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Optimum PR Control Applied to LCL Filters With
Low Resonance Frequency

Roberto A. Fantino

Abstract—A control strategy for LCL grid-connected voltage
source inverters is proposed. Using the injected grid current mea-
surement exclusively, the proposal allows the use of the propor-
tional plus resonant regulator optimum design, regardless of the
filter resonance frequency. Simulation and experimental results
that demonstrate the validity and effectiveness of the proposal for
different LCL filter resonance frequency values are presented. Also
its superiority compared with a control method recently proposed
in the literature is shown.

Index Terms—Active damping, LCL filter, low resonance
frequency, proportional plus resonant (PR) control, voltage-source
inverter.

1. INTRODUCTION

OLTAGE-SOURCE inverters (VSI) are widely used in
V distributed generation systems for grid current injection.
In order to meet the power quality requirements [1]-[3], the
inverter must be linked to the grid via a suitable filter. It is com-
mon to use a simple inductor (L filter). Nevertheless, to meet
the power quality requirements with this kind of filter requires
a high inductance value or a high switching frequency. For this
reason, it is preferable to use LCL filters (see Fig. 1), which
offer advantages in terms of cost and size reduction. However,
the natural resonance frequency w’, . of the LCL filters difficults
the current grid injection control. The lower the filter resonance
frequency, the greater the attenuation of the inverter switching
frequency. Nonetheless, the difficulty in controlling the filter
will increase. Many methods have been proposed and studied
to damp this resonance. These methods can be classified into
passive damping [4], [5] and active damping [6]-[16]. Passive
damping introduces power losses to the system (reducing effi-
ciency). For this reason, when the filter resonance frequency is
located within the control bandwidth, it is generally preferred
to use active damping.

Many different control techniques for LCL filters have been
proposed in the literature such as: multiloop control strategies
[17], full-state feedback control [18], [19], adaptive control [20],
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Fig. 1. Three-phase VSI linked to the grid via an LCL filter.

or neural networks control [21]. Some of these techniques are
very complex and some of them require the use of additional
sensors to those needed to control an L filter. Given the need
to reduce the complexity of the controller and the number of
sensors, [9] shows that it is possible to control a high resonance
frequency LCL filter feeding back only grid current measure-
ment E‘QW (see Fig. 1).

Following this line, in [10] the LCL filter control using a
proportional plus resonant (PR) [22]-[25] was analyzed. It was
proved in [10] that there exists a critical resonance frequency
Werit, such that:

1) if eres > Werit, it 1S possible to control the system with a

PR regulator with fga ,. feedback only;
2) if wl.LCS < werit feedback of capacitor current measurement
Zga ,. 1s additionally required [11], [15];

3) if eres = Werit, the system will be unstable even if fc

feedback is implemented.

It is interesting to be able to control an LCL filter with wk <
Werit, €mploying fgm feedback only. In [14], this is achieved
using a PR controller plus an active damping loop that feeds
fgn ,. back through a first-order high-pass filter (HPF) [12]-[14].
However, when this method is used to control an LCL filter with
very low resonance frequency, it will be shown in this paper that
a poor dynamic response of the closed-loop system is obtained.

This paper proposes a current control strategy that allows
to control an LCL filter with ZQW feedback only, regardless
of the LCL filter resonance frequency value. The controller is
based on the following idea: applying reference model control
techniques [26] to an LCL filter with a low resonance frequency
erCS < Werit, @ system that emulates the behavior of an LCL
filter with a high resonance frequency erCS > Werit Can be
obtained. In concordance with [10] the system obtained can
be controlled using a PR regulator. Furthermore, it will be

shown that if the resonance frequency of the emulated filter

abe
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is properly selected, the control can be implemented using an
optimum design of the PR regulator [23]. Both simulation and
experimental results of the proposed controller are presented,
and its performance is evaluated against the controller design
presented in [14]. From this comparison it is concluded that
the proposal presented here offers better closed-loop dynamic
response and better disturbance rejection.

