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Sensitivity Study of the Dynamics of Three
phase Photovoltaic Inverters with an LCL Grid
Filter

Emilio Figueres, Member, IEEE, Gabriel Garcerd, Member, IEEE, Jesus Sandia, Fran Gonzalez-
Espin, Student Member, IEEE, and Jesus Calvo

Abstract— An accurate small signal model of three phase
photovoltaic inverters with a high order grid filter is derived in
this paper. The proposed model takes into account the influence
of both the inverter operating point and the PV panels
characteristics on the inverter dynamic response. A sensitivity
study of the control loops to variations of the dc voltage, the PV
panels transconductance, the supplied power, and the grid
inductance is performed using the proposed small-signal model.
Analytical and experimental results carried out on a 100 kW
photovoltaic inverter are presented.

Index Terms— Renewable energies, modeling and control of
power inverters, distributed generation

I. INTRODUCTION

P HOTOVOLTAIC (PV) power generation is a concept of
increasing interest. In the last years, a high number of
photovoltaic farms with a power capacity up to some MW
have appeared in the distributed power generation scenario. In
order to disturb the distribution grid as little as possible, the
switching harmonics generated by the power inverters must be
properly filtered out, reaching a compromise between the cost
and the weight of the filter, and fulfillment of international
standards regarding the grid connection of power converters,
like IEC/EN 61000-3-4 [1] and IEEE 15471 [2]. Such a
compromise often requires the use of high order grid filters,
typically in LCL configuration. However, the stability of the
system may be compromised by the resonances of the LCL
filter, so that a careful design of both the filter and the control
strategy is mandatory. Several authors have recently studied
theses issues in the case of grid connected converters [3]-[9],
[28], and also in stand alone applications [10]. In [11]-[14]
some control techniques to actively damp the resonances of
the filter have been presented. However, in certain cases the
active damping techniques need a high number of sensors; in
other cases, they are sensitive to the filter tolerances or
changes of the grid impedance. The inverter synchronization
with the grid is a relevant problem that has been studied in
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[15]-[18], showing that Phase Locked Loops (PLL) based on
the transformation of the grid voltages to a synchronous
reference frame are currently a very interesting alternative to
achieve that objective. The power production capability of the
generation system is another issue that merits special
attention, because the exploitation benefits of a photovoltaic
farm intimately depend on the capability of the inverter to
extract the maximum available power that can be
instantaneously extracted from the panels. To achieve this
relevant objective, a high number of Maximum Power Point
Tracking (MPPT) techniques have been proposed in the past.
Some of the most recent ones may be found in [19]-[23], [29]-
[32]. A preliminary version of this paper [24] presents a study
of the dynamic response of a 100 kW PV inverter with an
LCL grid filter. With regard to that preliminary version, the
following novelties have been added in this paper: 1) a
detailed derivation of the proposed small-signal model, which
includes the dynamics of the PV panels around a maximum
power point of their |-V characteristics; 2) a sensitivity study
of the control loops to variations of the dc voltage, the
generated power, the grid inductance and the PV panels
transconductance; and 3) new experimental results focused on
the validation of the proposed small-signal model.

II. MODELING AND CONTROL OF THREE PHASE PV INVERTERS

A. Averaged model

Fig. 1 shows the scheme of a three-phase Voltage Source
Inverter (VSI) connected to the grid through an LCL filter.
The series resistances of the inductors have been neglected,
whereas a set of damping resistors, Ry, in series with the filter
capacitors have been taken into account. Fig. 2 shows an
averaged model of each one of the inverter branches, which
may be obtained by neglecting the high frequency components
of both the dc voltage and the ac phase currents [25]. In Fig.
2, ds (#=a, b, and ¢) is the duty cycle of the upper switch of

the inverter leg in a switching period, whereas V,; and Eﬁ

denote the average value in a switching period of the voltage
across the lower switch, and of the ac current, respectively.
By averaging the inverter legs in the scheme presented in Fig.
1, the whole averaged model of the inverter in the stationary
three-phase frame may be obtained, as shown by Fig. 3. From
this scheme, the set of equations (1)-(4) are derived.
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Fig. 1. Scheme of a VSI photovoltaic inverter with LCL grid filter.
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Fig. 3. Averaged equivalent circuit in the three phase stationary frame of a grid connected VSI photovoltaic inverter with LCL filter.

