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Abstract

LCL filters installed at converter outputs offer a higher harmonic attenuation than L filters. However, as a three order resonant
circuit, it is difficult to stabilize and has a risk of oscillating with the power grid. Therefore, careful design is required to damp
LCL resonance. Compared to a passive damping method, an active damping method is a more attractive solution for this problem,
since it avoids extra power losses. In this paper, the damping capabilities of capacitor current, capacitor voltage, and grid-side
current feedback methods, are analyzed under the discrete-time state-space model. Theoretical analysis shows that the grid-side
current feedback method is more suitable for use in active power filters, because it can damp LCL resonance more effectively than
the other two methods when the ratio of the resonance and the control frequency is between 0.225 and 0.325. Furthermore, since
there is no need for extra sensors for additional states measurements, this method provides a cost-efficient solution. To support
the theoretical analysis, the proposed method is tested on a 7-kVA single-phase shunt active power filter.
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I. INTRODUCTION

In many grid-connected applications such as active recti-
fiers, distributed generating systems, and shunt active power
filters (APFs), voltage source converters (VSCs) are commonly
connected to the power grid through a simple L filter. In order
to sufficiently attenuate the switching harmonics caused by
VSCs, high values of inductances are usually needed. It makes
the whole system bulky and less cost-efficient. It also causes a
poor dynamic response, especially in high power applications.
LCL filters seem to be a good solution for this problem, since
they offer a higher harmonic attenuation even with smaller
inductances when compared to simple L filters [1]-[5].

However, as a three order resonant circuit, LCL filters
are difficult to stabilize and have a risk of oscillating with
the power grid, due to the zero impedance at the resonant
frequency. Therefore, careful design is required to damp LCL
resonance. A passive damping method [6], using resistors
in series with filter capacitors, provides a simple way to
damp LCL resonance, but extra power is depleted by these
damping resistors, which reduces the system efficiency and
the attenuation of switching harmonics. Therefore, many active
damping methods, which attempt to damp the resonance by
control, have been proposed in the literature.

The most commonly used states for active damping are
capacitor voltage and current. In [7], the LCL resonance
was damped by a lead-lag feedback of the capacitor voltage
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to the voltage command. This method was further analyzed
in [8] in the z-domain. In [9] and [10], instead of a lead-
lag compensator, the capacitor voltage was fed back to the
voltage command through a high-pass filter. A more complex
approach, using both a proportional feedback of the capacitor
voltage with its lower frequency component and a lead-lag
feedback with its high frequency component, was presented
in [11]. In [12]-[14], capacitor current feedback methods
were used. Remarkable work on this method was recently
presented in [15] and [16], in which a proportional feedback
of the capacitor current and a differential feedback of the
capacitor voltage were further analyzed in the z-domain, with
respect to the ratio of the resonance and control frequency.
However, the analysis was based on the ability to damp the
closed loop poles of a pre-designed PI controlled system inside
unity circle. Since the phase characteristics of a damped LCL
filter are quite different than those of an L filter [17], the
current controller is more suitable for designing after active
damping. Another important work in this area was done in
[18] by introducing the concept of a “virtual resistor”, in
which the differential of the capacitor current was fed back to
the reference of the converter-side current to simulate a real
damping resistor. Unlike these single state feedback methods,
complete state information was used in [19] and [20] for
current control. All of these methods require extra sensors
to measure additional states in order to achieve the necessary
damping, which increases hardware costs and reduces system
reliability. In order to overcome these drawbacks, sensorless
approaches were proposed in [9] and [21], in which the
required states were estimated instead of being measured.
However, the control complexity of these methods was high.
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Fig. 1. Voltage source converter with an LCL filter.

In this paper, the active damping methods using single
state feedbacks are investigated under the discrete-time state-
space model. The damping capabilities of these methods are
analyzed based on the pole-location of the transfer function
between the current controller output and the grid-side current.
This is a benefit for the current controller design. The capacitor
current, the capacitor voltage, and the grid-side current are
chosen as feedback states. This is because their damping
capabilities are only determined by the ratio of the resonance
and control frequency, which will be illustrated in section III.
Only proportion feedback is considered here because of its
simplicity and availability. Theoretical analysis shows that the
grid-side current feedback method is more suitable for use in
active power filters, because it can damp LCL resonance more
effectively than the other two methods when the ratio of the
resonance and control frequency is between 0.225 and 0.325.
Furthermore, this method provides a cost-efficient solution,
since there is no need for extra sensors for the measurement
of additional states. To support the theoretical analysis, the
proposed damping method is tested on a 7-kVA active power
filter.

