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Abstract—Traditionally, the current control of grid-tied con-
verters with LCL filter is based on proportional-resonant or
proportional-integral controllers, which often need an additional
active damping method to achieve stability. These solutions do
not permit to place the closed-loop poles in convenient locations
when dealing with such high-order plants. This constraint results in
degraded reference-tracking and disturbance-rejection responses.
On the other hand, the existing methods based on direct pole place-
ment or other modern control strategies, do not control with zero
steady-state error both positive and negative sequences of the grid
current, but only the positive one. This limitation is undesirable
under unbalanced grid conditions. This paper presents a current
controller for grid-tied converters with LCL filters based on direct
discrete-time pole placement. The proposed controller makes it
possible to control both positive and negative sequences of the grid-
side current with zero steady-state error. Contrarily to the classical
resonant controllers, the closed-loop poles can be placed in conve-
nient locations, yielding a fast response with negligible overshoot
and low controller effort. Moreover, no additional damping meth-
ods of the resonance are necessary to achieve stable operation, re-
gardless of the switching frequency and LCL filter used. Simulation
and experimental results that validate the proposal are presented.

Index Terms—Grid-connected converter, LCL filter, parameter
sensitivity, state-space current control.

1. INTRODUCTION

RID-CONNECTED converters are becoming more pop-
G ular nowadays due to the increasing role of renewable
energy sources and distributed power generation systems [1].
The voltage source converter (VSC) is one of the most common
converter topologies used in this type of applications. In order to
connect the two low-impedance voltage sources (the grid and the
VSCO), this solution needs a filter to attenuate the high-frequency
currents generated by the VSC. Although different filter topolo-
gies can be considered, the LCL filter is the preferred option
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as a consequence of its reduced size and good performance [2]
(it attenuates the grid-side current with a slope of 60 dB per
decade above the resonant frequency). Nevertheless, the LCL
filter presents a challenging problem to the designer of the cur-
rent controller, because of its relatively high order and the small
damping of its resonant poles [3].

A crucial part in a grid-tied converter is the current controller.
Several current control strategies can be adopted. On the one
hand, there are classical techniques such as proportional-integral
control in one frame [4], in a double synchronous frame [5],
and proportional resonant [6] controllers. Some of the classi-
cal methods, such as [5] and [4], are able to control both the
positive and negative sequences. Nonetheless, they offer limited
performance, because they do not permit to arbitrarily place
the poles of the closed-loop system when dealing with a high-
order plant such as that corresponding to the LCL filter plus the
computational and modulation delay (one and a half samples,
respectively [7]). This results in degraded reference-tracking
and disturbance-rejection responses or even instability. Parker
et al. [8] have analyzed the stability problem that arises when
poles fall outside the unit circle, and determined that there is a
threshold in the resonant frequency of the LCL filter: f, /6. This
critical frequency value determines the region where an addi-
tional damping strategy is necessary to make the system stable
when controlling the grid-side current. The damping of the LCL
filter can be implemented passively or actively. Although pas-
sive damping is the most commonly used method [9], it causes
extra losses and reduces the efficiency of the system [10]. Ac-
tive damping strategies overcome this problem. They usually
rely on feeding back a signal obtained by filtering the capacitor
current [11]-[14], the capacitor voltage [15]-[18], or the grid-
side current [19]-[21]. Therefore, additional sensors or estima-
tion mechanisms (e.g., deriving the capacitor voltage to obtain
the capacitor current [15]) are needed. Furthermore, estima-
tion mechanisms such as the derivative filtering usually present
sensitivity problems to noise [15]. In addition, although active
damping techniques move the closed-loop poles to stable re-
gions [11]-[21], they still do not offer the freedom of placing the
poles in a good location in terms of transient response, controller
effort, and robustness to disturbances and parameter variations.

On the other hand, the modern control theory offers differ-
ent methods such as linear quadratic (LQ) control [22], opti-
mal control [23], model predictive control [24], [25], including
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dead-beat control [26], [27], adaptive control [28], and direct
pole placement (i.e., state feedback, which utilizes a compen-
sator and an observer) [29]-[35]. These techniques already ac-
count for the damping of the open-loop poles of the plant, mak-
ing it unnecessary to add more degrees of freedom or extra
feedback branches to the controller to achieve a stable response.

