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Abstract— In recent years, there has been a rapid increase in the
number of photovoltaic (PV) three phase inverter systems being to
grid connected. Keeping the highly quality waveform and low
harmonic distortion of the current waveform during abnormal
condition is one of the most challenging. To achieve this target, a
current control technique is carefully considered. This paper
present a simple method to compensate the reactive power to the
grid connected inverter to deal with abnormal grid condition. The
control system using space vector modulation (SVM) with the
more recently adopted Proportional Resonant controller (PR).
The proposed technique will show an effective method for grid-
connected application. Simulation results will demonstrate the
effectiveness of the proposed technique.

Keywords— Proportinal Resonant; abnormal grid conditions, Grid-
connected Inverter; LCL filter.

[. INTRODUCTION

Distributed Generation (DG) is now widely employed in
based on energy storage and renewable energy sources such as
wind power, solar cells power and hydropower which lead to a
reduction in carbon dioxide emissions[1]. A three-phase grid
connected inverter is used to interface the photovoltaic (PV)
panels which is transform a DC voltage into the appropriate AC
voltage for the utility grid. In fact, there are two main types of
connection of PV panels to the utility gird as shown in Fig.1.
The first method is a single stage where the PV panels are
connected in series or parallel to achieve certain voltage and
current levels due to the low input voltage provided from the PV
system. The second method is a dual or double stages converter
system which has. a DC-DC converter which can be used in this
application to boost the voltage to the higher desired values with
maximum power point tracking (MPPT) to work at the highest
efficiency point and acceptable level of different kinds of the
inverters. The second stage converts the DC value to the three
phase AC values via a three-phase inverter.
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Fig.1 Diagrams of grid connected three-phase inverters. (a) single stage, (b)
double stage

The inverter and the associated control system are at the core
of the energy conversion process and their operation is essential
to inject high power quality, low harmonic distortion, current to
the grid [2]. For this reason international harmonic and power
quality recommendations, such as IEEE Standard 519 and 1547,
are often in place to limit the any harmonic components added
into the utility grid [3]. Typically, 5% current total harmonic
distortion (THD) limit is imposed.

Numerous inverter current control techniques have been
proposed to achieve improved power quality waveforms. The
proportional-integral controller (PI controller) is perhaps the
best understood and commonly applied control strategy. In three
phase systems, the d-q rotating synchronous reference frame
(SRF) approach, based on classic Park transformations, is often
applied [4]. As a consequence of the shortcomings of the PI
controller such as steady state output error when tracking
sinusoidal reference signals [5], alternative control solutions
have been presented. Of these, the Proportional Resonant (PR)
controller has become a popular strategy in renewable energy
applications. For example, in [6], the PR controller is
successfully employed in the stationary reference frame of a
three phase grid connected system. Significantly, the reported
advantages of the PR controller include the capability to remove
steady state errors when tracking AC signals by generating an
infinite gain at a known resonant frequency of the controlled
signal [7], and a highly attenuated gain at other frequencies, such
as the harmonic frequencies. Furthermore, the Park
transformation is not necessary, and there is less cross coupling
of the control axis, hence de-coupling strategies are not required
[8]. As a result, in grid connected applications, significant
reduction in the harmonic content of the controlled current is
possible. Additional elimination of the harmonic content can be
achieved by implementing Harmonic Compensation (HC) terms
in parallel with the main control effort [9].

However, a sudden drop in the voltage could further
increase the error between the reference signal and the
controlled signal causing considerable deviation from its nominal
value. The performance of the conventional PR controller will not
keep up with the increase in the error which weakens the controller
performance. To overcome this issue, this paper presents an
improvement in current control using a novel adaptive PR
controller. It demonstrates and compares the performance of the
adaptive PR controller during normal and abnormal grid
voltage conditions. The proposed control technique is capable
of providing low total harmonic distortion (THD) of the



injected current even during the occurrence of abnormal grid
conditions. The proposed method also achieves lower
overshoot, settling time as well as steady-state error.

A simple method is presented in this paper to decompose
the voltage and the current into their positive and negative
sequence components based on adaptive delayed filter with one-
quarter period delay. The performance of the adaptive control
strategy is verified by simulation and experimental results.

