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A B S T R A C T

The quality of output current of 𝐿𝐶𝐿-type voltage source inverter (VSI) is degraded by the grid voltage
distortion, the dead time effect, and the parameter mismatches. This paper proposes a novel fractional order
harmonic disturbance observer-based control (FOHDO) for the three-phase 𝐿𝐶𝐿-type inverter to suppress
all the dc- and ac-component periodic disturbances. Firstly, a harmonic disturbance observer based control
for 𝐿𝐶𝐿-type inverter is proposed with the internal model knowledge of the periodic disturbances signals.
Subsequently, the FOHDO based on Lagrange interpolating polynomial fractional order delay approximation is
put forward to enhance the adaptability of the grid frequency. Then, the stability and robustness performance
of the proposed FOHDO for 𝐿𝐶𝐿-type inverter are evaluated, which also involves a detailed parameter design
process. Finally, the effectiveness and performance of the proposed FOHDO method are verified by both
experimental and simulation results.
1. Introduction

Voltage source inverter is widely used in distributed power gener-
ation and power quality control and other fields because of its simple
structure and versatile control (Blaabjerg et al., 2006, 2004). A suit-
able 𝐿-type or 𝐿𝐶𝐿-type filter can be used in the inverter output to
eliminate switching harmonics in grid-connected current due to pulse
width modulation(PWM). Compared to 𝐿-type filter, 𝐿𝐶𝐿-type filter is
considered to be a preferred choice for its higher attenuating ability
to improve the power quality with smaller size and cost-effective (Li,
Sun et al., 2013; Ruan, 2018), while more complex control and a more
sophisticated design (Peña-Alzola et al., 2013). Due to high order and
coupling dynamic of 𝐿𝐶𝐿 filter (Li, Sun et al., 2013; Osório et al., 2019;

uan, 2018), the quality of output current of 𝐿𝐶𝐿-type inverter is
degraded by the multi-frequencies ac-component periodic disturbances,
including the grid voltage distortion, the dead time effect, and the
parameter mismatches. Therefore, the well-designed current controller
becomes a crucial part of the 𝐿𝐶𝐿-type inverter system.

In general, the ac-component periodic disturbances induced by a
dead time effect lead to sinusoidal harmonic distortions of the inverter
output voltages, and then propagate to the output currents (Jiao et al.,
2019). Dead time is the main source of distortion, even a short dead
time less than 1% of the PWM period can cause a large distortion

level (Chierchie et al., 2019). Various strategies have been suggested
to resolve the dead-time effect, often on the basis of dead time elim-
ination (Chen & Peng, 2008; Wang et al., 2011) and dead time com-
pensation methods (Blaabjerg et al., 1997; Tang & Akin, 2017). These
methods encounter problems like ripple current immunity, dynamic
performance, or complexity for the 𝐿𝐶𝐿-type inverter.

The ac-component periodic disturbances caused by the grid voltage
distortion harmonics also affect the output current quality of the 𝐿𝐶𝐿-
type inverter (Erika Twining & Holmes, 2003). Grid voltage distortion
may occur in the actual distribution grid, especially in some remote
areas. In Li, Ruan et al. (2013) and Ruan (2018), the full-feedforward
of grid voltages for three-phase 𝐿𝐶𝐿-type inverter in synchronous 𝑑𝑞-
frame was proposed and investigated to reduce the output current
harmonics caused by the grid voltage. However, this scheme raises
concern about the complexity of the controller. In addition, the uncer-
tainties of the 𝐿𝐶𝐿 filter parameters degrade the control performance.
Due to the complex high-order 𝐿𝐶𝐿 filter, the analysis of feedforward
method for a three-phase 𝐿𝐶𝐿-type inverter in synchronous 𝑑𝑞-frame
is relatively limited. Therefore, for the three-phase 𝐿𝐶𝐿-type inverter
in synchronous 𝑑𝑞-frame, an efficient and straightforward way for
suppressing the output current harmonics induced by the grid voltage
distortion is important.
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The grid voltage distortion, the dead-time effect, the uncertain-
ies of the parameters and other factors can be aggregated into the
isturbances. Repetitive controller (RC) (Trivedi & Singh, 2017; Yang

et al., 2018) is provided for rejecting periodic disturbances due to
the introduction of high gains at interested harmonic frequencies, and
has been widely used in PWM inverters. The transient response of
single RC is poor, and the PI with RC is more popular due to its fast
transient response. However, there exists control coupling between two
regulators in the feedback loop, which causes current distortion during
step transient response (Zhang et al., 2014). Until now, the output
current distortion problem with RC during transient response remains
challenging work that has not yet been reported.

Recently, many different advanced control strategies have been
proposed for the nonlinear systems with high-precision, fast-response
and disturbances suppression, i.e., sliding mode control (Sun & Ma,
2017; Yin et al., 2019), fuzzy adaptive finite-time control (Sun, Liu
et al., 2020; Sun, Qiu et al., 2020; Sun et al., 2019), model predictive
control (Wang et al., 2020), and disturbance observer based control
(DOB) (Chen et al., 2016; Jiang You & Ghasemi, 2018). In general, DOB
is an effective approach to estimate and compensate the disturbances.
The DOB method performs well to eliminate the parameter and model
uncertainties for 𝐿-type inverter in 𝑑𝑞-frame (Errouissi & Al-Durra,
2018, 2019). As reported in Errouissi and Al-Durra (2018), the feedback
linearization (FBL) technique with a DOB-based control was employed
for an 𝐿𝐶𝐿 grid-tied inverter to overcome model uncertainty and exter-
nal disturbances. The authors in Liu et al. (2019) explored an adaptive
PID with DOB for 𝐿𝐶𝐿-type grid-connected inverter. Beneficial from
DOB, the steady-state and transient performance is increased. However,
the grid voltage distortion could greatly deteriorate the conventional
DOB performance, showing the evidence of weak ac-component pe-
riodic disturbances suppression ability of the conventional DOB. The
output current distortion is attenuated by a group of resonant regulators
in parallel with PID, which raises concerns about the reliability and sta-
bility of the controller. Therefore, further research and analysis for the
𝐿𝐶𝐿-type inverter are required to investigate the ability of suppression
for the ac-component periodic disturbances. A periodic adaptive distur-
bance observer was proposed in Cho et al. (2015) to attenuate periodic
disturbances for permanent magnet linear synchronous motors. How-
ever, a typical DOB is only used for the initial time period. In Elkayam
et al. (2019), disturbance observer incorporates with multi-resonant
terms to enhance rejection of periodic uncertainties and disturbances.
In Chen and Tomizuka (2014) and Wu and Ye (2018), internal model-
ased disturbance observers were proposed to estimate the disturbance
oth in the low frequency region and at harmonic frequencies. Note
hat the time delay element 𝑓s∕𝑓1 (𝑓s is sampling frequency and 𝑓1 is
undamental frequency) is located at the feedback loop, which causes
urrent distortion during step transient response (Zhang et al., 2014).
oreover, the bandwidth of the periodic frequencies is narrow and

herefore sensitive to the grid frequency variations, which degrades
eriodic suppression ability. And, the nominal stability is affected by
he resonant characteristic of 𝐿𝐶𝐿 filter. Therefore, it is similar to
n RC rather than a DOB. In Muramatsu and Katsura (2018), a novel
daptive notch filter (ANF) periodic disturbance observer was proposed
or frequency-varying periodic disturbance suppression. The adaptive
lgorithm raises concerns about the complexity of the control design.
oreover, the time-delay element 𝑓s∕𝑓1 may be fractional and is ne-

lected in this paper. The fractional order part induced by frequency
ariations significantly affects harmonic suppression performance. It
as found that the fractional order controller can improve the robust-
ess and performance of the control system (Sun & Ma, 2017; Sun et al.,
018). However, as far as we know, few works applying the fractional
rder to DOB approach have been reported in the literature.

