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Abstract—Grid connected Voltage Source Inverters (VSI) may
be controlled in the stationary reference frame (StRF) by means
of the infinite impulse response (I1R) P+Resonat regulator. This
regulator is able to correctly track fixed frequency sinusoidal
references, but does not perform well if the frequency of the
electric grid voltage is varied. In order to avoid the lack of
precision to track variable frequency sinusoidal references, an
adaptive IR filter structure is proposed which offers good
tracking properties even if the frequency of the grid voltage
varies. This filter adapts its coefficients in real time and is
inherently stable no matter the adaptation process, thus
overcoming one of the most important drawbacks of the IR filter
structure. Furthermore, this structure is perfectly suited to be
programmed in fixed point DSPs because of some important
numeric properties, i.e. it has a high mapping precision and a low
round-off accumulation, and it avoids quantization limit cycle
oscillations. The proposed adaptive controller has been tested by
means of the TI TMS320F2812 DSP. The obtained experimental
results show up that this controller allows the correct tracking of
a sinusoidal reference, even if this reference is time variant.

Index Terms-- Adaptive control, converters, current control,
digital control inverters, photovoltaic systems, power conversion
harmonics, power quality, solar energy, three-phase electric
power.

1. NOMENCLATURE

B, B Sensing gains of the PV output voltage and PV
inverter output current.

Cr Capacitance of the LCL filter.

d Current disturbance small-signal.

D,,D, Projection into the StRF of the duty cycle at the

operating-point.
d y Projection into the StRF of the duty cycle small-

signal values.
PL controller tuning parameters in rad.

fs Sampling frequency in Hz.
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IPV

Switching frequency in Hz.

Projection into the StRF of the PV inverter output
current at the operating-point.

PV array output current at the operating-point.
Projection into the StRF of the PV inverter output
current small-signal values.

Projection into the StRF of the reference PV
inverter output current small-signal values.
Projection into the StRF of the injected current
small-signal values.

PV array output current small-signal values.

PV array output current reference small-signal
values.

PV array transconductance in 4/V.

Grid side inductance of the LCL filter.
Inverter side inductance of the LCL filter.
Damping resistance of the LCL filter.
Sampling period in s.

Projection into the StRF of the LCL filter
capacitor (Cy) voltage small-signal.

Projection into the StRF of the grid voltage
small-signal values.

Projection into the StRF of the PV inverter output
voltage small-signal.

Grid peak voltage.

PV array output voltage at the operating-point.
PV array output voltage small-signal values.

PV array output voltage reference small-signal
values.

Center frequency of the P+Resonant controller in
radys.

Normalized center frequency of the PL controller

in rad.
Grid voltage frequency in rad/s.

Estimated grid voltage frequency in rad/s.



II. INTRODUCTION

T he use of the voltage source inverter (VSI) power
electronics converter to plug renewable energy sources to
the electric grid, has given rise to several control techniques
based on Digital Signal Processors (DSP) or Field
Programmable Gate Arrays (FPGA) [1], [2]. These control
techniques are able to provide a good sinusoidal reference
tracking, along with a high power factor and a low injected
current total harmonic distortion (THDi) [3]. One of the most
interesting control techniques is implemented in the stationary
reference frame (StRF), being based on the so-called
P+Resonant controller, which allows a good sinusoidal
reference tracking with a simple infinite impulse response
(IIR) filter [4], [5]. However, this controller is designed to
properly work with fixed frequency sinusoidal references, so
that the performance of the VSI would be worse than that
expected if the reference signal frequency were varied, e.g. an
inverter operating in the islanding mode [6].

In order to obtain a controller with a good reference
tracking behavior even if the grid voltage frequency varies, a
filter structure with automatic frequency tuning is needed. As
previously shown, the IIR structure is commonly used to
implement the P+Resonant controller, mainly because its ease
of implementation and its lower computational burden when
compared with the equivalent FIR filter [7]. However, the IIR
filter might become unstable if it is not carefully designed,
especially if the coefficients of the filter have to be
automatically adapted over the time. In this regard, obtaining
an stable adaptive IIR filter structure has been an interesting
field of research over the last years, mainly in the acoustic,
speech and signal processing fields [8-11]. In addition, some
adaptive filter techniques have been used in power electronics
applications, although the attempts to find a suitable adaptive
current controller are based on the FIR filter structure [12],
while the adaptive IIR filter structure has been previously
proposed as an alternative synchronization technique [13] or
as a reference current generator for active filters [14].
However, the most commonly used topology to implement the
adaptive filters has been the FIR structure, because of its
inherently stable operation [15].