The three-phase grid-connected inverter is modeled and
controlled using adaptive PR controller strategy based on the
stationary reference frame (SRF) point of view with space vector
modulation technique (SVM). As a result, a phase locked loop
(PLL) is used here in this control to detect the transformation
angle and enhance the synchronization of the inverter output
current with the grid voltages achieved. Two adaptive PR
current controllers together with harmonic compensators are
applied in the current controller. Due to the absence of the
connection between decoupled active and reactive components,
as a result excellent dynamic response can be succeeded.

II. PV MODULE

A photovoltaic (PV) cell is the source and the core of the
power conversion system. The concept of the PV cell came
from the simple P-N junction semiconductor. Light crosses the
junction where the current flows in both directions and
produces electrical load. The PV cell circuit model contains of
an ideal current source in parallel with an ideal diode. Thus,
the diode determines the equivalent circuit I-V characteristics
of solar cell as shown in the Fig.2, where I, is the photo
current source and is dependent on the solar irradiance and
ambient temperature, and I; is the shunt current through the
diode.
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Fig.2 Equivalent circuit I-V characteristics of solar cell

According to Kirchhoff’s current law, the output current is
given by [10]:
I'=ln— 1 (1)
The current voltage relationship of the PV cell is given by the
-V equation:
v v

I=1y,—1, {exp (;’?) - 1} - )
where, L, is the photon current and I; is the diode current. Iy,
is the shunt current, D is the parallel diode. Ry, is the shunt
resistance and Rj is the series resistance. /,, is the reverse
saturation current of the diode, q is the electron charge q =
1.6 * 1071 C, A is the current fitting factor, K is Boltzmann’s
constant A = 1.381 * 10723 J /K and T is the junction
temperature (K). By assuming the Ry,=o0 the previous
equation can be reduced to:

1=l = I, fexp (£2) -1} -1 3)

The characteristics of the PV panels between (I-V) and (P-
V) are non-linear. Therefore, a Maximum Power Point Tracking
(MPPTT) algorithm is essential. Due to it is simplicity, the most
widely used MPPT technique is Perturb & Observe (P&O)
method [11]. Thus, the output voltage is the reference DC either
to the DC-AC inverter as a single stage or to the DC-DC dual
stage.

III. LCL FILTER MATHEMTCAL MODEL

A three-phase grid connected inverter with a third order LCL
filter is shown in Fig.3. The LCL filters is used to increase the
power quality of the output current compared to lower order L
and LC filters [12].
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Fig.3 Simple scheme of the grid-connected inverter with LCL-filter

The differential equation representing of the LCL filter can
be found from the equivalent circuit of the single-phase in Fig
3. Here, the filter is defined by the inverter-side inductor L,
filter capacitor Ci, grid-side inductor L,, and the resistive
elements represent the ohmic losses in the passive components.

i, R, L, L, 2, R

Fig.4 single-phase equivalent circuit of the LCL filter

Since SVM is used in this system, the LCL filter is designed
in the SRF frame (af}) using space vectors to make it easier and
more convenient. By applying Kirchhoff’s current and voltage
laws, the following equations can be used to represent the
voltages and currents within the circuit of fig.4 [13].

Vita,p) = ST(a‘B) % @)

Viap) = Vrp) = Rilip) + 11 % 5)
Vr@p) = Vg(ap) = Rela@p) + L2 % (6)
Lf@p) = U@p) ~ L2ap) 7

where; Vj(q ) is the output voltage vector of the inverter, v,
is the dc voltage, g(a.ﬂ) is the space vector switching, V¢, gy is
the voltage vector of the capacitor, Vg4 gy is the voltage vector
of the grid side, R, is the inverter resistance, R,is the grid
resistance, L; is the inverter side inductor, L,is the grid side
inductor; Ter (4 gys U1 (a,p) @0d Iy (q, gy are the current vectors of the
LCL filter. The resonant frequency in Fig.4 can be calculated
using:
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Note, the resonant frequency f;..s should be not less than 10
times of the line frequency f;, , and lower than half of the PWM
switching frequency f;,, to avoid resonance issue in the grid-
connected application [14].

IV. SPACE VECTOR MODULATION

Space vector modulation (SVM) is a modulation technique
that become popular in the control and widely applied in three-
phase grid-connected inverter. SVM is flattering best Pulse
Width Modulation (PWM) technique due to the many features
of SVM such as SVM can provide 15% higher output voltage
than the sinusoidal PWM.

SVM can be designed as a single unit. This unit has eight
switching levels; each switching state describes the voltage
space vector as a point in 2-dimensional complex vector
mapping in af. Figure 1-8 shows the vector hexagonal shape of
the SVM. The shape is divided in six non-zero switching sectors
from U; to Ugwhere U, and U, are lining in the origin position
of the hexagon.