II. SYSTEM DESCRIPTION AND MODELING

Fig. 1 shows the circuit diagram of a three-phase grid-
connected VSI, powered by a constant dc voltage source V4.
The output voltage of the inverter is connected to the grid via a
three-phase LCL filter, composed of inductors L, capacitors C,
and inductors Lo. Sensors are used to measure the three-phase
grid voltage 7, , and the three-phase current injected to the
grid 75, , . Measurements are transformed into the a3 reference
frame. In this frame, the current vector injected to the grid will
be called i, the grid voltage vector will be called ¥, and the
inverter side voltage vector applied to the filter will be called v;.

The aim of the “Controller” block shown in Fig. 1 is to regu-
late 4y, for controlling the power flow from the dc voltage source
Vius to the grid. The current reference ;2 . s synchronized with
the positive-sequence fundamental component vy, of #;. This
reference is generated multiplying a vector gain g,., obtained
from the reference magnitude generator (RMG) block, by the
component ¥y, detected using a phase-locked loop (PLL) block.
In addition, the PLL block identifies the fundamental angular
grid frequency wy, which is used to tune the resonance frequency
of the PR regulator. The behavior of current 52, can be modeled

by the following continuous system:
ia(s) = Gl ()T (s) + i, (5) (M

where ZQW is the component of 4, produced by disturbance Uy,
and G%, (s) is the transfer function

s L 2
2S5 Wres
Gl (s) = 21 - e
Ui (s)]. B sLy(s? +wk. ™)
iaper (8)=0 &
where Ly = (L1 + Ly) andwl = \/Lz /(L1 LyC) is the LCL

filter resonance frequency. In order to model the discrete-time
system behavior with sampling period 7%, a one sample delay
27! cascaded with the controller (block 1 /z in Fig. 1) is con-
sidered, which takes into account the digital processing delay
[23], [27], [28]. Using the zero-order-hold method [10], [29] to
obtain the Z-transform of (2), the discrete time transfer function
of the plant G (2) = 271 G%, (2) is found
GE(z) = Zz(z) T, [22 — 2z cos(wk T,) + 1] —b(z—1)2
e Ui (2) Ly 2(z—1)[22 =2z cos(wk Ts) +1]
3)
where b = sin(wZ T})/(wk T,). Considering a stiff grid con-
dition [30], a feedforward compensation Ugg = ¥, can be used
to counteract the effect produced by disturbance @, on current

is [23] (see Fig. 1). In such a case, the voltage reference applied
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Fig. 2. Control of the system of Fig. 1. (a) Using only a PR regulator (for
wk > Werit)- (b) Using a PR plus a first-order HPF.

res

to the inverter result _,(z) = ¥.(2) + Upp(z). The behavior
of i3(z) can be modeled as a function of the control action
U.(2) as

B(2) = GH(2)T.(2) + iy, (2) 4)

with %p (2) = G*(2)Tr(2) + ia,., (2). In order to simplify
the analysis of the control loop behavior, in what follows it is
assumed that 2’21 = 0 (no external disturbance).

III. CoNTROL USING A PR REGULATOR

According to the internal model principle [31], to copy a
reference fgm without steady-state error at the fundamental
angular grid frequency wy, it is common to use a PR regulator
with its resonance tuned at that frequency [22]. Fig. 2(a) shows
the block diagram of the system of Fig. 1, when the “Controller”
block is implemented using a PR regulator. The PR discrete
transfer function, obtained with the Tustin transform method
with prewarping [10], [29], is given by

U (2)

é(z)

GPR (Z): :KP <1+a

22 -1
T, 22 — 2z cos(2mwy Jws) + 1
&)

where a = sin(wTs)/(2wy) and ws = 27/T; is the sampling
angular frequency; ¢, (z) and €(z) are defined in Fig. 2.