Nevertheless, the solutions based on LQ or optimal control
require a laborious selection of parameters that depend on the
particular LCL filter and switching frequency used. Further-
more, in [22] and [23], there is not a direct relation between the
design process and the performance obtained in the real sys-
tem, in terms of controller effort and transient response. The
ones based on pole placement are able to avoid these incon-
venients. However, the previously proposed methods based on
state-space control (including both the direct pole placement and
LQ ones) [22], [30]-[34] do not model the plant losses of the
VSC, the filter, and the grid impedance. This simplification rep-
resents the least damped scenario for the resonance of the LCL
filter [32]. However, if the state-feedback controller is designed
with a plant model different from the real plant, the response
of the real system worsens. Therefore, estimated losses should
be taken into account in the design of the controller in order to
avoid a detriment of the performance. In addition, the designs
in [22], [30]-[34] only control with zero steady-state error the
positive sequence of the current, which makes the controller un-
suitable for unbalanced grid conditions. In [29], a state-feedback
controller is combined with an internal model controller to over-
come this problem. Nevertheless, a detailed analysis for each
particular LCL filter is needed, in order to evaluate the interac-
tions that appear between both controllers. In [12], [26], [27],
[29], and [35] robust controllers to grid impedance uncertain-
ties are proposed; however, they are not tested under voltage sag
faults. In case of sudden voltage dips, the dynamics of common
grid-side current controllers, such as [12], [26], [27], [29], and
[35], are normally too slow to prevent large current transients.
Finally, the model predictive controllers in [24] and [25] offer a
fast transient response; however, the switching frequency of the
converter is variable because the switching states are directly
selected by the control. This generates interharmonics in the
grid-side current, which are hard to filter [24].

This paper presents a grid-side current controller for grid-
tied converters with LCL filter that is able to control both
positive and negative sequences of the fundamental grid fre-
quency. The presented current controller uses the direct pole-
placement strategy from the state-space theory. Contrarily to
the classical controllers, the closed-loop poles are placed in
convenient locations regardless of the LCL-filter resonant fre-
quency and sampling frequency, and without adding an extra
active damping method. Placing the poles in the specified lo-
cations results in a predictable and fast transient response, with
low controller effort and no overshoot, and a good robustness to
disturbances. Thus, a direct relation exists between the design
process and the performance of the real system. Moreover, the
reference-tracking and the disturbance-rejection capabilities, as
well as the controller effort, do not depend on the LCL-filter
resonance and sampling frequency used, when the design is
performed according to the real values.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

) ) Vg,abc
1 | Yd,abc 12 abc Vabe 11,abc
Vae —/— (@ @ _
L]
C i A%
Firing T 1,abc g,abe
signals —
i State-space resonant control
1,dq
Fig. 1.  Grid-tied VSC with LCL filter and grid-side current controller.

In addition, the controller structure used in this pa-
per (state-command structure) provides a better response to
reference tracking than the structure typically used with trans-
fer function design (output-error-command structure), where the
controller is placed in the direct path between the reference and
the plant input. Furthermore, the controller also takes estimated
plant losses into account, in order to avoid the detriment of the
robustness and performance. The robustness of the control to
parameter variations, including those of the grid impedance, is
also evaluated, obtaining a low sensitivity.

After this introduction the remainder of this paper is orga-
nized as follows. Section II presents the models of the plant
and the grid-voltage disturbance. In Section III, the compen-
sator and the observer are designed, and the performance of
the proposed current controller concerning its time response
is analyzed. Then, in Section IV, its robustness is assessed by
evaluating the sensitivity to model parameter variations and the
disturbance-rejection capability. In Section V, simulation and
experimental results that validate the theory are presented. Fi-
nally, conclusions are presented in Section VI.

II. MODELING OF THE PLANT AND THE DISTURBANCE

This section presents the models of the system dynamics
(plant and disturbances) for the grid-side current controller
shown in Fig. 1, where L1, Lo, and C represent the reactive
elements of the LCL filter; R, Ry, and R. model the equivalent
series resistances (ESRs) of the filter and the VSC [7]; g, abe
is the VSC output voltage; 71 anc, 42,abc, and vy are the LCL-
filter state variables (the converter-side current, the grid-side
current, and the capacitor voltage, respectively); V; apc is the
grid voltage; and i} ,, denotes the grid-side current reference
in the direct quadrature (dq) frame. Since the grid-side current
is controlled, the impedance that the VSC presents at the point
of common coupling (PCC) can be arbitrarily specified. This
permits working at unity power factor (generating a current
reference with zjl = 0). In this manner, no reactive power ex-
change between the grid and the VSC is drawn during operation.
The modeling process takes place in several steps throughout
the section; each step adds features to the model obtained in the
previous stage.

A. Model of the Plant for the Compensator

In the first place, a continuous model, including losses, of the
LCL filter in stationary frame is presented. This model relates
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Fig. 2. Stationary-frame plant diagrams: LCL filter, PWM (modeled as a
ZOH), and one-sample computational delay. (a) Real plant model: the grid
voltage V, is applied at the PCC. (b) Equivalent plant model: the grid voltage
Vj is eliminated and an input equivalent disturbance w is defined.

the grid-side current 4, (t) to the VSC output voltage u/,(t) for
the LCL filter of the plant shown in Fig. 2(a) (the absence of
reference frame in a subscript of a variable means o3 frame).
The first-order differential equations in the continuous domain
(written in state-space form) are given as

dx(t)
dt
_ _Rl 1 7
L ’ It
—Ry ~1
CR.Ry — L Ly—CR,Ry, —(R.Li+ R.L)
L CL, CL, L1 Ly |
A
1 R 1",
—_———
B
iw(t)=1[1 0 0]x(?)
——
C
x(t)=[i i ] . (1)

Boldface denotes a vector or a matrix. Equation (1) does not
include the effect of the grid voltage V, applied at the PCC
in the state variables. This voltage disturbance is handled in
a special way, using a disturbance estimation method [36], as
explained later.

