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Abstract

This paper presents a novel Parameter-Independent Fictive-Axis (PIFA) approach for the Voltage-Oriented Control (VOC)
algorithm used in grid-tied single-phase inverters. VOC is based on the transformation of the single-phase grid current into the
synchronous reference frame. As a result, an orthogonal current signal is needed. Traditionally, this signal has been obtained from
fixed time delays, digital filters or a Hilbert transformation. Nevertheless, these solutions present stability and transient drawbacks.
Recently, the Fictive Axis Emulation (FAE) VOC has emerged as an alternative for the generation of the quadrature current signal.
FAE requires detailed information of the grid current filter along with its transfer function for signal creation. When the transfer
function is not accurate, the direct and quadrature current components present steady-state oscillations as the fictive two-phase
system becomes unbalanced. Moreover, the digital implementation of the transfer function imposes an additional computing burden
on the VOC. The PIFA VOC presented in this paper, takes advantage of the reference current to create the required orthogonal
current, which effectively eliminates the need for the filter transfer function. Moreover, the fictive signal amplitude and phase do not
change with a frequency drift, which results in an increased reliability. This yields a fast, linear and stable system that can be
installed without fine tuning. To demonstrate the good performance of the PIFA VOC, simulation and experimental results are
presented.
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I INTRODUCTION Proportional Integral (PI), proportional resonant cu.rrent
regulators, PLL compensators, fuzzy controllers, non-linear

Single-phase grid-tied Voltage Source Inverters (VSI) are
used in a wide range of applications such as: renewable energy,
uninterruptible power supplies, active power filters and power
factor controllers [1]-[9]. These solutions, require a power
converter capable of supplying an undistorted current while
regulating the active and reactive power flow [9], [10]. To cope
with these requirements, multilevel inverters, modified
topologies, high order passive filters and different grid current
control strategies have been explored [9]-[16]. Recently,
different current controllers for single-phase controllers have
been published, such as: hysteresis control, dead beat control,
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controllers and Voltage Oriented Control (VOC) [2], [16]-[25].

Active power filter applications based on model predictive
control algorithms and a quasi z-source inverter were explored
n [15]. This solution greatly reduces the cost of the system by
reducing the voltage ripple on the DC link. Nevertheless, this
arrangement requires careful tuning of the passive elements
and control structure.

Non-linear controllers have recently received a lot of
attention since they can operate without a Phase Locked Loop
(PLL) and offer asymptotic stability and convergence.
However, reactive power regulation and compatibility with
advanced filters have not been covered in recent work [22],
[25].

In most controller algorithms, the gain tuning becomes
complex when filter topologies such as the LCL filter are used.
In reference [12], a special direct current control tuning process
is presented for three filter topologies. This process must be
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repeated for every different filter topology and it may require
extra effort to avoid oscillations when advanced filters such as
the LLCL and L(LCL), are considered [13].

Among the existing controllers, the VOC control algorithm
stands out because of its low current THD, low sensitivity to
frequency variations, compatibility with advanced modulation
techniques and capacity for decoupled control of active and
reactive power [23], [24], [26] and [27].

When dealing with a three-phase VOC controller, it is
possible to transform the grid current into the synchronous
reference frame. Thus, it is feasible to control the current using
simple PI controllers with no steady-state error [24]. However,
in a single-phase VSI, an orthogonal current signal is needed to
emulate a two-phase system. This allows the transformation
into the synchronous reference frame [21]. Different techniques
have been employed for the creation of such signal. Some of
these techniques include: fixed time delays, all-pass filters,
Hilbert transformation and Fictive-Axis Emulation (FAE) [2],
[51, [26]-[30].

Fixed time delayed signals disable the controller to cope
with frequency variations as the phase shift will not correspond
to 90 degrees. As a result, the quadrature system will no longer
be valid. Furthermore, the presence of a quarter cycle delay in
the f axis is detrimental for the system dynamic response since
the synchronous frame response will be delayed by any
perturbation [1], [2]. An alternative for generating such
quadrature signal is the Hilbert transformation. However, this
approach presents a high sensitivity to frequency fluctuations,
and it has not gained industrial acceptance [2].