Summing up, although the DOB and PI–RC are widely accepted
n terms of the suppression of the disturbances in inverters, there are
everal drawbacks or open issues associated with it:
2

Fig. 1. Three-phase three-wire 𝐿𝐶𝐿-type inverter.

(i) The conventional DOB shows weak ac-component periodic dis-
turbances suppression ability. Thus, although the DOB can
achieve a dc-component disturbance suppression and fast tran-
sient response, the low-order ac-component periodic distur-
bances caused by grid voltage distortion and dead time effect
can deteriorate the DOB performance.

(ii) The main drawback of the PI–RC is that it does not provide a fast
transient response and there exists control coupling between two
regulators in the feedback loop. As a consequence, the transient
response is poor and the output current is distorted during step
transient response.

This paper proposes a new control strategy named fractional order
harmonic disturbance observer (FOHDO) for three-phase 𝐿𝐶𝐿-type
inverter, which eliminates the output current harmonics caused by
dc- and ac-component periodic disturbances and improves transient
performance. In this paper, in order to improve DOB’s ac-component
periodic disturbances suppression ability, an infinite impulse response
(IIR) (Karaboga, 2009) filter design technique, which achieves infinite
loop gain at harmonic frequencies, is proposed that an internal model
of ac-component disturbances signals is embedded in the DOB feedfor-
ward loop to estimate the periodic disturbances correctly. Different
from the feedback loop of the PI–RC method, the proposed FOHDO is
located at the feedforward loop and decoupled with feedback PI regula-
tor. In addition, an improved FOHDO based on Lagrange interpolating
polynomial finite-impulse-response (FIR) fractional order approxima-
tion (Yang et al., 2015; Zou et al., 2014) is proposed to improve HDO
grid frequency adaptability. In conclusion, the originality and major
contributions to the existing work are summarized as follows.

(i) Firstly, a novel harmonic disturbance observer-based control
(HDO) is proposed for the three-phase 𝐿𝐶𝐿-type inverter to
effectively eliminate all the multi frequencies periodic distur-
bances and significantly improve the output current quality.

(ii) We also propose a fractional order HDO (FOHDO) strategy at
a fixed sampling rate to deal with any periodic disturbances of
variable grid frequency, where a Lagrange-interpolation-based
fractional order filter is used to approximate fractional order
delay.

(iii) Moreover, the stability, robustness analysis and the detailed pa-
rameters design guideline of the proposed FOHDO for 𝐿𝐶𝐿-type
inverters are given. Prototype experiment and on-field results
of 𝐿𝐶𝐿-type inverter are also presented to verify the proposed
FOHDO control.

2. Three-phase 𝑳𝑪𝑳-type inverter system modeling

The structure of three-phase 𝐿𝐶𝐿-type inverter system is shown in
Fig. 1, which consists of three-phase two-level converter, the inverter-
side inductor 𝐿1, the grid-side inductor 𝐿2, the filter capacitor 𝐶f
and the dc-link capacitor. 𝑢sabc is the voltage at the point of common
coupling, 𝑢abc is the voltage at inverter side, 𝑢Cabc is the voltage at filter
capacitor, and 𝑢dc is the dc-link voltage. 𝑖1abc, 𝑖2abc and 𝑖Cabc are the
currents at inverter-side, grid-side and filter capacitor, respectively. 𝑓s

is the sampling frequency. 𝑓sw is the switching frequency.
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Fig. 2. Dual-current feedback with grid voltage feed forward control strategy in d-axis: (a) Detailed block diagram the dual-loop control strategy; (b) Equivalent transformation
block diagram of the dual-loop control strategy; (c) Equivalent block diagram of Fig. 2(b).
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Fig. 3. Bode plot of 𝐺dti(𝑠) and 𝐺ui(𝑠) for 𝐿𝐶𝐿-type inverter with PI controller.

Assume that the coupling effects between 𝑑𝑞-axis are considered
as coupling disturbance. The dual-loop current feedback with the grid
voltage direct feedforward method in 𝑑-axis is shown in Fig. 2 (Ruan,
2018), where 𝐺c(𝑠) = 𝐾p + 𝐾i∕𝑠 is the current loop regulator, 𝐾c
is the capacitor current feedback active damping (Pan et al., 2014),
d(𝑠) = 𝑒−1.5𝑠𝑇s ≈ 1∕(1.5𝑇s𝑠+1) is the time delay of the inverter system.
1 is the grid angular frequency. 𝑍L1(𝑠) = 𝑠𝐿1, 𝑍C(𝑠) = 1∕(𝑠𝐶) and
L2(𝑠) = 𝑠𝐿2 are the inverter-side inductance, filtering capacitance and
rid-side inductance of 𝐿𝐶𝐿 filter respectively.

Take 𝑑-axis as an example. According to Fig. 2, the equivalent plant
p(𝑠) of the 𝐿𝐶𝐿 filter with considering the active damping 𝐾c and the

ime delay 𝐺d(𝑠) is obtained as

p(𝑠) =
𝑖2d(𝑠)
𝑐r (𝑠)

=
𝐺d

𝑠3𝐿1𝐿2𝐶 + 𝑠2𝐿2𝐶𝐾c𝐺d+𝑠(𝐿1 + 𝐿2)
(1)

It can be known from the amplitude–frequency characteristic of the
equivalent transfer function 𝐺p(𝑠) that the introduction of active damp-
ing can not only effectively suppress the resonance peak of 𝐿𝐶𝐿, but
also retain the high low-frequency gain and high-frequency harmonic
suppression capability of the 𝐿𝐶𝐿 filter.

Moving the grid voltage 𝑢sd(𝑠) to the input of 𝐺p(𝑠), Fig. 2(a) can be
equivalently transformed into Fig. 2(b), where
𝐺x1(𝑠) = 𝐺d(𝑠)𝑍C(𝑠)∕(𝑍L1(𝑠) +𝑍C(𝑠) +𝐾c𝐺d(𝑠)). Fig. 2(b) can be further
depicted as shown in Fig. 2(c) by merging the grid voltage at the grid
voltage feedforward node. Then, the grid voltage disturbance in the
𝑑-axis can be expressed as

𝑑gvd(𝑠) = (1 − 1
𝐺x1(𝑠)

)𝑢sd(𝑠) (2)

Due to high order and complex coupling dynamic of 𝐿𝐶𝐿 in 𝑑𝑞-
rame, the performance of the injected grid current is affected by
he grid voltage disturbances. Furthermore, the closed-loop transfer
 d

3

unction from the grid voltage 𝑢sd(𝑠) to the grid-side current 𝑖2d(𝑠) in
𝑑-axis can be obtained as

𝐺ui(𝑠) = −
𝑠2𝐿1𝐶 + 𝑠𝐶𝐾c𝐺d + 1 − 𝐺d

𝑠3𝐿1𝐿2𝐶 + 𝑠2𝐿2𝐶𝐾c𝐺d+𝑠(𝐿1 + 𝐿2)+𝐺c𝐺d
(3)

In addition, the ac-component periodic disturbances induced by a
dead time effect lead to sinusoidal harmonic distortions of the inverter
output voltages, and then propagate to the output currents. During the
dead time 𝑡d period, the average error voltage 𝛥𝑢an introduced by the
dead-time effect 𝑡d can be expressed in Fourier form (Jiao et al., 2019):

𝛥𝑢an =
4𝑁𝑡d
𝜋𝑇s

𝑢dc
∞
∑

𝑛=1

1
𝑛
sin 𝑛𝜔𝑡 (4)