II. SYSTEM MODELING

A single-phase voltage source converter is connected to the
power grid through an LCL filter, as shown in Fig. 1. The
grid voltage u, is measured for the purpose of synchronizing
the control with the grid voltage. The grid-side current iy is
controlled to track the current reference. R; and R, are the
equivalent resistors of the inductors L; and L. C is the filter
capacitor.

The converter-side current i1, the grid-side current i and the
capacitor voltage u, are chosen as states. The terminal voltage
u; and the grid voltage u, are chosen as inputs. According to
Kirchhoff’s laws, the continuous state-space model of an LCL
filter can be derived as:

i (t) = ApX' (t) + Byu;(t) + Bous(t) (1)

“Ry/L, 0 —1/L,
A, = 0 “Ry/L, —1/L,
1/C —1/C 0
Bi=[1/L;, 0 0]",B,b=[0 —1/L, 0]"

In order to accurately model the behavior of a PWM
generator, the continuous model is discretized using the zero-
order hold method. The discrete-time state-space model can
be derived as:

¥ (k+1) = GX' (k) + Hu; (k) + Muy(k) (2)
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Fig. 2. State feedback for resonance damping.
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Fig. 3. Equivalent current control diagram.

where, G =e*T, H= [ eM'Bidr, M= [
T denotes for the sampling period.

Due to the sampling and control time of a DSP, the voltage
command u; calculated during the present timestep can only
affect the terminal voltage u; during the next timestep. This
behavior can be modeled as:

ui(k+1) = uy (k). 3)

By considering u; as an additional state and u; as a new
input, this delay can be taken into account in the state-space
model by rearranging the state equation [19]. The augmented
discrete-time state-space model is then given by:

x(k+ 1) = Ax(k) + Bu (k) + Nug (k) @)
y(k) = Fx(k) =iy (k)

where:

x=[i1 i u w ] ,F=[0 1 0 0]

[t e[ []

Suppose the output of a current controller is denoted by u),
and the state feedback matrix is K, as shown in Fig. 2. The
transfer function from u;, and uy to i can be derived as:

Gy(z) =F(z —A+BK)"'B (5)
Gs(z) =F(zI —A+BK)"'N. (©6)

A current control diagram is shown in Fig. 3. G.(z) denotes
a current controller. G,(z) denotes an equivalent plant with
active damping, or without damping if K equals zero. The
damping capabilities of the single state feedback methods
are easily studied by analyzing the pole-locations of G,(z),
since the state feedbacks do not change their zeros. The
characteristic equation of the plant G,(z) is given by:

|(zI —A+BK)™'| =0. 7

For the capacitor current, the capacitor voltage, and the
grid-side current feedback methods, their corresponding ma-
trixes K equal to [kj —k; 0 0], [0 0 k 0] and
[0 k3 O 0] respectively. Where ki, k> and k3 denote the
values of each of the feedback gains.
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ITII. DAMPING CAPABILITY ANALYSIS

To simplify the analysis, the equivalent resistances of the
filter inductors are ignored in this section. The characteristic
equations for the state feedback methods are shown in Table
I. In the equations for the capacitor current feedback and
the capacitor voltage feedback, the poles located at unity are
unchanged with or without active damping. Therefore, only
the locations of the other three poles need to be analyzed.
Instead of solving the roots of the characteristic equations, the
root-locus of the corresponding transfer functions, as shown in
Table I, are studied to analyze the damping capability. Since
the values of Ay, Ay, and Az can be tuned (by tuning ki, k» and
k3) by the designer, the only factor determining the damping
ability is 6, which is the product of the LCL resonant angle
frequency and the sampling period.

For design purposes, the ratio of the resonance and control
frequency is more suitable for consideration as the determinant
of damping ability. The relationship between the ratio y and
0 is:

y=06/(27). ®)

Fig. 4 shows the root-locus (only the parts locate inside
the unity circle) of the corresponding transfer functions when
Y changes from 0.05 to 0.4 with intervals of 0.025. For
the capacitor current and the voltage feedback methods, the
root-locus is symmetrical with respect to the imaginary axis,
because the two transfer functions have the same poles and
symmetrical zeros. The max damping factor that can be ac-
quired by each method is shown in Fig. 5. When y < 0.225, the
capacitor voltage feedback is the best way to damp the LCL
resonance, when y > 0.325, the capacitor current feedback is
the best choice, and when 0.225 < y < 0.325, the grid-side
current feedback offers the best damping ability.

