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Abstract

This paper proposes an active damping control method for a grid-side converter that has an
LCL grid filter in the back-to-back converter. To remove the resonant frequency components
produced by the LCL filter, it is necessary to measure the grid current. To do this, sensors must
be added. However, it is not necessary to add sensors because the grid current is estimated by
designing a suboptimal observer. In order to remove the nonlinearity and to gain fast response
of control, both feedback linearization and sliding mode control are applied. The proposed
method is verified through a simulation.
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1. Introduction

Research related to renewable energy has been conducted in recent years owing to elevated
interest in energy such as wind power, solar power, tidal current, and wave power because of
the possible exhaustion of fossil fuels. Typically, wind power generation uses the following
process: a turbine converts wind energy to mechanical energy, and generators convert mechan-
ical energy to electric energy. The electricity produced by the generators is connected to the
grid side by a power converter device [1].

A power converter device is composed of a back-to-back PWM converter that consists
of two converters: a generator-side converter, which turns over the energy produced from
generators to the grid; and a grid-side converter that consistently controls both the DC-link
voltage and the power factor (PF). In the conventional method, the ripple that occurs from
switching is eliminated by applying an L filter to the grid-side converter. However, the methods
using an L filter have disadvantages. For example, when a small L filter is used, it generates
EMI in the device connected to the grid. If a large L filter is used, it increases the device
volume and price, and worsens the dynamic characteristics. Therefore, an LC filter and an
LCL filter are introduced by combining L and C. The LCL filter can produce excellent filter
effects by using a small L filter. However, it makes the PF of the grid side worse owing to a
resonance problem and a reactive current from the grid side to the filter capacitor [1-3].

There are various ways to solve these resonance problems. Generally, the resonance is
removed by combining a damping resistor with the filter capacitor serially [4, 5]. However,
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the damping resistor causes loss, lowering the efficiency of
the system. Thus, various active damping methods have been
proposed. Considering that active damping methods control
the current so that it has the difference of 180° status of the
resonance components, it is required to satisfy the excellent
dynamic characteristics of control. If the low dynamic charac-
teristics cannot make the phase fit, serious problems can cause
the system to diverge.

In order to control the PF of the grid side, it is necessary
to have a controller that provides reactive current from the
converter side provided from grid side to the filter capacitor. It
is possible to calculate the value of the reactive current provided
to the filter capacitor. However, if it is possible to determine the
grid current, then effective control of the PF of the grid side is
possible by controlling the reactive current of the grid current
at zero and letting the converter provide reactive current to the
filter capacitor.

The grid current ought to be informed in order to control
the PF of the active damping and the grid side. In order to
determine the current of the grid, it is possible to estimate the
grid current by adding a current sensor or designing an observer.
The two representative methods for estimating the grid current
are as follows: first, use the converter current and the filter
capacitor voltage; second, design the observer by applying a
Kalman filter [6, 7]. However, since the method that uses a
Kalman filter needs a significant operational quantity, a method

for reducing the operational quantity is required.

This paper combines feedback linearity with a sliding mode
control to remove the nonlinearity of the system and increase
the response of the control. In addition, in order to decrease the
operation quantity, the sensor is not added with estimating the

grid current and applying a suboptimum observer.

Section 2 explains the modeling of the LCL filter. Section
3 describes the FL-SMC resonant control with an observer as
follows: Section 3.1 explains feedback linearization, Section
3.2 explains the sliding mode control, Section 3.3 explains the
determination of the stability in the controller, and Section 3.4
explains the suboptimum observer. Section 4 shows the results
of the simulation. Finally, Section 5 presents the conclusion.

2. LCL Filter Modeling

Figure 1 is an equivalent circuit of the LCL filter, and it can be
expressed in voltage equations as follows [8]:
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Figure 1. Simplified LCL filter equivalent circuit.
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where V4 and V;, are the voltages of the d-axis and g-axis of
the converter, respectively; i;4 and i;, are the currents of the
d-axis and g-axis of the converter; E,q and E4, are the voltages
of the d-axis and g-axis of the grid, respectively; igq and iy, are
the currents of the d-axis and g-axis of the grid; V.4 and V., are
the voltages of the d-axis and g-axis of the filter capacitor; L;
and R; are the inductance and resistance of the converter side;
Ly and R, are the inductance and resistance of the grid side; Cy
is the filter capacitance; and w is the angular frequency.