The set of equations (1)-(4) may be transformed into a
synchronous dqo reference frame multiplying them by the
transformation matrix, T, following (5) and (6). In (5), @
denotes the grid angular frequency. In (6), X stands for any of

the circuit averaged variables.
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Fig. 2. Averaged equivalent circuit of an inverter leg.
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Fig. 4. Averaged equivalent circuit in a synchronous reference frame of a grid connected VSI photovoltaic inverter with LCL filter.
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After transformation into the synchronous reference frame,
the equations of the averaged model are expressed by (7)-(10).
It’s worth pointing out that there is no neutral wire
connection, so that the 0-channel has been omitted. Additional
details may be found in the appendix.

Fig. 4 shows the equivalent averaged circuit in the
synchronous reference dq frame, following (7)-(10). Note the
coupling terms between both the d and g channels. In the
following sections a decoupling method is studied.
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B. Small signal modeling

(10)

The small signal model of the three phase photovoltaic
inverter may be found by perturbing the averaged variables
around an operating point, as expressed by (11). In (11), X and
X denote the operating point value and the small signal term
of the averaged X variable, respectively.

X=X+X (11)

The photovoltaic panels have been modeled by linearization
of the curves iy, =ip,(Vp) around an operation point close to the
maximum power point (MPP) of the panels. By neglecting the

non linear term vafpv and taking into account that p,, =0 in

an operating point close to the MPP, from the expression of
the PV panels power it results

ﬁpv = va + Ppy :vpvlpv

=Py +Vpulpy + Vgl oy +Vpl

pvipv T Vpvlpy
ﬁpv :valpv +\7pv|pv =0 (12)
-1
o= .
Ipv = v va
PV lmpp

Generally, a PV source is composed by n, parallel branches
of ng series connected panels per branch. In (13) the PV small
signal response is expressed as a function of both the current
and the voltage of one panel working around the MPP, I,
and V1, respectively.

P Ml
ng vV

\Y

pv Vv = kpv pv

pvl

(13)
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Fig. 5. Small-signal circuit in a synchronous reference frame of a grid connected VSI photovoltaic inverter with LCL filter

Following the described procedure, an accurate small signal
model of the three phase photovoltaic inverter results, as it is
expressed by (14). Fig. 5 shows the equivalent small-signal
circuit of the photovoltaic inverter, which has been obtained
starting from the state space equations in the chosen
synchronous reference frame. The operating point must be
calculated taking into account the control objectives. In this
work, the current at the output of the inverter is desired to be
in phase with the grid voltage, so that the reactive power
demanded by the filter capacitors is supplied by the grid.
Therefore, 1,4=0. The rest of the operation point values are
obtained by substituting (11) into (7)-(10), and solving for the
static terms, that are summarized by Table I.
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C. Control of the PV inverter

Fig. 6 shows the scheme of the chosen control structure in
the synchronous reference frame or decomposition in dq axes.
A Synchronous Reference Frame PLL (SRF-PLL) [16] is used
to synchronize the d-axis with the grid voltage vector. With
this approach, the d channel current loop allows the control of
the active power that is supplied by the PV inverter, whereas
the reactive power is controlled by the current in the g
channel. Generally, unity power factor at the output of the
inverter is desired in order to minimize the inverter power
losses. To achieve this objective, a null reference for the
reactive current loop, igrer, is chosen.

Stability of both the active and reactive current control
loops can be studied by means of their respective current loop
gains Tig(S) and Tiq(s), following (15) and (16), respectively.
The duty cycle to current transfer functions that appear in (15)
and (16) are calculated from the state space equations (14). R
is the gain of the current transducers, PI(S) are conventional PI
regulators and D(s)=e™ ™ allows to take into account both the
digital and the PWM delays [26].

It’s worth to point out a relevant issue relating to the
position of the current sensors. In [24], it was shown that the
robustness of the photovoltaic inverter improves if the current
control loops are closed by sensing the phase currents in the
inverter side instead of sensing in the grid side. Therefore, this
solution has been chosen for the rest of the study and also for
implementing the control stage in the experimental prototype.

Ed (s)

Tia(5) = Re-PIi(5)-D(s)- 0 = (15)
_R..PI,(5) D(s) =)
Ta(®) =R P19 D(5) 50 (16)

After closing the inner current loops, an outer voltage loop
maintains the panels’ voltage close to a desired reference,
which is calculated by the MPPT algorithm to extract the
maximum power from the PV panels. Both the stability and
the performance of the voltage loop may be studied by means
of the voltage loop gain T,(s), following (17). 3 is the voltage
sensor gain and PI,(s) is a conventional PI regulator.

