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Abstract—This paper presents a fast and robust D@ current
controller to regulate the output power of single-phase grid-
connected inverters. The proposed method generates the grid
current orthogonal component without introducing any additional
dynamics or distortions to the control loop. Moreover, its oper-
ation does not depend on the system parameters. The proposed
method exhibits improved steady-state and dynamic performances
in comparison with the inverters equipped with the conventional
orthogonal signal generation techniques. Its improved character-
istics make the proposed controller suitable for smart inverter ap-
plications, to provide advanced grid functionalities as demanded
by recently revised standards. Simulation and experimental results
show the feasibility and performance of this control structure.

Index Terms—Advanced grid functionality (AGF), current con-
trol, DQ frame, low-voltage ride through (LVRT), orthogonal signal
generation (OSG), single-phase grid-connected inverter.

I. INTRODUCTION

UE to the growing penetration of distributed generation

(DG) units into the power grid, standards in many coun-
tries are recently amended, requiring DGs to provide advanced
grid functionality (AGF). These functionalities aim to sup-
port the grid during faults and fluctuations. Low-/high-voltage
ride through (L/HVRT), low-/high-frequency ride through
(L/HFRT), and reactive power generation are examples of the
AGFs expected by the revised standards [1]-[5].

Realization of such functionalities in the DG needs an ad-
vanced control structure. Since the inverter plays the key role
in control of the DG, its controller is expected to be designed
adequately to help the DG comply with the new standards.
Accordingly, as the basic requirement, an advanced and smart
inverter needs fast and robust dynamics with flexible control
structure that is able to regulate its output power in all operating
conditions of the grid.

Two common methods for power regulation of the smart in-
verter are: 1) using proportional-resonant (PR) controllers in
stationary reference frame or equally o3 frame, and 2) trans-
forming the variables to synchronous reference frame (SRF) or
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equally D@ frame, and using proportional-integral (PI) con-
trollers. PR controllers in stationary frame are simple, and they
can control either the instantaneous power of the inverter di-
rectly [6], or the average value of the output power by means of
the conventional current control schemes. The PI controller in
SRF is also a well-known structure, providing power regulation
based on the instantaneous power theory [7], [8]. PR controllers
in a3 frame are basically equivalent (in view of the fundamental
frequency) to PI controllers in D() frame [9]. Depending on the
application, either of these methods is used. In this study, a DQ
frame controller is applied to the smart inverter to provide a fast
and robust power regulation scheme.

D@ frame controllers were originally introduced for three-
phase systems, and then, extended to single-phase applications
[10]. In these controllers, o3/ D@ transformation turns ac vari-
ables into equivalent dc quantities, thus they can be controlled by
PI controllers. The design process of PI controllers is simple and
they exhibit satisfactory dynamic and steady-state performance.
Also, as the system variables are converted to dc quantities, the
control loop has no dependence on the system frequency. In
addition, this scheme can regulate active and reactive power in-
dependently by simple adjustment of the D and (Q-axis currents,
respectively.

D@ current control of single-phase inverters requires an or-
thogonal signal generation (OSG) block to provide the orthog-
onal component of the grid current in o3 frame [10]-[12].
Conventionally, OSG is implemented using phase shift meth-
ods such as Hilbert transform [13]-[15], time delay [11], [16],
all pass filter [17], [18], and second-order generalized inte-
grator (SOGI) [19]. Although the steady-state performance of
these methods are acceptable for most part, the delay to cre-
ate 90°phase shift slows down the system dynamic response
that can be problematic in smart inverters. Moreover, frequency
drifts result in an inaccurate phase shift, which could lead to
unacceptable errors in active and reactive power control.