Fig. 5 Space Vector hexogen

In SVM, the three phase reference voltages U, , Uy, and U, are
converted to complex two phase orthognal aff plane using a
Clarks transformation as shown in the following matrix:

= [ug] = [0

V. CONTROL SCHEME
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In this work, the applied control system is a cascaded system
in which the outer voltage control loop controls the inner current
control loop. The block diagram of the PR current control
scheme is presented in Fig. 6. The voltage control loop
comprises of two PI regulators; one for the dc link voltage
control and the other for the grid voltage control. The measured
dc voltage is compared with the reference dc voltage vgc(rer) in
the dc voltage control.
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Fig.6 Adaptive PR controller in stationary reference control
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Here, it is essential to convert the three phase alternating abc
voltage and current waveforms into two phase aff components
using a Clarke transformation, as shown in the following
equations [15]. [15, 16] .
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In this control scheme, the PLL is used to synchronize the
output current of the converter to the grid voltage. As such, it is
essential in controlling the phase angle and frequency of the
system. Fig.7 displays the PLL block diagram.
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Fig.7 Block diagram of three phase PLL

The measured voltage is converted to the synchronous
reference frame, and v, (the q-component ) is compared with
the reference v,” which is equal to zero and controlled by a PI
controller. The nominal grid frequency o is added to the output
of the PI controller, and the the grid voltage angle 0 can be
obtained by integrated the sum of the PLL.

The grid voltage amplitude is compared with the reference
grid voltage amplitude |vg(ref)| in the grid voltage controller.



The grid voltage amplitude is calculated in the stationary
reference frame using the equation below.

2 2
PQH—V%W>+%W (12)

The error between the measured grid voltage and the
reference grid voltage is fed to a PI controller whose transfer
function is given below.

Gpi(s) = Jep + 72 (13)

As such, the outputs of the voltage controllers serve as the
current references in the d-q reference frame. To obtain the
current references in the stationary reference frame, in which the
PR controller is implemented, the d-q current references are
transformed using the inverse Park transformation is:

iy | [cos® —sinf]i, (14)
i; “|sin@ cos@ i;
where; 0 is the grid voltage angle obtained from the PLL.

The PR controller transfer function is:
(15)

Where, o is the resonant (line) frequency. Because of the
high observable gain at fundamental frequency, w, steady state
error can be typically removed via PR controller. A chart
diagram of the PR control scheme is presented in Fig.8.

Gpr(s) = K, + K; ——

L(s2+ w?)

Fig.8 Control Diagram of PR controller implementation

However, to avoid the problem of obtaining infinite gain at
the resonant frequency, a non-ideal PR controller which is given
in the following equation can instead be used:

Z(IJC N
(524 2w¢ s +wg?2)

Gpr(s) = Ky + K; (15)
where; w. is the bandwidth of the cutoff frequency and w, >
- Fig.9 illustrates the bode diagram for both ideal PR and
non-ideal PR controllers. It clearly shows that the non-ideal
PR controller has less gain in the narrow frequency all over the
resonance frequency compare with ideal one.
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Fig.9 The bode plots of PR controller ideal and non-ideal controllers

The PR controller can be readily implemented on a digital
signal processor (DSP) after conversion to discrete form. The
generalized discrete equivalent of the PR controller, converted
to the z domain using backward Euler method. The difference
equation, which is implemented in C-code in the DSP is given
by the equation below:

yl= Kk,

ya(k +2) = 2y,(k + 2) — (1 4 ? Ts?)y, (k) +
kT, [x(k + 1) — x(K)] (13)

Where, y,, y, are output of controller and w is the resonant
frequency, Ty is the sample time. In order to reach higher
performance level of the control system, a Harmonic
Compensator (HC) is implemented in parallel with the main PR
control scheme. Note that the HC does not impact upon the
efficiency of the basic PR controller. However, it has a major
effect on the harmonic frequency to which the compensator is
tuned [8]. In grid connected applications, it is common to
implement HC terms in parallel with the basic PR controller to
target low order harmonics (5%, 7™); these are well recognised
as being problematic. The HC can be implemented by following
the equation below:

2 Kips

Gyc(s) = Zh=5,7 ECTPIRRY] (14)

s2+ (wh)?

Where, Kjj, is the individual resonant gain, h is the harmonic
order.

