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Full-State Feedback Equivalent Controller for
Active Damping in LC L-Filtered Grid-Connected
Inverters Using a Reduced Number of Sensors

Claudio A. Busada, Sebastian Gomez Jorge, and Jorge A. Solsona, Senior Member, IEEE

Abstract—This paper presents a method for the active
damping of a grid-tie LC L inverter. This method is based
solely on the feedback of the injected current into the grid
and is applicable to any linear current controller. It requires
a low additional computational load over that required to
control a grid-tie L inverter and the same measurements.
A general design methodology for the current controller,
which allows positioning all of the closed-loop poles of the
system at arbitrary locations (even unstable modes of the
LCL filter), is proposed. Stability and robustness of the re-
sulting system are analyzed. Simulation and experimental
results that validate the proposal are presented.

Index Terms—Active damping (AD), current control,
grid-connected inverter, LC L filter, resonance damping.

I. INTRODUCTION

N the grid connection of renewable resources through an

inverter, using LC'L filters instead of L filters is of great
interest, since the latter is bulky and inefficient [1]. The LC'L
filter allows a large attenuation of the high frequency ripple
present in the current injected to the grid, using magnetic
components of lower volume than those necessary to achieve
the same ripple when using an L filter. This enables compliance
with the quality standards of power generation [2] at a lower
cost and volume. Moreover, given an LC'L filter and an L filter,
both of equal magnetic circuit volume, the LC'L filter allows us
to meet these standards using a lower switching frequency.

Fig. 1(a) shows the connection of a three-phase inverter
to the grid through an LCL filter. The presence of the filter
complicates the design of the current controller, especially
when this is of high order [3], because the filter has a resonance
frequency. The resonance can be damped passively or actively
[4]. Passive damping is the method most commonly used,
although it produces additional losses and reduces the system
performance [5], [6].
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Fig. 1. (a) Grid connection through the LCL filter. (b) Plant dynamic
model.

The active damping (AD) can be achieved by feeding back
a signal proportional to the output current of the inverter i; [7]
or to the capacitor current Zc [8], [9]. In effect, these feedbacks
emulate the presence of a virtual resistor, connected in series
with Ly or C, respectively [10], resulting in the damping of the
filter. In [11], both strategies are analyzed, when a proportional-
integral (PI) current controller is used. In [12], {; and ZS are
measured. The capacitor current i, necessary to implement
the feedback, is computed as the difference between the two
measured currents. An equivalent method to feedback i, is to
feedback the derivative of the capacitor voltage with respect to
time. While both approaches are identical in continuous time
(since dvcap /dt = i /), they differ in discrete time, and many
times the damping is not possible when the resonance frequency
is low [13]. The AD in [14] is achieved by adding to the
voltage input to the pulsewidth modulator (PWM) the voltage
Ucap filtered by a high-pass filter. This filtering introduces the
derivative action in ¥y, necessary for the feedback. The con-
trol is done on 7;, and the proposal does not require additional
sensors but requires estimating the voltages necessary for the
controller. These voltages are estimated by assuming that the
current through the capacitor is negligible at line frequency
(which is not valid when the resonance frequency of the filter is
low), and the estimation is dependent on the parameters of the
filter. Similarly, in [15], ¥y is filtered by a lag—lead network,
introducing the derivative action. The control is done again on
i;, and the strategy uses a single voltage sensor, that of ¥gap,
orienting the reference frame of the controller with this voltage.
The phase shift between ti.o, and U5 must be compensated. This
compensation is dependent on the parameters of the filter.

0278-0046 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



5994

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 10, OCTOBER 2015

In most of the literature, the control is done on E;, rather than
on is. Although this allows us to take advantage of the current
sensor which is normally incorporated into many commercial
power inverters, AD based solely on the feedback of is is desir-
able, as shown by several papers written about it in recent times
[16]-{19]. Controlling Zg instead of z: has the advantage that
both an accurate control of the power factor and the waveform
of the current injected into the grid are obtained. Indeed, to
achieve this accurate control when controlling Zl and ZS is not
measured, it is necessary to estimate the latter. The quality of
this estimate is dependent on the certainty on the parameters of
the LC'L filter. In [16]-[19], the control is made directly on Z_'tg,
although the proposals are limited to first-order controllers [PI
or proportional-resonant (PR)]. In [19], it is found that, using a
discrete PR controller, it is only possible to stabilize the system
by feedback of is when the resonance frequency of the filter
is high (relatively to its proximity to the sampling frequency).
When the resonance frequency of the filter is low, the additional
feedback of 7. is required to achieve this (forcing us to use an
additional sensor). It is also concluded that, when the filter has
a specific resonant frequency (critical), not even the feedback
of i, manages to stabilize the control loop.