Some methods are proposed to eliminate the undesired phase
shift block in the control system. In one approach, the grid side
filter capacitor current and its voltage are used because of their
inherent 90° phase difference [10]. This method has several
drawbacks. First, the measured capacitor current contains large
amount of switching harmonics, which can degrade the current
controller performance. Furthermore, this method is only appli-
cable to inverters that use LC or LCL output filters. Accordingly,
in case of the LCL filter, if the capacitor current and grid voltage
are used, they would not have exact 90° phase shift, resulting
in steady-state error in D() currents. In another approach, the
fictive axis emulation (FAE) [20], the orthogonal component of
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the grid current is generated by virtually emulating the output
filter inductor in the controller. Although this method is simple
and successfully generates the orthogonal component for an in-
verter with inductive output filter, it is a model-based approach
and its performance and response depend on the system param-
eters that may be uncertain and/or prone to change. In addition,
the implementation of this method for an inverter using the LCL
output filter has not been studied in the literature.

In this paper, a new OSG method is proposed that makes the
controller independent of the system parameters and operating
frequency. Moreover, the method is instantaneous and does not
introduce any additional delay, nor any distortion to the con-
trol process. This method shows superior dynamic performance
compared with the conventional single-phase D() current con-
trollers. The enhanced dynamic performance along with the
ability of the D@ controller for instantaneous power control
(IPC), make the proposed control scheme a suitable choice for
power regulation of the smart inverters. Accordingly, perfor-
mance of the proposed method is further investigated for the
LVRT feature as an example of an AGF, which helps increase
the grid stability.

This paper is organized as follows. Overall system and the
proposed method are described in Section II. Section III presents
the detailed description of the LVRT feature. In Section IV,
performance evaluation and comparison with other methods are
presented. Finally, the paper is concluded in Section V.

II. PROPOSED METHOD

A general block diagram of a single-phase grid-connected
inverter controlled in D@ frame is shown in Fig. 1, where the
inverter is interfaced with the grid through a passive filter. Grid
voltage and the current are fed back to the controller. The con-
troller is responsible for injecting a sinusoidal current meeting
the grids’ requirements on power quality and dynamic perfor-
mance. As it can be seen in this figure, current controller needs
an OSG block to generate the [3-axis component of the grid
current (¢44). In addition, a phase-locked loop (PLL) is used in
this scheme to synchronize the inverter to the grid.

Details of the D frame current controller is shown in Fig. 2.
This controller consists of PI controllers, decoupling terms, and
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Fig. 2. Block diagram of the current controller in D) frame.
feed-forward terms in both D- and (Q-axes. This structure is
same as the three-phase D@ frame current controllers [21].

A. Proposed OSG Technique

Assuming the grid current as (1), the 90° delayed version of
this current will have the form of (2)

igo = Asin(0+ ) (D
igs = —Acos(f+ @) 2)

where

t
o / wo(7)dr. 3)
0

In (1)-(3), w and 6 are the angular frequency and phase angle
of the grid voltage, and ¢ is the phase angle between the grid
voltage and current.

The reference value of the D- and ()-axes currents (/; and
I ;) correspond to a-axis reference current (i;a) in the form of

iy, = Bsin(y + ) “)

where 1) is angle of the a3/ D() transformation and

I*
B=\/I:*+1;* , ~=tan™"' (;) . 3)
d

The objective is to estimate the actual i,5. If the PLL is
operating in steady state, 1) will be equal to 6. Meanwhile, since
PI controllers are chosen and they eliminate the steady-state
error of the current controller, ¢,, will eventually become equal
to iy,. Similarly, if the (3-axis component of the grid current
actually existed, this current also would have become equal to
i, 5 Therefore, the 3-axis component can be estimated based on
the reference value of the D- and (Q-axes currents. In view of
that, the proposed method uses /; and /; values to generate an
estimation of ¢,5 (i.e., %g@) in the form of (6). A block diagram
of this method is shown in Fig. 3

%gﬂ = —Bcos(¢) + 7). (6)

The proposed method does not introduce any dynamics in
generating the orthogonal signal and does not introduce any
distortion into it. Therefore, it results in a fast and smooth output
current response. In addition, this method has no dependence
on the systems’ model (such as the inductance), since the (3-axis
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Fig. 3. Block diagram of the proposed OSG technique.
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Fig. 4. Block diagram of the controller and plant in D@ frame using the
proposed method as the OSG. The grid-side filter is assumed to be an inductor.

current is generated solely based on the reference values of the
D- and Q-axis currents.