Next, (1) is discretized by using a zero-order-hold (ZOH)
equivalent [36]. The sampling period 7, is equal to a
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switching period if a single-update strategy is used, and half the
switching period in the case of a double-update strategy [37].
The pulse width modulator (PWM) with triangular carrier, when
approximated as a ZOH, takes into account the half a sample
delay added by the VSC PWM [7] (more accurate converter
discretization methods for different carrier signals can be found
in [38]-[40]). The resulting model relates the modulator voltage
reference u, (k) with the sampled grid-side current i1 (k)

x(k+1) = Fx(k) + Gug(k)
i1 (k) = Hx(k). 2)

Then, a one-sample input (computational) delay is added.
The model of this delay on the modulator voltage u(k) is given
as [36]

ug(k+1) = u(k). 3)

In this manner, combining (2) and (3), the system model that
takes the computational delay into account is given as

[Xl(k+1) F1 G1‘| [Xl(k)‘| [0‘|
= + u(k)
ug(k+1) 0 0 ||wk| |1
—_—— ——
x9 (k+1) F, x2 (k) G,
. [H1 [Xl(k)]
N— ud(k)
H, ——
Xz(k})
xo(k)= [0 is v ua]'. (4)

The resultant model relates the grid-side current 4 (k) to the
modulator voltage u(k) in the plant shown in Fig. 2(a). Equa-
tion (4) is the plant model to be controlled by the compensator.

B. Model of the Plant and the Disturbance for the Observer

In order to eliminate the steady-state error due to the grid volt-
age V; (no feedforward of V; is implemented) and plant mod-
eling mismatches, the proposed controller includes a resonant
action in the observer. The resonant action is obtained by placing
two conjugated open-loop poles in the observer at the fundamen-
tal grid-voltage frequency w, (i.e., at position z = e=/*s7+) 50
as to control both positive and negative sequences. There are two
different possibilities for implementing the disturbance model
in the control (in this case, the resonant action) by means of
state-space methods: state augmentation and disturbance esti-
mation [36]. The latter is chosen here for the reasons explained
in Section III, and determines the way in which the plant and
the disturbance should be modeled for the observer.

In the following, the model of the plant and the disturbance
for the observer is developed. First, the grid voltage V/, is elim-
inated from the PCC and an input equivalent disturbance w is
defined [36], as shown in Fig. 2(b). Next, a model of the dis-
turbance w should be specified. A sinusoidal disturbance w(t)
of frequency w,, which contains both sequences (two complex
conjugate poles in its model), is a solution of

Fwt)

TR —wgw(t) 5)
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which, in matrix notation, corresponds to

dr(t) 0 1
dt - [ —wQ 0 ‘| r(t)
| S —

Agq
w(t)= [1 0]r(t) (6)
~——
Cyq
where
r(t)= [r TQ]T: [w dw/dt]T. (7

Then, (6) is discretized by using a ZOH equivalent (again, to
model the PWM effect), yielding the disturbance model
r(k+1) = Far(k)
w(k) = Har(k). (®)
In order to design an observer that estimates the input equiva-
lent disturbance w [see Fig. 2(b)] at frequencies w,, the previ-

ous plant model (4) is augmented with the disturbance model (8)
in order to include the resonant action:

xo(k+1) F, GyHy [XQ(/{)] [Gﬂ
= + u(k)
r(k+1) 0 Fq r(k) 0
N——— N —
x3 (k+1) Fsy x3 (k) G;
o x3 (k)
al)= a0 lr(k) ]
3 N—_——
x3 (k)
Xg(k) = [il iQ v oUuUqg T TQ]T. (9)

This is the model of the plant and disturbance that the observer
uses to estimate the LCL state x» and the input-equivalent grid-
voltage disturbance w.

Notice that the sinusoidal disturbance w cannot be controlled;
hence, it is not included in the model used by the compensator.
Nevertheless, it does need to be known to be compensated; thus,
it is included in the observer model [36].

III. COMPENSATOR AND OBSERVER DESIGN USING
POLE PLACEMENT

Fig. 3 shows the proposed controller architecture. The caret on
a variable name indicates that the variable is an estimate calcu-
lated by the observer, also named estimator [36]. The developed
scheme only measures one state variable, the grid-side current!
i1,abe. This state variable is transformed to the a3 frame, the
one where the controller is implemented, resulting in 7;. The
inputs of the observer are the reference voltage after passing
through the saturator ug, and the measured grid-side current
11. The input of the controller is the grid-side current reference
11. The equation that the reduced-order observer implements is

!"This can be accomplished with two current sensors, assuming no zero-
sequence current is present.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

Plant i
Sat. (9] F2,G2, Ha LG
Usat
27! HFpba —Kolaa
K.
A Ko g
—» Gp, — KoGa
Xb
<+ ! HFpp — KoFap
X
v Equation (3)
A i —I Reduced-order observer
=2 |:’A(2J |<
Fig. 3. Proposed controller architecture.
given as
%p(k) = (Fop — KoFap)Xp(k — 1)
+ Koil (k) + (Fba - KoE@a)il (k - 1)
+(Gp — KoGu)u(k — 1), (10)

The constants F,,, Fub, Fab, Fba, G, Gp, and K, used in
(10) are given in the Appendix. Using the estimated state Xy, (k)
from (10), the modulator voltage in (3) is given as

ulk) = Kyif — [Ke 1 o]lfll. (11

Xb

It should be noticed that xg = [:v;fb 1 7”2] includes the unmea-
sured states of the plant 3, = [i> v uq] and the disturbance
estimation 71 and r». In the implementation of the current con-
troller from Fig. 3, the observer (10) uses us,(k — 1) instead
of u(k — 1). This gives a particularly simple antiwindup mech-
anism for this controller structure [41].