The transfer function between the converter voltage and the
filter capacitor can be expressed as follows [9], [10]:

I.(s) 1 1
Vi(s) LiCS?+w?,

3

2

The resistance component is ignored here, and

Wreg = 4/ Lg + Ll/LngC

is the resonance frequency component.

In order to analyze the effect of the resonance frequency
component on the grid current, the transfer function between
the converter voltage and the grid current can be expressed as
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Figure 2. Bode plot of L filter & LCL filter.

follows, ignoring the resistance component:

H (s = () _ 1 3)
Vils) sy (L,L,Cy) 45 (Ly + L)

Figure 2 shows a 2.0-mH L filter, 1.0 mH, 22.5 uF, 1.0 mH
and the Bode plot of the LCL filter in equation (3)), which shows
an excellent screening performance of the LCL filter. but it is
possible to confirm that the resonance frequency component
reveals. Because of the resonance frequency component, the
total harmonic distortion (THD) becomes worse. This causes a
low PF on the grid side since the reactive current is input to the

filter capacitor.

3. FL-SMC Resonant Control with Observer

Figure 3 is a control block diagram of control method of an
observer-based FL-SMC. In equation (]I[) the current controller
can be designed as a type of PI controller by using the differen-
tial equation of the converter current.

Vig=—Pllijy =i tw-L; i, +V,

K2

N : “
V.. =—-PI [ziq—ziq] —w- L i+ Ve,

i
Herein, the controller for reducing the resonance frequency
component is designed by using the differential equation of
the grid current of equation (T). At this point, by combining
feedback linearization with a sliding mode control, nonlinearity
is reduced and quick control response is achieved.
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Figure 3. Control block diagram of proposed FL-SMC resonant
control with observer.

3.1 Feedback Linearization

Feedback linearization is a technique that reduces the nonlinear-
ity of nonlinear systems, in which an equivalent model including
nonlinearity can be switched to a linear model [11]. In order to
design a controller that reduces the resonance frequency com-
ponent, in the differential equation of equation (T), when the
differential equation of the grid current is expressed as a state
equation like equation (@), it is to be equation (3).

x=f(z)+gu x,ucR”

5
y =h(x) yeR™ ©)
t9q
B L%}Egd L—;’zgd—Fw lgq N _L%] 0 Vg
- Rg . 1
L%quffgzgq*w'@gd 0 —1, Vg
(6)
1
—F T,y tw-i
_ | L,79d L, "gd 99
£ = FE, = 7l —w-i @
L,~9a L,"9q gd
1
- 0
L
g= [ ‘ 1 ] ®)
0 -z

T
Here it is possible to define the state variables as x = { lgq  lgq } ,

T
the outputasy = h (x) = [ lgqg  Tgq } , and the control in-
T

Ci cq
The input-output feedback linearization is applied using equa-

putasu = [ Vg Ve
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tion (9). The differentiation is repeatedly applied to the output
until the input is revealed, and the number of differentiations is
called the relative degree. For example, the relative degree of
equation (6) is 1 because the input of the equation is revealed
by one differentiation.

r T, m i1
u" = L hy (2) + 5 Ly Ly~ () ;.

1<V <m,Vr; >p,;, 1 <Vi<m,VxecR"
©))
Herein, p; is the relative degree, and r; is the number of differ-
entiations.