Due to the 𝐿𝐶𝐿 filter is designed to filter the switching frequency
harmonics, the low order harmonics introduced by the error voltage
cannot be effectively attenuated, thus causing serious waveform dis-
tortion to the output voltage. When the dead time 𝑡d is increased, the
amplitude of each harmonic voltage in (4) also increases, which may
increase the distortion of the output voltage and current waveforms of
the inverter. Since the grid voltage is a fundamental sinusoid waveform,
the low order harmonics voltage caused by dead time effect can result
in output current distortion and harmonics. The smaller 𝐿𝐶𝐿 filter
leads to a larger amplitude of harmonics current distortion. However,
these output error voltage can be considered as a kind of disturbance
caused by the dead time effect. Transforming the 𝛥𝑢an, 𝛥𝑢bn, 𝛥𝑢cn into
𝑑𝑞-frame and moving the 𝛥𝑢dd from the output of 𝐺d(𝑠) to the input of
𝐺d(𝑠), as shown in Fig. 2(a), the dead time effect disturbance in 𝑑-axis
can be obtained as

𝑑dtd(𝑠) =
𝛥𝑢dd(𝑠)
𝐺d(𝑠)

(5)

It can be observed from Fig. 3 that the classical PI method in the
pplication of 𝐿𝐶𝐿-type inverter shows weak attenuation ability at
ow-frequency band, for example only −10.36 dB for the dead time
isturbance and −18.35 dB for the grid voltage harmonics disturbance
t 300 Hz. Consequently, the PI approach cannot completely eradi-
ate the negative effect of the ac-component periodic disturbances in
𝐶𝐿-type inverter. In the scenario, the grid voltage distortion and
ead-time effect disturbances can lead to low-order harmonics at the
nverter output current. Thus, if the controller is not well designed,
he output current of the inverter does not meet the relative standard
equirements.

. Disturbance observer based current loop control

In order to prevent the negative effect of the grid voltage distortion,
he dead time effect, and the parameter mismatches from the degra-

ation of the output current quality in 𝐿𝐶𝐿-type inverter, this paper
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Fig. 4. Current loop control block of 𝐿𝐶𝐿-type inverter with disturbance observer: (a)
Block diagram of the conventional disturbance observer; (b) Equivalent block diagram
of conventional disturbance observer by normalizing the real plant; (c) Final equivalent
block diagram of conventional disturbance observer.

proposes a disturbance observer based control method for three-phase
𝐿𝐶𝐿-type inverter as shown in Fig. 4. 𝐺pn(𝑠) is the nominal 𝐿𝐶𝐿 plant

ith appropriate active damping 𝐾c considered. 𝑄(𝑠) is the filter. 𝑖∗2d(𝑠)
is the inner loop reference current signal at 𝑑-axis. 𝑑dtd(𝑠) and 𝑑gvd(𝑠) are
the voltage disturbances caused by the grid voltage distortion and the
dead time effect, which can be aggregated as the voltage disturbance
𝑑ud(𝑠) in the 𝑑-axis.

𝑑ud(𝑠) = 𝑑dtd(𝑠) + 𝑑gvd(𝑠) (6)

𝑑md(𝑠) is the model uncertainty disturbance caused by the parameter
eviation and coupling effect. 𝑑l(𝑠) is the estimated lumped disturbance
y disturbance observer. Then, as shown in Fig. 4(b), 𝑑md(𝑠) can be

expressed as

𝑑md(𝑠) = [𝐺p(𝑠)𝐺−1
pn (𝑠) − 1][𝑢r (𝑠) + 𝑑dtd(𝑠) + 𝑑gvd(𝑠)] (7)

Then, 𝑑dtd(𝑠), 𝑑gvd(𝑠) and 𝑑md(𝑠) can be aggregated as the lumped
disturbances 𝑑l(𝑠).

𝑑l = 𝑑dtd(𝑠) + 𝑑gvd(𝑠) + 𝑑md(𝑠) (8)

It can be seen from Fig. 4(c) that the estimated lumped disturbance
an be expressed as

l̂(𝑠) = 𝑄(𝑠)𝑑l(𝑠) (9)

Then, as shown in Fig. 4(c), the output current 𝑖2d(𝑠) is obtained as

(𝑠) = 𝐺 (𝑠)𝑖∗ (𝑠) + 𝐺 (𝑠)𝑑 (𝑠) (10)
2d ii 2d di l

4

here

ii(𝑠) = 𝐺c𝐺pn∕(1 + 𝐺c𝐺pn) (11)

𝐺di(𝑠) = (1 −𝑄)𝐺pn∕(1 + 𝐺c𝐺pn) (12)

Defining 𝐷e(𝑠) is the error between the actual lumped disturbance
𝑑l(𝑠) and the estimated disturbance 𝑑l(𝑠), which can be expressed as

𝐷e(𝑠) = 𝑑l − 𝑑l(𝑠) (13)

Substitute (9) into (13) , and yields

𝐷e(𝑠) = [1 −𝑄(𝑠)]𝑑l(𝑠) (14)

According to the Final-value theorem, one obtains

𝐷e(∞) = lim
𝑡→∞

𝐷e(𝑡) = lim
𝑠→0

𝑠𝐷e(𝑠)

= lim
𝑠→0

[1 −𝑄(𝑠)]lim
𝑠→0

𝑠𝑑l(𝑠) = lim
𝑠→0

[1 −𝑄(𝑠)] lim
𝑡→∞

𝑑l(𝑡)
(15)

It can be observed from (15) that the disturbance rejection per-
formance of disturbance observer is closely related to the design of
filter 𝑄(𝑠). In general, the lumped disturbance 𝑑l(𝑠) is bounded, and
the 𝑄(𝑠) filter is designed to be low-pass filter. In the bandwidth of the
filter, i.e., 𝑄(𝑠) = 1, the lumped disturbance can be effectively estimated
and compensated according to the final-value theorem. Therefore, the
actual controlled plant is equivalent to the nominal one at low frequen-
cies. Furthermore, considering that the inverse of the controlled plant
is generally improper, the relative degree of 𝑄(𝑠) should be guaranteed
not less than that of 𝐺pn(𝑠), which makes 𝑄(𝑠)𝐺−1

pn (𝑠) realizable.
However, it is important to note that the current distortion distur-

bance caused by the dead time effect and the grid voltage distortion is
multi-frequencies ac-component disturbances. The lumped disturbances
at inverter output current can be expressed as dc-component and
ac-component periodic disturbances.

𝑑l(𝑡) = 𝑑(𝑡) +
𝑘
∑

𝑗=1
𝐴m𝑗 sin(𝜔𝑗 𝑡 + 𝜙𝑗 ) (16)

The first term on the right side of Eq. (16) is dc-component periodic
disturbances, and the second term is a bounded ac-component periodic
disturbances. According to the internal model principle, the periodic
disturbances 𝑑l(𝑠) can be completely estimated and compensated if the
transfer function (12) in the DOB loop includes the model of that
disturbance. The conventional simple low-pass filter 𝑄(𝑠) in the DOB
introduces phase lagging effect and cannot provide complete compen-
sation for ac-component periodic disturbances, which are caused by the
dead time effect and the grid voltage distortion. Therefore, a new DOB
including the model of the ac-component periodic disturbances at the
desired frequencies should be considered.