In order to obtain a fast response, the following two de-
sign choices are adopted: a state-command structure for the
reference-input structure, and a disturbance-estimation struc-
ture for the resonant control. These two selections are explained
in the following.

1) The state-command structure [36] is chosen because it
presents a better response to situations related to refer-
ence tracking than that typically obtained with transfer-
function design (output-error-command structure). The
latter places the controller in the direct path between
the reference and the plant input. On the other hand, the
state-command structure, provides a direct path to the
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plant (through the feedforward gain K and the saturator)
for references to pass (see Fig. 3) and avoids exciting the
controller modes. Thus, a faster response is obtained. This
advantage is particularly worthy of note when high-order
controllers, such as the proposed one, are used.

2) Among the two possibilities to implement the resonant ac-
tion, state augmentation and disturbance estimation, the
latter is adopted here. The first, state augmentation, adds
the resonant action in the direct path from reference to
plant input resulting in a slower response to reference
changes because of the excited extra modes. In the case
of the integral control, it is possible to place an additional
zero that cancels the extra closed-loop pole introduced
by the integrator [32]. However, this cancellation is never
perfect due to plant uncertainties. The second possibility,
disturbance estimation, implements the resonant action as
part of the observer. Therefore, only disturbance rejec-
tion is affected by the extra two poles introduced by the
resonant action.

The response to broadband signals like sags or reference cur-
rent changes is determined by the bandwidth of the controller.
High-bandwidth controllers allow fast signals (high frequen-
cies) to pass in the case of references, or to be compensated in
the case of disturbances. However, the speed at which the out-
put can be controlled is limited to the available controller effort.
The LCL filter attenuates signals above the resonant frequency
wres With a slope of 60 dB per decade. Therefore, this low-pass
behavior demands a huge effort from the controller when a high
bandwidth is tried to be set. This fact results in the VSC enter-
ing into overmodulation. All types of current controllers have
to cope with this fundamental limitation. The pole-placement
strategy is designed in this section according to a radial projec-
tion [36] of the resonant poles of the plant so as to provide a
good response while keeping the control effort low.

The compensator gain K. and observer gain K,, (cf., Fig. 3),
which determine the closed-loop poles of the system, are calcu-
lated according to the pole-placement strategy. MATLAB has
two functions, acker and place, that can be used to calcu-
late these two gains. Using direct discrete-time pole placement
makes the design process straightforward compared with other
state-space techniques such as LQ, where weighting matrices
that are weakly connected to the performance specifications
need to be specified [36]. In any case, it is necessary to define
the position of the closed-loop poles. This is a crucial task that
determines the performance of the control algorithm. In the fol-
lowing, the criteria developed to assign the closed-loop poles
of the compensator and the observer are explained in detail.
Note that the closed-loop poles of the complete system are the
union of the compensator closed-loop poles and the observer
closed-loop poles.

A. Radial Projection and Compensator Design

Radial projection (applied here to the resonant poles of the
LCL filter) is a technique that minimizes control usage by sim-
ply adding damping to lightly damped open-loop poles without
changing their frequency [36]. Thus, the proposed closed-loop
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Fig. 4. Open- and closed-loop pole map of the complete system.
TABLE I
COMPENSATOR POLE PLACEMENT
Position in the z-plane
Poles Open-loop Closed-loop
Radial projection of the LCL resonant poles to ¢ = 0.7.
LCL filter pSl, = etiwnTs psl, = e~CwrestiwresTs V12
Moved to obtain higher bandwidth and to make it the dominant pole.
pgl =1 pgl = ¢ Wdom Ts
Comp. delay Not moved; already in an optimum location.

gt =0 P =0

location of the resonant poles is made dependent on the resonant
frequency of the LCL filter so as to ensure uniform performance
concerning the control effort regardless of the LCL filter used.
Hence, a good response in combination with low controller ef-
fort are attained.

The plant model in (4) has four poles. The LCL filter has
two complex conjugate poles p‘fo (the resonant poles) at the
resonant frequency and a real pole pS' at zero frequency. In
addition, the computational delay adds a fourth pole p' to the
model, at the origin of the z plane. These four poles are shown
in Fig. 4, which depicts the pole map of the system.