When the differential on the first output is organized consid-
ering the relative degree, it is as follows:

Lhy (z) = dhcllf)f (z) = ngvgd — ];Zigd +w-iy, (10)
Ly oy (x) uy = dhéy)gl () uy = L (11)

Lg2 hy (@) uy = dhclhgx)gz (x)uy =0 (12)

U= ngEgd - fjigd +wig, — ngm (13)

When the differential on the second output is organized con-
sidering the relative degree, it is as follows:

Lyhy (2) = dhflggx) f )= ;g 99— Zigq —weigg (14)
Lg b (@) uy = dh;z(x) 91 (@)uy =0 5

Ly, (@) uy = dhfif)gg (@) uy = —nguQ (16)

Yo = ngqu - Z’igq R nguQ 17)

Using equations (T4) and (T7), when the linearized state equa-
tion is to be written again, it is as follows:

] u
N —A@+E@ | ™ (18)
Yo Ug
R, . .
[ (7 ] _ L%,Egd —T,%d +Wigg
. - L Ry .
Y2 L, qu L, tgqg — Wled (19)
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2]

When equation (T9) is organized about the control input:

Uy T
U V2
_ | Eoa — Bylga +wlylgg = Lym

qu - Ryzgq

=E1(2) |-A(x) +

(20)

— ngigd — Lg'y2

When equation (20) is rewritten by substituting the input of the
state equation, the linearized state equation can be obtained,
and y; becomes a new control variable.

3.2 Sliding Mode Control

A sliding mode surface is composed of an equation that satisfies
S; (z) = 0 on the R™ flat surface [12].

d

vi—1

Herein, v; is the relative degree of the state variable taken as the
output state, e; () is the output error according to the state, \;

is a positive constant, and S; () is the desired sliding surface.

Since the relative degree is 1, the sliding surface can be

- .

_ | er | _ | igalgd
.* .

e igq — igq

In order to converge an error value to the sliding surface in the

defined as follows:

S

s, (22)

sliding mode control, equation (23 should be satisfied:

S I R N TRl T O R PSS
SQ €9 quflgq 0

When substituting the differential equation on grid current into
equation (23), it is possible to determine the control input of
equation (20) and the control input of the equivalence.

uleq J—
U;Qeq

The control rules of the sliding mode control can be defined

Egq — Rgigq +wlgigq — Lgi;d (24)

. . -'*
Egq — Ryigq —wLgigq — nggq

as follows:

{ up=up, - Kysign(Sy) 25)

Uz =up, — Kosign(Ssa)



http://dx.doi.org/10.5391/IJF1S.2015.15.3.200

The control input of the controller that reduces the resonance
frequency component can be defined as follows:

Uy
Ug

Egq — Ryigq +wlgigqy — nggd

. . '.*
Egq — Rgigq —wlgigq — nggq

Kisign(Sy)

| K, sign(Ssz)
(26)
The grid-side g-axis current reference value is identical to
the converter-side g-axis current reference value, which is the
DC-link control output. The current reference value is zero.
Because the grid-side d-axis current is controlled to zero, the
reactive current is provided from the converter side to the filter
capacitor. In addition, the reference value of the converter-
side d-axis current becomes the value of the reactive current

component, which is provided to the filter capacitor.

3.3 Stability Determination of Controller

The stability of the controller is determined by using a Lyapunov
function. A Lyapunov function candidate is defined as follows:

1
V= 5STS, V>0 27

When the partial derivative from the Lyapunov function can-
didate regarding S has a negative definition, it is asymptotically
stable [13, 14].

v v
085, 09,
= 5,5; + 5,5,
= S (—K1sign (S})) + Sy (—Kjsign (S,))
= —S Kisign (51) — S2K;5ign (S5)

= _Ki 1S1] — Ké |5

po Ve [V

(28)

It is asymptotically stable since K7, K% > 0 is always V <
0.

3.4 Recursive Suboptimum Observer

In order to estimate the grid current, the observer is designed
by using an extended Kalman filter. The state equation is de-
termined by using the differential equation of equation (), to
which discretization is applied as follows. At this point, the
grid voltage is assumed as a disturbance.

Xp1 = Ay x, + By, +Blup +w, (29
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wherein the control variable, disturbance, state variable, output

variable are as follows:

w=[vh vt ] 63)

w=[ e B (36)

X = { ify iy lga lgq Ve V::If]:| 37)
T

ve=| it i ] == (38)

The extended Kalman filter is largely divided into two pro-
cess. In the first process, time update, the prediction value
is calculated by using equation (29). The error covariance is
predicted by using equation (39):

P, =AP,A" +Q (39)

In the second process, measurement update, the Kalman gain
is calculated by equation (@0) in advance:

K, = P, HT (HP,H” +R) (40)

wherein R is the covariance matrix of the measurement noise.

