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a b s t r a c t

A control strategy for a low resonance frequency LCL (inductanceecapacitanceeinductance) filter used in
the input stage of dcedc bidirectional boost converters is proposed. When compared with the classical L
filter, an LCL filter allows to obtain a cheaper topology. However, with an LCL topology, damping is needed
for guaranteeing the system stability. In this paper an active damping strategy is designed. The needed
damping is achieved via a dynamic controller. The controller consists of a simple PI (proportional-in-
tegral) controller plus a linear filter added in series with the PI integrator term. The modified PI controller
achieves the active damping of the LCL filter and allows to arbitrarily place the system closed-loop poles.
The proposed strategy only requires measurement of the variable to be controlled, the source current.
Simulation and experimental results validate the proposed controller and show its effectiveness.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In many renewable resource applications and dc distribution
systems, dcedc converters presenting a very low high-frequency
ripple input current are needed [1e5]. In these applications, a
bidirectional boost input stage equipped with an L filter is
often included [6e11]. Many times, in order to attenuate the high
frequency ripple appearing in the input current, interleaving con-
verters are used [12e15]. Although, LCL (inductanceecapacitancee
inductance) filters are often used in grid connected inverters
[16e21], it is unusual to find proposals where this kind of filters are
used to reduce the high frequency ripple appearing in the dcedc
converter input current.

It is well-known that the presence of an LCL filter complicates
the current controller design, because the filter presents a natural
resonance frequency and increases the order of the dynamics.
When the resonance frequency of the filter is high and it is placed
far from the open-loop system unit gain frequency, it is possible to
design the current controller by neglecting the dynamics intro-
duced by the filter's capacitor [22]. Nevertheless, from the ripple
reduction point of view, it is desirable to fix a resonance frequency
as low as possible and to place it very below of the PWM (pulse-
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widthmodulation) frequency. In this way, the high frequency ripple
attenuation provided by the LCL filter is much greater than that
provided by the L filter. However, when the current controller is
designed by the classic method based on the phase margin, the
minimum value of the resonance frequency of the filter is limited
below. It is because stability reasons, since when the resonance
frequency is very low, the closed-loop system becomes unstable
[23]. In Ref. [24], in order to ensure the stability of the closed-loop
system, it is recommended to locate the resonance frequency four
times above of the current controller bandwidth.

When the LCL filter is connected to a source with very low
output impedance, it is required to damp the filter resonance. There
are two ways to generate the needed damping. One of them uses
passive methods, whereas the other one uses active methods. In
high efficient systems, it is recommendable to avoid passive
methods because these methods, based on dissipative elements,
add losses to the system [21,25]. On the other hand, many times
active dampingmethods include extra sensors for measuring either
two currents or a current and a capacitor voltage [22,24,26e30].
The increase in the hardware complexity is the major disadvantage
of these approaches.

Active damping can also be achieved without using additional
sensors [31e33]. The strategy consists infiltering the voltage input to
the PWMmodulator by a linearfilter.While this strategy can stabilize
the system, to the best knowledge of the authors, there is no filter
designmethod forattaining thesystemclosed-looppolesassignation.

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:zoomssc@hotmail.com
mailto:cbusada@uns.edu.ar
mailto:jsolsona@uns.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2015.02.045&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
http://dx.doi.org/10.1016/j.energy.2015.02.045
http://dx.doi.org/10.1016/j.energy.2015.02.045
http://dx.doi.org/10.1016/j.energy.2015.02.045


R. Fantino et al. / Energy 84 (2015) 91e9792
It must be remarked that few applications present an LCL scheme
allowing to place all closed-loop poles of the system in an arbitrary
way. To this end, a full state feedback is used in Ref. [34]. In order to
implement this strategy three sensors are needed, since two filter
currents and the capacitor voltage must be measured. In Ref. [35], a
scheme based on virtual sensors is proposed. There, two states are
measured and the remaining is obtained by using an observer.

Most of the applications found in the literature address to
control the converter-side current of the filter, instead of the
source-side current of the filter. This practice is explained by the
fact that the feedback of the converter-side current itself introduces
damping in the closed-loop system [28].

In this paper a new control scheme is proposed. The proposal
consists in controlling the current drained to the source by a bidi-
rectional boost converter connected to it through an LCL filter with
low resonance frequency by using a modified PI controller. The
modification consists in adding a linear network in series with the
PI integral term. In this way, the modified PI damps the filter in an
activeway and allows to place all closed-loop poles of the system in
an arbitrary way. In order to implement this controller, only the
measurement of the current to be controlled is needed. Conse-
quently, this controller can be implemented by using only one
sensor, as shown in Ref. [36].

