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Abstract—This work presents an extended disturbance observer
design for grid voltage disturbance rejection of voltage source
PWM converters with LCL filters. The proposed observer design
leads to a cascaded extended disturbance observer using either
the converter side current or the line side current for feedback.
Theoretical aspects including the LCL filter system observability,
observer pole placement strategy and practical implementation
are discussed to achieve an observer formulation. The analysis
presented is based on a fully analytical observer formulation in
the discrete time-domain. The discrete state-space modeling of
the LCL filter dynamics is discussed and a step-by-step observer
formulation is presented. The theoretical analysis is verified on a
22 kW laboratory type adjustable speed drive system where the
control algorithms are implemented on a dSpace system. The
analysis reveals excellent disturbance rejection capabilities of the
proposed cascaded extended disturbance observer design for
both feedback cases.

NOMENCLATURE
X Space-vector of three-phase System X,
X Space-vector in stationary (o) reference frame
Xda Space-vector in rotating (dq) reference frame
hx A" harmonic of X

L INTRODUCTION

During the last years distributed power generation for
renewable energy sources has become one of the major topics
in power electronic engineering. The rapidly growing amount
of renewable energy sources connected to the main electric
distribution system leads to an increased amount of converters
feeding power to the grid [1], [2]. These converters are hereto
referred to as active in-feed converters (AICs).

To reduce the high-order harmonic current distortion
caused by the AIC switching transitions, various line filters are
used for grid connection. An appropriate choice of the related
line filter depends on several design criteria including (but
limited to) the AIC hardware topology, the average switching
frequency, performance requirements, the modulation strategy
and cost. A widely used cost and performance effective line
filter topology for voltage source AICs is the LCL type line
filter [3]. In addition to the attenuation of the high-order
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switching voltage harmonics (greater than the filters resonance
frequency), the LCL filter has a reduced reactive power
consumption and a lower voltage drop over the filter
inductance in active power in-feed operation compared to
conventional L-type line filters.

Voltage quality is one of the most important issues when
connecting a renewable energy source via an AIC to the grid
[4]-[7]. A reduced supply voltage quality often results from
finite grid impedance, the presence of unbalanced or single-
phase loads, and harmonic current distortions generated by
nonlinear loads such as diode-bridge connected loads,
thyristor-bridge connected loads or switched-mode power
supplies [8]. A new trend is to use the grid connected AIC to
mitigate the supply voltage unbalance and harmonics in
addition to the fundamental power in-feed [9]-[12]. The
emission of unbalanced and harmonic currents for grid
connected renewable energy sources is strictly limited by
international standards and grid code requirements to avoid
further voltage quality degradation [13], [14].

Distorted supply voltage conditions containing a high
amount of unbalanced and low-order harmonic voltage
contents affect the operational behavior and the performance of
grid connected AICs. More precisely, these non-ideal supply
voltage waveforms act as disturbances to the current control of
grid connected pulse-width modulated (PWM) AICs. To meet
the aforementioned international standards and grid-code
requirements, proper disturbance rejection of the current
control to voltage unbalances and low-order harmonics is
required. The goal is to achieve balanced current waveforms
with a reduced content of low-order current harmonics at the
AIC’s connection point to the main electric distribution grid
even under highly distorted supply voltage conditions.

Different approaches have been published to achieve good
voltage disturbance rejection for current controlled grid
connected PWM AICs [4], [15]-[20]. Two widely used
methods use either an observer-based voltage feed-forward [4],
[15] or additional parallel resonant current controllers added
[16] to the fundamental current control. Both methods have
distinguished features and the appropriate choice of the voltage
disturbance rejection method depends often on additional
boundary conditions such as the available sensors and their



location, the available computational power or implementation
complexity and tuning of the disturbance rejection method.

This work focuses on observer-based voltage disturbance
rejection methods. The voltage rejection is achieved by adding
a voltage feed-forward term including the observed voltage
unbalances and harmonics to the fundamental current control
of the grid connected AIC. In [18], the principle for an
observer-based voltage rejection was presented in detail for
grid connected AICs with L-type line filters. However, when
LCL line filters are used for the grid connection of AICs, the
study presented in [4] reveals a more complex observer
formulation to achieve proper voltage disturbance rejection.