B. Stability Analysis of Proposed Control System

Fig. 4 shows the representation of the controller and plant
in D@ frame. This system uses an inductor as the grid-side
filter. Since it is assumed that the actual grid voltage and its
related feed forward term in the controller perfectly cancel each
other, these two terms are not shown in this figure. The filter
current is transformed to D frame, hence, the output current
is obtained in D- and Q-axes, i.e., I; and I,. The grid current
in (-axis is not available and the proposed method is used for
estimating it according to (6). The a3/ D@ transformation of
this current along with the actual grid current in «v axis provides
an estimation of grid current in D- and Q-axes, which is denoted
by I, and I, and can be represented as

— sin(f) — cos(@ iga (t
[ (9) ()1[ ()]. o

dq t) = ~
cos(f)  sin(6) ig5(t)

Substituting [, (t) 1,5(t) ]T by its D() frame representation
results in

. L 1-1I I —1I;

_ e e e g _ a4l
I(t) = 5 + 5 + 5 sin(26) 5 cos(20)

. Ir iy I, — I

I,(t) = % §q+%sm(2a)+ ! 5 ? cos(26). (8)

Note that the double-frequency terms of (8) go to zero if I
and I, approach Ijj and I, respectively. Equation (8) indicates
that this system can be represented as a linear time-varying sys-
tem with a combination of an LTI system and a system with
double-frequency dynamics. The closed-loop stability of the
system can be analyzed using the two time-scale method. Exten-
sive simulation studies and experimental results confirm that the
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Fig. 5. Block diagram of the system for stability analysis.
double-frequency subsystem does not have any destabilizing im-
pact on the LTI subsystem. Thus, ignoring the double-frequency
terms, (8) becomes

P P 1l /— =
L) = Iy = 5 (Tag = 1) ©)

Block diagram of system in Fig. 4 is redrawn as depicted in
Fig. 5. In this block diagram, I,(t) and I,(t) are substituted
according to (9). Also the PI controllers are shown as G(s),
where G(s) = (k,s+ k;)/s.

The reference values in disturbance inputs of Fig. 5 will be
removed by the PI controllers, hence they can be ignored. So,
this system can be represented as

Lw !
L) Gs) ! “GG) 1 2Ls
I,(s) G(s)+2Ls Lw 1
G(s) +2Ls
[15(5)1
X : (10)
15(s)

The inverse matrix in (10) is calculated and 7;;(s) and I;(s) are
considered as step functions in the form of (11)

o I

d(s) - S
Iref

* _ q

Considering (10) and (11), and using the final value theorem
(FVT), it can be concluded that

Jim Iy(t) = lim sIy(s) = It

lim 1, (t) = lim sI,(s) = I}"". (12)

t—o0 —0
Therefore, the whole system is stable and D and Q-axes currents
approach to their set point values. The sole condition for the
stability is the same as the condition for the applicability of the
FVT and that is the roots of G(s) + 2Ls should be stable. This
condition is satisfied for all positive k, and ;.

C. PI Controller Design

PI controllers for both D- and -axes are designed based

on the systems’ model. According Fig. 4 and assuming a non-

ideal inductor filter as the plant (i.e., 7% = i—; = ﬁ), the
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open-loop transfer function of the system will be equal to

I(s) = ky (8+ki/l€p> .
Ls \ s+ R/L
In (13), the plant pole (s = — R/ L) can be canceled by the com-
pensator zero (s = —k; /k,) by choosing k, and k; as k, = L/,
and k; = R/7;. As aresult, the closed-loop transfer function of
the system will be equal to

_da(s)  Iy(s) 1
Gls) = I%(s) N Iref(s) oms+1

13)

(14)

where 7; (time constant of the closed-loop system) is a design
parameter [21]. Using this procedure, PI controllers can be de-
signed for both D- and -axes.