In order not to unnecessarily increase the controller effort,
the closed-loop poles should be kept close to the open-loop
poles whenever the response is not significantly degraded [36].
Table I summarizes the proposed locations for the closed-loop
poles of the compensator. The proposed current controller only
reallocates three poles of the LCL filter (p‘f}z 3). One of them is
displaced to a higher frequency (see p', in Fig. 4); on the other
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TABLE II
OBSERVER POLE PLACEMENT

Position in the z-plane

Poles Open-loop Closed-loop
Radial projection of resonant poles to ¢ = 0.7.
LCL filter pglr — etiwresTs pg16 = e—CwrestiwresTs V1-¢?2
5.6 5,
Moved to twice the frequency of the dominant pole.
pel =1 psl = e 2¥dom Ts
Comp. delay Not moved; already in an optimum location.

pgl =0 pgl =0

Resonant action Moved to twice the frequency of the dominant pole.

pol otjwgTs

Ts
Py .10 :

pgl = e 2¥dom

hand, the other two are reallocated in a more damped region

‘-ﬂ2) to obtain a fast and damped response by means of radial
projection (a damping factor ¢ of 0.7 is used). The delay pole
p$! is already in an optimum location, so it is not moved. A
frequency faom = Wdom /27 = 150 Hz is recommended for the
dominant pole pS!, because it ensures a negligible effect of the
damped resonant poles pﬁlﬂ on the system response (resonant
frequencies above twice the dominant frequency, fres > 300 Hz,
are expected). In this manner, contrarily to other current con-
trollers, the response is not affected by the LCL filter choice.
It should be noticed that the parameter fy,,, can be modified
to a value different from the recommended 150 Hz. However,
further increasing the frequency of the dominant pole would
demand more control effort to the VSC, because the magnitude
of the transfer function that relates the grid-side current with
the VSC output G(s) = i1 /u rolls off at 20 dB per decade at
frequencies below the resonant frequency [8].

Despite the fact that different LCL filters may have resonant
poles in a wide frequency range (see p‘f}Z in Table 1), all LCL
filters have a pole at zero frequency (see pS! in Table I). Since
this pole is moved and set to be the dominant pole of the system
(see p§' in Table I), the system bandwidth does not depend on
the LCL filter used, but on this dominant closed-loop pole, and
a consistent performance is obtained irrespectively of the filter
installed.

B. Design of the Reduced-Order Observer

After the compensator closed-loop poles have been defined,
the placement criteria of the observer closed-loop poles should
be established. Table II summarizes the proposed location
for the closed-loop poles of the observer. They are also shown
in the pole map of the complete system in Fig. 4. Now the
pole assignment is not restricted to yield a low control effort,
because the observer does not drive any actuator, but simply
calculates the state of the system. Therefore, a larger bandwidth
can be set, and it is advisable to place the observer closed-loop
poles (pg{ﬁm) at frequencies higher (and damped) than that
of the dominant pole of the compensator p§' so as to provide
similar dynamics to those of the compensator alone [36]. The
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1

Fig. 5. Space-vector circuit model in a3 coordinates of the real LCL filter,
with values different from the nominal LCL filter of Fig. 2(a), connected to a
grid with impedance Z, = Ry + jwL,.

Grid

with
impedance Z

|
________ 1

Real LCL filter

computational delay pole p' is not moved because it is already
in an optimum location.

Regarding the selection of the type of observer, there are three
alternatives [36]: the predictor estimator, the current estimator,
and the reduced-order estimator. Here, the reduced-order esti-
mator is recommended because of the following reasons. The
predictor estimator uses the next-to-last current measurement
i1 (k — 1), instead of the last measurement 4, (k), which gives a
more recent state of the plant. The current estimator cannot be
implemented in plants where there are pure delays, as the z~!
term of the computational delay. The reduced-order estimator
eliminates one pole? (pS}), making the response faster. This re-
duction in the order of the observer is of special convenience in
order to obtain a fast disturbance rejection.

IV. PARAMETER SENSITIVITY

A system that keeps a good regulation in the face of variations
in the plant parameters is said to have low sensitivity to those
parameters. In the case of a grid-tied inverter, there are several
variables whose variation from the nominal value should be con-
sidered, namely, the grid impedance Z,; (which has an inductive
part L, and a resistive part R,), the real LCL filter parameters
(Li, Ly, and C") [32], and the real ESR of the VSC [7] and of
the LCL filter (R}, R5, and R).

A. Stability Regions

Since there are several degrees of freedom in the plant varia-
tion, a set of representative worst case scenario parameter values
should be selected. This idea was also used in [32], where dif-
ferent stability regions were calculated for various real LCL
filter parameters values that differ by a certain amount from
the nominal value. In addition, an inductive grid, as in [32], is
considered. The stability of the closed-loop system is analyzed
by calculating the damping factor of the most unstable closed-
loop pole (i.e., the smallest one) for each of the combinations
of parameters considered. Now, the plant is modified from the
ideal values (Lq, Lo, and C') of Fig. 2(a), used to design the
controller, to the real values (L7, Lj + Ly, and C"), as shown
in Fig. 5. The following three different cases are studied:

>The reduced-order estimator reduces its number of poles according to the
number of state variables that are directly measured [36]. The proposed imple-
mentation only measures one state variable: the grid-side current 77 .
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inductances with values 10% bigger than nominal. (¢) LCL-filter inductances with values 10% smaller than nominal.