In [20], it is verified that the strategy of feeding back ¥Ucap
filtered is equivalent to filtering the total voltage input to the
PWM (control action) by a linear filter network. This avoids
the need to measure ¥Uc,p, and the control can be performed
through a single current sensor. In [21]-[23], this strategy is
used, although the proposals are restricted again to first-order
controllers (PI or PR).

All AD strategies described so far fall into what is called
a partial state feedback. A description in state-space can be
found in [24]. Indeed, as suggested by the block diagram of
Fig. 1(b), the plant has three states: two currents fs and fc
(or z:v) and one voltage ¥cap. It is known that a partial state
feedback cannot arbitrarily assign the position of all of the
closed-loop poles of the system, which limits the possibilities of
obtaining the desired dynamic response through this feedback
strategy. In order to place the poles at arbitrary locations, it is
sufficient to implement a full-state feedback [25]. This feedback
requires, in principle, the addition of more sensors because,
in addition to the measurement of ¥, and ;S, both needed to
control an L filter, it is necessary to measure one more voltage
and one more current [26]. These additional measurements
can be avoided by using observers [27]-[29]. The estimation
represents an additional computational complication, besides
being dependent on the LC'L filter parameters [30].

This paper proposes a new method for the AD of an LCL
filter. The method can be classified among those based on the
filtering of the control action [20]-[23]. However, unlike the
controllers cited before, the proposal is not only applicable
to first-order controllers. The characteristics of the method
proposed here are the following.

1) The AD is achieved through the feedback of a single
signal, the injected grid current is. Effective closed-loop
control of this current is assured.

2) It enables full control of the dynamics of the closed-loop
system, enabling arbitrary placing of all of the closed-

loop poles. This feature ensures the AD of the LC'L filter,
moving the unstable poles to stable positions.

3) The proposal is not limited to first-order controllers but is
applicable to any linear current controller.

4) Itis applicable regardless of the position of the resonance
frequency of the filter within the control band.

5) The additional computational load required with respect
to that necessary to control an L filter is low.

The proposed AD method is formulated in both continuous
and discrete time. As an application example, it is used to
control an LC'L filter through a typical high-order current
controller. Additionally, the robustness of the closed-loop sys-
tem is analyzed. Both simulation and experimental results are
presented to validate the proposal.

Il. LCL FILTER MODEL

Fig. 1 shows the variables that will be used to model the
plant. In what follows, a complex space vector notation is used
to represent a three-phase system [31], although the proposal
is also applicable to single-phase systems. The input ¥s is
an external disturbance to the system and does not affect its
stability. In what follows, it will be assumed, without loss of
generality, that U5 = 0. The plant consists of three states. Using
as state variables the signals fs = 71, Usap = T2, and fc =73
and assuming that ¥s = 0, the plant model is

%x = Ax + BY; ey
iy = Cx 2

where x = [#; T2 #3]7,B=1[00 1/L]7,C =110 0],and

0 L% 0
1

A=10 0 o 3)
0 —LAP 0

with L, = L1Ly/(L1 + Lo). The plant (1) is a third-order
system. The characteristic polynomial of A is A(A? + w?),
with w, = 4/1/(L,C). The eigenvalues of A are Ay =0 and
A2,3 = £jw,. The plant is thus unstable and has a resonance at
frequency w,.

The proportional feedback of i. to the input v; shifts the
eigenvalues Ay 3 to stable positions. Indeed, imposing ¥; =
[0 0 — Ky4]x in (1), the closed-loop characteristic polynomial
results 0 A(A? + 2w, + w?), where ¢ = K;/(2L1w,) rep-
resents the damping achieved through feedback. For the un-
derdamped system, A2 3 = wo[—C £ j+/(1 — ¢?)]. Both eigen-
values are stable for ¢ > 0, and |\ 3| = w, for any ¢ < 1.
This means that the proportional feedback of i, allows adding
damping to the filter. However, this does not allow us to
arbitrarily assign the position of the poles of the closed-loop
system because, with this feedback, it still is A\; = 0 and Ay 3
cannot be arbitrarily placed. Through a similar procedure, it
can be verified that the proportional negative feedback of is or
Ucap does not stabilize the system either. On the other hand,
the feedback of {; does, since this signal includes the feedback
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Fig. 2. Proposed AD strategy (continuous-time case). (a) Proposal
implementation. (b) Transformed system used to compute the feedback
gains.

of i, :i; =i, + is. This partly explains why, in most of the
applications found in the literature, it is preferred to perform
the closed-loop control of i; instead of 7.