In [23], an optimum design for a PR regulator used to control
an L filter (considering the digital processing delay) was pro-
posed. If Ly is the inductance value of the L filter, to obtain
a system with a desired phase margin ¢,, ~ 45° at a resulting
crossover frequency w. ~ w;, /12, the PR parameters must be
(101, [23]

ws Ly 120
=g & D=

In [10], two significant regions for the control of an LCL filter
using a PR were identified. These regions are delimited by the
critical resonance frequency we,iy = ws/6 &~ 0.17 wy. If ereS >
werit (high resonance frequency region), the system of Fig. 2(a)
is stable. On the other hand, if wés < Werit (low resonance
frequency region), the system is unstable. To achieve system
stability in the latter region, it is shown in [ 10] that the additional
feedback (and the consequent measurement) of capacitor current
fca ,. (see Fig. 1) is required. Another alternative to stabilize the
control loop is the feedback of current io toward the system

(6)

Popt
P ws
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Fig. 3. Root locus of the closed- loop system of Fig. 2(a) with K, = K}, ,
and T, = T, as a function of w,

Topt? res:*

input, through a first-order HPF [12]-[14], as it is shown in
Fig. 2(b).

The high resonance frequency region wX_ > we,; is the zone
where the closed-loop system of Fig. 2(a) is stable. However, it
should be noted that for K, = K, ., the range of wk  where
such system is stable, is smaller In order to know the range of

reﬁ > werit Where the system is stable by using the PR optimum
design (6), Fig. 3 has been drawn. This figure shows the root
locus of the closed-loop system as a function of wZ ., when a PR
with K, = K, andT,. =T,  isused.Itshows thatthe stabil-
ity range is 0.228 w, < wk . < 0.454 w;. To verify the stability
within this range, Fig. 4(a)—(c) shows the unit step responses
of the system of Fig. 2(a) with K, = K, and T. =T, for
LCL filters with resonance frequency (a) wl s = 0.24 wy; (b)

wk  =0.36ws; and (c) wk, = 0.45w;. These responses were
obtained, applying to the system of Fig. 2(a) a positive-sequence
unit magnitude current reference vector 4, ,, with angular fre-
quency wy, at the instant ¢ > 0. In each case it is indicated
that the percentage overshoot relative to the final value (MM,)
and the settling time with a threshold value of 5% (t,., ). For
comparison, Fig. 4(d) shows the unit step response obtained
when an L filter is controlled with the PR optimum design [23].
Note that for the intermediate angular frequency w’, = 0.36 w,
[see Fig. 4(b)] the values of M, and t,,, are very similar
to those obtained with the L ﬁlter [see Fig. 4(d)]. Note also
that for wk # 0.36w, [see Fig. 4(a) and (c)] the response is
degraded.

IV. PROPOSED CONTROL STRATEGY

It is proposed to modify a plant conformed by an LCL filter
with resonance frequency w”_, in such a way that it behaves
similarly toan LCL ﬁlter with a desired resonance w!Z within the
range 0.228w, < w! < 0.454w,. Based on the explanation
given in Section III, the system obtained will be able to be
controlled using the PR regulator optimum design In addition,
as has been seen, with an appropriate choice of (.um > Werit, it
is possible to obtain a closed-loop system response very similar
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Fig. 4. Step response of the system of Fig. 2(a) with K, = K, . and T} =
T,,. for filters: (a) LCL with wk,, = 0.24w;, (b) LCL with wl; = 0.36 w,,
(c) LCL with wfos = 0.45 wy, and (d) L Vertical Axes [A].

to that obtained when an L filter is controlled. Such modification
of the plant can be implemented using reference model control
techniques [26].

By factoring the numerator of (3), the following general ex-
pression for the discrete plant with resonance frequency w:r,
can be obtained

v B PX(G) | EX(z— ) 1/)
CEOEEO T oD@z

where superscript X =L or X = H when making reference
to a filter with resonance frequency wZ_ or wf_, respectively.
PX(z) and Q¥ (2) are the respective polynomials numerator
and denominator of GX (). KX and ¢* = —2zcos(wit T}) €
R. 28 = (=h* + /(h¥)2 — 1) with AY = (b* —d¥)/(1 -
b¥), 0 = cos(wl, L), and b = sin(wil, T, )/,

Note that (7) has two reciprocal zeros (z5 and 1/z
It is easy to demonstrate that, for a filter with a resonance
frequency less than the Nyquist frequency (wir, < w;/2), it
is always 0 < b <1 and 1 < h¥ < 2. Therefore, sz c R,
—1 < z¥ < (=24 V/3) = —0.27. This means that, in the res-
onance frequency range of interest, the zero 2 will be always
located within the unit circle, and therefore, the reciprocal zero
1/2% will be located outside the circle.

