter is connected to different
loads with characteristics presented in Table[3] in order to test the performance
of the harmonic detector and compensation algorithms. The control algorithm

was implemented in a Texas Instruments floating point DSP F28335.

Table 2: Parameters of the experimental setup.

System Parameters Value
Switching frequency 6 kHz
Sampling frequency 12 kHz
Filter parameters 8 mH /80 mQ
Dc-bus voltage 60 V'
PCC parameters 45 V /60 Hz
Current control parameter Value

Resonant controller gains
Fundamental SRF-PLL gains
Harmonic SRF-PLL gains
filter f.; cut-off frequency
filter f., cut-off frequency
SOGI gain

K, =5.9, K;5 = 1000 and K;;, = 5000
kppit,f = 26.66 and k; pi, 5 = 355.31
kppit,n = 444.3 and k; pi,n = 98696.04
10 Hz
5 Hz
1.4142
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Table 3: Characteristics of loads used in the experimental setup.

Load type Harmonic Content

Load 1 3,5,7,9...

Load 2 5,7, 11...

Load 3 = Load 1 + Load 2 3,5, 7,9..
Harmonic Spectrum Predominant harmonic order

3rd order — 180 Hz
5th order — 300 Hz
5th order — 300 Hz

Fig.
Fig.
Fig.

The system operation starts with load 1 connected to the grid. At ¢ = 0.5
seconds this load is disconnected and load 2 is connected at ¢ = 0.6 seconds.
Finally, at t = 1.8 seconds load 1 is turned on again and both loads 1 and 2
remains connected to the grid.

The dynamic behaviour of the detected amplitude and frequency are pre-
sented in Fig. The harmonic detection algorithm follows the harmonic
component with higher amplitude of the load current. When load 1lis discon-
nected, the detected amplitude stabilizes close to zero. After, load 2 is connected
and the frequency increases from 180 Hz to 300 Hz. When both loads are
connected, the higher harmonic component is kept in the 5th harmonic order.
Therefore, only the detected amplitude changes.

Current waveforms and PCC voltage in steady state are shown in Fig. [T5a]
shows the waveforms before the compensation. As can be observed, the grid
current is distorted due to load current harmonic content, and the inverter active
current reference remains in 3 A during all tests.

Fig. shows the current waveforms for load 1. Current harmonic spectra
for this situation is presented in Fig. Using the proposed control strategy,
the inverter compensates the third harmonic content of the load. This harmonic
is almost eliminated from the grid current, as depicted in Fig. [[4D] Furthermore,
the inverter continues to inject 3 A of fundamental active current into the grid.

Fig. [15¢ shows the waveforms for load 2. Current harmonic spectra for this
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Figure 14: Experimental evaluation of the proposed current harmonic detector during load
changes and harmonic spectra of the load, inverter and grid current for load 1, 2 and 3, (a)
Detected amplitude and detected frequency of the load current, (b) Current harmonic spectra
for load 1, (¢) Current harmonic spectra for load 2 and (d) Current harmonic spectra for load

3.

test is presented in Fig. The harmonic detector follow the higher harmonic
component and changes the detected frequency. By means of the adaptive
resonant control, the inverter compensates the 5th harmonic content of the
load, as shown in Fig. It can be seen that the 5th harmonic frequency is
strongly reduced in the grid current.

Finally, Fig. shows the waveforms for load 3 and the current harmonic
spectrum for this situation is presented in Fig. The harmonic detector
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follows the harmonic amplitude variation and the inverter compensates the 5th
harmonic content of the load current. This component is strongly reduced in
grid current.

The simulation and experimental results have shown the strongly reduction
of the predominant harmonic component of the load current in the power system.
The PMR controller has remained stable even during in its dynamic tuning

through the proposed detection method.

* Tinie (T0 ms/div)

Figure 15: Voltage and currents waveforms in experimental setup during load changes: C1
Load Current (5 A/div); C2 Grid Current (5 A/div); C3 PCC Voltage (25 V/div) C4 Inverter
Current (5 A/div), (a) System operating without harmonic compensation, (b) Compensation
of the load 1 higher harmonic component, (¢) Compensation of the load 2 higher harmonic

component and (d) Compensation of the load 3 higher harmonic component.
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5. Conclusion

An adaptive current harmonic control strategy applied in multifunctional
single-phase photovoltaic inverters has been developed in this paper. This con-
trol strategy is based on the harmonic current detection method, which is de-
signed to extract the load harmonic current with higher amplitude and its fre-
quency. Thereby, the proportional multiple resonant current controller can be
automatically tuned for specific harmonics, increasing efficiency and reducing
the control algorithm complexity.

Analysis of the current harmonic detector and the effect of the algorithm
parameters have been addressed. When the current harmonic content has har-
monic orders with similar amplitude, a nondetection zone was described as well
as the minimum condition to detect the harmonic content with higher amplitude
during load current changes. Furthermore, control stability analysis of adaptive
resonant controllers during frequency variations was presented.

Simulation and experimental results showed the proposed control strategy
performance and the improvements in the grid current. The grid current THD is
reduced by compensating the harmonic current of the nonlinear load connected
to the PCC, using the photovoltaic converter.

In this way, if several photovoltaic systems are already installed into the
power system, the modifications in the control strategy for partial harmonic
compensation can result in considerable reduction of the grid current THD.

It is worth mentioning that the current harmonic detector proposed in this
work can be used to detect more than one harmonic component. for this pur-

pose, just add more stages of the SOGI-PLL structure in series connections.
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