In this paper, an inherently stable adaptive controller for the
VSI current control is proposed, based on the Schur-Lattice
IIR filter structure [16]. This controller allows the control
scheme to track the reference signal, even if its frequency
varies over the time, by using the estimated phase to adapt the
coefficients of the filter. The proposed controller behaves like
the non-adaptive P+Resonant controller in steady-state
operation, but introduces the ability to adapt its center
frequency in real time, without the need of an increased filter
order, as it is the case of the widely used adaptive FIR filters.

It is important to point out that the proposed IIR filter
structure is inherently stable, so that the stability of the control
loop is not affected by the coefficients adaptation process.

III. THE THREE-PHASE P+RESONANT CONTROLLER

The three-phase P+Resonant controller is designed to
control de VSI into de StRF by means of the control structure
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depicted in Fig. 1. This control structure includes the
photovoltaic (PV) array of panels, which output voltage is
controlled by means of a Proportional+Integral (PI) controller
designed in the Synchronous Reference Frame (SRF). The
reference signal of this controller is obtained by a Maximum
Power Point Tracking (MPPT) algorithm. Furthermore, the
transfer function matrix of the current control loops shown in
(1) and (2) applies [17]. In this transfer function matrix, Kpggs
is the proportional gain, Kpgs is the filter gain at the resonant
frequency, wggs, and Bpgs is the filter bandwidth in rad/s. This
control strategy has many advantages over the synchronous
reference frame (SRF) control, being the most important one
the ability to carry out a naturally decoupled control of the
positive and negative sequence of the inverter current [18].
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The Bode plot of the P+Resonant controller has been
computed by means of MATLAB, obtaining the result
depicted in Fig. 2, where several values of the bandwidth,
Bres, have been used. The center frequency, the proportional
gain and the gain at the resonance frequency have been kept
constant. It can be noticed that the peak gain of the controller
occurs at the center frequency, and that it can be adjusted by
means of the Kggs constant. Furthermore, the higher this gain,
the more accurate is the reference tracking. However, this gain
decreases abruptly at frequencies around the center frequency,

Fig. 1. Simplified schematic of the StRF control strategy.
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Fig. 2. Bode plot of the P+Resonant controller for wgres=2m50rad/s, Kpres=35,
Kres=15 and several Bggs values.



until it reaches a constant value that depends on the
proportional gain, Kprgs. By taking into account that Kpggg is
adjusted to assure the stability of the whole control loop, it can
be affirmed that its value is usually small. In this regard, the
tracking of a sinusoidal signal with a frequency other than
wggs 1s not well accomplished by the controller.

This issue is better shown by obtaining the reference-
signal-to-output-current transfer function, G(s), as well as the
reference-signal-to-error transfer function, G.(s). In the
Appendix of this paper has been derived the averaged small-
signal linear model of the PV inverter in the StRF. By using
this model, the inverter output current control loop depicted in
Fig. 3 has been obtained. It should be noted that the o channel
current control loop is equal to that of the B channel, so that
only the study of one channel control loop is needed. The
analytical expressions of the aforementioned transfer functions
are shown in (3) and (4) respectively, where T},(s) is the open-
loop gain defined by (5). Furthermore, the transfer function of
the PWM modulator has been modeled by a second order Padé
approximation [19] with the continuous transfer function
shown in (6). The duty-cycle-to-inverter-output-current
transfer function has been obtained by means of the space-
state representation of the grid-connected PV inverter
described in the Appendix.
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The Bode plots of (3) and (4) are shown in Fig. 4 (a) and
Fig. 4 (b), respectively. These plots clearly show that the
P+Resonant regulator perfectly tracks a reference with a
frequency equal to that of the center frequency of the
P+Resonant controller, wggs. However, if the frequency of the
reference signal varies, the control loop is not able to perform
the correct tracking. In order to avoid the lack of gain of the
conventional P+Resonant controller, an inherently stable and
numerically robust adaptive filter is proposed next. This filter
is based on the Schur-lattice IIR structure, and it allows

| P+Resonant controller
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Fig. 3. Control of the l; term by means of the P+Resonant controller.
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Fig. 4. Bode plot of (a) the inverter-output-current-to-reference-signal transfer
function and (b) error-to-reference-signal transfer function.

obtaining an alternative resonant filter, whose coefficients can
be adapted in real time. In this regard, all the poles of the filter
remain inside the unit circle (i.e. the filter is causal and stable)
[16].