Along with the damping factor, the damped frequency and
the changes of the rest poles should also be considered.
For example, when 7y is quite small, excess damping using
capacitor voltage feedback will cause the damped frequency
to be very low, which introduces a large phase lag in low
frequencies. As another example, sufficient damping achieved
by grid-side current feedback usually makes the rest poles
become a pair of conjugate poles, which badly reduces the low
frequency gain of G,(z). In such cases, compensation should
be included in the current controller.

In addition, the ratio 7y is not an optional parameter for
active damping purposes. The control frequency (or switch-
ing frequency) is determined by carefully considering the
current control capability and reasonable switching losses,
while the resonant frequency is determined for the purpose
of harmonic attenuation. The ratio ¥ is determined before
the active damping design process. If the current reference
is fundamental, such as in the application of active rectifiers
and distributed generating systems, the resonant frequency is
usually quite low to sufficiently reduce the switching harmon-
ics. This would result in a very small value for 7y, which
makes the application of the grid-side current feedback method
impossible. The capacitor current or voltage feedback methods
are more suitable for damping the LCL resonance in these
applications. However, for active power filters, the resonant
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Fig. 4. The root-locus of the corresponding transfer functions for (a) capacitor
current feedback, (b) capacitor voltage feedback, and (c) grid-side current
feedback.
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TABLE I
THE CHARACTERISTIC EQUATIONS AND CORRESPONDING TRANSFER FUNCTIONS
Method Characteristic equation Corresponding transfer function
i feedback (z— 1)(2 —2c08072+(1+A1)z—A;) =0 %
A (z
e feedback (2— 1)(23—2c08022+ (14+A2)2+A2) = 0 72(223&;2“)
i feedback 24— (142¢080)Z>+(1 +2c080 + A3) 2> — (1 +24A3)z+A3 = 0 - :
Where L=L;+Ls,0 = \/L/(L1L>C),0 = ®T,A; = kisinf/(L,®),A> = koL (1 —cos8) /L, A3 = k3(0—sinf)/(Lw),A = (6 cos 0—sinB) /(6 —sind)
is> g iL Ioad
+ TABLE II
Us Rioad SYSTEM PARAMETERS
- Symbol Quantity Value
i2 A\R: L2 it Ri Li L, Converter-side inductor 0.66 mH
; -|— Ly Grid-side inductor 0.33 mH
Ic + + Cd R Resistance of converter-side in- o
c Uc Ui Ud 1 ductor 0.066
T— — _ R, Resistance of grid-side inductor 0.033Q
i C Filter capacitor 3.3 uF
Ly Harmonic and T Cy dc link capacitor 2.35 mF
Us €03, reactive current, | PWM s Grid voltage 220 V (rms)
PLL detecter Udref dc link voltage reference 400 V
sin Lipaa Load inductor 10 mH
l ‘ﬁ;." 4 Ripad Load resistance 10 or 5Q
.- fi Grid frequency 50 Hz
udri, DC voltage fw’zr&f+é> Current fs Switching frequency 10 kHz
~A | controller controller Iz Control and sampling frequency | 20 kHz
ud
Fig. 6. General diagram of a single-phase shunt APF.
frequency should be much higher to ensure a high current
control bandwidth. The value of 7y is usually in the range
of 0.225 to 0.325. Besides the best damping capability, the
grid-side current feedback method dose not require additional
measurements, which provides a cost-efficient solution. The §
application of this method in a single-phase active power filter £
will be detailed in the following section. g
IV. APPLICATION IN APF ;

The main circuit and the control of a single-phase shunt : KR
APF is shown in Fig. 6. The APF has two major tasks. One R e e
is to generat.e a current reference eref.', .whlch cont.alns pot Fig. 7. Pole-zero maps of G,(z) with different ks.
only harmonics and a reactive current injected by disturbing
the load, but also a fundamental active current generated by
the dc voltage controller to maintain the dc link voltage. The
other one is to control the grid-side current i, to track this
current reference, leaving only the fundamental active current - el | [———without damping]
to be supplied by the power grid. The main parameters of this g o e ' —*—E”Fh) gpﬁ;“;mg

. . = 0 : — G126 (z
APF are shown in Table II. The LCL resonant frequency is P LT
5877Hz, and the ratio 7y is 0.2939. E i
=
A. Active Damping