4 i (®) V()
WEO=FPLE) iirer (5) g (5)

(17)

D. Decoupling terms

Fig. 4 shows the coupling terms between the d and ¢
channels due to both the inductors currents and the voltage at
the filtering capacitors in the complementary channel. Perfect
decoupling is not possible with the described control structure,
because the voltage across the ac capacitors and the current in
the grid side are not sensed both for price and complexity
reasons. However, an acceptable decoupling degree, that is
valid from DC up to the medium frequency range, may be
achieved by adding the decoupling terms Kyq and Kgg that
appear in Fig. 6.

Fig. 6: Scheme of the digital control stage

The value of the decoupling factor Kqq for the d-channel
may be calculated by neglecting the ac capacitors in the

scheme shown by Fig. 5, so that iy ~i,y. With this
approximation and assuming that V,,, () = Vg4 () =0 it results

in the d channel

dg () Vpy + @+ (L + 1) i () = (L +L,)s g (5)  (18)

Furthermore, being &y the current error signal in the d
channel, the control action in that channel with decoupling
may be expressed as

dg (5) = Pl (5)2i4 () + Kyalig (9) (19)
From (18) and (19), the value of Kyy that eliminates the
coupling term may be calculated following (20). A similar
procedure may be followed to calculate the value of the
decoupling gain for the g channel Kqq, as (21) expresses.

~o(L +L
Ko :—“’(V“” 2) (20)
pv
L +L
qu:w 1)
pv

III. SENSITIVITY STUDY OF THE CONTROL LOOPS

A study of the control loops sensitivity to variations of the
power stage elements have been carried out by means of the
proposed small-signal model. Table II summarizes the
nominal values of the analyzed PV inverter and their range of
variation. The study is based on a 100 kW PV inverter that is
connected to the grid trough a 1:1 Dy transformer, so that the
phase to phase voltage in the inverter side is 230V for a 400V
grid. In Table II, vg, Ly and L,k denote the grid voltage, the
grid inductance and the transformer leakage inductance,
respectively, in all cases reduced to the inverter side. The
transformer magnetizing inductances have been neglected.
Note that no additional inductor has been used in the grid side
because of the relatively large value of the transformer
leakage inductance, so that the value of the grid side
inductance for the small-signal model is Lo=L «+Lg.



TABLEIT
PARAMETERS OF THE THREE-PHASE PV INVERTER UNDER STUDY

Parameter Nominal value or variation range
Vgrus 230V phase to phase (delta connection)
Vo [450 V, 800 V]
Pov [1 kW, 100 kW]
Kov [-0.1 A/V,-0.5 A/V]
Co 3 mF
L 500 uH
Lq [30 pH, 120 uH]
L 100 pH
L, [130 uH , 220 pH]
Cs 99 uF
Rq 03Q
fs 5 kHz
Rs 0.003 V/A
B 0.00125 V/V

TABLE III
SUMMARY OF EXPRESSIONS OF THE CHOSEN REGULATORS

Controller Expression in the continuous time domain
Pl (s) . 0.02
Kpi +—-=0.8+——
S S
Pl (s) K, 0.02
Koy +—-=8+——
S S

A set of damping resistors Ry is placed in series with the
filter capacitors. From the point of view of control loop
stability the use of damping resistors can be avoided by means
of some active damping control strategies reported by other
authors [11]. Nevertheless, it is very convenient to use
damping resistors from the point of view of robustness of the
control loop to voltage harmonics in the grid, whose
frequency could agree with the resonance frequency of the
LCL filter, resulting in undamped oscillations, noise and even
malfunction of the inverter. The total power loss in the
damping resistors of the inverter under study is about 40 W,
i.e., 0.04% of full power.

Fig. 7 shows the curves of a SLK60P6L panel
manufactured by Siliken S.A. By associating n,=27 parallel
branches of ns=20 series connected panels per branch, a 120
kW photovoltaic system results, with a range of variation of
the overall transconductance that it is expressed in Table II,
following (13).

The adopted MPPT Technique has been ‘perturb&observe’.
Consequently, the value of the voltage reference, Vpyrer, is
continuously changing in steps whose size depends on the
increment of the injected power that took place in the previous
step. Nevertheless, the study around the operation point is
realistic, because on one hand the refreshing frequency of the
MPPT algorithm is much lower than that of the current and
voltage loops, and on the other hand the steps in Vpy e are
small near the MPP. In fact, the operation point is quasi-
stationary ‘seen’ by the voltage and current loops. The
description of the MPPT algorithm is out of the scope of this
paper. Details about this subject may be found in [19]-[23].
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Fig. 7. Curves ip(Vp) of a photovoltaic panel SLK60P6L manufactured by
Siliken S.A.
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The sensitivity study has been performed taking into
account a wide variation of Vy, (Vp,€[450V, 750V]), which is
equivalent to a wide variation of the voltage reference. When
Vv is outside the described interval the inverter doesn’t inject
power to the grid.