This work aims to contribute to the knowledge of
disturbance observer design for grid connected PWM AICs
with LCL line filters. First an analytical derived model of the
sampled three-phase LCL system is used for the disturbance
observer design. Then, a transformation law is presented to
transform the analytical observer formulation from the
stationary (o) reference frame to the rotating (dg) reference
frame. Finally, the disturbance observer design is discussed
and experimentally analyzed for both the feedback of the
converter side current and the feedback of the line-side current
as the input of the disturbance observer.
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Fig. 1 Block diagram of two-level voltage source grid connected AIC
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Figure 1 is the block diagram of a two-level voltage source
AIC connected through a line filter to the grid. The renewable
energy source is modeled as an active load. The LCL filter is
illustrated in Fig. 2. The filter is composed of a converter side
inductor L., a line side inductor L, and a filter capacitor C. The
LCL filter considered here is designed to meet the harmonic-
current characteristics for AICs defined by the German VDN-
requirements [21].

Two different current feedback cases are explored for the
proposed extended disturbance observer (eDO) design: line
side current sensors and converter side current sensors, Fig. 1.
Only one set of current sensors is used at a time with respect to
the observer design under study. The line side voltage sensors
are shown in dashed lines, highlighting the principle of the
proposed eDO design.

When the eDO is used in combination with line side
voltage sensors, the observer is used to overcome the
measurement time delays introduced by the analog-to-digital
signal conversion. This sample-and-hold behavior introduces
phase error to the sampled voltage waveforms which is

SYSTEM DESCRIPTION AND SENSOR RESTRICTIONS
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significant for systems operating at low sampling frequencies
relative to the fundamental frequency. Further, the inherent
filtering nature of the eDO can be used to overcome the need
of adding additional voltage filters to the control loops.

The proposed eDO can also be used when no line voltage
sensors are available. The eDO can be used in combination
with a virtual flux estimator [22] to achieve a proper line
voltage disturbance rejection. In this case, the principle of
virtual flux is used to extract the fundamental grid voltage
phase angle from the measured DC-link voltage waveform.
Then, the eDO can be used to reconstruct the positive and
negative fundamental voltage waveforms as well as the low-
order harmonic voltage waveforms to achieve proper voltage
disturbance rejection for the current controller.
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Fig. 2 Circuit diagram of LCL filter

II1.

The eDO design is done based on an ideal state-space
model of the LCL filter, Fig. 2. To simplify the observer
formulation, the losses of the filter components are not
considered.

STATE-SPACE MODEL OF AN LCL FILTER

A. State-space model in the continuous time-domain

Based on Kirchhoff’s laws, the state-space model of the
loss-free LCL filter is derived. The LCL state vector is chosen
according to (1). The resulting LCL state space model is
presented in (2).
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B. State-space model in the discrete time-domain

The observer formulation is presented in the discrete time-
domain taking advantage of the straight forward modeling
when additional time delays are considered. Taking the
characteristic zero-order hold behavior of the analog-to-digital
signal conversion into account, the equivalent state space
model in the discrete time-domain is derived using the
transformation laws presented in (3)-(5).

Ay =e’Ts

(3)



different system output measurements, the simplified Kalman

By ={As=1AT'B @ criterion [23] is used. The analysis of the discrete state
el = T ®) observer formulation reveals that the (loss-free) LCL filter
) == ) ) e is observable for the measurement of the line side
The resulting state-space model is presented in (6) and the currents,
related .coefﬁments are summarized in Table III of the e is observable for the measurement of the converter side
Appendix. currents, and
[!Zﬁe(k"'l)] 4, ay a5 (1% (0] e is no‘Ft obseftvable for the measurement of the filter
K1 e e a i capacitor voltages. . .
'C‘"”’(k | [ai azz az: l‘c‘;'};’(k) Therefore, the measurement of the filter capacitor voltages is
AGEY b b (k) ©) not considered for further analysis.
11 12
+ b2 by (k)] C. Including PWM time delay in the state observer
b b ne . .
ol LU The time delay caused by the converter sampling and PWM
y(k) = c"x, (k) update calculation process is considered for the observer
design. Considering that the time delay is limited to one
IV.  DISCRETE TIME-DOMAIN OBSERVER FORMULATION sampling instant, the converters reference voltage tom, o i
In the following paragraphs a step-by-step formulation of ~ adjusted by the PWM algorithm in the following sampling
the eDO is presented. instant (10).
A. State observer (SO) formulation —COnvref(k) = Uggno(k + 1) (10)
Based on the state-space model for the LCL filter in the The state space model of the LCL-filter system including