The grid-side current feedback method is used to damp the
LCL resonance in this APF. The resistances ignored in the last z
section are taken into account for precise analysis. The pole- 2
zero maps of G,(z) with different values of k3, are shown *
in Fig. 7. As the resonant poles are damped into the unity . i o 5
.circle when k3 become lager, another' pair' of conjugate Poles "’ " T—— - "
is formed and moves towards the unity circle. Both pairs of Fig. 8. Bode plots of G (2) with and without active damping.

poles are considered for damping purposes. When k3 equals
11, the maximum damping factor is achieved.
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The bode plots of G,(z) both with and without active
damping are shown in Fig. 8. Although the LCL resonance
is sufficiently damped by the proposed method, the changes
in the rest poles badly reduce the low frequency gain of G,(z).
Compensation is needed for current control purposes. Since the
lower frequency conjugate poles are far from the unity circle,
the pole-zero cancellation method can be used to assign the
two poles to desired locations. Usually they are the same as
Gp(z) without damping. However, to compensate the phase
lag of Gp(z) so as to improve the phase margin of the current
control, the compensator transfer function is chosen as:

2
211872407
G =
13 = =7 =0.095)

A bode plot of G{(z)Gp(z) is also shown in Fig. 8. Its low-
frequency gain is quite close to the plant without damping,
and the phase lag compensation is achieved at around 2.5kHz.

9

B. Current Controller Design

The current control of shunt APFs is a challenging task, due
to the current harmonics that have to be generated. Generalized
integrators, with the virtue of infinite gains at concerned
harmonic frequencies, can track these harmonic references
with zero steady-state error, and are wildly used in shunt
APFs. However, to compensate higher order harmonics, the
generalized integrator must contain a term of delay compen-
sation [22]. Two types of modified generalized integrators are
commonly used for this purpose. One is the sum of the sine
and cosine based generalized integrators with desired weights
[23], [24], and the other is derived from a vector PI controller
in the harmonic frame [22], [25]. The later is adopted in this
paper, because it can also relieve of the undesired magnitude
peak around the concerned harmonic frequency in a closed
loop.

Twenty five generalized integrators are paralleled to com-
pensate for all of the odd harmonics bellow the 50™. The
transfer function in the s-domain can be written as:

k,’S(LS + R)

Ga(s) = LSS R)
157 a0 82 F (i)

(10)

i=

where, @, is the fundamental angle frequency, R is the sum
of Ry and R;, and k; is the gain for each of the generalized
integrators. Values of k; that are too small make the current
controller very sensitive to grid frequency variation, and result
in a poor dynamic response. Values of k; that are too large
deteriorate the system phase margin, and in the worst case
they can make the system unstable. The values of k; must
be carefully designed. Optimization of these parameters is a
difficult job. However, this is beyond the scope of this paper.
Here, the same value for each k; is considered. Finally, to
ensure a reasonable phase margin, 50 is chosen for each k;.

The discrete version of Ga(s), G2(z), is derived using the
Tustin transformation with a pre-warp at each of the concerned
harmonic frequencies. The current controller transfer function
and the open loop transfer function can be written as:

G.(z) = G2(2)G1(2) (11)
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Fig. 9. Bode plot of open loop transfer function.
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Fig. 10. Bode plot of closed loop transfer function.

Gopen(z) = GC(Z)GP(Z). (12)

A bode plot of Gypen(z) is shown in Fig. 9. The system
phase margin is over 40°. A bode plot of closed a loop
transfer function is shown in Fig. 10. Unity gain and zero-
phase are achieved at each concerned harmonic frequency, and

the maximum magnitude peak is less than 3dB.

C. Influence of the Grid Voltage

From Fig. 3, the transfer function between the grid voltage
and the grid-side current can be derived as:

Gr(2) = Gs(2)/ (14 Gopen(2)) = E(2)Gs(z)  (13)
where, E(z) denotes the error transfer function of the current
control. Bode plots of Gy(z) with and without damping are
shown in Fig. 11. The LCL resonance is as well damped
as Gp(z), since they have the same poles. This is very
important, because the gain of the error transfer function at
high frequencies is almost unity. As a result, an undamped
resonance would have a risk of oscillating with the power
grid, regardless of whether the control is stable or not.