Next, in order to correct the errors of the prediction value,
the estimated value is determined by using the observed value
and the error of the prediction value, as shown in equation (#T).
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Figure 4. Flowchart of recursive steady-state Kalman filter.

wherein X, is the state estimation value, and %, is the state
prediction value.

By using equation (42)), the covariance matrix is calculated.
It is used to the next covariance matrix prediction value.

P,=I-KHP, (42)

By repeatedly carrying out (@2)) in equation (39), the Kalman
gain is calculated in such a way that the error covariance be-
comes small.

The error covariance matrix is converged to a consistent
value, with the Kalman gain also being a consistent value. At
this time, the converged error covariance matrix is determined
by seeking the value of an algebraic Riccati equation, while the
Kalman gain can be earned by using the converged error covari-
ance matrix. However, it is difficult to derive the value of the
algebraic Riccati equation. Thus, if the error between the mea-
surement value and the state observed variables is calculated,
entering the range of allowable error, and the error covariance
doesn’t get to be calculated with estimating as Kalman gain of
normal state.

x, =%, + Ko (z, — Hx;) (43)

4. Simulation Results

In order to confirm the performance of the proposed controller
and the observer, a simulation is conducted using PSIM 9.0.
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Table 1. Simulation and Experimental System Parameters

Symbol Quantity Value
E, Grid voltage 380 [V]
Vie DC-link voltage 640 [V]
Cac DC-capacitance 1600 [uF]
L, Grid-side inductor 600 [uH]
L; Converter-side inductor 600 [uH]
Cy Filter capacitance 3%22.5 [uF]

Soria Grid frequency 60 [Hz]

Jeaw Switching frequency 2.5 [kHz]
T. Control period 200 [us]

P, ote Nominal power 10 [kW]

Grid d-current zero control

DC-Link Voltage Control Resonant Cancelation Control

oy ——

[sec]

Figure 5. Simulation scenario.

The system parameters used in the simulation are listed in Table
1. The scenario of the simulation, as shown in Figure 5, first
sets the DC-link voltage control at 0.2 s, the PF control of the
grid side at 0.9 s, and the resonance control at 1.2 s.

Figure 6 shows the waveform comparing the observed state
variables with the actual measured values. Regarding the mea-
sured variables, which are observed with few errors, all state
variables are observed.

Figure 7 shows the converter-side d-q axis current and the
grid-side current. The ripple that appears in the converter-side
current and the grid-side current is the component revealed by
the resonance frequency of the filter. By starting to control the
PF of the grid side at 0.9 s and providing the reactive current
from the THD converter side to the THD filter capacitor, the
d-axis current is controlled to a consistent value, and the d-axis
current of the grid side is controlled to zero. It is possible to
confirm that the resonance component is reduced as shown in

Figure 7 from starting FL-SMC resonant control at 1.2 s.
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Figure 7. Characteristic of FL-SMC resonance control: (a) grid d-g
current; (b) grid-side three-phase current; (c) DC-link voltage.

5. Conclusions

This paper proposes an active damping control method for a
grid-side converter with an LCL grid filter in the back-to-back

converter. Generally, a power converter measures the current

www.ijfis.org

of the converter side for current control. Because the power
converter controls the reactive current of the grid side to zero,
the reactive current is input to the capacitor of the filter on the
grid side. Because the power factor of the grid side worsens,
the power quality also worsens due to the resonance frequency
component of the LCL filter. This paper proposed a method to
enhance the efficiency of the system and the power quality by
accomplishing the following: control the PF of the grid side
to =1 by applying a grid current observer by using a recursive
suboptimum observer, and remove the resonance frequency
component of the LCL filter by using a resonant controller. The
performance of the proposed observer is verified by confirming
the errors between the measured current waveform and the ob-
served current waveform. This is done by installing a current
sensor on the grid side. In addition, it is confirmed that the
FL-SMC resonant controller removes the resonant frequency
component by analyzing the frequency of the grid current. The
active power filter that removes not only the LCL filter reso-
nance frequency, but also the generating harmonics at the grid
requires additional study. Future research is expected to focus
on these topics.
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