Fig. 5 illustrates the block diagram of the proposed controller
in this paper for the system of Fig. 1. The transfer function of
plant G (2) [(7) with X = L], consists of a numerator P~ ()
whose degree is 2 and a denominator Q* (z) whose degree is 4.
Let C(2) =z +ciz+cy, D(z)=d3z® +do2® +dyz+
dy, and K, a gain. Also, let A(2) = 23 + X222 + A1 2 + A,
a stable arbitrary monic polynomial. The transfer function of
the block “Modified Plant” in Fig. 5 results

K,AR P ()
CRIQ' Q- P ADE
)

i)

'UPR (Z)

_ P,
Qm (Z)

Gmod( ) - - [A(Z) _
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Fig. 5. Block diagram of the proposed controller.

This transfer function has a numerator polynomial P, (z) whose
degree is 5, and a denominator polynomial )., (z) whose degree
is 7. Since there are 7 coefficients [three of C'(z) and four of
D(z)], for a given A(z), there are enough degrees of freedom
to assign the seven poles in (8) [26]. The expression Q,, (z) =
[A(2) — C(2)]Q* (2) — PX(2)D(2), is a Diophantine equation
[32] wherein Q* (z) and P* (z) are coprime (no common roots).
The coefficients that [A(z) — C(z)] and D(z) must have to
obtain a desired polynomial @, (z) whose degree is 7, can be
found solving the matrix equation (13) (see Appendix).

It would be desirable that the transfer function (8) results
equal to the transfer function G (2) [(7) with X = H]. This
cannot be achieved since it is not possible to cancel the zero
1/z% of G*(2) (since it is outside the unit circle). However,
it is possible to obtain a system with a behavior very close to
that of G¥ (2). If Q,, (2) = A(2)Q* (2) is selected, the transfer
function of the “Modified Plant” results

PL(z KGKL z— 2 —1/z

Glnod( ) Ka H( ) — ( 5 )( / St) (9)
QF (z) 2(z—=1)(22 + gz +1)

with ¢ = —22 cos(w!L Ty). It should be noted that the “Mod-

ified Plant” is not a stable closed-loop system, on the contrary,
it is an inherently unstable system that must be stabilized using
the PR regulator. The transfer function (9), retains the zeros of
G* () and has the poles of G (2). It can be demonstrated that
two reciprocal real zeros (3 and 1/z%) always provide the
same phase regardless of their locatlon Therefore, the phase
behavior of G (z) will be identical to that of G (2). It is
desirable to preserve the bandwidth obtained when G¥ (z) is
controlled using the PR optimum design. In order to achieve
this, the constant K, must be calculated in such a way that
GH . (z) has the same gain as G/ (2) at the crossover frequency
We = wy /12

P (2)
PI(2)

K (2 (2 1))
= wr e

Ka =

l|=eswer -

(10)

z=eiweT

With this value of K,, GX ,(z), and G (z) will differ
slightly in their high frequency magnitude behavior. In or-
der to show this, consider two plants with resonance frequen-
cies wll = 0.14w, and w2 = 0.47 w,, respectively. For both
plants, the corresponding “Modified Plants” 9),GH . (2) and
G |, (z) with resonance frequency wi’, = 0.36 w,, were ob-
tained. Fig. 6(a) shows the open-loop magnitude frequency

response of the PR optimum design. Also, in this figure “Plants”
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Fig. 6. Bode diagrams: (a) Magnitude for PR, and Plants. (b) Magnitude

for cascaded systems (PR, ¢ +Plant) (c) Phase for PRopt and cascaded systems.
For G%1(2) with wus = 0.14w, and GL2 () Wlth wr% = 0.47 wy modified
to Gmod ,(2) and GmodZ( 2), respectively, with w/. = 0.36 w,. Comparison
with G (2) with w/l, = 0.36 w; and an L filter.

indicates the magnitude of the obtained “Modified Plants” along
with—for comparison purposes—the magnitude of the plant
G' () and the L filter. Fig. 6(b) shows the open-loop magni-
tude frequency responses of each plant cascaded with the op-
timum PR (PR, +Plant). Fig. 6(c) shows the open-loop phase
frequency responses of the PR optimum design and those cor-
responding to the cascaded systems.