The rest of the paper is structured as follows. In Section 2, the
proposed controller is introduced. In Section 3, a typical case of
design is analyzed. Section 4 shows simulation and experimental
results. Finally, in Section 5 conclusions are drawn.
2. Proposed controller

Fig. 1a shows a bidirectional boost input stage with an LCL filter.
In the sequel, it will be assumed a source (vp) with output resistance
equal to zero. This assumption is included to consider the worst
damping case. It is clear that a resistance value different from zero
facilitates the damping because it is a dissipative element. It is
possible to assume vp¼ 0 to analyze the system behavior, since vp is
an external input. The transfer function between ip and vi, with
vp ¼ 0, becomes:

HF ¼ IpðsÞ
ViðsÞ

¼ � 1
L1L2Cs

�
s2 þ u2

0

� (1)
Fig. 1. Input stage with LCL filter (top). Modified PI controller (bottom).
where Ip(s) and Vi(s) represent the Laplace transforms of ip and vi
respectively, and u0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1=LpC
p

, with Lp ¼ L1L2/(L1 þ L2). In a prac-
tical application, it is needed to model the sampling process, and
the delay introduced by the computation in the DSP (digital signal
processor). Both effects can be modeled by using a first order
relationship between the PWM modulator input reference (v*i ) and
the converter output voltage vi [37]. This first order filter results

D1 ¼ ViðsÞ
.
V*
i ðsÞ ¼ uc=ðsþ ucÞ (2)

where V*
i ðsÞ and Vi(s) represent the v*i and vi Laplace transforms,

respectively; uc ¼ 1/1.5Ts, and Ts stands for the sampling time. The
phase introduced, in the control loop, by the transfer function (2) is
shown in Fig. 2, together to the phase introduced by a pure delay
equal to Tp ¼ 1.5Ts, whose transfer function is given by DðsÞ ¼ e�sTp

with Ts ¼ 10�4 (fs ¼ 1/Ts ¼ 10 KHz). Note that, at high frequency, the
delay introduced by the pure delay is greater than the delay
introduced by the approximation. Consequently, when (2) is used
for approximating the delay during a closed-loop controller design,
the actual system phase margin will be worse than the predicted
phase margin.

In the figure, it can be seen that the phase error introduced by
the approximation is equal to 1.77 at 500 Hz ¼ fs/20, whereas the
error is equal to 10.7 at 1 KHz ¼ fs/10. It is clear that in order to use
the approximation, the bandwidth (fbw) in closed-loop must be
limited. In our case, if it is desired to damp the LCL filter resonance
frequency placed at f0 ¼ u0/2p, then the value of this frequency
must be restricted to a frequency band where the approximation
(2) is acceptable. A conservative bound is to choice f0 and fbw lesser
than fs/10. At this frequency, the introduced phase error is below of
10.7�. In such a case, the bandwidth duplicates the usual band-
width. In Ref. [38], the approximation (2) is used for designing a
discrete PI controller for an L filter, and it is recommended to use
fbw < fs/20 for obtaining an acceptable response.

In order to put in context the role played by f0 range, note that in
Ref. [16], where active damping by capacitor voltage feedback is
applied, is recommended to use f0 z fs/3.4. In our proposal, a
resonance frequency f0 very lower of that limit will be selected,
such that the high frequency ripple presented in ip will be notably
reduced. In addition, in Ref. [39], where a PR (proportional-reso-
nant, equivalent to a PI in a dq synchronous frame) regulator is
analyzed, was concluded that it is not possible to stabilize the
closed-loop by using ip feedback when f0 < fs/6. For this reason,
Fig. 2. Phase plot D (dashed line) and D1 (full line), Ts ¼ 10�4.
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there, the authors proposed to feedback the capacitor current ic,
which requires to add an additional current sensor. On the contrary,
as explained below, in our proposal, additional sensors will not be
needed to stabilize an LCL filter with low resonance frequency.