4. Proposed frequency adaptability fractional order harmonic dis-
turbance observer

4.1. Frequency adaptability fractional order harmonic disturbance observer

To overcome the problem as mentioned in Section 3, the DOB
should be designed to be effective against the low-order harmonic
currents. According to the internal model principle, the model of the
low-order current disturbances signal should be included in the DOB.
For a sinusoidal signal, the model of sinusoidal signal is 𝐺(𝑠) = 𝜔∕(𝑠2 +
𝜔2). Then, one way to design DOB is to choose 𝑄(𝑠) filter as 𝑄(𝑠) =
𝐺(𝑠) = 𝜔∕(𝑠2 + 𝜔2). However, if the disturbance signal contains multi-
frequencies components, multiple internal models have to be set for
each frequency signal, which results in the controller to be very com-
plicated and is not suitable for engineering application. Thus, it is
necessary to find a new internal model to describe multi-frequencies
ac-component disturbance signals.
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Fig. 5. Block diagram of 𝐿𝐶𝐿-type inverter system with frequency adaptability FOHDO based current controller in 𝑑𝑞-frame.
The low-order harmonic current disturbance is periodic, that is,
l(𝑠) = 𝑑l(𝑠)𝑒−𝑇1𝑠 = 𝑑l(𝑠)𝑒−𝑁𝑇s𝑠, where 1∕𝑇1 and 1∕𝑇s are the fundamen-

tal frequency and the sampling frequency, or 𝑑l(𝑧) = 𝑑l(𝑧)𝑧−𝑁 , where
𝑧 = 𝑒𝑗𝛺, 𝛺 = 𝜔𝑇s ∈ [0, 𝜋], 𝑁 = 𝑖𝑛𝑡[𝑓s∕𝑓1] is the integer sampling
point in a fundamental period. Since the frequencies of 𝑑l(𝑧) are known
and contain dc-component disturbances, ac-component disturbances of
grid fundamental frequency and their multiple, then its internal model
(1 − 𝑧−𝑁 ) is also known. According to the internal model principle,
it is known that the zeros of the transfer function 𝐺di(𝑧) from the
disturbances 𝑑l(𝑧) to the inverter output current 𝑖2d(𝑧) given by

𝑖2d(𝑧) = 𝐺di(𝑧)𝑑l(𝑧) =
(1 −𝑄)𝐺pn

(1 + 𝐺c𝐺pn)
𝑑l(𝑧) (17)

contain the roots of 𝑑l(𝑧) = (1 − 𝑧−𝑁 ), then the effect of the periodic
disturbances 𝑑l(𝑧) is eliminated on the inverter output current 𝑖2d Jafari
et al. (2015). In other words, this means that the internal model (1 −
𝑒−𝑇1𝑠) or (1 − 𝑧−𝑁 ) should be included in the numerator of (1 − 𝑄) in
Eq. (17). Therefore, this paper proposes an HDO design approach based
on an infinite impulse response (IIR) filter to estimate and remove the
periodic disturbance including the dead time effect, the grid voltage
distortion and the parameter mismatches. The analysis is based on the
𝑧-domain for the purpose of digital implementation.

The transfer function of this IIR filter can be written in the following
general form (Karaboga, 2009)

𝑄(𝑧) =
∑𝐽

𝑖=0 𝑏𝑖𝑧
−𝑖

1 −
∑𝑀

𝑖=1 𝑎𝑖𝑧−𝑖
=

𝑋(𝑧)
1 − 𝑌 (𝑧)

(18)

where 𝑀(≥ 𝐽 ) is the filter order, 𝑎𝑖 and 𝑏𝑖 are the filter coefficient.
Hence, the design of this filter should consider the numerator of (1−𝑄)
containing the internal model (1 − 𝑧−𝑁 ), and satisfy

1 − 𝑌 (𝑧) −𝑋(𝑧) = 1 − 𝑧−𝑁 (19)

Let 𝑎𝑖 = 0(𝑖 = 1,… , 𝑁 −1), and 𝑎𝑁 = 𝛼, (0 < 𝛼 < 1) i.e. 𝑌 (𝑧) = 𝛼𝑧−𝑁 ,
and yields 𝑋(𝑧) = (1 − 𝛼)𝑧−𝑁 . Then, one can obtain as

𝑄(𝑧) = (1 − 𝛼)𝑧−𝑁∕(1 − 𝛼𝑧−𝑁 ) (20)

It can be seen from Eqs. (17) and (20) that the numerator of the
transfer function 𝐺di(𝑧) in (17) contains the internal model of sinusoidal
signal (1 − 𝑧−𝑁 ), which means that HDO can effectively estimate and
suppress the low-order harmonics current. However, with the proposed
𝑄 filter, the HDO in Fig. 4 still has the following issues: (1) 𝐺−1

Pn
(𝑧) is

improper and sensitive to the measurement noise; (2) 𝑄 filter needs
sufficient attenuation ability at high frequencies to ensure the system
stability; (3) To improve the stability of the HDO-based control system,
time delay compensation should be considered (Baghaee et al., 2017;
Wang et al., 2016); (4) Enhancing the frequency adaptability of the
5

proposed HDO with a fixed sampling rate can perform high-quality dis-
turbances suppression ability even in the presence of the grid frequency
deviations.

For the first issue, a second-order low-pass filter 𝐺l(𝑠) is introduced
to make the 𝐺−1

Pn
𝐺l proper and to decrease the gain of 𝐺−1

Pn
in the

high-frequency region.

𝐺l(𝑠) = 1∕(𝜏𝑠+1)2 (21)

where 𝜏 is the time constant of the second-order low pass filter.
For the second issue, a zero-phase low pass filter (ZPF) 𝐺zpf (𝑧) can

be introduced to the HDO. A general form of ZPF is

𝐺zpf (𝑧) = ℎ(0) +
𝑚
∑

𝑛=1
ℎ(𝑛)(𝑧𝑛 + 𝑧−𝑛) (22)

where 𝑚 and ℎ(𝑛) are the order and the coefficient of ZPF.
For the third issue, considering that the controlled plant 𝐺p(𝑧)

contains 1.5𝑇s delay time (Wang et al., 2016), 2 steps leading compen-
sation 𝑧2 is introduced into the output channel of HDO to compensate
the time delay. The stability analysis with and without time delay
compensation of the FOHDO can be seen in Fig. 10.

The ideal HDO can estimate and suppress any period harmonic
disturbances. However, in a practical distribution network, the grid
frequency 𝑓1 is often time-varying in a certain range, e.g., due to
uncertainties of the generation power and load. The performance of
the proposed HDO may be degraded if the ratio 𝑓s∕𝑓1 is fractional.

To acquire the frequency adaptability of the proposed HDO method,
the Lagrange interpolation polynomial Finite-impulse-response (FIR)
filter was introduced in the proposed HDO loop. Assuming that 𝑓s∕𝑓1 =
𝑁+𝐹 , in which 𝑁 is the integer part and 𝐹 (0 ≤ 𝐹 < 1) is the fractional
order (FO) part, then the FO delay 𝑧−𝐹 in the HDO can be approximated
by a Lagrange interpolation polynomial as (Yang et al., 2016):

𝑧−𝐹 ≈
𝐿
∑

𝑘=0
𝐴𝑘𝑧

−𝑘 (23)

where 𝐿 is the length of Lagrange-interpolation-based FIR filter, 𝐴𝑘 is
the Lagrange interpolation polynomial coefficient , and 𝑘 = 0, 1, 2,… , 𝐿.
The coefficient 𝐴𝑘 can be expressed as

𝐴𝑘 =
𝐿
∏

𝑗=0,𝑗≠𝑘

𝐹 − 𝑗
𝑘 − 𝑗

(24)

Specifically, if 𝐿 = 1 in (24), (23) corresponds to a linear interpo-
lation with 𝑧−𝐹 ≈ (1 − 𝐹 ) + 𝐹𝑧−1. Considering the FO part 𝑧−𝐹 and
substituting (23) and (24) into (20) , the (20) is updated as

𝑄(𝑧) =
(1 − 𝛼)𝑧−𝑁

∑𝐿
𝑘=0 𝐴𝑘𝑧−𝑘

−𝑁 ∑𝐿 −𝑘
(25)
1 − 𝛼𝑧 𝑘=0 𝐴𝑘𝑧
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𝐾p = 2.5 and 𝐾c = 3.5.
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Considering the four issues mentioned above, a block diagram of
the proposed frequency adaptability FOHDO control for the three-phase
𝐿𝐶𝐿-type inverter system is shown in Fig. 5. The general approach
of the proposed frequency adaptability FOHDO in Fig. 5 can suppress
periodic (ac or dc) signals with arbitrary fundamental frequency. The
periodic disturbances, which are mainly caused by the dead-time ef-
fect, the grid voltage distortion, the grid frequency deviation and the
parameter mismatches, can be estimated and compensated to achieve
high quality grid-connected currents. Moreover, the proposed FOHDO
is located at the feedforward path for the current loop controller, which
is different from the RC controller’s feedback path. Therefore, a fast
step response without distortion of the grid-connected currents can be
obtained with the proposed FOHDO.