In addition, sensitivity of the PI controllers to the inductor
value variations can be assessed based on (13). In this regard,
time constant of the output response (i.e., I;(s) or I, (s)) is taken
into account. Considering (13), it is noted that this parameter
in both D- and Q-axes is dominantly characterized by the term
%. Therefore, any inductor detunings causes the time constant
to deviate from its designed value.

III. LVRT FEATURE
A. LVRT Description

As the number of integrated renewable DG units in a power
grid increases, simultaneous disconnection of all DGs in case
of a voltage sag can result further system instability and power
quality issues. Therefore, new regulations obligate the smart
inverters to support the grid by providing a specified amount of
reactive power in case of voltage sag [22], [23]. This is called
LVRT feature.

The allowable off-grid and grid-connected regions of a DG
system is determined by the grid codes of each country. The
grid-connected region is defined based on depth and duration
of the sag. In some countries such as Italy and Germany, there
are even a short time interval (100~150 ms) with zero-volt grid
voltage that the DG has to remain connected to the grid [22].
The short time intervals provided by the grid codes, require fast
dynamic response controllers such as the one proposed in this
paper.

In a D(Q frame current controlled inverter, both active and
reactive powers can be controlled independently. This can be
employed to introduce the LVRT feature to a single-phase DG
unit. In normal operating condition, the D-axis reference cur-
rent (I7) is adjusted based on the reference value of the active
power. Also the arbitrary level of reactive power determines the
reference of the (Q-axis current (I ;). In a grid fault situation,
however, I; will be adjusted based on the depth of the voltage
sag, according to the standard. Several approaches have been
proposed to determine I in case of a voltage sag. Constant
peak current, constant active current, and constant average ac-
tive power strategies are such examples [22], [23]. Among these
strategies, only the constant peak current strategy dictates the
amount of active current with taking the inverters’ maximum
current capacity into consideration. In this strategy, I} is calcu-
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Fig. 6.

Block diagram of the PL-EPLL.

lated based on

2 2
:; = Igmax _I; (15)
where I, 1s the peak value of the inverters’ maximum current
without tripping the over current protection.

B. Fault Detection

As the voltage sag fault occurs, it should be rapidly detected
to trigger the LVRT function in the controller for adjustment of
active and reactive power reference values. Detection of fault
condition can be done through monitoring of estimated grid
voltage amplitude at the PLL output. Based on this scenario, this
system needs a fast and robust PLL technique. This PLL has to
be accurate for different grid voltage frequency and amplitudes.

Enhanced PLL (EPLL) has been widely used in single-phase
grid-connected applications [24]. The EPLL, however, depends
on the input signal magnitude while the LVRT needs a scheme
that can work for small or even zero-grid voltage condition. The
pseudolinear-EPLL (PL-EPLL) is recently proposed that has a
fast response and works for all input magnitudes [25]. The PL-
EPLL provides the grid voltage amplitude that can be utilized
to detect the fault condition. Moreover, the PL-EPLL is capable
of producing a synchronization signal even if grid voltage is
reduced to about zero as this signal is necessary for the controller
to inject the required reactive current under such circumstances.
Block diagram of the PL-EPLL is shown in Fig. 6.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed control method is tested and its steady-state
and dynamic performances are evaluated using simulations and
laboratory experiments. The results are also compared to con-
ventional OSG techniques. System parameters are listed in Ta-
ble I.

A. Dynamic and Steady-State Performance Evaluation

Basic dynamic performance of the proposed method is evalu-
ated in a scenario where the inverter is first injecting zero active
and reactive power. At = 0.104 s, P* changes to 600 W and af-
ter that at# = 0.13 s, Q* changes to 450 VAR. Results are shown
in Fig. 7. It is observed that the proposed method presents a
fast dynamic response and tracks the step change in the current
reference values with no steady error.
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TABLE I
SYSTEM PARAMETERS