Table III shows the expression of the chosen regulators for
both the inner current loops and the outer voltage loop, PIi(s)
and PI,(s), respectively. A delay Tg4,=200.8, equivalent to a
switching period, has been considered and introduced in the
analysis by means of a second order Padé¢ approximation [26],
as expressed by (22).

T,

e 1S I_O‘S.Tdel 'S+0'083'(Tde| 'S)z

140.5- Ty -5+0.083 Ty -5)°

(22)

The sensitivity study was performed by means of a 4-
dimensional MATLAB® LTI array [27] with the small-signal
model of (14.1) to (14.4), including the delays and the control
structure. The dimensions of the array agree with the 4
parameters that undergo wider variations or uncertainty: the
injected power, Py, the DC voltage at the PV panels
arrangement, Vy,, the grid plus leakage side inductance seen
from the inverter side, L,, and the PV panels arrangement
transconductance, K. The 4 parameters are operation point
values that define the dynamics of the small-signal model.

Fig. 8 shows the theoretical Bode plots of Tiy(jew) and
Tiq(@) with different combinations of V,, and Py, being
kp=0.3 A/V and L,=180uH. A low frequency resonance with
a frequency ranging between 30 Hz and 60 Hz is observed. If
Vv increases, the resonance frequency decreases and its
damping factor increases. The effect of Py, variations on the
current loop is negligible.

In both the d and q current loops, the crossover frequency
ranges from 250 Hz to 450 Hz, in all cases with proper
stability margins (phase margin PM > 50° and gain margin
GM > 10 dB).



Fig. 9 shows the analytical Bode plots of Tig(jw) and Tiq(je)
with variations of L, and Kk, being V=600 V and P,,=100
kKW. On one hand it is observed that the high frequency
resonance due to the LCL grid filter increases its peak for high
values of L,. On the other hand, if k,, increases, the low
frequency resonance of the current loop gain becomes more
damped.

Fig. 10 shows the theoretical Bode plots of T,(jw) with
different combinations of V,, and Pp,, being k,,=0.3 A/V and
L,=180uH. If V,, increases, the crossover frequency of the
voltage loop decreases. If P, increases, the crossover
frequency slightly increases. It is observed that the voltage
loop crossover frequency ranges from 50 Hz to 100 Hz, with
proper stability margins (phase margin PM > 50° and gain
margin GM > 10 dB) in all cases.

Fig. 11 shows the analytical Bode plots of T,(jw) with
variations of L, and k,, being V,,=600 V and P, =100 kW. It
is observed that for small values of Ky, the phase of T,(jo) is
very negative at low frequency, so that it should be avoided to
choose a very low crossover frequency of the voltage loop.
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Fig. 8. Analytical Bode plots of the current loop gain with variations of Vj,
and Py, (k,=0.3 A/V, L,=1804H). (a) d channel, Ti4(s). (b) q channel, Tig(s).
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IV. EXPERIMENTAL RESULTS

The 100 kW inverter under study is commercialized by the
company Siliken Electronics. The values of the power stage
parameters were described in Table II. The control stage has
been implemented on a TMS320F2812 digital signal
processor with a sampling frequency of 2 fs=10 kHz.

A test unit of this inverter has been installed in a 4.3 MW
photovoltaic farm in Casas Ibafiez (Albacete, Spain). An anti-
islanding algorithm has been implemented to detect grid
faults, but its description is beyond the scope of this paper.
The grid synchronization method is the well known
Synchronous Reference Frame PLL (SRF-PLL) [16], which is
a very common technique to solve the problem of inverters
grid synchronization. In these conditions the commercial
inverter has been working without major failures in the PV
park for more than one year.

In [24] it was reported that the THD; was lower than 3% for
all phase currents, whereas the fulfillment of the limits
established by the IEC 61000-3-4 norm was shown. In this
paper the experimental results are focused on the validation of
the proposed small-signal model.