1) the filter inductances are the nominal ones: L] = L; and
Lj = L

2) the filter inductances are 10% larger than the nominal
values: L] = 1.1L; and Lj = 1.1Ls;

3) the filter inductances are 10% smaller than the nominal
ones: Lj = 0.9L; and L = 0.9L,.

In all the cases, the real filter capacitance C" is varied from
0.2C to 2C and the grid inductance L,, from zero to L.
Fig. 6 shows the resulting stability regions. It can be seen that
the bigger the changes in the inductance or capacitance are,
the smaller the damping factor of the least damped pole is.
When the damping factor reaches zero, the system becomes un-
stable. For a 10% tolerance in the filter components, the analysis
predicts a stable operation ({ > 0) in a wide range of situations.
The system is specially robust to variations in the grid induc-
tance L,. Comparable results were obtained for the controller
proposed in [32].

Selecting L; = Ly a minimum cost of the total inductor L; +
L, is obtained [2] (as done, e.g., in [2], [3], [13], [30], [34],
[40]). Unmatched filter inductances could be considered [4]
(e.g., Ly > L; toreduce the rating of the switches for a required
fres) but a higher total inductor value would be obtained. From
the control point of view, these changes do not have significant
impact on the performance of the system because the position
of the open-loop poles of the plant depends on the resultant
resonant frequency, independently of the particular LCL filter
values (L1, C, and Ly) which give this resonant frequency.

B. Root Locus for L, and ESRs Sweeps, and Pole Map for a
Weak Grid

Any variation from the plant parameters used to design the
controller will result in the closed-loop poles moving away from
the desired location. The following analysis calculates the root
locus of the closed-loop poles when certain parameters (L, and
the ESRs) are modified so as to evaluate the effect, as a whole,
on all the closed-loop poles of the controller. Fig. 7 shows the
root locus of the transfer function from the current reference 7}
to the grid-side current ¢; in two cases: when the grid inductance
is increased, and when the ESRs are not negligible but they are

ignored in the controller design. It also shows the pole map
of the system when the VSC is connected to a weak grid and
the grid impedance is not included in the model used for the
control design (the ESRs, for » = 1, are taken into account). The
parameters of filter II from Table III are used for the analysis.

Fig. 7(a) shows a sweep in the grid inductance L, from zero
to a value equal to the LCL-filter grid-side inductance L. There
are four poles that exhibit a greater sensitivity. As shown in
the root locus, the sensitivity is not constant with parameter
variation. Small initial variations cause big displacement in these
four poles, whereas large additional parameter changes do not
significantly worsen the response. However, the least damped
poles are still the two complex conjugate poles associated with
the resonance of the LCL filter; hence, they are still the ones that
determine the stability.

Fig. 7(b) shows the effect of adding the ESRs of the filter com-
ponents and the VSC (R} =rR;; R) =rRy; and R, =R,
with r € [0, 1]) for a controller designed without taking them
into account, i.e., assuming 7 = 0, as in [32], and connected
to an ideal grid (Z, = 0). As it happens, any deviation from
the nominal model moves the closed-loop poles from their de-
sired location, degrading the control performance. Therefore,
if estimated ESR values are available to the designer, it is rec-
ommended to take them into account. In any case, the vari-
ations in the ESRs only have a small effect on the transient
response; thus, the proposed controller can be considered to be
robust to them. Fig. 7(b) also shows the closed-loop poles when
the VSC is connected to a weak grid. Now the grid impedance
is the parameter that is not accounted for in the model, in-
stead of the ESRs of the filter and the converter. The consid-
ered grid impedance Z, = 0.11 per unit (p.u.) has a resistive
part of 1.2 Q, R, = 0.11 p.u., and a reactive part of 330 pH,
L, = 0.01 p.u. (weak grids typically have a mainly resistive
character [42]). This weak grid causes the closed-loop poles to
move from the desired locations (worsening to a certain extent
the response) when its impedance is not included in the plant
model used to design the controller. Nevertheless, its effect (the
pole movement) is small due to the robustness of the proposed
controller.
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Closed-loop poles:
X ideal plant
A unmodeled weak grid (Z, = 0.11 p.u.)

Zm(z)

14

0<r<0.01
«*x0l<r<1

(b

001 <r<0.1

Root locus of the complete system under different parameter variations. (a) Grid inductance L, is increased from zero to a value equal to the LCL-filter

grid-side inductance L . (b) Effect of adding the ESR of the filter components and the VSC for a controller designed with ideal plant parameters and operated with
a plant with parameters R} = r Ry, Ry = rRs, and R, = r R.; and closed-loop poles when the VSC is connected to a weak grid of impedance Z; = 0.11 per
unit (p.u.) (the ESRs, for r = 1, are included in the model used to design the controller and the grid impedance Z,, is not included).

TABLE III
LCL FILTER PARAMETERS
Parameter Filter I Filter IT*
Ly 2.7 mH 7.5 mH
Lo 2.7 mH 7.5 mH
c 30 uF 50 uF
Ry 025Q 050
Ry 0.5Q 0.75Q
R, 0.1Q 0.1Q
fres 791 Hz 367 Hz

“Filter II is not intended to be a
high-performance filter design like
filter I, but to validate the proposed
current controller in a wide range
of resonant frequencies of the LCL
filter (below and above f, /6).