Dc link voltage 200 \4
Grid voltage 120 \4
Grid frequency 60 Hz
Grid side filter inductance 12 mH
Switching frequency 10 kHz
Sampling frequency 5 kHz
. Prop.(Kp) 40
PI controller gains Tnteg. (K;) | 500
: . 1, (3 500
PL-EPLL gains e 3500
] — ™
6~~~~~3~ e etatel Soteiaialabelatalulon — LW
| R S SN A R } b Iy @
b PR | S SR IS SO | b )
0 s s s
(a)
400
1200
— LA
— v,V
1-200
-400
—i, &
— iy (A)
-1&08 0.1 0.12 0.14 0.16
Time(s)
(©)

Fig.7. Dynamic performance evaluation of the proposed method. P* changes
from zero to 600 W at r = 0.104 s and Q* from zero to 450 VAR at t =
0.13's. (a) Grid current in both D- and ()-axes along with their reference values.
(b) Grid current and voltage. (c) Grid current in - and 3-axes.

The steady-state performance of the method in the presence of
10% third harmonic in grid voltage is evaluated in the following
simulation. P* and Q* has been set to 600 W and 0 VAR,
respectively. The variables I; and I, and their reference values
are shown in Fig. 8(a). Fig. 8(b) shows the injected current
and the grid voltage. Although the grid voltage is unrealistically
polluted with 10% of the third harmonic, inverter is still injecting
a highly sinusoidal current with total harmonic distortion (THD)
equal to 2.47%. The harmonic spectrum of the grid current is
also shown in Fig. 8(c).

Performance of the proposed method is compared with dif-
ferent OSG techniques and the results are presented in Fig. 9.
The conventional methods in this study are introduced in Ta-
ble II. This test confirms superior performance of the proposed
method in comparison with the conventional delay- and phase
shift-based techniques. It can be observed from Fig. 9 that the
performance of the proposed method is similar to the FAE
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Fig. 8. Results for the steady-state performance of the proposed method in

the presence of 10% third harmonic in the grid voltage. (a) Grid current in both
D- and @-axis along with their reference values. (b) Grid current and voltage.
(c) Harmonic spectrum of the grid current.

method. The reason is that regardless of the actual grid cur-
rent in a-axis, both methods virtually generate the orthogonal
component of the grid current with no delay. The FAE per-
formance, however, depends on system parameters because the
FAE method generates the orthogonal component using a vir-
tual filter that is implemented in the controller and needs the
inductance value. The proposed method in this paper has the
advantage that the orthogonal current generation system is in-
dependent from the system parameters. The sensitivity of FAE
is tested by doubling the inductance of the virtual filter. In this
test, the actual grid filter inductance is 12 mH, while the FAE is
implemented with 24mH inductance. Fig. 10 shows the results
obtained from both proposed and FAE methods. As it can be
seen in this figure, a mismatch between the actual and the virtual
filter inductance, leads to some sustained oscillations in the D-
and Q-axes currents and also degrades tracking performance of
the FAE method.

B. LCL Filter

Both FAE and the proposed method are tested in a sys-
tem using an LCL filter and results are shown in Fig. 11. As
it can be observed in this figure, proposed method perfectly
works for the LCL filter as well. Utilization of the FAE method
in this system, however, generates some sustained oscillations
in D@ currents. The reason is that FAE is designed for the
L filter, and its application in higher order filters like LCL needs
modifications. These modifications, however, make this method
too complicated. In addition, the FAE method makes the current
controller dependent on the filter parameters, and an LCL filter,
makes the FAE dependent on three different parameters of the
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Fig. 9. Dynamic performance comparison of different OSG techniques. (a)

Proposed method. (b) FAE [20]. (c) Hilbert transform [14], [15]. (d) Time delay
[11]. (e) Second-order all pass filter [17], [18]. In this test P* changes from zero
to 600 W at t = 0.104 s and Q* from zero to 450 VAR at t = 0.13 s.

TABLE II
TRANSFER FUNCTION OF THE CONVENTIONAL OSG TECHNIQUES

Hilbert transform [14], [15]

Gls) = 22

Second order all pass filter [17], [18]
—(sz—2wns+wi)
G(s) - sE—Q-Qu.:ns-Hun2

wy,: Grid angular frequency.