IV. THE PROPOSED THREE-PHASE PROPORTIONAL+LATTICE
STRF CONTROLLER

A. The Adaptive Schur-lattice IIR Filter Structure

The adaptive Schur-lattice IIR filter structure is based on
the block diagram depicted in Fig. 5 (a), where each of the
blocks 6, represent the Schur-lattice recursion and are
described in Fig. 5 (b) [20]. Furthermore, the Schur-lattice
recursion carries out the rotation over the transfer functions
involving the filtering process expressed in (7). Therefore, the
all-pass transfer function 1’:“2 (z) shown in (8) is obtained for

the second order lattice filter depicted in Fig. 5 (a), where
Hj(z) is the transfer function of the band-pass resonant filter
described by (9).
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Fig. 5. Block diagram of the (a) adaptive Schur-lattice resonant filter and (b)
schur-recursion.



This filter structure has many desirable properties for fixed
coefficients digital filtering, which make it a good choice to
implement a time-variant coefficients IIR filter by using either
a fixed-point or a floating point digital signal processor [10]:

- The structure is inherently limited to realize stable and
causal filters. This means that the adaptation process
cannot result in an unstable filter.

- All the internal nodes are inherently scaled in the 12 sense
(also known as the Euclidean norm). This property
assures that the same Q-format can be used to program
the filter, so that precision is not lost in the filtering
process.

- Round-off noise accumulation in the state vector loop is
inherently low irrespective of the poles of the filter. In
this regard, the mapping of the poles and zeros is more
precise no matter the position of the poles and zeros. This
property is very interesting in low-frequency signals with
high-frequency sampling.

- Limit cycles due to quantization can be easily suppressed.

The Schur-lattice IIR filter structure has the discrete
transfer function shown in (10), which is a second order IIR
filter. Therefore, the coefficients §; and 6, can be adjusted in
order to tune the center frequency, wp;, and the bandwidth,
Bp;, of the band-pass filter, according to (11) and (12),
respectively. The gain at the center frequency is adjusted by
means of K;. Fig. 6 shows the transfer function Bode plots for
several 6, values, when 6, is kept constant so that the
normalized center frequency remains w,=7/2 rad.
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In order to adapt the normalized center frequency, wpy,
when the grid voltage frequency, w;, varies, the estimated
frequency, @ (obtained by the grid synchronization
algorithm), can be used. It is worth pointing out that the most
usual synchronization techniques used in grid connected VSI
are based on a phase-locked look (PLL) algorithm, which
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Fig. 6. Schur-lattice resonant band-pass Bode plot for several 0, values and
for constant 6, (i.e. constant filter normalized resonant frequency, wpy).
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indirectly compute the estimated phase [21]. Taking into
account that the filter resonant frequency is wanted to be equal
to the estimated frequency (i.e. f @, =@,), (13) is finally

obtained by operating in (11), which allows the parameter 6,
to be correctly tuned in real time. It should be noted that the 6,
maximum absolute value restriction is related with the Nyquist
theorem, and, as it will be further shown, it does not limit the
stability of the real time adaptation process.
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B. Stability of the Adaptive Schur-lattice IIR Structure

Due to the fact that the coefficients of the resonant IIR
filter have to be adapted in real time, it is mandatory to study
the relationship between the stability of the algorithm and the
variation of its coefficients. This task has been previously
accomplished in [22], being based on the Schur-Cohn stability
test [23]. This test demonstrates that a function fyz) is
bounded real iff' the next two conditions come true: (i)
|/,(0) <1 and (i) the function fi(z) defined by (14) is

bounded real.