discrete time-domain (6), a state observer (SO) is derived. The  the effect of the time delay is formulated in (11).

SO takes advantage of the fact that the system states can be

—Lme (k + 1) —Lme
estimated from the measurement of certain system outputs. To by,
reduce the error in the estimated system states due to model ianv(k DI A byq ionv(k) 0 bzz ] (11
mismatch and parameter estimation errors, the observed UgP(k+1) b31 (k) 0 bzz _Lme(k)
(estimated) and the measured system outputs are fed back to _gfnv(k +1) 000 _Cm(k)

the estimated system states. By adjusting the coefficients of the
feedback gain vector, referred to here as L,, the dynamics and D. Disturbance observer (DO) formulation
performance of the closed-loop state observer can be adjusted
to meet certain design criteria.

The state-space model of the observer is defined by (7) and
(8). Here, the subscript obs refers to the estimated states of the
SO.

The presented SO formulation is further manipulated to
include the line voltages leading to the disturbance observer
(DO) formulation presented in (12).
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loop state observer formulation are derived as (9).
The advantage of the DO formulation is that by adding the
line voltage to the system states, the DO input vector depends
Two important criteria for the presented SO formulation  only on the known reference value of the converter output
are mentioned at this point. First, the input vector of the  vyoltage. The analysis of the observability reveals no changes to

observer u,, is considered to be known at each sampling the results already presented in section IV. B.
instant k. In the case of the LCL filter, this is the line voltage

and the converter voltage. Thus, further manipulation of the = £- Extended disturbance observer (eDO) formulation
observer formulation is necessary to estimate the line voltage To achieve voltage disturbance rejection to unbalanced line
waveforms leading to a disturbance observer (DO)  voltage and low-order voltage harmonics, the presented DO
formulation. Second, the system states can be observed if the formulation is further manipulated resulting in an extended
system is observable. disturbance observer (eDO) formulation. In [15] the underlying
B. Observability Erinciplgs of including unbalanced line voltage and low-order
armonics are presented for an L-type filter system. These
Different measured system outputs can used for observer  results are adapted for the LCL type filter system. A sinusoidal
formulation. To analyze the observability of the LCL filter for disturbance, where the 4" harmonic order of the fundamental

&err(k + 1) = K(k + 1) - &ubs(k + 1) = (A - LpET)Kerr(k) (9)
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component is considered for disturbance rejection, is modeled
in continuous time domain using (13).

d[ "U® "YU ()
dt hpaB = [—hzw- 0] hpaB (13)
tlasaetugh o une Ol |a/de "ugh, (6)

The discrete time-domain equivalent state model

formulation of this sinusoidal disturbance is presented by (14).
The related coefficients are summarized in Table IV of the
Appendix.
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This disturbance model is included to the DO formulation
(12) leading to the eDO formulation (15).
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The analysis of the observability reveals no changes to the
results already presented in section I'V. B.

F. Rotating (dq) reference frame observer formulation

Based on the observer formations in the stationary (o)
reference frame, the related observer formulations in the
rotating (dq) reference frame are -calculated using the
transformation laws presented in Appendix B. It is assumed
that the line voltage angular frequency ;. is (almost)
constant.
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Fig. 3 Control diagram with the proposed disturbance observer-based
voltage feed-forward

V. OBSERVER-BASED GRID VOLTAGE DISTURBANCE
REJECTION IMPLEMENTATION

The proposed eDO for voltage disturbance rejection can be
used in two ways. First, when the line-voltages are measured,
the eDO is used to overcome the measurement time delays
introduced by the analog-to-digital signal conversion and the
inherent filtering nature is used to eliminate the need of adding

(15)
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additional voltage filters to the control loops. Second, when
line-voltages are not measured, the eDO can be used in
combination with a virtual flux estimator to achieve a proper
line voltage disturbance rejection.