Note that at the crossover frequency f. = w.. /2, all cascaded
systems have a positive phase margin ¢,,, practically the same
as the L filter system. Also, note that all cascaded systems have a
magnitude less than unity when the phase crosses —180° (Ph line
in Fig. 6) and —540° (at the Nyquist frequency). This ensures
that all cascaded systems in Fig. 6 are stable in closed-loop
configuration [33].

It can also be observed in Fig. 6(b) that all magnitude plots
overlap below f., and these exhibit only a slight difference
in high frequency (close to w;/2). Furthermore, it is observed
that all phase plots are the same below f.. These two facts
imply that all plotted systems have the same bandwidth and
will have the same behavior at low frequencies when in closed
loop.

V. CRITERION FOR wi  SELECTION

res

As has been seen in Section III, when a plant G¥ () with res-
onance frequency wX = 0.36 wy is controlled with the PR op-
timum design, its closed-loop response is very similar to that of
an L filter controlled with the PR optimum design [see Fig. 4(b)
and (d)]. For this reason, it is desirable to assign this resonance
frequency to the “Modified Plant” G (z). However, this is
not always possible in practice. It is well known that every in-
verter switch operates with a duty cycle taking values between

0 and 1. The maximum value of each duty cycle is proportional
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Fig. 7. Step response and control action for a system with wreb =0.14 wy

modified to: (a) w7, = 0.3 w; and (b) W, = 0.36 wy.

to the relationship between the peak value of the control action
¥, and V},ys. Duty cycle saturation of any switch can cause sys-
tem instability. In order to prevent this, the maximum value of
|| 7. should be limited. In this application, the larger the ratio
between w!? and w” _, the larger the control action ... In order to
show this, consider in Fig. 5, a plant GL (z) with Ly = 3.78 mH
[see (3)] and resonance frequency wm = 0.14 wy. Fig. 7 shows
the output current vector magnitude ||i3|| and the control action
vector magnitude ||U.||, when a unit step is performed to the
magnitude of fgm Fig. 7(a) corresponds to the case in which
a resonance frequency w = 0.3w, is selected for GH (2),

and Fig. 7(b) corresponds to the case in which wres = 0.36 wy
is selected. Note that for wl, = 0.36 w, a response with less
overshoot (M,,) is obtained, but the maximum control action
magnitude max(||7.||) required in that case is almost twice the
required when w? = 0.3 w; is selected.

res
To further analyze the effect of the ratio between w!Z and
wk . on the dynamic response of the system and required con-
trol action, con51der the three resonance frequenmes of the plant
GE(2): whk, =014w,, wE, =017w;, and wl =0.24w;.
For these frequencies the step response of the system shown
in Fig. 5 was obtained by simulation, for a set of w!l values
within the following range 0.26 w, < w < 0.4w;. In Fig. 8,
it is plotted: 1) M, 2) t,, , and 3) max(||7.||) as a function
of the normalized frequency w?_ /w,. Note in Fig. 8(a) that for
the three wl considered, the minimum overshoot is obtained
for a frequency w!Z, ~ 0.36 w;, and has a value M, . =~ 45%.
Note also in Fig. 8(b), that the settling time does not vary too
much as a function of the w variation, and stays close to
ts., ~ 1.5ms for wf > 0.3w,. On the other hand, Fig. 8(c)
confirms that for each value of w/Z_, the lower the value of w” _,
the larger the control action required Therefore, glven a plant
G* (z) with resonance frequency wZ _, the choice of w/Z, will be
a tradeoff between the step response overshoot, and the control
action applied to the plant. The criterion for wi selection can
be summarized as: if it is possible, select w!l, = 0.36 w;. If it is