T
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On the one hand, the function f;(z) could be tested in the
same way that the function fy(z), thus obtaining the sequence
of transfer functions fy(z), fi(z), -, fu(z)=1, being M the filter
order. On the other hand, the sequence of numbers fy(0), f;(0),
-+, fir1(0), called the Schur parameters, are used to test the
stability of fy(z), by means of the Schur-Cohn stability test.
This test establishes that f;(z) is bounded real iff all the Schur
parameters are smaller than one.

This test could be applied to the transfer function

fo(z)= ﬁM (z) in order to find the stability condition, where

M is the order of the lattice filter. By equating (7) in (14), and
by studying the obtained transfer function for k=2 (i.e. the

filter order), (15) yields, which shows up that sin(@z) =fo (0)

is the first Schur parameter. Furthermore, a straightforward
recursive operation over (15) gives (16), so that according to
the Schur-Cohn stability test, the presented second order
Schur-lattice resonant band-pass filter will be stable iff (17)
holds.

(14

152 (z)—sin(@z)

fl(z)zjl F,(z)-sin(6,) (15)
£ (0)=sin(6,,_,), k=0,1, ..., M -1 (16)
lsin(6,_, )| <L k=0,1, .., M-1 (17)

It is important to point out that (17) is always true when the
Schur-lattice structure is used to implement the IIR filter,
except for the angles 6, ,=%17z/2, k=0,1,.., M-1.
However, if this condition arises, then the all-pass function



13‘2 (z) =1, as the zeros and the poles are located at the unit

circle and consequently they cancel out; moreover, the Schur
recursion makes these reciprocal roots to cancel out at the
output of the filter because of the same reason [10], so that the
stability can be still assured even if this condition arises.

Taking into account that the parameters of the filter have to
be adapted in real time, it should be noted that the conclusion
about stability derived above is of a great interest, since the
use of the Schur-lattice IIR structure proposed in Fig. 5,
provides an inherently stable IIR filter regardless of the filter
coefficients adaptation process.

C. The Proposed Proportional+Lattice (PL) StRF Controller
Fig. 7 (a) shows the proposed Proportional+Lattice (PL)
regulator block diagram, where five adaptive Schur-lattice
controllers are used in parallel with a proportional controller.
As it will be shown in the next chapter, this allows a better
disturbance rejection of the most usual voltage harmonics (i.e.
5™ 7% 11™ and 13™), no matter the grid voltage frequency. It
should be noted that each of the lattice controllers, H,(z),
includes the estimated frequency, n@, as an input, where

nz{l, 5, 7, 11, 13}. The transfer function of the PL

controller is shown in (18), whose Bode plots are depicted in
Fig. 7 (b) for fixed 6,,, K;, and Kp;, when the input frequency
is 50Hz and 55Hz. Eq. (13) is used to adjust #,, in real time.
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V. CONTROL OF THE THREE PHASE INVERTER IN THE STRF BY
MEANS OF THE PL CONTROLLER

The proposed control strategy is depicted in Fig. 8, where
the conventional P+Resonant controller has been replaced by
proposed PL controller depicted in Fig. 7 (a). Moreover, the
synchronization method must provide the estimated frequency
of the grid voltage, @ . It is important to point out that the

estimated frequency must have a negligible ripple to avoid the
PL to start swinging. Hence, the estimated frequency has been
processed by means of a second order low-pass filter in order
to avoid this problem.

The open loop gain of each of the control loops shown in
Fig. 9 has been studied. The transfer functions are described in
(19), (20) and (21), where the small-signal transfer functions

va/fa(z), IT(Z/&Q(Z), ;ﬂ/&ﬂ(z) are the discretized

transfer functions of the grid-connected PV inverter described

fffffff a
PL controller

Hy5(z) |

ﬁ

Hu(z)

W

His(z)

Magnitude (dB)

e
L

Hys(z)

&, |

i Hyi(z)
I

Uz)

it 10 10
Frequency (Hz)

(b)

Fig. 7. Proposed PL regulator (a) block diagram and (b) Bode plots for
constant values of Kp;, K; and 6,.

in the Appendix of this paper. The Proportional+Integral (PI)
controller, Hp;(z), is defined in (22), where Kp is the
proportional constant and K is the integral constant.