In Fig. 3 the control block diagram of the grid connected
PWM voltage source converter is presented. The control
consists of cascaded control loops with an outer DC-link
voltage control and an inner current control where the control
variables are transformed to the rotating (dq) reference frame.
The transformation angle is related to the line voltage phase
angle. This control scheme is referred to as “voltage-oriented
control”.

The eDO is added to the control loops applying an
observed feed-forward voltage to the commanded reference
voltage. If the observed line voltage waveforms would be
added at this point, a poor line voltage distortion rejection
performance would result because the filter capacitor dynamics
have not been considered. An ideal disturbance rejection of the
line voltage disturbances to the line side currents is achieved
when the disturbance voltages at the line side are equal to the
voltage waveforms of the filter capacitors. To overcome these
issues, two possible approaches can be used: the eDO can be
reformulated introducing a sinusoidal disturbance state-space
model for the filter capacitor waveforms or a cascaded
extended disturbance observer (ceDO) approach can be used to
estimate to voltage disturbances of the capacitor voltages. The
ceDO approach is chosen because it results in straight forward
tuning and design guidelines.

A. Cascaded extended disturbance observer formulation to
achieve harmonic-free and balanced line-currents

In Fig. 2 the block diagram of the loss-free LCL filter is
presented. To achieve an ideal line voltage disturbance
rejection, the voltages in the filter capacitor have to be equal to
the considered line voltage disturbance. This leads to the
disturbance voltage compensation conditions formulated in
(16) and (17).

(t) = U ® (16)

1P = I£5,® a7

Based on these conditions for disturbance voltage
compensation, the underlying state-space model in the
continuous time-domain is derived (18).

_L‘unv(t) 1/Lc !gfnv(t) —1/L
U (t)] [, o [&‘iﬁea)]ﬂ o Juim® a1

Following the same principles that have already been
presented during the eDO formulation, the state space-model
of the second extended disturbance observer is formulated in
the discrete time-domain (19) where the coefficients are
summarized in the Table IV of the Appendix.
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To simplify the notation used for the proposed ceDO
approach, this second extended disturbance observer will be
referred to as a compensation observer.
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Fig. 4 Block diagram of proposed cascaded extended
disturbance observer

B. Cascaded extended disturbance observer implementation

A ceDO formulation is proposed to achieve proper line
voltage disturbance rejection for the line current of a LCL filter
system. The ceDO formulation consists of two extended
observers. The first extended disturbance observer is used to
extract the sinusoidal line-voltage disturbances from either the
measured line current or the measured converter current and
the commanded converter output voltage. A second
compensation observer is introduced to incorporate the
dynamics of the filter capacitor voltages into the disturbance
rejection of the line currents. In Fig. 4 the block diagram of the
proposed ceDO is illustrated. A state selector is added to the
ceDO block diagram because only the state variables needed
from the disturbance observer are used for the compensation
observer error correction.

VL

Two measurement cases are considered: the measurement
of the line side current or the measurement of the converter
side current. The analysis is done for a generic 4” harmonic
voltage disturbance.

OBSERVER DESIGN AND POLE-PLACEMENT GUIDELINES
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A. Choice of the parameter h
The proposed ceDO can be implemented in two different

(k) reference frames: the stationary (aff) reference frame or the

rotating (dq) reference frame. In Table I the transformation of
characteristic harmonic voltage contents from the ¢f- to the
dg-reference frame is summarized. A benefit of choosing the
rotating (dg) reference system over the stationary (off)
reference system for ceDO implementation is that the
parameter 4 can be chosen to efficiently reduce the complexity
-and thus the computational burden- of the ceDO
implementation by rejecting two voltage disturbances in the
same time.