4.2. Stability and robustness analysis

Theorem 1. For the FOHDO controlled system depicted in Fig. 5, the
closed-loop system is stable if the following two conditions are satisfied:

(i) 𝐺C(𝑧)𝐺p(𝑧)∕(1 + 𝐺C(𝑧)𝐺p(𝑧)) is stable;
(ii) ‖𝐻(𝑧)‖∞ < 1.

where

𝐻=𝛼 −
(1 − 𝛼)𝐺zpf𝑧2(𝐺p𝐺−1

pn 𝐺l − 1)

1 + 𝐺C𝐺p
(26)

roof. The transfer function of the reference value 𝑖∗2d(𝑧) and the
oltage disturbance 𝑑ud(𝑧) (𝑑ud(𝑧) = 𝑑dtd(𝑧) + 𝑑gvd(𝑧)) to the output
urrent 𝑖2d(𝑧) in Fig. 5 can be obtained as

2d(𝑧) = 𝐺ii(𝑧)𝑖∗2d(𝑧) + 𝐺di(𝑧)𝑑ud(𝑧) (27)

here

ii(𝑧) =
1 − 𝛼𝑧−𝑁−𝐹

1 − 𝑧−𝑁−𝐹𝐻

𝐺c𝐺p

1 + 𝐺c𝐺p
(28)

𝐺di(𝑧) =
1 − 𝑧−𝑁−𝐹 𝑇
1 − 𝑧−𝑁−𝐹𝐻

𝐺p

1 + 𝐺c𝐺p
(29)

𝑇 (𝑧) = 𝛼 + (1 − 𝛼)𝑧2𝐺zpf (30)

In 𝑧-domain, the system is asymptotically stable if and only if all
roots of (27) are in unity circle. Based on (27) and the small gain
theorem (Hassan, 2002), the sufficient criterion of stability can also be
expressed as ‖𝐻(𝑧)‖∞ < 1. Moreover, 𝐺C(𝑧)𝐺p(𝑧)∕(1+𝐺C(𝑧)𝐺p(𝑧)) must
also be stable to stabilize the whole system; in other words, the closed-
loop system must be stable before adding the FOHDO controller. ■

An example of a robust stability analysis is provided in Fig. 11.
 t

6

Fig. 7. Frequency characteristics of anti-disturbance of 𝐺di(𝑧) with different 𝛼 value.

Table 1
𝐿𝐶𝐿-type inverter system parameters.

Symbol Quantity Value

𝑢sa Grid voltage rms value 110 V
𝑓1 Fundamental frequency 50 Hz
𝑢dc DC-link voltage 400 V
𝐿1 Inverter side inductor 1.0 mH
𝐿2 Grid side inductor 0.6 mH
𝐶f Filter capacitor 20 μF
𝑓s∕𝑓sw Sampling freq./switching freq. 10 kHz

Remark 1. It can be seen from (29) that the harmonics disturbance can
e effectively suppressed at frequencies due to {1 − 𝑧−𝑁−𝐹 𝑇 (𝑧)} ≈ 0.
voiding additional phase-lag in 𝑇 (𝑧) introducing by 𝐺zpf , 𝐺zpf can be
elected as a zero-phase low pass filter.

.3. Parameters design and performance evaluation

The main parameters of the inverter system are shown in Table 1.
he control parameters of the proposed FOHDO based control method

n this paper include active damping 𝐾c, PI controller 𝐺c, FOHDO
ontroller (including gain 𝛼, 𝐺l(𝑧), 𝐺zpf (𝑧) and 𝐿). Due to the high-order
nd the resonant characteristics of 𝐿𝐶𝐿-filter, which could increase the
ifficulty of designing FOHDO in 𝐿𝐶𝐿 inverter application, the design
etails are presented as follows.

The capacitor current feedback active damping 𝐾c is very effective
nd commonly used in engineering for 𝐿𝐶𝐿 resonant suppression. The
yquist curve of 𝐻(𝑧) with different 𝐾c value is shown in Fig. 6(a).
he active damping 𝐾c can effectively suppress the resonant peak of
𝐶𝐿 filter, and change the amplitude–frequency characteristics near

he resonant frequency 𝑓r . The larger 𝐾c, the better damping effect
or suppressing the resonant peak. However, due to the time delay in
he digital controller, excessive active damping 𝐾 reduces the stability
c
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Fig. 8. Frequency characteristics of 𝐻(𝑧) with different time constant of the
econd-order low-pass filter 𝐺l(𝑧).

Fig. 9. Frequency characteristics of 𝐺di(𝑧) with different cut-off frequency of ZPF.

Fig. 10. Stability analysis with and without time-delay compensation of the proposed
OHDO.

argin of the system (Ruan, 2018). Thus, 𝐾c = 3.5 is chosen. Fig. 6(b)
shows the Nyquist curve of 𝐻(𝑧) with different 𝐾p value. The selection
f 𝐺c parameters should ensure that 𝐺p∕(1 + 𝐺c𝐺p) is stable; further-
ore, since the HDO channel can be considered to be disconnected in
 H

7

Fig. 11. Robustness analysis under the 𝐿𝐶𝐿 filter parameter mismatches.

Fig. 12. Frequency characteristics of 𝐺di(𝑧) with PI, DOB and FOHDO control for
𝐶𝐿-type inverter.

Fig. 13. Frequency characteristics of 𝐺di(𝑧) with frequency deviation.

the transient process, the dynamic performance is mainly determined
by the PI controller. A larger 𝐾p can improve the transient response;
owever, also decrease the stability margin of the controller. Then,
p = 2.5 is chosen in this paper. The integral term 𝐾i∕𝑠 can be designed

o have a negligible influence on system stability (Liserre et al., 2006),
nd 𝐾i = 10 is chosen.

Fig. 7 shows the disturbance suppression performance of the FO-
DO with different 𝛼. It can be observed that the proposed FOHDO
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has much better harmonic disturbance suppression performance in
harmonic frequencies. However, if 𝛼 is chosen to be too small, the
proposed FOHDO can be sensitive to frequency variation and degrade
the disturbance rejection performance at the nominal frequency or
even lead to unstable. The Nyquist curve of 𝐻(𝑧) in (26) is showed
in Fig. 6(c). As it can be seen, the stability condition always meets
due to ‖𝐻‖∞ < 1 with 𝛼 = 0.9. If 𝛼 is too small, such as 𝛼 = 0.4,
the stability condition cannot be satisfied due to ‖𝐻‖∞ > 1. Due to
the high-order and resonant characteristics of 𝐿𝐶𝐿 filter, the control
parameters selection range is reduced. Therefore, 𝛼 is chosen as 0.9 in
this paper.