The FAE technique stands out as a recent and reliable
development for generating the orthogonal current signal
needed in reference frame transformations [1]. It is based on
using the beta (Vg) component of the voltage command
generated by the synchronous current regulator. Such signal
is then used in conjunction with an artificial orthogonal
voltage signal generated by a PLL. The aforementioned
waveforms are used along with filter transfer functions,
effectively creating a virtual quadrature axis. Still, detailed
information on the grid voltage magnitude, filter parameters
and its current transfer function are needed for effective axis
emulation. Otherwise, double line frequency components
appear in the control loops due to the imbalance between the
real and imaginary currents. In other words, any deviation
from the real values of the filter components and/or the grid
voltage magnitude will produce an imaginary current that is
neither orthogonal nor symmetric. Moreover, the digital
implementation of complex transfer functions creates an
added computational burden to the already computer
intensive VOC algorithm.

In [23] a controller that employs an unbalanced reference
frame is presented. The effects of the pulsating current are
damped using a high bandwidth controller. This approach
translates into different scenarios where different control
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Fig. 1. Single-phase grid-tied inverter.

structures are considered. However, this approach fails to
present a single control structure that can be used in different
applications without the need for further changes to the
controller.

In this paper, a novel Parameter-Independent-Fictive Axis
(PIFA) VOC algorithm is proposed to overcome dependence
on filter parameters and controller tuning. This method is
based on the assumption that a properly tuned controller
keeps the grid current at its desired phase and magnitude
values. Thereby, it is possible to use current reference values
to generate the orthogonal current signal used in the reference
frame transformation. Hence, a balanced, virtual axis is
effectively created without the need for tight control loops or
knowledge of the filter parameters. Furthermore, a precise
voltage magnitude is not needed such as when dealing with a
FAE VOC since the PLL is used solely for phase angle
estimation. As a result, the generated quadrature current
signal remains balanced regardless of frequency and
parameter drifting. Hence, a reliable system that can be used
under different grid impedances with little to no changes to
the controller structure is attained. To demonstrate the
functionality of the proposed approach, a single-phase PIFA
VOC single-phase tied-grid inverter is developed. Simulation
and experiments of the PIFA VOC and its comparison against
the conventional FAE VOC are given.

II.  GRID-TIED SINGLE-PHASE INVERTER

The layout of a single-phase grid-tied VSC is depicted in
Fig. 1. The VSC is connected to an electric mains through an
inductive current filter, although it may be substituted with
other filter topologies such as the LC, LCL, LLCL and
L(LCL), filters.

The VOC controller is based on treating the grid as a
virtual electrical machine. Accordingly, the filter inductance
and resistance become analogous to stator parameters, while
the grid voltages are treated as the voltages induced in the
virtual electric machine. The grid voltage and current are
assumed to be aligned along the a-axis. A fictitious
quadrature axis, P, is created to transform the system into the
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synchronous reference frame.
The resultant virtual two-phase machine is illustrated in
Fig. 2, and the voltage equation of such a system is given by

(.

di
d_:ﬂ + Vgrid (M
where R and L represent the line inductance and resistance,
respectively, V4 is the inverter voltage, I, is the grid current
and V,q is the grid-side voltage. If a decoupling network is
used, Equ. (1) can be transformed into the synchronous
reference frame, which leads to (2):

dl,
M A
q 9 q gridg
dt
where I; and I, are the direct and quadrature axis currents,
respectively.

The current response of the system may be represented by
the loop portrayed in Fig. 3 [1], [30]. Where 1, and I, indicate
the current components, K, and T; are the controller
proportional and integral gains, and T, is the sum of the
sampling period and the inverter delay of the PWM
modulation [32].

The following open-loop transfer function for Iy and I, can
be obtained (3):

Is) K, (Ts+1)
1°(s) Ts(sT, +1)sL+R)
This function presents a dominant pole (Ls+R). Therefore,

the current loop tuning may be achieved by considering a
second order element [1], [27].