VI. PROPOSED CONTROLSTRATEGY

In this study, the adaptive PR controller strategy is used to adapt
the static gains of the proportional part and the integral part of
the PR controllers. The on-line adaptation is based on a look-up
table which is used to update the controller parameters using the
following equations:

kp (k+1) =k, () + Ak, (k) 1)
ki (k+1) =k; (k) + Ak; (K) (22)

When the sudden error is increased beyond the maximum
allowed variation of 5%, the adaptive controller will auto tune
both the kp and the ki of the PR controller. One potential cause
of such an increase in error is voltage sag. A voltage sag is a
temporary reduction in the RMS voltage between 90% to 10%
and the duration time from half cycle up to a few seconds) [17].

VII. RESULT AND DISCUSSION

A. Simulation Reasult

The system in Fig.6 is simulated in MATLAB®. A 100kW
system is simulated, and the nominal operating parameters of the
simulation are identified in Table 1 below.

TABLE 1. Simulation parameter of the system

Parameter Value
Power Rating 100kW
Voltage grid (line to line) 415V
Inverter side inductance 5.0mH
Grid side inductance 3.0mH




DC voltage 760 V Switching frequency & Sampling frequency 10 kHz
DC capacitor 2000 pF filter capacitor 20 puF
Sampling frequency & Switching frequency 10 kHz

Filter capacitor 92 uF

Fig. 10 shows the simulation results of the three phase

voltage and current. Fig.10 (a) shows the three phase voltage
waveform. It can be seen that the voltage drops when a voltage
sags happens in the system at 0.1 sec until 0.15 sec. Fig.10 (b)
shows three phase current waveform. It is clear that the current
has increased when the sudden voltage occur at 0.1 sec in order
to balance the active power transfer from the PV source. Fig.11
(a) and fig.11 (b) show the stationary reference frame alpha and
beta current waveform respectively. The measured current
following the reference current which they point out that the
adaptive PR controller works effectively when there is change
in the grid conditions.
However, in the case of unbalanced voltage sag the adaptive PR
controller achieves better dynamic response. Fig.12 (a) and
Fig.12 (b) shows the three phase voltage and current waveform
respectively; note the reduction in the overshoot characteristics
and the recovery time to achieve steady state. It is clear that the
adaptive controller can better compensate the unbalanced
current. It can be shown that this is due to the adaptive
controllers improved ability to control the positive and negative
sequence components.
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Fig. 10 Simulation result waveforms. (a) Three phase voltage waveform.
(b)Three phase current waveform.

A. Experimintal Reasult

To wvalidate the control technique presented above,
experimental results are obtained using a small scale three
phase laboratory prototype inverter connected to the grid. The
control is implemented on a Texas instrument eZdspF28335
DSP. The nominal operating parameter are defined in table 2.

TABLE 2. Practical parameters of the system

Parameter Value

Power rating 300W
Voltage grid [line to line] 35V
Inverter side inductance 0.6 mH
Grid side inductance 0.175 mH
Dc-link voltage 50V

Dc capacitor 1500 pF

Current (A)
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Fig. 11 Simulation result waveforms for adaptive PR controller. (a) i-alpha.
(b) i-beta.
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Fig.12 Simulation result waveforms under unbalanced grid condition. (a)
Three phase voltage waveform. (b) Three phase current waveform.




Fig.13 displays the experimental results of the inverter under
stationary frame adaptive PR controller. Fig.14 (a) shows the
three phase current waveform with the grid voltage. It can be
observed that the current waveform is smooth and no
oscillations appear in the waveform. Furthermore, the current
THD is 3.82% which is less than the approved limits set by
IEEE recommendations. Fig.14 (b) shows the reference alpha
current and the measured alpha current; and the reference beta
current and the measured beta current waveforms. It can be
seen that the measured current accurately follows the
reference current in both signals. In addition, Fig.14 (c) shows
the three phase current when a step reference is applied. The
waveforms show that the adaptive PR controller has a fast
response with a small overshoot. The alpha and beta current
waveform, when subjected to a step change, is shown in Fig.
14 (d).
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Fig. 14 Experimental result waveforms (a) the three phase current waveform
(2A/div) lower waveform with the grid voltage (50V/div) upper waveform

(b) the stationary reference frame (alpha) current waveform and the stationary
reference frame (beta) current waveform. (c) the output of the three phase
current with step response. (d) the stationary reference frame (alpha) current
waveform and the stationary reference frame (beta) current waveform with
step response
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