Because the inverse of the nominal controlled plant 𝐺−1
pn (𝑧) has

high gain in the high frequencies, the stability margin of the system
is reduced. Therefore, the second-order low-pass filter 𝐺l(𝑧) can be
connected in series to provide high frequencies attenuation. Fig. 8
shows the frequency characteristics of 𝐻(𝑧) with different time constant
𝜏 of the second-order low-pass filter 𝐺l(𝑧). The too small time constant
𝜏 may amplify the resonant peak of 𝐿𝐶𝐿 filter. Therefore, the time
constant of 𝐺l(𝑧) = 1∕(𝜏𝑠+1)2 is chosen to be 0.001. The inverse of the
nominal controlled plant 𝐺−1

pn (𝑧) can be approximated as 1∕𝑠(𝐿1 + 𝐿2).
Then, the discrete transfer function 𝐺l(𝑧)𝐺−1

pn (𝑧) can be obtained as


(

𝐺l(𝑠)𝐺−1
pn (𝑠)

)

= 0.07256𝑧2 − 0.07256
𝑧2 − 1.81𝑧 + 0.8186

(31)

The 𝐺zpf (𝑧) can increase the attenuation ability in high frequencies
and enhance the robustness of the system. The higher order of 𝐺zpf (𝑧) is,
the better effect of the filter, however, the design is more complicated.
Fig. 9 shows the frequency characteristics of 𝐺di(𝑧) with different cut-
off frequency of 𝐺zpf (𝑧). Smaller cut-off frequency of 𝐺zpf (𝑧) decreases
the disturbances suppression ability of the proposed FOHDO method.
In this paper, the cut-off frequency of 𝐺zpf (𝑧) is chosen as 1800 Hz, then
𝐺zpf (𝑧) can be expressed as

𝐺zpf (𝑧) = 0.25(𝑧 + 2+𝑧−1) (32)

Fig. 10 shows stability analysis with and without time-delay com-
pensation of the proposed FOHDO. It can be seen that the FOHDO
controlled system is unstable without time-delay compensation.

The stability analysis of the proposed FOHDO with the selected
control parameters under parameter mismatches has been investigated,
as shown in Fig. 11. The following two different parameter mismatches
cases are studied: (1) The 𝐿𝐶𝐿 filter parameters are 50% larger than
the nominal values: 𝐿𝐶𝐿 = 150%𝐿𝐶𝐿n (𝐿1 = 150%𝐿1n, 𝐶f = 150%𝐶fn,
𝐿2 = 150%𝐿2n); (2) The 𝐿𝐶𝐿 filter parameters are 50% smaller than
the nominal values: 𝐿𝐶𝐿 = 50%𝐿𝐶𝐿n (𝐿1 = 50%𝐿1n, 𝐶f = 50%𝐶fn,
𝐿2 = 50%𝐿2n). It can be seen that the Nyquist curve of 𝐻(𝑧) always
located within the unit circle, which means that the proposed method
is robust to the 𝐿𝐶𝐿 filter parameter mismatches.

The 𝐺di(𝑧) frequency characteristics with PI, DOB, and FOHDO
control methods are illustrated in Fig. 12. It can be observed that the
I method has a poor ability to suppress the harmonic disturbance
aused by the grid voltage distortion and the dead time effect. The dc
nd low-order frequency attenuation efficiency is enhanced by applying
he DOB. However, the attenuation performance of DOB still needs
o be improved at multiples of 𝑓1, for example −18.1 dB at 300 Hz.
emember that, in practical power grids, low frequency and medium

requency disturbances still occur. On the contrary, it can be seen that
he proposed FOHDO method outperforms with much smaller gain at
ach harmonic frequency compared to the conventional PI and DOB
ethods. Therefore, the proposed FOHDO method explicitly dramati-

ally enhances the capacity for disturbances to reject multiples of 𝑓1,
ndicating that the harmonic disturbances suppression performance has
ignificantly enhanced by adopting the proposed FOHDO method.

Fig. 13 shows the magnitude–frequency response of anti-disturbance
f 𝐺di(𝑧) when grid frequency deviates from nominal value 50 Hz to
9.8 Hz under a fixed sampling frequency of 10 kHz with and without
onsidering fractional order part 𝐹 = 0.8. It can be observed that
8

Fig. 14. Experimental setup of a three-phase three-wire inverter system.

Fig. 15. Experimental result of the steady-state three-phase output current with 𝛼 = 0.9:
(a) Grid-side current; (b) Inverter-side current.

Fig. 16. Experimental results of grid-side current with different 𝛼 in FOHDO: (a)
𝛼 = 0.7; (b) 𝛼 = 0.5.

the HDO method cannot exactly estimate and compensate low-order
harmonic frequencies due to its not small enough attenuation gains
for anti-disturbances. Therefore, HDO is sensitive to the grid frequency
deviations. The FO delay 𝑧−𝐹 can be well approximated by a Lagrange
interpolation as shown in (23). In this paper, a linear interpolation is
employed to enhance the frequency-deviation-immunity of the FOHDO
as follows.

𝑧−𝐹 ≈ (1 − 𝐹 ) + 𝐹𝑧−1 (33)

The attenuation gains of FOHDO are retained small enough of the
harmonic frequencies of interest. For instance, when the grid frequency
deviates from nominal value 50 Hz to 49.8 Hz, the corresponding
attenuation gain at the sixth-order harmonic frequency drops from
−18.4 dB for the HDO to −26.7 dB for the FOHDO.

5. Experimental and simulation results

This section shows the experimental results based on a three-phase
three-wire inverter prototype to verify the proposed FOHDO control
method. The experimental setup consists of a three-phase 𝐿𝐶𝐿-type
inverter, grid simulator, touchscreen interface and oscilloscope Tex
2024B, as shown in Fig. 14. The detailed experimental parameters are
shown in Table 1. The simulation parameters are the same with that
of the experiment. The THDs results were acquired by importing data
of oscilloscope into Matlab. The Infineon IGBT module FF450R12KT4

and Concept driver 2SC0108T were configured to build the two-level



Fig. 17. Comparative experimental results with different control methods for three-phase 𝐿𝐶𝐿-type inverter with 4 μs dead time: (a) PI method; (b) DOB method; (c) PI–RC
method; (d) Proposed FOHDO method.
).
Fig. 18. The harmonic spectrum of the experimental results of the injected grid
currents among the PI, DOB, PI–RC and the proposed FOHDO methods under 4 μs
dead time.

three-phase three-wire 𝐿𝐶𝐿-type inverter. The experimental tests of the
proposed FOHDO controller, DOB controller (Chen et al., 2016), PI–RC
controller (Yang et al., 2018) and PI controller (Ruan, 2018) were car-
ried out under various conditions. The detailed control parameters for
the proposed FOHDO and PI controller in experiment are summarized
as follows: 𝛼 = 0.9, 𝐺l(𝑧) = 1∕(0.001𝑠 + 1)2, 𝐺zpf (𝑧) = 0.25(𝑧 + 2+𝑧−1),
𝐾p = 2.5, 𝐾c = 3.5, 𝐾i = 10. The RC harmonic compensator is expressed
as

𝐺RC(𝑧) =
𝑄RC(𝑧)𝑧−𝑁

1 −𝑄RC(𝑧)𝑧−𝑁
𝑆(𝑧) (34)

where 𝑄RC(𝑧) = 0.97 is chosen in the experiment, and 𝑆(𝑧) = 𝑘RC𝑧𝑚𝐺LF(𝑧
The RC gain is designed as 𝑘RC = 1.4 in terms of steady-state tracking
error and stability. The phase-lead compensator 𝑚 is determined in
experimental tests and chosen as 𝑚 = 5. 𝐺LF(𝑧) = (0.1255𝑧2 + 0.251𝑧 +
0.1255)∕(𝑧2−0.799𝑧+0.281) is a second-order low-pass filter to improve
the controller robustness.