TABLE 1
HARMONIC SEQUENCES IN THE 0/§— AND DQ-FRAME

reference frame
stationary (o) rotating (dq) stationary (o) | rotating (dq)
1" /h=1 2" /h=2 7" /=T 6" /h=6
3% /h=3 2P% /h=2 11" /h=11 12" /h=12
5" /h=5 6" /h=6 137* /h=13 127* /h=12

‘zero’- zero sequence, ‘pos’- positive sequence, ‘neg’ — negative sequences

B. Pole placement for different current measurements

In Fig. 5 the chosen pole placement strategy for the
observer considering measurement of the converter side
current is illustrated for both the disturbance and compensation
observers. Fig. 6 illustrates the pole placement strategy of the
measurement of the line side current case. The open-loop
observer poles and zeros are presented in black color and the
closed-loop observer poles and zeros are presented in red. The
same pole placement strategy is chosen for both current
measurements cases.

The open-loop disturbance observer consists of six poles
that can be positioned by providing a proportional feedback
vector. Ackermann’s formula is used for the pole placement for
each of the possible measurement inputs of the disturbance
observer. The proportional feedback vector L, is derived to
achieve the closed-loop disturbance observer poles presented
in (20).

3 3
P1/2: fpl/z = gfres,LCL Dpl/z = 5

9
fp3/4 = h fline Dp3/4 = 1_0

P3/4
: (20)
Psi fos =% Pfine Dps=1
4
Pt fpe = 3 hfime Dps=1
P Re {pll/z} = Re{p,/,} — 0.03
Im {prl/z} = Im{Puz}
P Re {p'3/4} = Refps;4} — 0.03 a1

Im {p’3/4} = Im{p3/4]
Py Re{p’s} = Re{pe} — 0.03

m{p’} = Im{p}
The proposed disturbance observer pole placement strategy
presents a tradeoff between the achievable dynamics of the



disturbance observer and the minimum stability margins to
guarantee an appropriate robustness in relation to parameter
uncertainties and model mismatches. The proposed pole
placement strategy results in a phase margin of 26° and a gain
margin of 5 dB.
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A cascaded observer approach is used to achieve proper
voltage disturbance rejection. Based on the principles of
cascaded control-loop design, the compensation observer
dynamics are chosen to be faster than the disturbance observer
dynamics. To achieve this goal, the fastest poles of the
disturbance observer are identified and the real-part of these
poles is reduced whereas the imaginary potion is left
unchanged (21). The proposed pole placement strategy results
in a phase margin of 30° and a gain margin of 6 dB.

VIL

Experimental tests are carried out to validate the theoretical
analysis under laboratory conditions. A 22 kVA laboratory test
setup is used. The setup consists of a two- level back-to-back
voltage source converter with an LCL filter. The system
parameters are summarized in Table II. To emulate active load
conditions, an interior permanent-magnet synchronous
machine (PMSM) connected to a four-quadrant converter-fed

EXPERIMENTAL RESULTS
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DC load machine is used. The motor speed of the PMSM is set
to 7500 r/min. The load torque is adjusted by the DC load-
machine to maintain 5 % of the nominal power in power
generation mode and a (inductive) reactive power of 5 kVA is
fed into the grid. The control is implemented on a dSPACE

DS1006 system.
TABLE II
EXPERIMENTAL SYSTEM PARAMETERS

Symbol Quantity Value (per unit)

UL Line-to-Line Voltage (rms) 400V (1.0)

Upc DC-link voltage 700V (1.75)

w Angular grid frequency 2750 Hz (1.0)

1 Nominal line current (rms) 31.0A4 (1.0)

L, Grid side filter inductance 2 mH (0.086)

L. Converter side filter inductance 2 mH (0.086)

Cy Filter capacitance 64.8 uF (0.148)

Cpe DC-link capacitance 2200 uF (5.0)
Seon/fswitch Control/Switching frequency 5/2.5kHz (100/50)

A. Disturbance rejection in steady-state conditions

To study the steady state voltage disturbance rejection,
three experiments are carried out. The lab facility’s actual grid
voltage waveforms are used for the experiments. As it can be
seen from Fig. 7 (a)/(b), the grid volta%es contain a high
amount of 5™ and 7" harmonic voltages (5™ harmonic voltage:
3.6 %, 7™ harmonic voltage: 1.2 %).