TV”L(z)=HP,(z)-'%-%(z)-HLP(z) (19)
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It should be noted that the sensing gains £, and f;, as well
as the transfer functions of the anti-aliasing filter and the
second order low-pass filter, H,4(z) and H,p(z), respectively,
have been included in order to achieve a more accurate Bode
plots. It is worth pointing out that H;p(z) is designed to
attenuate the low-frequency harmonics that will appear at the
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Fig. 8. Simplified schematic of the StRF control strategy.
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Fig. 9. Block diagram of the discretized (a) PV array output voltage control, (b) a channel current control and (c) £ channel current control.



DC-link if some voltage unbalance is present at the grid. The
Bode plots are used to carry out the control loops controllers
design, so that the PI controller, Hp,(z), and the PL controller,
Hp;(z), are properly tuned.

By taking into account the averaged small-signal model
derived in the Appendix, the most important parameters of the
10kW PV inverter shown in Table I have been considered.
Moreover, the operating point values are shown in Table II. It
is important to point out that a set of PV array maximum
power point (MPP) voltage, MPP current and
transconductance (i.e. Vpy(MPP), Ipy(MPP), kpy(MPP)
respectively) have been chosen. This allows taking into
account the expected irradiance variation. Furthermore, since
the operation point of the inverter StRF small-signal model
depends on the phase of the grid voltage, 9;, several values for
this parameter have been considered.

Once the important parameters of the converter have been
chosen, the tuning of the controllers parameters has been
carried out by means of the frequency domain loop-shaping
techniques.

The obtained controllers’ parameters are shown in Table

Il and the Bode plots of the open-loop gains T}" (z) and
ﬂfL(z) are depicted in Fig. 10 (a) and Fig. 10 (b),

respectively, for a grid frequency w;=2m50rad/s. The stability
of the system has been tested at 40Hz and at 60Hz too. The
obtained results are shown in Table IV, where it is clearly
stated that the inverter is stable in the entire range of
frequency variation considered (i.e. 40Hz~60Hz).

In order to test the performance of the PL controller, the
Bode plots of both the reference-signal-to-inverter-output-

current transfer function, G*(z), and the reference-signal-to-
error transfer function, GfL (z), have been obtained for

several values of the grid voltage frequency (i.e.

TABLE I
PARAMETERS OF THE PV INVERTER

Parameter Value
Cpy 2.04mF
Br 2:10°
Bi 31-10°
Jsw 8000 Hz
fs 16000 Hz

Ts 6.25:107s
L, 86 uH
R, 36.7 mH
L; 1.6 mH
R; 16 mQ
G 30 uF
Ry 0.5Q

TABLE II
OPERATING POINT VALUES OF THE PV INVERTER

Parameter Value
Vevourr) [598 621 644 644 654] V
Tpyaurp) [3691215]A
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Fig. 10. Open-loop gain of the (a) PV voltage control loop and (b) a channel
current control loop.
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TABLE III
PARAMETERS OF THE CONTROLLERS

Parameter Value
Kp -11.14
K; 12.57
Kpr 0.42
Ky 15
Kis 30
Ki7= K= K3 40
6,,(nominal) -0.49375m rad
6,5(nominal) -0.46875T rad
6,7(nominal) -0.45625m rad
0,,1(nominal) -0.43125m rad
6,,3(nominal) -0.41875m rad
021: 925: 9_77: 9_7/1: 0213 0.495m rad
TABLE IV
STABILITY CRITERIA
Value
Parameter
40Hz 50Hz 60Hz
Tiu(z) PM-f. 63.6 - 807 Hz 62.5°- 809 Hz 57.6° - 821 Hz
Tiw (z) GM-f  12.2dB - 3580 Hz 12.2dB - 3580 Hz 12.2dB - 3580 Hz
Ty(z) PM-f, 52.4°-19.8Hz
Ty(z) GM-f 11.5dB - 51.5Hz

@, ={2740, 2750, 27760} rad/s). These two transfer functions

are defined in (23) and (24), and their Bode plots are depicted
in Fig. 11 (a) and Fig. 11 (b) respectively. The results shown
in the previous figures highlight that the use of the inherently
stable and numerically robust PL controller allows obtaining a
good reference tracking no matter the frequency of the grid
voltage.
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VI. EXPERIMENTAL RESULTS

The proposed controller has been experimentally tested by
means of a set-up composed of a commercial three-phase
20KW inverter (SEMIKRON SKS 35F B6U+E1CIF+B6CI 21
V12) controlled by means of a fixed point DSP (TEXAS
INSTRUMENTS TMS320F2812), a 40kW DC power supply
capable of emulating a PV array I-V curve (AMREL SPS-800-
54-D013), a 20k VA three-phase DY isolation transformer, and
the LCL filter described by Table I. The inverter has been
configured so that the maximum power is extracted from the
PV panel (i.e. Vpy=654V and Ipy=154).