Ill. PROPOSED AD

To ensure the stability of the system, it is necessary to relo-
cate all of the closed-loop poles at stable positions. A full-state
feedback enables the arbitrary pole assignment but requires
additional measurements. In what follows, a new strategy which
does not require these additional measurements is proposed.
Fig. 2(a) shows a block diagram summarizing the proposal. In
this diagram, ;*; represents the reference output current which
must be tracked by fS, and the block “Current Controller”
represents any linear current controller that provides an output
signal ¥, resulting, for the condition ?’; =0, from a linear
combination of all of its states and &y

N
o = ki@ + Y ki )

n=>6

where it is assumed that g, @7, ..., @' are the internal states
of the controller and k,,n =1,6,..., N, are the feedback
gains. Proportional controllers (with only k; # 0) or PI con-
trollers (/N = 6) are the simplest controllers that fall within this
category. The block “Active Damping” in Fig. 2(a) represents
the linear filter proposed in this paper to arbitrarily assign the
poles of the closed-loop system. Note that this block requires
only information about the error ZS — Zz and about 7. (the
output of the current controller), showing that the proposed
AD strategy can be implemented using the same number of
sensors required to control a grid-tie L inverter. The block
is located at the input of the plant (1) and involves two new
states: w, and ws. Hereinafter, as the stability of the sys-
tem is analyzed, it is assumed that ;*; = 0, since this input
does not affect the stability of the system. The equations de-

scribing the block “Active Damping” in Fig. 2(a), with Z’Q =0,
are as follows:

Wy = Ws + c1 )
Ws = Ve + ksWs + kaWy + (c1ks + c2ka) 1 (6)
U = Wq + CcoT7. (7

Note in Fig. 2(a) that the internal states of the block “Active
Damping” are fed back to the input oy of the block. This,
together with (4), shows that ¥y is a linear combination of
all of the states of the system, except for the two states of
the plant that are not measured, Z» and 3. Despite the lack
of contribution of these two states in ¢/, the block “Active
Damping” allows us to arbitrarily reassign the position of all
of the poles of the closed-loop system.

Proposition 1: 1f the constants ¢; and cs of the block “Active
Damping” in Fig. 2(a) are chosen as follows:

c1 = koLo + ksksLoC (8)
Co = k‘gLQC (9)

with ko and ks arbitrary constants, then the block “Active
Damping” (5)—(7) allows us to arbitrarily place all of the poles
of the closed-loop continuous system.

Proof: Define the following linear transformation for the
state variables of the block “Active Damping” in Fig. 2(a)

(10)
Y

Ty = Wq + 271
c
Ts = Ws + 171 + —23_?'2-
Lo
Now, using (10) and (11) in (5)—(7), together with (1), (8), and
(9), the equations that describe the block “Active Damping”, in
terms of the new states 4 and Z'5, are

1

Ly = T5 (12)
Ts = Ue + ksTs + kaZy + k3Ts + koZo = Upe (13)
U; = T4. (14)

Fig. 2(b) shows the transformed system, with 5‘; = 0. Note that,
replacing (4) in (13), it is verified that the input ¥';; of the
transformed system is a linear combination of all of its states,
even those of the plant that are not measured, ¥ and &5

N
Upp = E kn T,
n=1

Given this state feedback, if the open-loop system is control-
lable, it is known that the constants k,,,n = 1,..., N, in (15)
allow us to arbitrarily assign the location of all of the poles of
the closed-loop system of Fig. 2(b) [32]. As this transformed
system is related with the one in Fig. 2(a) through a similarity
transformation (the linear transformation of states (10) and
(11)), provided that c¢; and cy satisfy (8) and (9), it results
that both systems will have the same pole locations. Then, the
choice (8) and (9) allows us to arbitrarily place all of the poles

5)

of the closed-loop continuous system of Fig. 2(a). 0
The strategy to follow in designing a current controller is
therefore simple. First, obtain the gains k,,n = 1,..., N, that

achieve the desired relocation of all poles of the transformed
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system of Fig. 2(b) (which assumes that the unmeasured sig-
nals 7o and Z3 are available). Then, (8) and (9) are used to
compute the gains ¢; and ¢, needed to implement, along with
k4 and ks, the block “Active Damping” in Fig. 2(a), which
does not require the unmeasured signals. The remaining gains
kn,m=1,6,..., N, are used to implement the block “Current
Controller” in Fig. 2(a).