V,, =Rl +L

)

III. PARAMETER-INDEPENDENT FICTIVE-AXIS
CURRENT CONTROL

The FAE algorithm is based on the application of the
difference between the V3 command and a PLL synthesized
quadrature voltage waveform (V,sinf) of the current
transfer function of the grid-filter. The block diagram is
depicted in Fig. 4, where V,,,, is the estimated grid voltage,
and 0 is the PLL estimated phase angle.

Sampling

PI controller . Grid current
and inverter
Temd filter
+ KP(T[s+1)_> [ S
- Ts sT, +1 sL+R

Fig. 3. System current loop.
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Fig. 4. Fictive axis single-phase vector control.

Consequently, a fictitious orthogonal current is created and
both the grid current and its orthogonal counterpart are then
used to drive the reference frame transformations needed for
the use of a synchronous current regulator. Thus, a system
with a fast dynamic response is achieved at the cost of
becoming dependent on the grid parameters and voltage
magnitude estimation. On the other hand, the proposed PIFA
alternative eliminates such dependence by generating
orthogonal current signals using the Iy’ and I;' references to
create the B-axis. Thus, I is obtained by using (4):

I, =14'sin@+1,"cos & 4

The block diagram for the proposed algorithm is shown in
Fig. 5. The I3 generation is based on the assumption that a
properly tuned current regulator will keep the current values
at the same level of the references. Therefore, an orthogonal
current is effectively created for the reference frame
transformation without knowledge of filter parameters or the
value of the grid voltage magnitude.

Under this approach, the grid voltage measurement is
merely used to drive a PLL which generates the sin(0) and
cos(0) signals used during reference frame transformations.

On the synchronous reference frame, the desired inverter
voltages are attained from current control loops. Once the
direct and quadrature voltage commands (V4 and V) have
been obtained, they are then used to synthesize V,.

This signal drives the modulation algorithm that creates the
firing signals for the VSI. With this approach, the Vj signal
created from the current loop is not needed.
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Fig. 5. Parameter-independent fictive-axis vector control.

TABLEI
SYSTEM PARAMETERS
Symbol QUANTITY Magnitude

C DC bus capacitor 2700 uF
L Filter inductance 9.02 mH
R Filter resistance 1.4Q

N Transformer ratio 4 (120V/30V)
Vee DC bus voltage 70V

F Grid frequency 60 Hz
F. Commutation frequency 6 kHz

F Sampling rate 6 kHz
K, Proportional Gain 20.954
K Integral Gain 20954

IV. SIMULATION AND EXPERIMENTAL EVALUATION

The proposed system is evaluated against the FAE VOC.
The steady-state and dynamic responses of the PIFA VOC
algorithm are evaluated by simulations and experiments. The
system parameters used in the simulations are given in Table
L

A. Simulation Study

The PIFA and FAE VOC control strategies were evaluated
using MATLAB/Simulink.

The current control loop was tuned using the modulus
optimum algorithm. The simulation comparison was carried
out considering a 10% deviation in the grid voltage
magnitude and a 10% deviation in the filter inductance. The
dynamic responses of both control algorithms were evaluated
with an instantaneous step change at 0.5 ms in the current
commands from [;=0A and I;=-3A to I~6A. The I4 and I,
current components are depicted in Fig. 6.

Both systems presented a fast transient response (<3 ms).
Nevertheless, the presence of magnetization reactance and
equivalent core resistance represent a deviation from the grid
impedance parameters used in the fictive axis emulation.