First, the grid connected AIC is controlled using only the
fundamental current control without any additional disturbance
rejection added. Figure 7 (c)/(d) presents the related line
current waveforms and the spectrum. A high content of a 5™
and 7™ current harmonic is observed leading to unacceptable
current waveforms.

Second, the ceDO (tuned to 5™ and 7 harmonic voltage
rejection) is added to the control loops in the case that the
converter side current is measured for the disturbance observer
input. Figure 7 (e)/(f) presents the related line current
waveforms and the spectrum. The 5™ harmonic current is
reduced to 25 % and the 7™ harmonic current is reduced to 62
% of the harmonic current contents that are measured without
the ceDO.

Third, the ceDO (tuned to 5" and 7™ harmonic voltage
rejection) is added to the control loops where the line side
current is measured for the disturbance observer input. Figure 7
(g)/(h) presents the related line current waveforms and the
spectrum. A higher reduction of the harmonic current contents
is observed in relation to the aforementioned experiments. The
5™ harmonic current is reduced to 8 % and the 7™ harmonic
current is reduced to 38 % of the harmonic current contents
that are measured without the ceDO.
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Fig. 7 Measurements results for steady-state voltage disturbance rejection: (a)
supply voltage waveforms (line-to-line) and (b) spectrum, (c) line current
waveforms without ceDO and (d) spectrum, (e) line current waveforms with ceDO
(feedback converter side current) and (f) spectrum, (g) line current waveforms with
ceDO (feedback line side current) and (h) spectrum

The presented experimental results demonstrate that the
voltage distortion rejection abilities for the measurement of the
line side current provide better results in comparison to the
case where the converter side current is measured. This is due
to the high switching distortion of the converter side current
and the resulting harmonic distortion of the measured signals.
The line side current waveforms are more efficiently damped
by the LCL-filter leading to less distorted measurement signals
and an improved ceDO disturbance rejection quality.

B. Dynamic response

To study the dynamic distortion rejection abilities of the
proposed ceDO another experiment is carried out. In Fig. 8 this
experiment is presented for the measurement of the line side
current. First, the ceDO (tuned to 5™ and 7" harmonic voltage
rejection) is disabled and at the time instant £ = 0 s the ceDO is
enabled. The ceDO is able to efficiently reject the voltage
disturbances after one fundamental voltage cycle.
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VIIL

This work presents an extended disturbance observer
design for grid voltage disturbance rejection of voltage source
PWM converters with LCL filters. The proposed observer
design enables the control designer to efficiently reject grid
voltage unbalance and lower-order voltage harmonics. The
proposed observer design leads to a cascaded extended
disturbance observer where the observer design can be based
on the feedback of either the converter side current or the line
side current. The analysis reveals excellent disturbance
rejection abilities for the proposed cascaded extended
disturbance observer design for both the feedback cases.
However, slightly improved disturbance rejection abilities are
observed when the line side current is measured.

CONCLUSION

APPENDIX

A. Calculation of coefficients in the discrete time-domain

The coefficients of the state-space formulations used in this
study are summarized in Table III and Table IV. The overall
inductance L, the resonance angular frequency @, and the
anti resonance angular frequency ay of the LCL system are
derived using (22).

Lges =Lc+ Ly (22)

LG
B. Transformation of state-space models from stationary (of3)
into the rotating (dq) reference frame

Based on the assumption of a (almost) constant line voltage
angular frequency @, the related coefficients in the dg-frame

can be derived based on the known coefficients in the o3
frame using (23)-(30).

af = aff e=Joune™s with i, j € [1,2,3] 23)
a'fl = a'ff e~JeuneTs with i,j € [1,2,3] 4
b1 = b e~ioune™s with i € [1,2,3] 25)
{0 = b emJouneTs with i € [1,2] (26)
st =sif o @

si = sof (28)

589 = 57 g=J20uneT: (29)

N @
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TABLE III
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