IV. DISCRETE-TIME DESIGN

In a digital implementation, the k; gains can be calculated
in the continuous-time domain and then proceed to the dis-
cretization of the controller. Another strategy is to describe
the plant in the discrete-time domain and calculate the k;
gains in such domain. In general, this latter approach is better,
especially when dealing with high-order controllers, where the
phase introduced by the sampling process and the processing
delay can destabilize a design that is stable in the continuous-
time domain [13]. In what follows, the proposed AD strategy
is formulated in the discrete-time domain, so that the controller
can be designed directly on it.

In terms of transfer function, the plant (1)—(3) is described by
wg / LT

- s (s +w?2) (16)

where L7 = L; + Ly and I_;(s) and V;(s) represent the
Laplace transforms of is and ¥, respectively. Applying the
zero-order hold (ZOH) discretization with sampling time 7’ to
H (s), the discrete transfer function results to

. blz_l + b22_2 + b32_3
(2) T 14 a1z 4 asz 2+ azz 3

A7)

where b; and a;,7 = 1, 2, or 3, are real constants. In the discrete
case, the processing delay must be included in the system
model. It will be represented here as a delay located at the input
of (17). In state variables, this delay adds an additional state
Zq4 to the system model. Representing (17) in its observable
canonical form [32] and incorporating this additional state, a
plant representation is

X(k +1) = AdX(k) + Bdl_};(k) (18)

—

7.(k) = Cax(k) (19)

Z)T,Ba=1[0 0 0 17, Cq=

(100 0]
—ai 1 0 b1
| a2 0 1 b2
Adi —as 0 0 bg (20)
0 0 O 0

T = Zg, and 79 and Z3 are unmeasured states (unlike the
continuous case, in the discrete case is Zo # Ucap and Tz # fc).
The discrete-time version of the block “Active Damping” is
shown in Fig. 3(a) (where ¢! represents the unit delay op-
erator). The block contains three states, one more than in

(a)

i € R
1s=T1
- X+ Plant o>
—> :
Current :
Controller
(b)
—> ﬁc Ul 4 _ 117,"5 _ 54 17; is:i"l
/ ! - » Plant &>
L)
Current N
Controller 3| T3

/é\
Iy

Fig. 3. Proposed AD strategy (discrete-time case). (a) Proposal imple-
mentation. (b) Transformed system used to compute the feedback gains.

the continuous case. This increase in the number of states is
consistent with the increase in the order of the plant introduced
by the additional state Z;. Note in Fig. 3(a) that the state 4
in the block “Active Damping” is the estimation of Z4, which
is obtained by delaying the signal #;; one sample. The equa-
tions describing the block “Active Damping” are the following
(with % = 0):

Wy (k + 1) = s (k) + oty (k) 1)
Ws(k +1) = G + caa(k) + ks (k) (22)
+ cawy (k) + krd ()

Ta(k + 1) = Wy (k) + k@ (k) (23)

Ti(k) = @y (k) + ksZy (k) (24)

where kt = ¢1 + coks + c3ks.
Proposition 2: If the constants ¢; — ¢4 of the block “Active
Damping” in Fig. 3(a) are chosen as follows:

c1 = keay + ksasg (25)
co = kzay + ko + ksks (26)
c3 = kg — k3by (27)
¢y = —kzby — kaby + kg (28)

with ko and k4 arbitrary constants, then the block “Active
Damping” (21)—(24) allows us to arbitrarily place all of the
poles of the closed-loop discrete system.
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Proof: Define the following linear transformation for the
state variables of the block “Active Damping” in Fig. 3(a)

—

T4 U4 + k321 (29)

!

—

5 + (CQ — kgal)f1 + Ifgbli%d + k3ds.