Fig. 12 shows the experimental setup for obtaining the
Bode plots of the current loop gain in the d-axis, Tig(S), by
means of a frequency response analyzer (FRA) NF
Corporation FRA 5097. Gj(z) are the current regulators in a
digital implementation and the decoupling paths have been
omitted for simplicity. The oscillator output of the analyzer is
added through an A/D converter to the current feedback signal
in the d-axis. The resulting signal and the feedback signal are
driven through PWM ports of the DSP to measuring channels
2 and 1 of the FRA, respectively. The transfer function Tiy(S)
results from the transfer function between both channels of the
FRA: Ti4(s)=CH1(s)/CH2(s). Note that the tracking band-pass
filter of the FRA filters out the high frequency contents of the
PWM signals, only detecting the frequency component of the
signal of interest which agrees with the oscillator frequency,
which has been swept from 100 Hz to 3 kHz. A similar setup
has been adopted for measuring the rest of Bode plots.

When the inverter is connected to the PV panels the
operation point is variable due to the variable Vg, coming
from the MPPT algorithm, so that the dynamic measurements
cannot be performed working directly form the PV panels.
Therefore, we have connected the inverter to a programmable
DC power supply (4 Regatron TCP.32.1000.400.S modules in
parallel) configured as a current source in order to have an
operation point of Vy, defined by a constant value of Vpyres
defined in the DSP software by the user, but not by the MPPT
algorithm, which has been disabled for the measurements.
Different I-V curves have been programmed for the DC power
supply in order to emulate the PV panels.

In order to validate the proposed model, the Bode plots of
the most important transfer functions at various operation
points have been obtained and compared to the theoretical
ones. From the measurements we have estimated a grid
inductance of Lg=80 xH , so that in all the theoretical Bode
plots the value chosen for L, has been 1804H.

Fig. 13 shows the experimental and analytical Bode plots of
Tia(s) at V=450V and 750V, at a power of Py,=50 kW in both
cases. Fig. 14 shows the Bode plots of Tiy(s) at the same
operation point of Fig. 13. Fig. 15 (a) shows the experimental
and analytical Bode plots of the closed loop current response
in the d-channel iy (S)/ igref (S), and the cross-coupling current
response Iq (S)/ igrer (S) With and without decoupling. Fig. 15
(b) shows the experimental and analytical Bode plots of the
closed loop current response in the q-channel iq (S)/ igrer (S),
and the cross-coupling current response ig (S)/ igref (S) With and
without decoupling. The operation point of fig. 15 is: V=600
V and P,,=50 kW. The decoupling achieves a cross-coupling
reduction of more than 20 dB in a wide low frequency range.
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Fig. 12. Experimental setup for obtaining the Bode plots of the current loop
gain in the d-axis, Ti«(S), using a frequency response analyzer.
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Fig. 13. Experimental and analytical Bode plots of Tiy(s) at V=450V and
750V, at a power of P, =50 kW.

Fig. 16 shows the experimental and analytical Bode plots of
the voltage loop gain T,(s) at V,=450V and 750V, at a power
of Pp,=45 kW and 75 kW, respectively.

It is observed that the experimental Bode plots agree with the
theoretical ones in an acceptable degree.

V. CONCLUSION

In this paper, two contributions to the field of PV generation
have been presented. On one hand, an accurate small signal
model of high power grid connected PV inverters with LCL
filter has been derived. The model takes into account both the
inverter operating point and the PV panels features. On the
other hand, by using the proposed model a sensitivity study of
the dynamics of a 100 kW inverter has been carried out,
showing the influence of individual parameters on both the
current and the voltage loop. Measurements by means of a
frequency response analyzer have been carried out in order to
validate the proposed model. The results may be especially
useful to perform a proper tuning of both the voltage and
current controllers when a wide dispersion of the system
parameters is expected.

T T T T
+ Vpv= 450V experimental
O Vpv= 750V experimental

— Vpv =450V analytical

T
|
|
4
|
| | === Vpv=750V analytical
-
|
|
]

dB

degrees

-300 5
10 10

Fig. 14. Experimental and analytical Bode plots of Tig(s) at V=450 V and 750
V, at a power of P, =50 kW.

APPENDIX

The averaged model of the inverter in a synchronous
reference frame may be found by applying (5) and (6) to (1)-
(4). After solving for the derivative terms and left multiplying
by T, the following set of equations results
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Fig. 16. Experimental and analytical Bode plots of the voltage loop gain T,(S)

at Vp,=450V and 750V, at a power of Pp,=45 kW and 75 kW, respectively.
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Fig. 15 Experimental and analytical Bode plots of the closed loop current
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The neutral wire is not connected, so that the sum of the ac
currents in the three phases is null. Therefore, all the currents
in the 0-channel are zero, so that this channel may be omitted.
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