Wy = (\/571) wp.

system. In contrast, the proposed method does not depend on the
filter configuration and can be implemented in all D() current
controlled schemes without any modifications.

C. Comparison With Stationary Reference Frame Controllers

Superior performance of the proposed method in comparison
with several other single-phase D) frame power controllers
has been demonstrated in previous sections. This section aims
to compare the proposed method with a stationary reference
frame controller. Accordingly, an IPC method [6] is taken into
consideration, which directly controls the output power of the
single-phase inverter. This method is based on an optimization

problem, which provides the control function
p*(t) = P*(1 + cos(20)) + Q" sin(26) (16)

as the reference value of the inverters’ instantaneous power.
Block diagram of this method is shown in Fig. 12.

3973

gf--------- b= T R S H|—1®

6fF--------- Y ittt [ttt - —Iq(A)

‘2‘ ********** i B T 1w

0 ! ! ””;r 77777777 | L)
(@)
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zero to 600 W at 1 = 0.104 s and Q* from zero to 450 VAR at t = 0.13 s. Filter
inductance is 12 mH while FAE method is implemented with 24-mH value.
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Fig. 11. Dynamic performance evaluation of the proposed and the FAE
method for a system using an LCL filter. P* changes from zero to 600 W
at 7= 0.104 s and Q* from zero to 450 VAR at 7 = 0.13 s. (a) Proposed method.
(b) FAE method.

P* :
Equation Resonant
Q* | (16) Controller
=
A
sin (0) cos ()

PLL |«

o o[]S

Block diagram of the instantaneous power controller.

Fig. 12.

Performance of the proposed method is compared with the
IPC method by applying a step change to both active and re-
active power reference values. The PR controller for the IPC
method is set at k, = 0.63 and k. = 0.025. The resulting
grid current waveforms are presented in Fig. 13(a) and (b)
showing that both methods are injecting sinusoidal currents
to the grid. Furthermore, the reference power tracking per-
formance of these methods are also compared. For this pur-
pose, (16) is taken into account and the error between p*(¢) and
instantaneous power value of the inverter (i.e., p(t) = v, () x
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Fig. 13.  Proposed method compared with the IPC method. A step change is

applied to the active and reactive power set points, at# = 0.104 sand = 0.13 s,
respectively. (a) Grid current of the system using IPC method. (b) Grid current
of the system using the proposed method. (c) Difference between the output
power and the reference value for both methods.

i4(t)) is shown in Fig. 13(c). As it can be observed, both meth-
ods present perfect power regulation for the inverter, since they
are able to track the p*(¢) with fast dynamic and zero steady-
state error. As a conclusion, the proposed method provides a
power regulation scheme in SRF, which has a competitive per-
formance compared with the advanced stationary frame power
controllers.

D. LVRT Performance Evaluation

Performance of the proposed OSG method has been evaluated
in LVRT application. German grid code for medium- and high-
voltage networks is considered as an example in this section.
According to this code, if the grid voltage drops to zero for less
than 150 ms, the inverter is required to remain connected to the
grid and use all its nominal capacity to provide reactive power
for the network [23]. This scenario is simulated and results are
shown in Fig. 14. In this test, grid voltage goes from 120 V to
zero and vice versa at t = 0.122 s and t = 0.272 s, respectively.
Before the grid outage, P* equals 600 W and Q* is zero. As the
fault forces the grid voltage to zero, inverter uses all its nominal
capacity to generate reactive current to support the grid. When
the grid voltage restores, the inverter goes back to its set point
values prior to the fault. It can be seen in Fig. 14 that after
this outage, PLL provides the synchronization signal very fast,
leading to the normal operation of the inverter. Fast dynamic
response of the proposed OSG technique allows the control
loop to closely follow the reference values of the grid current in
both D- and Q)-axes.