5 (30)

Now, using (29) and (30) in (21)—(24), together with (18)
and (25)—(28), the equations that describe the block “Active
Damping,” in terms of the new states Z4 and 5, are

Ty(k 4+ 1) = Z5(k) (€2))
. 5
Bs(k+1) = U+ kala + Y knZn =Tpe  (32)
n=2
Tk +1) = Z4(k) (33)
U; = Zq(k) (34)

Fig. 3(b) shows the transformed system, with 52 = 0. Note that,
if in (32) v, is a signal of the form of (4) and if J:fd = %4 (which
implies assuming an inverter free of distortion), then Uy, results
to a linear combination of all of the states of the system, even
those not measured

N
Upr = kaZa + Y knn.

n=1

(35)

This input allows us to arbitrarily place all of the closed-
loop poles of the transformed system of Fig. 3(b). As this
transformed system is related with the one in Fig. 3(a) through
a similarity transformation [the linear transformation of states
(29) and (30), provided that ¢; — ¢4 satisfy (25)—(28)], it results
that both systems will have the same pole locations. Then, the
choice (25)—(28) allows us to arbitrarily place all of the poles
of the closed-loop discrete system of Fig. 3(a). U

The strategy to place these poles consists in calculating the
gains k,,n = 1,..., N, and kg4 that place the closed-loop poles
of the transformed system in Fig. 3(b) at the desired locations
and then use (25)—(28) to compute the gains ¢; — ¢4 needed to
implement, along with k3 and k5, the block “Active Damping”
in Fig. 3(a). The remaining gains k,,,n = 1,6, ..., IV, are used
to implement the block “Current Controller” in Fig. 3(a).

V. CURRENT CONTROLLER WITH AD

As an example, in what follows of this paper, the AD
method described in the previous section will be used to-
gether with a typical high-order linear current controller. The
LCL filter that will be used has the following parameters:
Ly =1.5 mH, Ly = 2.28 mH, and C = 9.88 uF (resonance
frequency at 1683 Hz). The sampling frequency and PWM
frequency will be 5 kHz (75 = 200 us). The structure pro-
posed in [33] was used here for the current controller. In this

controller, the reference current 7% is obtained by scaling the

S
measured grid voltage o5, and at steady state, is results in
phase with the fundamental component of 5. The controller

is based on resonant filters tuned to specific frequencies and

Current controller

)

Fig. 4. Current controller block diagram.

harmonic sequences. These filters are known as reduced-order
generalized integrators (ROGIs). For the designed controller,
ROGIs tuned at +1, —1, -5, +7, —11, and +13 times w,, (the
fundamental angular frequency of the grid voltage) were used.
A block diagram of this controller is shown in Fig. 4. To design
the controller, from Fig. 3(b) and (18)—(20) and forcing all
gains to zero in Fig. 4, a new system state vector is defined
Xe = [fl To T3 Tq T4 Ts Te 57, . ,fu]T, where 7, with
k=6,7,...,11, are the states of the ROGIs. With this new
state vector and taking ¥y, as the input to the system, the state
variable description of the open-loop discrete-time transformed
system of Fig. 3(b) is shown in (36), shown at the bottom of
the next page. In this equation, 0;x, is the ¢ X k zero matrix.
By imposing the full state feedback ¥y, = KZ. in (36), with
K = [k1, ko, ks, ka, ka, ks, ke, k7, ..., k11], the transition ma-
trix of the closed-loop systems results to A¢ = A + B:K.
The gain vector K can now be chosen through any method
that allows arbitrary assignation of the closed-loop poles (e.g.,
through the Ackerman’s formula or the linear quadratic regu-
lator (LQR) theory; see [34]). Once the vector K is known,
the gains ¢; — ¢4 are computed by using (25)—(28). The system
(36) has 12 complex states. The presence of complex coef-
ficients in A. means that « and S axes are coupled. This
means that the actual system has 24 coupled real discrete states
which must be controlled. The complexity of this system is
the reason why the LQR method was chosen to find the gain
vector K.