V. EXPERIMENTAL RESULTS

The proposed current controller is tested in a 20-kW VSC
working as an inverter and connected to a 400-V line-to-line
50-Hz three-phase grid (a three-phase ac voltage source was
used to generate the voltage sags). The switching and sam-
pling frequency is f, = 2.5 kHz, with 3-us dead-time. Since
the single-update strategy represents the worst case control sce-
nario, this one was chosen for the implementation. A double-
update strategy executes the control algorithm at twice the speed
of a single-update strategy [37]. Therefore, the computational

delay is reduced. The dc-bus voltage is vg. = 750 V. The two fil-
ters with different resonant frequencies fi.s presented in Table I1I
are used to connect the VSC to the grid. The design of filter I
was carried out according to [4], obtaining a 1.4% of grid-side
current ripple. Filter II was designed to validate the proposed
current controller in a wide range of resonant frequencies of
the LCL filter. Therefore, two different resonant frequencies for
the LCLfilter (fres,1 = 791 Hz and f,cs 2 = 367 Hz) are chosen
(above and below f;/6 = 417 Hz) in order to assess the stabil-
ity and performance of the proposed controller in both stability
regions established in [8]. If a higher sample rate were used, a
resonant frequency below f; /6 could also be obtained without
increasing the value of the reactive elements. This would re-
duce the problems associated with high reactive values, such as
higher losses, high voltage drop on the filter, and considerable
reactive power drawing from the VSC. Unless otherwise stated,
the LCL filter installed in each case corresponds to the filter
parameters adopted for the design of the controller. Fig. 8(a)
and (b) shows a diagram and a photograph of the experimental
setup, respectively.

The following characteristics are tested with the controller
being designed for each of the LCL filters: reference tracking
of both sequences [see Figs. 9(a)-12(a) for LCL filter I, and
Figs. 9(b)-12(b) for LCL filter 1], disturbance rejection of both
sequences see Figs. 13(a)-16(a) for LCL filter I, and Figs. 13(b)—
16(b) for LCL filter IT], disturbance rejection to voltage harmon-
ics (see Fig. 17), and parameter sensitivity (see Figs. 18 and 19).
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Fig. 8. Experimental setup. (a) Diagram. (b) Photograph.

Each test shows the reference signal 4], the simulated response
i$™, and the measured response i;. The simulated response
accurately matches the experimental response in all the tests.
The nonlinear effects of the VSC and the interaction between
the current controller and the phase-loc ked loop (PLL) cause
the negligible differences that can be observed between ¢; and
i$"™. Although no phase jump is caused in the positive sequence
of the grid voltage [43] and the PLL bandwidth is small, distur-
bances in the form of harmonics, noise, or transients present in
the grid voltage can be introduced in the phase generated by the
PLL [44].

Figs. 9 and 10 show a reference step in the g-axis of the
positive-sequence dq frame (dq+ frame). The currents are also
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expressed in a synchronous frame rotating at the same frequency,
S0 as to obtain a representation of characteristic parameters of
dc signals (rise time, settling time, overshoot, and steady-state
error) and the absence of cross coupling. The 10-90% rise time
of the measured response ¢; in Fig. 9 is approximately 2.5 ms.
This value is slightly greater than the rise time of a first-order
system of the same bandwidth, T7¢ g0 = In|9| /(27 faom) =
2.33 ms, due to the effect of the extra poles. Negligible overshoot
is attained, as expected from the well-damped dominant closed-
loop pole p§' (see Fig. 4) placed at the frequency fqom. The
low-order harmonics (mainly sixth-order harmonic in the dg-
frame) correspond to the fifth and seventh harmonics caused by
nonlinearities of the VSC. Figs. 11 and 12 show an identical
reference step, but now in the negative-sequence dq frame (dq—
frame). The resulting response is of similar form to that obtained
for the step in the other sequence (cf., Fig. 9), as intended,
because the resonant action treats both sequences equally.

Figs. 13-19 display the robustness of the controller to both
disturbances (e.g., sags and harmonics in the grid voltage) and
parameter variations. Figs. 13 and 14 show the capability of the
current controller to reject disturbances in the form of voltage
sags (the sag contains both voltage sequences). A 40%-depth
type-C sag [43] is generated with the three-phase ac-voltage
source, while keeping the references constant. The settling
time to within 2% is 6 ms, which is slightly greater than the
Ty = —1n|0.02| /(27 fagom ) = 4.15 ms associated with a first-
order system, again due to the effect of the extra poles. The
grid voltage at the instant when the voltage sag occurs has
some high frequency oscillations [cf., Fig. 13(a)-16(a)] when
the filter with lower impedance (filter I) is used. This is due to
the limitation of the three-phase voltage source (model Pacific
360-AMX) to generate the defined voltage sag accurately at the
PCC when connected to such a low impedance load (the VSC
with filter I). This undesirable effect increases the settling time
of the system. In order to see the response of the controller
to reference changes during a sag condition, Figs. 15 and 16
show the reference-tracking capability under the same sag as in
Fig. 13. The reference step 7] is calculated according the so-
called positive-negative-sequence compensation strategy [45].
In this case, both currents, the grid-side current ¢; and its refer-
ence ¢}, are shown in stationary frame because they both have a
positive and a negative sequence simultaneously. The response
is also fast and well damped when these effects (reference track-
ing and disturbance rejection of both sequences) are combined,
as expected from the lineal model the system. The response may
vary slightly depending on the initial phase of the sag, without
altering the validity of such conclusion.