not possible because of the control action limitation, then select

a T T T T T T
@, ]
=} 80 I -
E:« 70k T wyt = 0.14w; §
= 60F == =wk =0.17w; 1
50 .
*wl =0.24w
40 res : ‘ ‘ ‘ ‘ ]
() T T T T T T
2f “
g 150 x* ® H * 3
= ts,, ~ 1.5ms 1
<
0.5 .
(c) T T T T T T
5160* _:
—~120| : rﬁs_o 14(4)5 - =-" 1
1= 8ol 0.17ws == =2 J
= | T ae-aa--"" 0'24?&%*******
\g40_*—*;*-*_*;;*_*;*********—x********************"*** 7
g o026 0.28 03 0.32 0.34 0.36 0.38 0.4
rrs/wg
Fig. 8. Step response of the system of Fig. 5 as a function of w/T_ /wy, for

whe =0.14w,,0.17w,, and 0.2d wy: (a) M)y, (b) Ly, v, () max(| ).

TABLE I
RESONANCE FREQUENCIES UNDER STUDY

Case wk Region wh

A 0.14 wy Low frequency (< werit) 0.3ws
0.17wy Critical frequency (= werit) 0.345 w
0.24 wy Optimal (0.228 w, Swkh, <0.454w,) 0.36 w,

TABLE II
PARAMETERS OF THE EXPERIMENTAL AND SIMULATION SYSTEM
Symbol Value Symbol Value
Vius 400V th 0.7 s
Voy (100/vV2)Vims || why/ws 0.14/0.17/0.24
wo 27 (50 Hz) Ly;Ls 2.28 mH 1.5 mH
fs 9 kHz C 18 p/12 pul6 puF
Sfowm 9 kHz fe we /27 = 750 Hz
Kpoot 17.813Q Tryps 2.122 ms

the nearest down frequency whose implementation requires an
acceptable control action.

VI. SIMULATION RESULTS

In this section, the implementation of the proposed control
strategy for the three study cases (A, B, and C) of Table I is simu-
lated. In order to obtain results in a realistic scenario, the whole
system depicted in Fig. 1 was simulated. In Table II are the
parameters used in the simulation. The inverter was simulated
using Insulated Gate Bipolar Transistors (IGBTs) switching to a
frequency fywm With turn-on dead time ¢ p . The three LCL filters
were built with the same values of L, and L,, and the corre-
sponding value of resonance frequency was obtained changing
the value of C'. Table II also lists the values of the sampling fre-
quency fs = wg/2m, the crossover frequency f. = w. /2 (with
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TABLE III
C(z), D(z), AND K, USED IN EACH STUDY CASE

Case C(z) D(z) K,
A [ -1.9067(2% +0.4099z + 0.07373) | 16.6292(z —1)(z + 2.364) |3.6614
~2.0908(2% + 0.36962 + 0.0576) |38.4022(2 — 1)(z + 0.5959)|3.0023
C | ~1.4003(z + 0.249)(z — 0.1784) [32.897z(z — 1)(z —0.1902) | 1.7367
we = w,/12), and the PR optimum design parameters K, and

T.,,, obtained using (6).

Each one of the three filters of Table I was modified following
the procedure described in Section IV, to behave as a system
G () with a specific resonance frequency w’; (column 4
of Table I). For each case, a stable monic polynom1a1 A(z) =
2(2 — 21)(2 — 2) with 21 5 = (0O D@L T \yag used
for the controller of Fig. 5. The used polynomials C'(z) and
D(z) (calculated according to Appendix), and the used values
for the constant K, [(10)] are listed in Table III.

For each case, the injection of three-phase sinusoidal balanced
current to a grid with a voltage ¥, , was simulated. This grid
voltage is shown in Fig. 9(a). In order to test the performance
of the controller under grid disturbance conditions, the steady-
state grid waveform was contaminated with a total harmonic
distortion THD = 3.65%. Also, a short time abrupt amplitude
reduction of 10% (sag fail) and the manifestation of a high-
harmonic distortion (HHD) close to the resonance frequency of
the filter were applied [gray regions in Fig. 9(a)].