Thus, steady-state oscillations appear in the Iy, current

dqt"“
-
L

N n i N L L L L
04 042 044 046 048 05 052 054 056 058 06
b

|
rl

1

(A)
dg
Skt S h b
T T
\
|
i
{
| "
M)

3 L n n L i L " i
4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
I <)
8 T T T T T T T T
il g —Id
z 4 =1t
= sl 4
T 2
=20

4 042 044 046 048 0.5 052 054 .56 058 0.6

Idg (A)

C;L ||_-:w:..':-.o:

A 042 044 046 D48 0.5 052 03 056 058 0.6

Time (3)
Fig. 6. I current transition from -3A to 0 A, and from 0A to 6.5
A on ;. (a) PIFA current controller. (b) PIFA current controller
with 10% deviation from grid voltage measurement. (c) FAE
current controller. (d) FAE current controller with 10% deviation
from grid voltage measurement.

s s L L
0.4 042 044 046 048 05 052 054 056 058 0.6

1 L L

b
T

0.4 042 044 046 048 0.5 0.52 054 056 (.58 0.6

T T T T T T T T T

—laj

1B

Tefd (A)

04 042 044 046 048 0.5 0.52 0.54 0.56 0.58 0.6

— It

—I1

laf (A)

0.4 042 044 046 048 05 052 054 056 058 0.6
l'ime (s)

Fig. 7. Response of I3 currents during a reference perturbation.
(a) PIFA current controller. (b) PIFA current controller with 10%
deviation from grid voltage measurement. (c) FAE current
controller. (d) FAE current controller with 10% deviation from
grid voltage measurement.

components. The amplitude for such oscillations increases
from 160 mA to 211 mA when a 10% deviation is considered
in the grid voltage. On the other hand, this variation presented
no effect on the PIFA-VOC performance. The grid current
waveforms for such test are shown in Fig. 7. It can be seen
that the proposed PIFA VOC produces an instantaneous
change on the I current component, when compared with the
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FAE current Ig at 2.6 ms. This difference is produced by the
dynamic response of the P axis fictive current filter.
Nevertheless, this difference is so small that it has no
detrimental effect on the response of the PIFA-VOC system.
A comparison considering a 10% deviation on L is
portrayed in Figs. 8 and 9. Again, the PIFA-VOC controller
shows no steady-state oscillations while the FAE-VOC
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Fig. 10. Current (I5) dynamic response with a 10% inductance
variation.

TABLEII
TUNED SYSTEM PARAMETERS
Eigenvalue DAMPING Frequency (Hz)
-2.33E03 1.0 370.8310
-1920 + 1520j 0.784 389.9296
-1920 - 15205 0.784 389.9296

presented 280mA oscillations when the inductance deviation
is considered.

A detailed plot of the current dynamic response when the
inductance is deviated is illustrated in Fig. 10. Even though L
is a part of the current decoupling network, the effect of the
variation is more evident in the FAE system where a larger
overshoot is observed (16% when compared with the 5% of
the PIFA response). This response is related to the
detrimental effect oscillations have on PI controllers.

Since the difference of the proposed system relies on
fictive axis generation, the current transfer function remains
the same. These systems present three poles: a real one and a
couple of complex ones (Table II). The damping associated
with the complex roots corresponds to an under damped
system with a natural frequency of 389.9 Hz. This
observation corresponds to the impulse observed in the
current response shown in Fig. 6.

B. Experimental Evaluation

In order to demonstrate its validity, the PIFA current
controller was experimentally evaluated. The test system is
implemented in a dsPIC33FJ128MU802 DSC. The grid
voltage and current waveforms were measured using the
LV-25P and CSLA2CD Hall effect sensors, respectively. The
DC bus voltage was generated using a DC source along with
the DC bus voltage capacitors listed in Table I. The rest of
the system parameters are the same as those used in the
simulation study previously described. The behavior of the
PIFA VOC current controller is evaluated in both steady-state
and dynamic operation.

The current waveform along with the power delivered to
the grid during steady-state operation (I;=6A) can be
observed in Fig. 11. As can be clearly seen, a sinusoidal
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Fig. 15. Experimental FAE current during an instantaneous
reference change a) I; and I, components b) I, and I currents.

current waveform is delivered to the grid with practically a
unitary power factor. The THD and Fourier spectrum of the
current are portrayed in Fig. 12, where a near sinusoidal
waveform (THD less than 2.5%) may be observed. These low
THD values correspond with the grid current waveforms that
are observed in both the simulation and experimental results
when the I current component is properly regulated.