5.1. Case 1: Experimental results of steady-state and parameter tuning

Fig. 15 shows the steady-state grid-side and inverter-side currents
under grid frequency of 50.0 Hz and dead time of 4𝜇𝑠. The high
frequencies switching current ripples are filtered out by 𝐿𝐶𝐿 filter.
Moreover, the interface shows that the output current is 15.0 A(rms)
when the reference reactive current is set as 15 A, indicating that
the proposed FOHDO method has an excellent steady-state tracking
performance.

The experimental results of the grid-side current obtained by the
proposed FOHDO controller with different 𝛼 are shown in Fig. 16. It
9

Fig. 19. Comparative simulation results of THDs of the output current with different
control methods under different dead-time 𝑡d.

can be observed that the too small gain 𝛼 of FOHDO leads to system
instability, as shown in Fig. 16(b) with 𝛼 = 0.5.

5.2. Case 2: Experimental and simulation results under dead time effect

In order to verify the periodic disturbances suppression performance
of the proposed FOHDO method, the dead time is set to be 4 μs in
the experiment test, and the reference reactive output current of the
inverter is set to 𝑖∗2q = 15 ∗ 1.414A. Fig. 17 show the comparative
experimental results among the PI, DOB, PI–RC and the proposed
FOHDO methods for 𝐿𝐶𝐿-type inverter. The harmonic spectrum of the
injected grid currents shown in Fig. 17 is presented in Fig. 18. As shown
in Fig. 17(a), having the dead time of 4 μs in the SPWM signal, due to
the dead time effects, phase currents are distorted using the PI method.
The phase current contains lots of lower-order harmonics, and the total
harmonic distortion (THD) reaches 5.06%. Beneficial from DOB, the
steady-state performance is improved and THD decreases to 3.53%.
However, compared with the PI–RC and the proposed FOHDO, the
conventional DOB scheme has a relatively poor performance on sup-
pressing the harmonics disturbances, as shown the harmonic spectrum
in Fig. 18, which means the weak ac-component periodic disturbances
suppression ability of DOB. In comparison, the PI–RC method and the
proposed FOHDO method can greatly remove the dead time effect.
The THD of grid-side current with the PI–RC method is 3.11% as
shown in Fig. 17(c). The THD of grid-side current with the FOHDO
method is 2.86%, as shown in Fig. 17(d). Obviously, both PI–RC and
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Fig. 20. Comparative experimental results with different control methods for three-phase 𝐿𝐶𝐿-type inverter under 0.05 pu 5th and 0.03 pu 7th harmonics of grid voltage: (a) PI
method; (b) DOB method; (c) PI–RC method; (d) Proposed FOHDO method.
Fig. 21. The harmonic spectrum of the experimental results of the injected grid
currents with different control methods under 0.05 pu 5th and 0.03 pu 7th harmonics
of grid voltage.

FOHDO methods have a significant compensation performance against
the dead time effect, which greatly reduce the THD of the inverter
output current. The presented figures also indicate that the output
current is about 15.0 A(rms) when the reference reactive current is set
as 15 A(rms), which means that all of the four controllers can track the
reference value without steady-state error. One could conclude that,
compared with the PI and DOB methods, the proposed FOHDO method
is able to effectively suppress ac-component periodic disturbances and
attain good steady-state tracking performance.

Fig. 19 shows the comparative simulation results of THDs of the
a-phase output current with different control methods under different
dead-time 𝑡d. In practical engineering, the dead time is always chosen
as 2 μs ∼ 5 μs with 𝑓sw = 10 kHz (Yang et al., 2018). It shows that
s 𝑡d increases, the harmonic content rises using PI and DOB methods,
hich means the weak ac-component periodic disturbances suppression
bility of DOB. As expected, the simulation and experiment results are
onsistent and provide the essential evidence of strong ac-component
eriodic disturbances suppression ability with the proposed FOHDO
o guarantee high-quality current even under ac-component periodic
isturbances.

.3. Case 3: Experimental results under grid voltage distortion

In order to verify the control performance of the proposed FOHDO
nder the grid voltage distortion, the grid voltage contains 0.05 pu 5th
nd 0.03 pu 7th harmonics, and the output current of the inverter is
et to 𝑖∗ = 15 ∗ 1.414 A. Fig. 20 shows the comparative experimental
2q
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results among the PI, DOB, PI–RC and the proposed FOHDO methods
for three-phase 𝐿𝐶𝐿-type inverter under 0.05 pu 5th and 0.03 pu
7th harmonics of grid voltage. When the grid voltage distortion and
the dead time effect are considered at the same time, the output
current quality using the PI method has further deteriorated, and the
THD reaches 7.04%, as shown in Fig. 20(a). The THD of grid-side
current with the conventional DOB method is up to 5.87%, as shown
in Fig. 20(b). In contrast, as shown in Fig. 20(c) and (d), both PI–
RC and FOHDO methods show better grid voltage distortion rejection
performance for 𝐿𝐶𝐿-type inverter. Under the grid voltage distortion,
the THDs of the output current by PI–RC and FOHDO methods are
3.24% and 3.23%, respectively. Fig. 21 shows the harmonic spectrum
of the experimental results of the injected grid currents with different
control methods under 0.05 pu 5th and 0.03 pu 7th harmonics of
grid voltage. It is in agreement with the conclusion that the proposed
FOHDO method can suppress the injected grid current ac-component
harmonics caused by the grid voltage distortion effectively.

Therefore, it can be concluded that the proposed FOHDO method
has an excellent ac-component periodic disturbance rejection perfor-
mance to eliminate the harmonic currents caused by the grid voltage
distortion for 𝐿𝐶𝐿-type inverter.

5.4. Case 4: Experimental results under grid frequency deviation

The objective of this experiment is to investigate the effectiveness of
the proposed frequency adaptability FOHDO method for 𝐿𝐶𝐿 inverter
system under variation of the grid frequency. The grid frequencies were
programmed at 50.2 Hz and 49.8 Hz. If 𝑓1 = 50.2 Hz, 𝑓s∕𝑓1 = 199.2 is
fractional. If 𝑓1 = 49.8 Hz, 𝑓s∕𝑓1 = 200.8 is also fractional. In these con-
ditions, the harmonic disturbance performance of the proposed HDO
is significantly degraded. Fig. 22 shows the comparative experimental
results between the proposed HDO and FOHDO for three-phase 𝐿𝐶𝐿-
type inverter with grid frequency ± 0.2 Hz deviation. It can be seen
from Fig. 22(a) and (c) that the inverter output current is severely
distorted (e.g., THD = 5.16% if 𝑓1 = 50.2 Hz, and THD = 4.71% if 𝑓1 =
49.8 Hz) without considering fractional order approximation for HDO
method. In contrast, a linear interpolation to enhance the frequency
adaptability of the proposed FOHDO was conducted. As a result, in
the case of frequency deviations caused by the grid disturbances, it
is indicated in Fig. 22(b) and (d) that the FOHDO produces excellent
sinusoidal output current with very low THD (e.g., THD = 3.11% if
𝑓 = 50.2 Hz, and THD = 2.91% if 𝑓 = 49.8 Hz).
1 1
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Fig. 22. Comparative experimental results between the proposed HDO and FOHDO methods for three-phase 𝐿𝐶𝐿-type inverter under grid frequency deviation: (a) HDO under
grid frequency of 50.2 Hz; (b) FOHDO under grid frequency of 50.2 Hz; (c) HDO under grid frequency of 49.8 Hz; (d) FOHDO under grid frequency of 49.8 Hz.
Fig. 23. Comparative experimental results of step-up transient performance: (a) PI–RC
ethod; (b) FOHDO method.