First of all, the open-loop frequency response of the PL
controller has been measured by means of the frequency
response analyzer NF FRAS5097 [24]. The obtained results are
shown in Fig. 12, where it can be noticed the adaptive
behavior of the PL controller.

In order to test the behavior of the proposed PL controller
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Fig. 11. Bode plot of (a) the inverter-output-current-to-reference-signal
transfer function and (b) error-to-reference-signal transfer function.
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Fig. 12. Bode plot of the open-loop gain of the PL controller for a frequency
of 50Hz (solid) and of 55Hz (dotted).

against the conventional P+Resonant controller, the phase-to-
phase voltages in the inverter side along with the current of
one phase have been measured by means of an AGILENT
DSOX2004A oscilloscope, when the frequency is 40Hz, SOHz
and 55Hz. Furthermore, the total harmonic distortion of the
voltage (THDV) at the inverter side is 11.5%.

The obtained results are shown in Fig. 13, where the first
row belongs to the P+Resonant controller and the second row
belongs to the PL controller. As it is clearly shown in Fig. 13
(a) and Fig. 13 (c), the P+Resonant controller does not
perform well when the frequency is other than the
fundamental (i.e. SOHz). However, the PL controller can cope
with the variation of the grid voltage frequency, as it is clearly
depicted in Fig. 13 (d) and Fig. 13 (f). Furthermore, the
performance of both controllers is good at the nominal
frequency, as it is shown in Fig. 13 (b) and Fig. 13 (e). It
should be noted that the 30° phase shift between the measured
current and voltage waveforms is due to the fact that the
phase-to-phase voltage along with the line current are
measured.

The THDi and the power factor (PF) have been measured
by means of the electric power analyzer VOLTECH PM6000,
when the grid frequency varies over the considered range
(40Hz~60Hz).

In Fig. 14 (a) and Fig. 14 (b) are depicted the PF and the
THDi versus the grid frequency respectively, when the
conventional P+Resonant controller tuned at the nominal grid
frequency (i.e. S0Hz) is used. As expected, it is clearly shown
that the maximum PF and the minimum THDi are obtained
when the grid frequency is the nominal one. On the contrary,
the P+Resonant controller does not perform well if the grid
frequency varies. In this regard, it is important to notice that a
variation of +1% in the grid voltage frequency results in a
THDi higher than 5%, which is beyond the most usual norms
IEEE1547 and UNE-EN61000-3-2.

In Fig. 15 (a) and Fig. 15 (b) the PF and the THDi versus
the grid frequency, respectively, are depicted when the
proposed PL controller is used. In the plots it is clearly shown
the benefits of using the inherently and numerically robust
adaptive PL controller. Indeed, the PF remains constant and
higher than 0.99, and the THDi is lower than 3% all over the
range of grid voltage frequency variation considered, so that
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Fig. 13. Time response in steady state of the controlled current (magenta) with a THDv=11.5% and (a) P+Resonant controller (f=40Hz), (b) P+Resonant
controller (f=50Hz), (c) P+Resonant controller (f=60Hz), (d) PL controller (f=40Hz), (e) PL controller (f=50Hz) and (f) PL controller (f=60Hz).
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Fig. 14. Measurement of (a) PF and (b) THDi, when the grid voltage
frequency is varied from 40Hz to 60Hz. P+Resonant controller.

the requirements in the aforementioned norms are met.

In order to test the stability of the PL controller, the
frequency of the grid voltage has been abruptly varied from
50Hz to 55Hz. The time response of the line current along
with the phase-to-phase voltages are depicted in Fig. 16. The
experimental results show that the controller is stable, and that
the adaptation process is almost finished in two grid cycles. In
Fig. 17 a different zoom has been chosen, so that the settling
time is better shown.