Furthermore, the low-frequency gain of G(z) is as suffi-
ciently reduced as G,(z). However, this time it is profitable
from the view point of disturbance rejection. The feed forward
of the grid voltage is not necessary with the proposed damping
method. A bode plot of G.(z) is shown in Fig. 12, which
is only different from G,(z) near the concerned harmonic
frequencies. This is due to the selectivity of the current
controller.
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Fig. 12. Bode plot of G,(z).

V. EXPERIMENTAL RESULTS

The proposed active damping method is tested on a 7-kVA
active power filter as shown in Fig. 6. The system parameters
are the same as those presented in section I'V. The dc link volt-
age is controlled by a PI controller with a cut-off frequency of
3Hz. The grid voltage u, and its /2 lag value (approximated
by the value of a fixed timestep delay of u) are transferred
into the synchronous reference frame. Synchronization of the
grid phase is achieved by controlling the g-axis component to
be zero. The fundamental active current of the load current
ir is extracted by the sliding-window iterative DFT (Discrete
Fourier Transform) algorithm. Then the harmonics and the
reactive current reference are generated by subtracting the
fundamental active current form the load current. All of the
control algorithms are implemented with a TMS320F2812
fixed-point DSP. The experimental waveforms are measured
using a DL750 scopecorder.

Steady-state waveforms with a load resistance of 5Q are
shown in Fig. 13. The grid-side current is measured with a
bandwidth of SkHz, because it is measured inside the chest of
the APF, and suffers from a high EMI. All other quantities are
measured with a full bandwidth. The harmonic spectrum of the
grid current after compensation is shown in Fig. 14(a). All of
the odd harmonics bellow the 50" are well compensated for
due to the generalized integrators. The THD (Total harmonic
distortion) of the grid current is less than 4.01% (0.8% within
50 order), while the THD of the load current is 38.29%. The
appearance of a small protuberance at around 6kHz in the grid
current spectrum is not caused by the pool damping. The load
current spectrum has the same one, as in Fig. 14(b).

The damping and control performance is also tested under
transient conditions. Fig. 15 shows the APF behavior when it
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CHL 230V/div CHZ 304/div CH3 304/div CH4 30A7div 20ms/div

Fig. 13. Steady-state waveforms with load resistance of 5 W. (Form top to
bottom) Grid voltage (u;), grid current (is), grid-side current (i2), and load
current (ir).

harmovic magmitude in % of fundamental

i =] 100 150 200 260 300 350 400
harmanic arder

(2)

harmovic magmitude in % of fundamental

1] 50 100 150 200 250 300 350 400
harmonic order

(b)

Fig. 14. Harmonic spectrum in steady-state of (a) grid current and (b) load
current.

starts to compensate for the load disturbing current. The load
resistance is 10Q in Fig. 15(a), and 5Q in Fig. 15(b). The
transient performance of the APF, when the load resistance
changes from 10Q to 5%, is shown in Fig. 16. In all of these
conditions, no oscillation occurs in the transient process, and
the transient time is about 100ms.

VI. CONCLUSION

Active damping methods using capacitor current, capacitor
voltage, and grid-side current feedbacks, are analyzed in this
paper. Their damping abilities are determined by the ratio
of the resonance and control frequency. When the ratio is
smaller than 0.225, the capacitor voltage feedback method
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CHI 230V/div CHZ 30&/div CH3 308/div CH& 304/div 20ms/div

(a)

20ms/div

CHL 280V/div CHZ 30A/div CHS 30A/div CH4 308/div

(b)

Fig. 15. Transient waveforms when APF start to compensate harmonics with
load resistance of (a) 10 Q and (b) 5 Q. (Form top to bottom) Grid voltage
(uy), grid current (i), grid-side current (i2), and load current (ir).

20ms/div

CHI 280V/div CHZ SQA/div CH3 304/div CH4 304/div

Fig. 16. Transient waveforms when load resistance change form 10Q to 5Q.
(Form top to bottom) Grid voltage (us), grid current (i), grid-side current
(i), and load current (ir).
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is the best way to damp the LCL resonance, when the ratio
is larger than 0.325, the capacitor current feedback method
is the best choice, and when the ratio is in the range of
0.225 to 0.325, which is quite similar to that of active power
filters, the grid-side current feedback method offers the best
damping capability. Another advantage of this method is that
there is no need for additional measurements, which provides
a cost-efficient solution. Furthermore, feed forward of the
grid voltage is not necessary, because the low-frequency gain
of the transfer function from the grid voltage to the grid-
side current is sufficiently reduced with this damping method.
Experimental results on a 7-kVA active power filter verify the
theoretical analysis.
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