By using (2) in (1) results,

IpðsÞ
V*
i ðsÞ

¼ � c0
PðsÞ ¼ � c0

s
�
s2 þ u2

0

�ðsþ ucÞ
(3)

where c0 ¼ uc/L1L2C.
In order to control the LCL filter, a standard PI (many times, it is

used for controlling an L filter), will be modified. A linear filter,
whose transfer function is given by G(s) ¼ B(s)/A(s), is included in
the PI integral termway, such as it is shown in Fig.1b. The G(s) order
and relative degree must be three and zero, respectively. Then,

GðsÞ ¼ BðsÞ
AðsÞ ¼

b3s3 þ b2s2 þ b1sþ b0
s3 þ a2s2 þ a1sþ a0

(4)

The system closed-loop transfer function, HCLðsÞ ¼ IpðsÞ=I*pðsÞ
with I*pðsÞ the Laplace transform of the current reference i*p, results

HCLðsÞ ¼
�c0

�
sAðsÞkp þ BðsÞ�

sAðsÞPðsÞ þ c0
�
sAðsÞkp þ BðsÞ�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

DCLðsÞ

(5)

The closed-loop system has eight states. Four of them are
needed to represent the system given by (3). The other four are
provided by the PI controller -one state- and the linear network
given by (4). Consequently, the degree of the polynomial DCL(s) -see
(5)- is eight. The proposed controller structure allows to arbitrarily
place the eight roots of DCL(s). To this end, it is sufficient to choice
Fig. 3. a) Bode plot of the calculated HF filter (dashed line) and closed-loop system HCL

(solid line). b) and c) G(s) Modulus and phase, respectively.
the eight constants (kp, ai¼0,1,2 and bi¼0,1,2,3) in an adequate way. To
verify it, let a*j , j ¼ 0, 1,…,7 be eight arbitrary constants, and assume
that the constants kp, ai and bi are selected according to,

a2 ¼ a*7 � uc (6)

a1 ¼ a*6 � u2
0 � uca2 (7)

a0 ¼ a*5 � u2
0ðuc þ a2Þ � uca1 (8)

kp ¼
h
a*4 � u2

0ða2uc þ a1Þ � uca0
i.

c0 (9)

b3 ¼
h
a*3 � u2

0ða1uc þ a0Þ � c0kpa2
i.

c0 (10)

b2 ¼
h
a*2 � u2

0a0uc � c0kpa1
i.

c0 (11)

b1 ¼ a*1
�
c0 � kpa0 (12)

b0 ¼ a*0
�
c0: (13)

By using the choice given by (6)e(13), it can be verified that

DCLðsÞ ¼ s8 þ
X7
j¼0

a*j s
j (14)

In order to obtain (14), (6)e(13) are introduced into (3)e(5).
Then, by suitably selecting the controller's parameters, it is possible
to obtain an eight order polynomial DCL(s) with arbitrary co-
efficients. Thereby, the method for designing the controller results
Fig. 4. Step time response a) 1/DCL(s) system. b) Eq. (5) system.
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simple. Once specified the desired positions of the closed-loop
poles, the a*j , j ¼ 0, 1,…,7 values are calculated such that the roots
of DCL(s) (see (14)) are at those positions. Then, from these values,
the controller's parameters (kp, ai¼0,1,2 and bi¼0,1,2,3) are obtained by
using (6)e(13). In brief, the linear network described by (4), con-
nected in series with the PI integral term, allows to actively damp
the filter by arbitrarily assigning the system closed-loop poles. It
must be noted that additional sensors are not needed to achieve it.
Note that, due to design reasons, it is needed to use a structure such
as that defined by (4). By using this structure, the closed-loop
presents eight states (poles to be placed) and eight independent
constants kp, ai¼0,1,2 and bi¼0,1,2,3 can be selected to arbitrarily place
the eight closed loop poles. If a transfer function G1(s) with degree
two and relative degree zero, such as
Fig. 6. Simulatio
G1ðsÞ ¼
B1ðsÞ ¼ b2s2 þ b1sþ b0

2 (15)

A1ðsÞ s þ a1sþ a0

is selected, a seventh order closed-loop system results, while the
controller only has six independent parameters to be designed.
Consequently, this structure of G1(s) does not allows to arbitrarily
place the seven closed-loop poles. Thus, it must be remarked that
the transfer function given by (4) represents the transfer function
having the minimum degree and allowing to place the closed-loop
poles system in an arbitrary way.

The proposedmethod only allows to arbitrarily place the closed-
loop poles, but it is not possible to assign the zeros, since they are
defined by A(s), B(s) and kp, according to (5). It is well known that in
linear dynamical systems, the time response depends not only of
n diagram.
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the poles position but also of the zeros position. A zero in the half
left-hand plane, denoted by (s/uz þ 1), where uz > 0, introduces a
term proportional to the reference input current (i*p) time deriva-
tive. This term tends to cause peaks in the time response. On the
other hand, a zero in the half right-side hand plane (i.e. uz < 0),
introduces a term causing an inverse response. The peaks can be
adjusted by canceling the zeros of the transfer function (5) placed in
the half left-hand plane. This can be achieved by pre-filtering the
reference i*p, by a filter with transfer function given by F1 ¼ 1/Z(s),
where Z(s) roots coincide with the zeros to be canceled. However,
generally it is not needed to cancel all zeros, it is enough to cancel
the dominant zeros. The following section illustrates this issue.
Fig. 8. Injected current ip. a) LCL case. Thick trace: ideal case. Thin trace: L1, L2 and C
with ESR. b) L case (scale 1A/div).