Current iy, , was increased from 8 to 10 A (peak), in t =
O 11 s. For that instant, Flg 9(b) shows the response of current
ia,,, and its magnitude |7z, || = \/i2 + i} + i2, for the filter

res = 0.14w, (case A) and Fig. 9(c) shows ZQW and
|7, || for the filter with w”_ = 0.17w, (case B). For these
two cases, in order to limit the control action [see Fig. 8(c)],
the resonance frequencies of the “Modified Plant” were set to
wi = 0.3w, and wl = 0.345w;, respectively. Fig. 9(b) and
(c) show that the proposed control strategy allows to control
LCL filters with Wer < Werit-
The proposed strategy is also useful for controlling LCL
ﬁlters that do not possess a low resonance frequency (with
reb > werit) since it allows to obtain a better dynamic response
compared with that obtained when the same filter is controlled
using only a PR regulator. Indeed, in Fig. 4(a) it was shown
that a system with wm = 0.24w; > werit (frequency analyzed
in Case C) is stable when it is controlled with the PR opti-
mum design. However, a poor dynamic response of the closed-
loop system is obtained. For this resonance frequency, Fig. 9(d)
shows the response of i, and ||iy,,. || when the filter is con-
trolled using the proposed strategy (Case C). In this case, for the
“Modrﬁed Plant” GZ | |(z), the resonance frequency was set to
wH = 0.36 w,, which minimizes the overshoot [see Fig. 8(a)].
Comparing the values of M, and ., in Fig. 9(d) with those in
Fig. 4(a), it is verified that the proposed control strategy signifi-
cantly improves the dynamic system response in a system with
these characteristics.

with wZ
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for case C. (¢) 72,,, [Aland |72, || [AL filter with wl, = 0.14w, whenthe
design proposed in [14] is used for the controller of Fig. 2(b).

In [14], the controller shown in Fig. 2(b) was designed
for controlling an LCL filter with wl = 0.14w;. The values

K, =043 K,,,, and T, =0.87 T,  were used for the PR
regulator constant parameters in (5); and k.q = 0.8 K, . and
waq = 0.15w, were used for the parameters of the HPF filter
(of continuous transfer function G,.(s) = —kqas/(8 + Wad)
[14]). Fig. 9(e) shows is,, and ||is,,. |, when the controller
designed in [14] is used. Comparing Fig. 9(b) and (e), it can be
seen that the controller proposed in this paper allows to obtain
a dynamic response with less overshoot and settling time than
that obtained with the controller proposed in [14]. In addition,
the controller presented here shows a better rejection of the low
frequency harmonics (commonly presented in the grid). Note
that all systems can support both a voltage sag and an HHD grid
perturbation.
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A. Robustness Analysis

For study cases A, B, and C (see Table I) simulated previously,
the coefficients of the proposed controller were obtained consid-
ering the nominal values of parameters L; = L}, Ly = L;
and C' = C™" listed in Table II. When the real values of the pa-
rameters differ with respect to the nominal values of design, the
simulated systems may became unstable. In order to perform an
analysis of the system robustness, these parameters are consid-
ered within the following bounded sets: Ly, < L; <L; .,
Ly, <Ly <Ly  ,and Cpin < C < Chyax. For each com-
bination of parameters { L1, Lo, C'}, the closed-loop system of
Fig. 5 will be stable if all its poles are located inside the unit
circle. Note that the LCL filter transfer function (3) can be char-
acterized (for a given value of T}) using parameters w’ and
L. The bounded sets of variation of parameters {L;, Lo, C'}
can be mapped into a corresponding bounded set of variation of

parameters {wX | Ly }. This set is given by

L Liin + L2m1n S LT S leax + LQmax
leax + L2max < (UL < lem + L2m min
— res — N
le ax L2m ax Cmax L Imin L2 Cmin

min

Letw”"™ and L7 be the nominal values of w”_ and Lz, re-

spectively; the shaded regions shown in Fig. 10 (a; )—(c; ) corre-
spond to the normalized regions {wk /wE™™ Ly /L") where
the closed-loop system of Fig. 5 is stable for each one of the
three study cases. It can be observed that all cases support dif-
ferent ranges of variation in both w’_ and L. Usually the grid
connection increases the effective inductance Lo of the LCL
filter [11], [34]. In order to analyze the robustness in presence
of a grid inductance variation, the dotted lines in Fig. 10(a;)-
(c1) correspond to the points {wk /WL Ly /Lz"} such that
L, is increased while the other parameters are kept at their

nominal values. Note that in Case A the system remains in the
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wl . =0.14w, when the design proposed in [14] is used for the controller
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stable region for a deviation up to ALy = 0.9L,, , while the
other systems support even greater deviations. In order to test
the robustness Fig. 10(as)—(c2) show for each study case, the
step responses of the closed-loop systems for ALy, = 0 and
ALy =0.5L; " . Clearly the Case A is the most sensitive to
parametric variations, however, this system remains stable de-

spite a large grid inductance deviation.