This strategy frees the designer from choosing the pole
locations and, in general, results in a robust closed-loop system.
In the LQR theory, K must be chosen to minimize the cost
function

T =" x" (k)Qxe(k) + R [Tr:(k)[ (37)
k=0
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Fig. 5. Dominant poles place for the open-loop system (o) and for the
closed-loop system (x).

where * denotes transpose conjugate, Q € CZH+)*(2+7) jg 4
Hermitian matrix, and R € R. The elements of Q and R are
weighting factors. Given Q and R, the gain vector K that
minimizes (37) can be found in practice using the MATLAB
function d1qr(Ac, B, Q, R). The elements of Q (generally
a diagonal matrix) and R are chosen empirically, verifying
that the time response is satisfactory and that the closed-loop
system is robust (verifying the stability of A = A: + B:.K
to bounded variations of the parameters of the plant). In [26],
the guidelines for the selection of Q and R are given. For
the implemented system, the following values were used: Q =
diag([1111111011111])and R = 1.

For the designed controller, Fig. 5 shows the geometric place
of the dominant poles of the continuous-time system (which
is more illustrative than its discrete-time system counterpart).
The plane was normalized to w,. To craft this figure, the
dominant poles z, of the discrete system have been mapped to
continuous time through the transformation s = In(z,)/T5. The
nine dominant poles of the open-loop system of Fig. 3(b) are
shown with circles: three poles from the LCL filter (O and
+533.67), along with those of the ROGIs tuned at harmonic

frequencies +1, —1, =5, 47, —11, and +13 times wy. The lo-
cations of the nine dominant poles of the closed-loop system
are shown with crosses. These poles, as expected, are located at
stable positions. The remaining closed-loop poles not shown
(not dominant) are located at —182.9 — 518.72, —182.9 +
714.62 y — 182.9 + j47.95 (normalized with respect to wy),
far from the imaginary axis. Note that properly choosing K so
that A = A + B.K is stable shifts the unstable LCL filter
poles to stable locations, verifying the AD capabilities of the
proposed method.

Fig. 6(a) shows the modulus of the frequency response of the
open-loop LC'L filter transfer function I, (s)/V;(s), defined in
(16). The response to positive frequencies is the response to a
positive sequence input vector ¥;, and the response to negative
frequencies is the response to a negative sequence one [33]. The
resonance of the LC'L filter is located at 33.7 w, (1683 Hz for
a 50-Hz grid). For the designed controller, Fig. 6(b) shows the
modulus of the frequency response of the closed-loop transfer
function I (z) /I*(z) (obtained by evaluating this transfer func-
tion at z = €7*7+), where I,(z) and I* (z) are the z transforms
of the ZOH discretizations of ?S and Z’;, respectively. As can
be seen in Fig. 6(b), the infinite gain peaks at the resonance
frequency of the LC'L filter shown in Fig. 6(a) have here a finite
magnitude, consistently with the closed-loop pole location shift
to stable positions showed in Fig. 5.

x Agq Bg O4x7 X 4x1
7y 0 0 0 O 0 [1 0 0 0 0 7y 0
s 0 0 0 0| 0 |0 O 0 0 0 s 1
T 10 0 o 0 |0 0 ewels 0 0 T 0.
Ty D=L o o o] o [0 o 0 e IwsTs 0 T7 (k)| o [Prelk)  (6)
T 1 0 0 0] 0 |0 O 0 0 A a | 0 |
—— N——
A Xec B
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Fig. 7. Normalized largest modulus of the closed-loop eigenvalues to a
parametric variation of +20% in L1 and L and —30/ 4 80% in C.

The designer has control over the location of the closed-
loop poles by choosing K but has no control over the location
of the closed-loop zeros. The locations of these zeros match
the locations of the controller poles at harmonic frequencies
—1,-5,+7,—11, and +13 times w,. Fig. 6(b) clearly shows
the location of these zeros.

VI. ROBUSTNESS TO PARAMETRIC VARIATION

An analysis of the robustness to parametric variations of the
closed-loop system designed in the previous section will be
performed. The varying parameters will be L1, Lo, and C. Note
that the variation in Lo includes the case where the variation
occurs in the grid impedance. To perform the analysis, the gains
of the current controller are first computed using the nominal
values of the LC'L filter parameters. Then, each parameter of
the LCL filter is varied within a bounded set. For each set
of parameters, the eigenvalues of the closed-loop state matrix
of the discrete system are computed. The stability on each set
will be guaranteed, if the modulus of all eigenvalues is less
than unity. Note that, even though the LCL filter has three
parameters, namely, L, Lo, and C, its transfer function (16)
is characterized through only two parameters: L1 and w,. For
Ly, Ly, and C varying within the bounded sets: Chyj, < C' <
Cmax;lein < Ll < leax’ and L2min < L2 < L2max’ the
variation of Lz and w, results in the bounded sets