Fig. 7. Experimental set up. (a) LCL filter; (b) Sensors; (c) DSP and DSP interface; (d)
Boost converter.
3. Designing a typical case

The proposed controller behavior will be analyzed. It is assumed
a sampling frequency fs ¼ 10 Khz(uc ¼ 1/1.5Ts ¼ 6.66 103rad/s), and
an LCL filter with L1 ¼ Lnom1 ¼ 2:35 mH, L2 ¼ 2.1 mH and
C ¼ Cnom ¼ 91 mF(f0 ¼ u0/2p ¼ 501 Hz). This filter was designed to
obtain a resonance frequency lesser than ten times the sample
frequency, i. e. f0 ¼ fs/19.96 < fs/10. This design follows recom-
mendations presented in Ref. [24].

The controller parameters are calculated for obtaining the
following closed-loop poles map:

� a complex poles pair at 0.7u0(�1 ± j)
� six poles at �u0

In order to design the controller, first the coefficients a*j , j ¼ 0,
1,…7 of the polynomial (16) are computed. It is the denominator of
the closed-loop transfer function defined in (5).

DCLðsÞ ¼ ½sþ 0:7u0ð1þ jÞ�½sþ 0:7u0ð1� jÞ�ðsþ u0Þ6 (16)

Then, by using these coefficients together with u0 and uc, the
controller parameters kp, ai¼0,1,2 and bi¼0,1,2,3 are calculated from
(6)e(13).

Fig. 3a shows the modulus of the transfer function HF ¼ Ip(s)/
Vi(s) of the used LCL filter (dotted trace) (see (1)) and themodulus of
the closed-loop transfer function defined by (5), HCL. The HCL �3 dB
frequency is equal to 631 Hz (fbw ¼ fs/15.9). Note that the filter
resonance frequency, f0 ¼ 501 Hz, falls in the closed-loop system
bandwidth. This confirms that the proposed method can be used
for designing active damping when the resonance frequency of the
filter is located in the bandwidth of the system to be controlled.

The main advantage of using a low resonance frequency is that,
at the PWM frequency, a very small ripple value of the current
drained from vp is obtained. It must be noted that, by using LCL
filters, it is possible to diminish the resonance frequency by
increasing the filter capacitor value and by keeping the inductance
values. However, when an L filter is used, the only way of reducing
the PWM ripple is to increase the value of the inductance con-
nected between the converter and the source.

Fig. 3b and c shows the G(s) -see Eqn. (15)-, frequency response.
It can be seen that at low frequencies this transfer function behaves
as a constant. This constant represents the low frequency gain of
the integrator term of the PI. At high frequencies, G(s) also behaves
as a constant gain, but it presents a negative sign (phase 180�),
which implies a positive feedback. The loop stability is not affected
because the unitary gain is below of these frequencies. At media
frequencies, the gain increases 20 dB/dec.

Fig. 4b, full trace, shows the time response to a step signal in the
ideal closed-loop system (5). The time response presents an over-
shoot equal to 87%. In many applications this overshoot is not
tolerable. As explained in Section 2, the overshoot is originated by
the presence of half left-hand plane zeros in the transfer function
(5). A system having a complex pole at 0.7u0(�1 ± j) and six poles
at �u0, whose transfer function has not zeros, would allow to
obtain an underdamped response. Fig. 4a shows the response of
this system. The transfer function (5) has four zeros. For the
designed controller, these zeros are at s1 ¼ �387, s2 ¼ �6463 (half
left-hand plane), and s3,4 ¼ 1349 ± 2304j (half right-hand plane).
Note that, the distance from the origin to s1 is smaller than the
distance from s2 to the origin, then s1 is a dominant zero. It is
possible to filtering i*p by using a filter whose transfer function is
F1 ¼ 1/(�s/s1 þ 1). In Fig. 4b the dotted line shows the system
response when i*p has been filtered by F1. For comparison, in Fig. 4b
is included (see dash-dotted line) the response shown in Fig. 4a. It
can be seen that the time response is almost the same. Many times,
it is desirable to obtain an overshoot. This overshoot can be ob-
tained by canceling the dominant zero in a partial way. The
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overshoot can be adjusted to a desirable value by changing the
position of the pole in the transfer function used to filter i*p. In
Fig. 4b, the time response obtained by using a filter whose transfer
function is F2 ¼ 1/(�s/2s1 þ 1) is shown (see dashed line). In this
case, the pole is farther than the pole used in F1.