VII. EXPERIMENTAL RESULTS

This section presents the experimental results obtained from
the practical implementation of the three study cases (A, B,
and C) simulated in Section VI. These results were obtained
using a three-phase inverter prototype built using IGBT devices
IRG4PHS50UD. The controller was implemented in a fixed-point
digital signal processor TMS320F2812. The parameters of the
experimental system are listed in Table II and are the same that
were used previously to obtain the simulation results. In the
three study cases, a three-phase sinusoidal balanced current was
injected to a grid with voltage v, . Fig. 11(a) shows phase “a”
of ﬁgn be®

For comparison purposes, the tests simulated in Section VI
were experimentally repeated. Fig. 11(b) shows the response
of current i, , and its magnitude ||, || (obtained using the
stored screenshot data values) for Case A; Fig. 11(c) shows
Zgﬁ,m and |7, || for Case B; and Fig. 11(d) shows is,, and
|li2,,. || for Case C. Fig. 11(e) shows iy, and ||is,,. ||, when the
controller designed in [14] is used. Note that the experimental
results shown in Fig. 11 are similar to those shown in Fig. 9
obtained by simulation. Therefore, the conclusions drawn for
the simulation results are also valid for the experimental results.
Particularly, the comparison between Fig. 9(d) and (e) corrob-
orates experimentally that the controller presented in this paper
achieves better response than the one used in [14].

abce

VIII. CONCLUSION

This paper presents a control strategy that allows to regulate
the current injected into the grid by a three-phase inverter with
a low resonance frequency LCL filter, without passive damp-
ing. The strategy uses a PR regulator optimum design and only
requires the measurement of the current injected to the grid.
Both simulation and experimental results were presented. The
performance of the controller was evaluated, comparing it with
a control method recently proposed in the literature for control-
ling the same system. The proposal presented here offers better
closed-loop dynamic response and better disturbance rejection.

APPENDIX

Let A(z) =a,2" +a, 12" ' +---+ay and Q(z) =
G 2" + G 12™ "1 + - - + gy be two polynomials in z, whose
degrees are n and m, respectively, withm > n > 1. Let B(z) =
bpz¥ 4+ bp_12" "1 + ... 4+ by be a polynomial whose degree is
E<(m—-n+1).

Proposition: If A(z) and B(z) are coprime, then there exist
unique polynomials L(z) = l,,—,, 2™ ™ + -+ -+ [y and P(z) =
pn_12" "1 + - + py whose degrees are (m — n) and (n — 1),
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respectively, that verify the Diophantine equation
A()L(2) + B(2)P(2) = Q(2). (an
Proof: Equating coefficients on both sides of (11), it results

M
_ . o
Gp 0 0 )
0O 0 0 0 PG ——
p-1 G L @,
G-
ap-1 -+ 0 b 0 0 L —n—1 ! 1
A —
bk.71 bk 0 l’m,f’n—Q 2
ag .
ao 0 b1 0
0 b |=
G
bO bk Pn-1
fn-t 0 o b1 Pn—2
q1
0 0 bo
ag L Do ] o
L (m-n+1) col. n col. |
(12)
where M € Rm+Dx(m+1) @ ¢ RIm+x1 and  @* ¢

RUm+1X1 If A(z) and B(z) are coprime, it must be det(M)
# 0. This can be demonstrated by a similar procedure to that
carried out in [32]. Therefore, matrix M is invertible, and from
(12), given a Q(z) whose degree is m, the unique coefficients
of L(z) and P(z) that satisfy the Diophantine equation (11) can
be determined solving the following matrix equation :

e=M'6e". (13)
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