The dynamic response of the PIFA system was evaluated
using the same perturbation of the current reference used
during the simulation analysis. The current waveforms were
stored in the controller memory and then retrieved using the
Data Monitor Control Interface embedded in MPLAB IDE
[33]. Afterwards, the experimental current data was plotted
using Matlab.

The dynamic response of the experimental I, and I
current components under the PIFA VOC is portrayed in Fig.
13, where the current reference is changed from -3 A to 0 A
on I; and from 0 A to 6.5 A on Ig at 0.125 s. The system
retained a fast dynamic response because the orthogonal
current component presents an instantaneous response, while
the grid current reaches the desired magnitude and phase
values in less than 3 ms.

Additionally, the system response when the converter
passes from delivering inductive reactive power to capacitive
reactive power is portrayed in Fig. 14. The transition is done
from 5 A to -5 A on the quadrature axis at t=0.125 s. During
the transition, the system exhibits a fast and stable response
even during a phase change of 180 degrees. During these
tests the system portrayed a stable sinusoidal current
waveform without overcurrent spikes or oscillations during
the changes from one operation state to the other.

The FAE VOC controller was also implemented and its
experimental response is portrayed in Fig. 15. A fast transient
response was attained with a similar behavior in the off axes
when compared with the PIFA-VOC.

Nevertheless, as predicted by the simulation analysis, a
steady state oscillation on the I3, current components may be
observed. Such oscillations are attributed to the presence of
the transformer magnetization reactance which represent a
discrepancy between the overall estimated current transfer
function and the real one. These results reinforce the
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sensitivity of the FAE-VOC controller to overall grid/filter
impedance. As a result, I, and Ig become unbalanced, which
affects the overall system performance.

The FAE stationary performance can be observed in Figs.
16 and 17 (I;=6A), where a unit power factor and a 3% THD
are observed. The increase in the current THD with respect to
the PIFA VOC system is attributed to the steady state
oscillations on the Ij; components that prevent the PI
regulators from reaching a final value.

The aforementioned is confirmed by the experimental AC
current trajectories of both the PIFA and FAE (Fig. 18). As
can be observed, the PIFA current controller presents a more
symmetric pattern since the amplitude and phase angle of the
Ig current controller are not related to the estimated grid
parameters or to the accurate estimation of the grid voltage
with the PLL. Consequently, the orthogonal current remains
at its desired value independently of the existent impedance
between the VSI and the grid, which produces a true
orthogonal system.

V. CONCLUSIONS

The design and implementation of a novel Parameter
Independent Fictive Axis (PIFA) approach for the VOC
algorithm used in single-phase inverters have been presented.
The quadrature current signal needed for reference frame
transformations is obtained from current reference commands.
The proposed algorithm improves the system dynamic
response when compared to fixed-delay structures, and it is
independent of the grid frequency. Moreover, the proposed
PIFA presents an improved flexibility when compared to the
conventional FAE VOC since it does not require knowledge
of the filter transfer function or its parameters. Additionally,
this system is not dependent on the estimation of the voltage
accuracy since the PLL functionality is limited to phase
estimation.

The proposed PIFA algorithm was evaluated in
simulation and experimental analysis and it was compared
against the conventional FAE VOC. The PIFA-VOC system
presents excellent features such as: good dynamic response
(<3 ms), non-pulsating current components, zero steady-state
error, and sinusoidal current waveform (THD<2.5%).

These experimental results are similar to those obtained
from the FAE system. Nevertheless, the main difference
resides on the absence of Ii current oscillations, the
improved THD (3.1% for the FAE system), and the
elimination of grid transfer function estimation. Thus, a lower
computational time can be attained. It is demonstrated that it
is feasible to implement a reliable parameter independent
VOC single-phase grid-tied inverter without detailed
knowledge of the impedance between the VSI and the grid.
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