.5. Case 5: Experimental and simulation results under transient response

This part is to test the transient performance for the proposed
OHDO. With considering the 4 μs dead time, the reference reactive

current (𝑖∗2q = 15 ∗ 1.414 A to 25 ∗ 1.414 A) step-up and (𝑖∗2q =
25 ∗ 1.414 A to 10 ∗ 1.414 A) step-down response are carried out
between the PI–RC and the proposed FOHDO. Figs. 23 and 24 show
the comparative experiment and simulation results of step-up and
step-down transient response performance between the PI–RC and the
proposed FOHDO method, respectively. As shown in Figs. 23(b) and
24(b), the proposed FOHDO controller has a fast dynamic performance
under the current reference step, and it can be found that the current
flows smoothly without distortion during the transient response. The
transient time is about 2 ms. The FOHDO feedforward channel can
estimate and compensate the disturbance voltage caused by the dead
time effect, while the feedback PI regulator guarantees the fast dynamic
response. However, as shown in Figs. 23(a) and 24(a), the PI–RC

ethod has a relatively poor transient response and current distortion
erformance compared with the proposed FOHDO method. The reason
s that the RC channel is located at the feedback loop of the current
ontroller while the FOHDO channel is located at the feedforward loop.
here exists control coupling between PI and RC regulators at the
eedback loop, which propagates the large error 𝑒 = 𝑖∗2q−𝑖2q at step time
nto the next fundamental period and cause distortion of the inverter
utput current. Thus, the proposed FOHDO method is superior to the
I–RC method in terms of transient response.

.6. Case 6: Experimental results under parameter mismatches

In order to verify the robustness of the proposed FOHDO against
he parameter variation, two kinds of parameter mismatches, i.e., grid-
ide inductor parameter deviation 𝐿 = 150%𝐿 and grid impedance
2 2n
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Fig. 24. Comparative simulation results of step-down transient performance: (a) PI–RC
method; (b) FOHDO method.

Fig. 25. Schematic diagram for testing the control performance of the parameter
mismatches: (a) grid-side inductor parameter deviation 𝐿2 = 150%𝐿2n; (b) grid
impedance deviation 𝐿g = 50%𝐿2n.

deviation 𝐿g = 50%𝐿2n, were carried out as shown in Fig. 25. The
dead time is maintained at 4 μs. Figs. 26 and 27 present the compara-
tive experimental results for performance evaluation of PI, PI–RC and
FOHDO under the grid-side inductor 𝐿2 and the grid impedance 𝐿g
deviation, respectively. As can be seen from the experimental results,
the three-phase output currents are well regulated with the PI–RC and
the proposed FOHDO method. The experimental results demonstrate
the ability of the proposed FOHDO to maintain the stability of 𝐿𝐶𝐿-
type inverter system under the 𝐿𝐶𝐿 filter and the grid impedance
parameter mismatches.

5.7. Case 7: On-field test results

The on-field industry application is also considered, which is the
motivation for us to explore high performance controller under com-
plex real power grid operating conditions. The detailed parameters of
100 kVA three-phase four-wire 𝐿𝐶𝐿-type inverter system are shown
as following: 𝐿1 = 0.2 mH, 𝐿2 = 0.05 mH, 𝐶f = 40 μF, 𝑓s = 10 kHz,
𝑢sab = 380 V, 𝑡d = 4 μs, IGBT FF450R12KT4 and Concept driver
2SC0108T. Fig. 28 shows the on-field results at 80 A (rms) load. The
waveforms were recorded by Yokogawa DL750. The grid impedance
𝐿 is unknown, and the THD of real power grid voltage is about
g



Fig. 26. Comparative experimental results of the control performance with different control methods when the actual inductance 𝐿2 is changed to 𝐿2 = 150%𝐿2n: (a) PI method;
(b) PI–RC method; (c) FOHDO method.
Fig. 27. Comparative experimental results of the control performance with different control methods when the actual grid inductance 𝐿𝑔 is changed to 𝐿g = 50%𝐿2n: (a) PI method;
(b) PI–RC method; (c) FOHDO method.
Fig. 28. Comparative on-field results at 80 A (rms) output current under real power
grid: (a) PI method; (b) Proposed FOHDO method.

3.46%. Obviously, with the proposed FOHDO method, the output cur-
rent harmonics are greatly reduced with the measured THD of 3.02%.
Therefore, the proposed FOHDO method works well under on-field
operating conditions.

6. Discussion

The detailed experimental and simulation results demonstrate that
the proposed FOHDO method provides a good steady-state tracking
accuracy and excellent ac-component periodic disturbances suppression
ability under grid voltage distortion disturbances, dead time effect, and
grid frequency deviation, as well as parameter mismatches conditions.
Apart from the ac-component periodic disturbances suppression ability,
it has fast dynamic response performance. Compared with the other
applied methods such as PI and DOB methods, it is important to men-
tion that the proposed FOHDO method explicitly enhances the ability
to suppress ac-component periodic disturbances for 𝐿𝐶𝐿-type inverter.
Moreover, compared with PI–RC method, the proposed FOHDO pro-
vides fast transient response without current distortion during step
12
response. As a consequence, the proposed FOHDO approach is suitable
for three-phase inverter system in terms of grid voltage distortion
suppression, dead-time effect compensation, grid frequency variation
adaptability and parametric uncertainties suppression.

It should be highlighted that the proposed FOHDO is suitable for
both 𝐿- and 𝐿𝐶𝐿-type inverters. However, the high-order and the
resonant characteristics of 𝐿𝐶𝐿-filter could affect the stability of the
proposed FOHDO and narrow down the parameter’s selection range.

7. Conclusion

This paper has presented the design and implementation of a novel
FOHDO control solution to eliminate harmonic currents in the three-
phase 𝐿𝐶𝐿-type inverter under nominal grid frequency and frequency
deviation. The following conclusions can be made.

(1) The periodic disturbances, including the dead time effect, the
grid voltage distortion, the grid frequency variation and the parameter
mismatches, can cause significant distortion in the output current of
the 𝐿𝐶𝐿-type inverter.

(2) The proposed FOHDO method for the 𝐿𝐶𝐿 filter inverter can
accurately estimate and eliminate the harmonic disturbances by embed-
ding the internal model of periodic signals into the disturbance observer
feedforward loop. Using the Lagrange interpolation to approximate
fractional order delay in the HDO loop, the HDO has been transformed
to FOHDO being of frequency adaptability, which improves control
performance under the grid frequency variations.

(3) The stability analysis and the detailed parameters design guide-
lines of the proposed FOHDO for 𝐿𝐶𝐿-type inverter are given. The
results show that the high-order and the resonant characteristics of
𝐿𝐶𝐿-filter affect the stability of the proposed FOHDO and narrow down
the range of FOHDO control parameters.

(4) Compared with the PI, the conventional DOB and the PI–RC
methods, the proposed FOHDO method shows the following features.

(i) The FOHDO method explicitly enhances the ability to suppress
the multi-frequencies ac-component periodic disturbances for
𝐿𝐶𝐿-type inverter;
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(ii) The FOHDO method can achieve zero steady-state tracking error
and is robust to the parameter mismatches;

(iii) It has a quicker dynamic response performance without current
distortion during step response;

(iv) The FOHDO method is capable of frequency adaptability.

(5) The effectiveness and superiority of the proposed FOHDO
ethod have been verified by the experiment and simulation tests.

The proposed FOHDO offers a promising control strategy for a
hree-phase 𝐿𝐶𝐿-type inverter to improve output current quality.
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