Finally, the computational time has been measured when
using the P+Resonant and the PL controllers. The obtained
results are shown in Table V.

VII. CONCLUSIONS

In this paper, a new StRF controller for grid-connected
three-phase VSI based on the lattice structure has been
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Fig. 15. Measurement of (a) PF and (b) THDi, when the grid voltage
frequency is varied from 40Hz to 60Hz. PL controller.

TABLE V
COMPUTATIONAL TIME
Controller Time
P+Resonant 1.5 us
PL 7.2ps

proposed. The controller is able to track the fundamental
harmonic of the grid voltage while rejecting the undesired
harmonics no matter their frequency, so that a variation of the
fundamental harmonic frequency does deteriorate neither the
THDi nor the PF. The proposed PL can be considered more
robust than the conventional P+Resonant controller due to the
well-known numeric properties of the lattice structure, its
ability to automatically adapt the tune frequency and its
stability properties.

The experimental results obtained on a 10kW photovoltaic
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Fig. 16. Time response of the PL current controller when the frequency is
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Fig. 17. Detail of the time response of the PL current controller when the

frequency is abruptly varied from 50Hz to 55Hz.

inverter have shown the poor behavior of conventional
P+Resonant controllers when the frequency of the grid voltage
varies. On the contrary, the PL is able to maintain a constant
PF near unity, and a constant THDi lower than 3% when the

frequency varies from 40Hz to 60Hz.

Although the computational time of the PL is higher than
the conventional P+Resonant controller, the proposed
controller has many desirable properties which make it a
convenient choice when using a popular fixed point digital

signal processor.

APPENDIX

In order to apply the proposed adaptive linear control
technique, a PV inverter StRF linear model has to be obtained
[25], [26]. In Fig. 18 it is depicted the three phase PV inverter,
where the inductance Li is used along with the capacitor Cf
and the leakage inductance of the isolation transformer to form
an LCL third order low-pass filter. The resistance Rd is chosen
to add damping at the resonance frequency [27]. By operating
in Fig. 18, it is possible to obtain the averaged small-signal
linear model of the PV inverter depicted in Fig. 19, whose
space state model is represented by (25), (26), (27), (28), (29)
and (30). The operating point expressions are described in
Table VI, where L,=Ls+Lg.q and Ro=Rr+Rgq. Ly and Ry are
the leakage inductance and the parasitic resistance of the
isolation transformer, respectively, and Lg,;; and R, are the
inductance and the resistance of the PCC connection wire.

X=A-X+B-u 25)
y=C-X+D-u
7_ RiJer 0 Rid 0 _L 0 &7
L L, L L
o {R,.+RJJ 0 R, o 1Dy
L L L L
R, [R8+Rd] 1
— 0 - 0 — 0 0
L, L, L, (26)
A= 0 R 0 [R”R"J L
L, L, L,
L 0 7L 0 0o 0 0
c, c,
0 L 0 —L 0o 0 0
¢, c,
_Da _D/j 0 0 0 0 kpy
L PV CPV CIV_
V., /L, 0 0 0 ]
0 Vor | L, 0 0
0 0 —I/Lg 0
B= 0 0 0 —I/Lg 27
0 0 0 0
0 0 0 0
__[a/CPV Iﬂ/CPV 0 0 J

Fig. 18. PV grid connected VSI along with the LCL filter and the A/Y isolation transformer.
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Fig. 19. Averaged small-signal linear model of the PV inverter in the StRF.

TABLE VI
EXPRESSIONS OF THE OPERATING POINT VALUES

Parameter Value

D, v,
“ \/E £ —cos(6,)
2 V[’V(MPI’)
D, v,
’ \ﬁ £ —sin(6))
2 Voyurr)

1, \/g VPV(MPP)[PV(MPP) COS(Q[ )
3 Ve
Iﬂ g VPV(MPP)[PV(MPP) sin(6’ )
3 i !
kPV([\/IPP) _ I]’V(M]’P)
VPV(MPI’)
C=1, D=0 (28)
L - - - - . . qr
X=y= [l,a by by Ly Ve Vo vPVJ (29)
i=(d, d, ¥, ¥,] (30)
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