Ll min T L2 min S LT S Ll max + L2 max

\/ leax+L2max <w \/ lein +L2min
>~ Wo > .
Ll InaxLQ Inaxcmax Ll minLQ min C(Inin

Fig. 7 shows the maximum real part of the eigenvalues of the
closed-loop discrete system transformed to the complex plane
through s = In(z,)/Ts (normalized to wy), for a parametric
variation of £20% in L7 and Ly and —30/ + 80% in C, which
translates to a variation of £20% in L and of +33%/ — 32%
in w,. As can be seen, for this variation, the eigenvalues are
always within the negative real axis, which guarantees the
stability of the system under study to a typical variation in the
parameters of the filter.

VIl. SIMULATION AND EXPERIMENTAL RESULTS

For the controller designed in Section V, simulation results
are shown, along with the experimental results obtained from
a prototype implemented to this end. The three-phase inverter
was built using IGBT IRG4PH50UD. The dead time used for
the inverter switches was 1 us, which was included in the sim-
ulation. Also, the switch conduction voltage drops were here
modeled through a constant voltage source of 2.5 V, in series
with a resistance R,,, = 1 m). The controller was implemented
in a fixed-point digital signal processor TMS320F2812, with
a clock frequency of 150 MHz. The effects of quantization
of the fixed point were included in the simulation. The sam-
pling frequency and the PWM frequency were 5 kHz. The
measurements necessary for the control (phase currents and
voltages) were filtered with a first-order antialias filter with
a cutoff frequency of 2340 Hz. This filter was also modeled
in the simulations. The internal resistances of the inductances
Ly and Lo were also included, and their values were 143 and
303 mS2, respectively. The dc bus voltage of the converter was
set to 400 Vdc, the grid voltage was 110 Vrms, 50 Hz, and the
nominal power of the converter was 2 kVA (which implies that
L1 =0.026 pu, Ly = 0.039 pu, and C' = 17.5 pu).

For the purposes of comparison, the grid voltage captured
during the experimental results was used as the grid voltage in
the simulations. Also, the startup times of the controller were
tuned for the simulation, in order to match those observed in
the experimental results.

Fig. 8 shows the simulation and experimental results at
startup, when the reference current ;*; is set to inject 5 Arms
to the grid. In this figure, the voltage of the phase a (v?) of
the grid is shown along with the three-phase injected currents
(i2,4%, and 7¢). The initial current observed before the converter
startup is the current drained from the grid by the series circuit
composed of Ly and C, which is initially connected to the grid.
It can be seen both in the simulation and experimental results
that the startup of the controller is soft and that it converges in
approximately one grid cycle.

Fig. 9 shows the simulation and experimental results of
the converter once steady state is reached. In this figure, the
following magnitudes of phase a are shown: the grid voltage
(vg), the capacitor voltage (vg,,), the inverter output current
(2¢), and the current injected to the grid (¢%). The attenuation
produced by the LCL filter on the high-frequency harmonic
content present in ¢{ can clearly be noted by comparing 7% with
i¢. The low cutoft frequency of the LC'L filter (1683 Hz) allows
us to use a low PWM frequency (5 kHz) and still achieve a low
harmonic content in 7¢. The total harmonic distortion (THD) of
current ¢¢ shown in Fig. 9(b) was THD = 1.77%, whereas the
voltage v% had a distortion of THD = 2.53%.

Fig. 10 shows the transient of the injected current to a step
in the reference current from 5 to 2.5 Arms. The signals shown
in this figure are the same as those shown in Fig. 8. It can be
seen that the transient response of the system is as expected,
with the currents converging without excessive overshoot in one
grid cycle.

The matching between the measured and simulated re-
sponses shown in Figs. 8—10 leads us to conclude that a good
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RMS(1): 111.0V RMS(2): 4.129A RMS(3 ): 3.867A

RMS(4): 3.991A

Fig. 8. Converter startup. Voltage scale: 50 V/div, current scale:
5 A/div, time scale: 5 ms/div. (a) Simulation. (b) Experimental.

(a)

RVIS(1): 110.3V RMS(2): 112.7V RVIS(3 ): 5.208A RMS{4 ): 5.197A

Fig. 9. Steady state. Voltage scale: 100 V/div, current scale: 5 A/div,
time scale: 2 ms/div. (a) Simulation. (b) Experimental.