E. Experimental Results

The proposed method is also experimentally validated. The
controller for this laboratory test is implemented in dSPACE
DS1104 digital controller setup box. This controller utilizes
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Fig. 14. LVRT performance evaluation. Grid voltage goes from 120 V to zero
and vice versa at 1 = 0.122 s and r = 0.272 s, respectively. Before and after the
grid outage, P* equals to 600 W and Q* is zero. (a) Grid current and voltage.
(b) Grid current in both D- and ()-axes along with their reference values. (c)
Grid voltage amplitude at the PL-EPLL output.

two processors in a master/slave configuration to provide sam-
pling, calculations, and PWM signals for the setup. The dSPACE
controller is programmed using MATLAB/Simulink software.
Parameters of the system are presented in Table I.

Fig. 15 shows the steady-state and dynamic performance test
results. Fig. 15(a) shows the grid current and voltage in steady
state. P* and Q* are set to 360 W and 180 VAR, respectively.
As it can be seen, the inverter injects a high quality sinusoidal
current to the grid. In another test, P* jumps from 45 to 360 W,
while Q™ is set to zero. Test result of Fig. 15(b) validates dynamic
performance of the proposed method.

Performance of the controller in a distorted grid voltage con-
dition is also experimentally evaluated. In this test, the grid
is polluted with 1.5% of the third and fifth harmonic. Fig. 16
shows the result for clean and distorted grid voltage tests. As it
can be seen, harmonic contents of the grid current in both cases
are within the limits of IEEE 1547 standard. Current THD for
nonpolluted and distorted tests are measured as 2.71 and 4.19%,
respectively.

In another test, performance of the controller under grid fre-
quency deviations is tested. In this study, the grid frequency
jumps from 60 to 60 &= 5 Hz for 1 s, and then, goes back to the
nominal condition. Results are shown in Fig. 17. As it can be
seen, the inverter perfectly tracks the frequency change of the
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Fig. 15. Experimental results of the proposed technique. (a) Injected current
(Ch.1, 3 A/div) and grid voltage (Ch.2, 100 V/div) in steady state. P* and Q*
are set to 360 W and 180 VAR, respectively. (20 ms/div) (b) I; (Ch.3, 1 A/div)
and /, (Ch.4, 1 A/div) waveforms during the step change in P* from 45 to 360
W and Q* equal zero. (1 ms/div)
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Fig. 16.  Experimental harmonic measurement for the grid voltage distortion
test. P* and Q* are setto 250 W and 0 VAR, respectively. (a) Without harmonics,
(b) With 1.5% third and 1.5% fifth harmonic on the grid voltage.

grid voltage and is able to inject the desired power into the grid
in nonrated frequencies.

Finally, the proposed approach is evaluated in an LVRT test
bench and results are shown in Fig. 18. In this study, the inverter
is injecting 170 W and 170 VAR into the grid, when the grid
voltage falls to about zero volt for 150 ms. During this grid
outage, the inverter goes to LVRT mode of operation and injects
reactive current to the grid. Upon restoration of the voltage,
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Fig. 17. Grid frequency deviation tests. P* and Q* are set to 250 W and

0 VAR, respectively. Ch. 1 shows the grid current (2 A/div) and Ch. 2 is
the grid voltage (100 V/div). Top window shows the grid voltage and current
(400 ms/div) and a snapshot of the inverter operation during the frequency
deviation period is depicted in the bottom window (40 ms/div). (a) 55-Hz test
(b) 65-Hz test.
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Fig. 18.  Experimental result for the LVRT performance. Ch. 1 shows the grid
current (2A/div) and Ch. 2 is the grid voltage (100 V/div).

inverter is again synchronized to the grid and goes back to its
normal operation prior to the fault.

V. CONCLUSION

A new OSG technique is introduced in this paper. The pro-
posed method is not based on phase-shift techniques, hence,
does not introduce any extra dynamics into the current control
loop. It also avoids introducing distortions into the generated or-
thogonal signal. Feasibility and stability of the proposed method
is analytically proved based on the model of the system. Also
the system performance has been evaluated by means of simula-
tion and experimental validation. It is shown that this method has
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superior dynamic performance in comparison with conventional
methods. The proposed method is simulated, implemented and
also used to provide LVRT feature for single-phase smart
inverters.
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