As anticipated, the rise time, the overshoot, and the settling
time do not depend on the LCL-filter resonant frequency. This
can be seen by comparing the oscilloscope captures obtained
with filter T (fies < f5/6), shown in Figs. 9(a)-16(a), with those
made with filter II (frs > f5/6), shown in Figs. 9(b)-16(b).
This behavior results from the pole-placement criteria used in
the design of the controller.

Fig. 17 shows the response to a reference step in the positive-
sequence dq frame under the following conditions. The grid volt-
age has the following low-order voltage harmonics: V3 = 0.5%,
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Fig. 17. Waveforms for a reference step z*{ ., in the positive synchronous frame dg+. The grid voltage has the following low-order voltage harmonics:

V3 = 1 2V, Vs =07V, V; =48V, and Vo = 1.6 V. LCL filter I is used for the test. (a) Experimental and simulation synchronous-frame waveforms (i1 qq+
and ¢ zl dat respectively). (b) Experimental phase currents i1 ,1,c-
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Vs = 0.3%, V7 = 2.1%, and Vy = 0.7%, where the subscript
denotes the harmonic order. The PLL [44] includes a mov-
ing average filter, which eliminates their effect on the phase
estimation. The fifth and seventh voltage harmonics cause the
500-mA sixth-harmonic current that can be seen in the dq frame.
The harmonic current is low because of the good robustness of
the controller to the grid voltage harmonics. Fig. 18 shows the
robustness of the control to variations in the plant parameters.
In order to do this, a design is made according to the filter I
parameters, but the real plant in the setup has the inductances
of filter Il (L; and Lo are 2.8 times bigger than their nomi-
nal values). The response exhibits a certain overshoot and axis
cross-coupling because of the closed-loop poles displaced due
to this discrepancy. Nevertheless, the system is stable despite
the large parameter variations.

In Fig. 19, the VSC is connected to the weak grid presented in
Section IV. In this case, the dynamics of the PLL are coupled to
the dynamics of the current controller [46], [47]. Nevertheless,
no significant variations in the transient response parameters are
observed.

VI. CONCLUSION

This paper has presented a current controller of both positive
and negative grid-side current sequences for grid-tied converters
with LCL filter. The proposed controller offers fast reference-
tracking capability with negligible overshoot and low controller
effort, regardless of the switching frequency and LCL filter used:
fres above or below f /6. The controller has also been proved
to be robust to disturbances, such as voltage sags and low-
order voltage harmonics, even when combined with reference
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changes in both sequences. The sensitivity to parameter varia-
tions was analyzed obtaining a low sensitivity. The developed
method (based on direct discrete-time pole placement) provides
a simple process for the design of the controller, and includes
estimated losses of the plant in the model. This method makes
it possible to design a controller for any plant based on an LCL
filter so that a stable operation is ensured, without additional
damping methods. The design was verified using simulations
and experiments.

APPENDIX
OBSERVER FORMULAS

A state-feedback control needs to reconstruct the system state
variables. This appendix derives the equation that the reduced-
order estimator implements to calculate the unmeasured state
variables. The estimator uses the model of the observed sys-
tem (9). To obtain an estimator for only the unmeasured part of
the state vector, a partition of the state vector x(k) is defined:
x4 (k) =41 (k) is the measured part, which is the grid-side cur-
rent; and xp, (k) = [is v ug TQ]T includes the rest of the
state variables to be estimated. Therefore, the resultant system
description, from (9), becomes

Lq (k + 1) F‘aa Fab L (k) Ga,
- |7 k)
xp(k+1) Fba Fob | | xp(k) Gp
——

x3 (k+1) Fj x3 (k) G3

o (k+1)
ir(k)= [1 O] (12)

Xb(k’ + 1)

Then, the observer gain K, for the reduced-order estima-
tor is calculated so as to have the observer closed-loop poles
at the desired positions. This can be done by solving Acker-
mann’s estimator formula [36] by executing one of the follow-
ing two MaTLAB commands: K, = place(Fpp ', Fap ', p)
or K, = acker(beT, FabT , P), where p is a vector with the
desired poles.

Notice that the current state estimation Xy, (k) of (10) depends
on the last measurement available 7; (k). Moreover, the dynam-
ics of the observer are determined by Fy,, — K, F,, which has
one eigenvalue (pole) less than the system matrix F'3.

Finally, the feedforward gain K is computed as Ky = N, +
KN, [36], where

N, Fo—1 Gy] '[0
- . (13)
Nu H2 0 ].
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