In order to test the robustness of the closed-loop system, L1 and
C value were varied ±25%, whereas the controller parameters
computed with L1 ¼ Lnom1 , and C ¼ Cnom were kept constants. In
such a case, the maximum real part of closed-loop poles was
calculated smax ¼ max½<ðpi¼1;…;8Þ� (where < stands for real part
and pi are the roots of HCL(s) ¼ 0). Fig. 5 shows these values,
normalized by u0. Note that for C¼ Cnom (solid line), when L1 differs
from Lnom1 , smax differs from -0.7u0 closing to the real axis. However,
the system stability is maintainedwhen L1 varies±25%with respect
to its nominal value. In presence of these variations, the stability is
Fig. 10. Experimental resul
maintained when C varies ±25% with respect to its nominal value,
such as illustrated in Fig. 5 (see dashed line and dash-dotted line).
4. Simulation and experimental results

The controller analyzed in the previous section was simulated
and implemented. The simulation diagram and the experimental
set up are shown in Fig. 6 and Fig. 7, respectively.

In order to show the system behavior under theworst condition,
when it is excited by using high frequency components, the refer-
ence i*p filter was not implemented.

The following values were set: sampling time Ts ¼ 10�4 s, pro-
cessing time delay Ts/2, PWM frequency ¼ 20 KHz, vdc ¼ 100 V and
vp ¼ 50 V. The ideal switches were assumed in simulations, work-
ing with a dead-time equal to 1 ms. The duty cycle d of the upper
switch was chosen equal to d ¼ v*i =vdc, where vdc was assumed a
measured value. The digital controller was implemented by dis-
cretizing the transfer function G(s)/s (G(s) in series with the inte-
grator) by using a first-order hold in the input (triangular
approximation [40]). Fig. 8a (thick trace) shows the simulated
output time response when the reference is a step signal. The time
response is underdamped and it presents a peak such as was pre-
dicted (see Fig. 4b). Also, it presents a superimposed oscillation that
is extinguished after a couple of cycles, oscillation that does not
appear in Fig. 4b. This difference exists because the delay was
approximated (see (2)), in order to obtain the time response illus-
trated in Fig. 4b, and an actual delay was utilized in obtaining the
response of Fig. 8a.

In order to verify the influence of the equivalent series resis-
tance of the components (ESR) -i.e. no ideal components-in the
time response, an ESR in series with L1, an ESR in series with L2 and
an ESR in series with Cwere added. The values of these components
were 0.22 U, 0.136 U and 0.23 U, respectively. Simulation results are
shown in Fig. 8b (thin trace). It can be seen that the initial peak
value is reduced due to the ESR influence. It is the expected result
since the ESR inclusion increases the damping. The analysis does
not include parasitics components, since in this way the worst case
design is achieved [21].

For comparison reasons, in Fig. 8b, the response obtained by
using an L filter, L¼ L1 þ L2, controlled by a PI controller was drawn.
ts. Injected current ip.
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The PI gains were calculated for locating a conjugate complex pair
of poles at 0.38u0(�1 ± j), such that a similar settling time was
obtained. Fig. 9 shows the ripple in the drained current ip for each
case. It can be seen that the ripple value obtained with the LCL filter
is much lower than the ripple value obtained with the L filter.

In order to verify the results obtained in the simulation, a pro-
totype was implemented using L1 ¼ 2.35 mH (ESR 0.22 U);
L2 ¼ 2.09mH (ESR 0.136 U), C¼ 91 mF (ESR 0.23 U), and by using the
same controller. Fig. 10 shows the obtained response, which is
consistent with the results shown in Fig. 8a.

5. Conclusions

A current controller for a low resonance LCL filter used in dcedc
boost converters was introduced. A PI controller was modified
including a linear network in series with the PI integral term. The
inclusion of this linear network constitutes the main feature of the
proposed controller. This network allows to arbitrarily place the
closed-loop poles of the whole system. The proposed controller
allows to guarantee the LCL topology stability increasing the
computational burden a bit. By using the LCL filter, the ripple of the
current drained to the source is reduced a lot by keeping the
needed value of the inductance. It must be remarked that one
current measurement is only needed for the implementation of the
proposed controller.
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