RMS{1): 111.1V RMS(2 ): 3.659A RMS(3 ): 3.746A RMS(4 ): 3.892A

Fig. 10. Current gain step. Voltage scale: 50/div, current scale: 5 A/div,
time scale: 5 ms/div. (a) Simulation. (b) Experimental.

simulation model is available. This model will be used to
predict the behavior of the system under different conditions
than those implemented experimentally. First, to verify the ro-
bustness of the designed controller to parametric uncertainties,
the values of L1, Lo, and C' will be increased by +20%, +20%,
and +80%, respectively (the maximum parametric mistuning
which was used to compute Fig. 7). With these new parameters,
the resonance frequency of the LC'L filter is 0.684 times lower
than its nominal value (it goes from 1683 to 1145 Hz), resulting
to +£22.9 w,. This new resonance frequency is located only
1.7 times above +13w,, the maximum frequency that the
controller compensates.

Fig. 11(a) shows the startup time response of the closed-
loop system operating with the mistuned plant. Note that the
time response is very similar to that of Fig. 8, even though
the parameters of the LCL filter are widely mistuned. This
leads us to conclude that not only the controller is stable
to a wide parametric variation but also that the dynamic re-
sponse of the system is almost the same as with nominal
parameters. For comparison purposes, Fig. 11(b) shows the
modulus of the frequency response of the open-loop LC'L
filter transfer function I,(s)/V;(s), and Fig. 11(c) shows
the modulus of the frequency response of the closed-
loop transfer function I,(z)/I*(z), both for the mistuned
plant.

The second condition to simulate will be a controller re-
design, to test its performance when the resonance frequency
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Fig. 11. (a) Simulated converter startup with parameter mismatch
(voltage scale: 50 V/div, current scale: 5 A/div, time scale 5 ms/div).
(b) Frequency response (modulus) of the open-loop LC'L filter transfer

function I.(s)/V;(s). (c) Frequency response (modulus) of the closed-
loop transfer function I (z) /I (2)*.

of the LC'L filter is very low, which makes the AD challenging.
The new resonance frequency was set close to the 11th har-
monic of the grid voltage, at 10.5 w, (525 Hz). This allows us
to also evaluate the behavior of the system when it is excited
with a frequency close to the resonance of the filter. To do so,
the nominal inductor values will be used (L.; = 1.5 mH and
Lo = 2.28 mH), and the capacitor C' will be increased 10.327
times its nominal value (C'= 102 uF). Note that the new
resonance frequency is located below the poles of the current
controller located at +13w, (650 Hz) and —11lw, (550 Hz).
The controller was then redesigned through the LQR method,
choosing Q@ =diag([1 1111111111 1)) and R = 40.
Fig. 12(a) shows the grid voltage used for the test, which is
contaminated with 5% of the 11th harmonic. Also, the time
response of the new system is shown. As can be seen, this
response is very similar to that obtained with the original LC'L
filter (see Fig. 8). In this case, the current had a THD = 2.14%,
whereas the grid voltage had a THD = 5.74%. Fig. 12(b) and
(¢) shows the modulus of the frequency response of I (s) /V;(s)
and I,(z)/I:(z), respectively. These figures clearly show
that the new resonance frequency is within the controller
bandwidth.

[db]

A1t 51 7 s
-10.5 10.5
w (IJy

Fig. 12. (a) Simulated converter startup with LCL resonance at
10.5wy (voltage scale: 50 V/div, current scale: 5 A/div, time scale
5 ms/div). (b) Frequency response (modulus) of the open-loop LCL
filter transfer function fs(s)/Vi(s). (c) Frequency response (modulus)
of the closed-loop transfer function I (z)/Is(2)*.

VIIl. CONCLUSION

It is concluded that a simple linear filter added to any linear
current controller is all that is required for the AD of a grid-tie
LCL inverter. Arbitrary assignment of all poles of the closed-
loop system can be achieved with this filter. The proposed strat-
egy allows the direct closed-loop control of the current injected
to the grid, does not require more sensors than those needed to
control a grid-tie L inverter, and adds low computational burden
to that needed to control a grid-tie L inverter. A generalized
design method for the current controller with AD has been
presented, and it was verified that the closed-loop system is
robust to parametric uncertainties. The experimental results
obtained over a typical high-order current controller prove the
feasibility of the proposal.
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