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Separate-Structure UDE-Based Current Resonant
Control Strategy on LCL-Type Grid-Tied Inverters

With Weighted Average Current Method for
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Abstract—Due to its effective high-frequency suppression ability,
the LCL filter has been widely used between inverters and the grid.
However, its resonance causes system instability. The weighted-
average current (WAC) strategy has been extensively studied to
suppress resonance. By selecting a proper weight factor of the in-
ductor and injected current, the order of the LCL can be reduced to
first without resonance in the control loop, which can significantly
simplify the controller design. Nevertheless, disturbances and un-
certainties in the system will affect the control performance of the
inverter. In this article, for a WAC-form LCL grid-tied inverter, a
separate-structure uncertainty and disturbance estimator (SUDE)
inner-loop control strategy with a zero-phase, low-pass, time-delay
FIR filter is designed in the discrete domain to eliminate the influ-
ence of disturbances and parameter uncertainties on the system,
and a proportional resonant controller is adopted as an outer-loop
controller. By using the proposed FIR filter, the performance in
the rejection of high-frequency harmonics is improved. Moreover,
the stability of the proposed two-degree-of-freedom compound
controller is analyzed in detail, and the superiority and effectiveness
of its robustness to grid impedance and harmonic rejection are
shown. Finally, the proposed strategies are validated on a 2-kW
experimental platform.

Index Terms—Grid-tied inverter,LCLfilter, separate-structure
uncertainty and disturbance estimator (SUDE), time-delay filter,
weighted-average current (WAC) strategy.
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I. INTRODUCTION

AGRID-TIED inverter, an interface connecting distributed
power generation system and a power grid, plays a vital

role in ensuring that high-quality power is injected into the grid.
Due to the harmonics caused by the pulsewidth modulation
(PWM), a filter, of a type such as L, LCL, LCCL, or LLCL,
needs to be adopted in grid-tied inverters. Among these, the
L-type filter has a simple structure. The LCL filter can offer a
relatively stronger filtering ability and allow the use of smaller
inductors to meet harmonic limits, but it has a resonance, which
may cause instability [1], [2]. To stabilize the system, many
approaches have been proposed in the literature, e.g., passive
damping (PD) methods [3] and active damping (AD) methods
[2], [4]–[6]. Benefiting from their low cost, AD methods have
become popular damping techniques in LCL-type grid-tied
inverters.

According to their implementation, the types of AD methods
can be divided into state feedback methods [2], [7], notch filter
methods [8], state-space control methods [9], [10], etc. For the
notch filter, the notch frequency is usually set to the resonant
frequency of the LCL filter. Under nominal conditions, the
resonance can be suppressed by the notch filter, and the system
is stable. However, due to the variations and uncertainties of
the system parameters, the suppression will be ineffective. For
the state-feedback-type AD, two loops are introduced into the
inverter, and then the system can be stabilized by designing
a proper feedback gain. Based on modern control theory, the
state-space control method with high robustness is proposed in
[9]. Still, users needed to have high-level expertise to understand
and implement it because a direct discrete-time pole-placement
strategy and a Kalman filter were used in this article. The
weighted-average current (WAC) strategy [11], a type of AD,
can reduce the order of the controlled part of the LCL-type
inverter from third to first by selecting an appropriate indirect
current to trace the reference current, and there is no resonance
in this control. The WAC strategy can be implemented by both
hardware and software; the hardware approach is implemented
by changing the structure of the circuit (i.e., LCCL), and the
software approach is implemented by selecting the WAC of the
injected current as well as the inductor current as the controlled
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current [11]. Moreover, the whole inverter system with the WAC
strategy consists of a controlled part and an uncontrolled part
[12]–[16]. Resonance may still exist in the uncontrolled part
even though the controlled part can be considered equivalent to
a first-order resonance-free L filter for which it is easy to design
a stable system.

To stabilize the whole inverter system, extra damping needs
to be introduced into the inverter. With the help of the state
feedback AD, an extra feedback loop was investigated in [15]
and [16]. By designing a proper feedback gain, the AD-type
WAC inverter can be stable and has satisfactory performance
under nominal parameter conditions. However, the feedback
gain needs to be carefully designed. Alternatively, as described
in [12]–[14], only a slight PD resistance (the parasitic resis-
tance of the filter capacitor) was required to achieve sufficient
damping performance, which is very convenient in controller
design. Both damping-type WAC strategies have been investi-
gated and obtained satisfactory performance in the literature. In
practice, however, due to the influence of system uncertainties
and disturbances (e.g., the grid, unmodeled dynamics, dead time,
and delays), the preset weight value designed according to the
parameters of the ideal system will not be in line with the actual
weight value, which will make the WAC system fail to reduce to
first-order precisely, and the stability and control performance
will be affected.

Different methods were proposed in recent works to improve
the robustness and disturbance rejection performance of the
WAC inverter. In [13], by selecting a proper weight coefficient of
the WAC and considering the parasitic resistance, the system was
robust to grid-impedance variation, and a proportional-resonant
(PR) regulator was adopted to achieve a zero steady-state error in
the injected current at the fundamental frequency. However, the
PR regulator had difficulty rejecting disturbances other than the
fundamental frequency disturbance [17]. In [12], unlike [13],
a reference-model-tracking-type uncertainty and disturbance
estimator (RUDE) based control strategy for LCCL inverters
was proposed. It combined the uncertainties and disturbances
of the inverter into a total uncertainty and disturbance (TUD),
which was estimated by the measurable state variables of the
inverter. Then, a simple tuning method was proposed in [12].
The waveform quality of the injected current was insufficient,
however, and a grid voltage full feedforward (GVFF) strategy
was adopted in this method, which brought additional positive
feedback of the grid current and might cause the system instabil-
ity [18]. In addition, only the power grid, a known disturbance,
can be compensated by the GVFF strategy[19], which fails in
the case of other unknown disturbances. Therefore, the design
of the uncertainty and disturbance estimator (UDE) based con-
troller for the WAC LCL inverter with satisfactory disturbance
rejection and robustness performance is important.

As investigated in [20] and [21], the combined disturbances of
inverters include a series of harmonics. A time-delay low-pass
filter form UDE can provide better disturbance rejection per-
formance compared with the conventional low-pass filter form
UDE. In [22], a RUDE-based control strategy was proposed
for the LCL grid-tied inverter with capacitor-current-feedback
AD. With the help of a time-delay filter, the injected current

Fig. 1. System topology of a grid-tied inverter with an LCL filter.

quality of the inverter has been improved. However, the de-
sign of the controller in [22] is slightly complicated because
the parameters are coupled with each other. In the literature,
a new type of UDE named the separate-structure uncertainty
and disturbance estimator (SUDE) was proposed first in [20].
Although, under finite bandwidth, the reference model and the
disturbance rejection function are coupled in both the RUDE
[23] and SUDE , they can be designed separately in the SUDE.
The SUDE has been applied to the constant voltage and constant
frequency (CVCF) inverter [24], where a time-delay infinite
impulse response (IIR) low-pass filter SUDE is employed in
the voltage-loop control. Still, a phase lag is introduced by
the low-pass filter. To compensate for the lag, an approximate
compensation implemented easily within a low-frequency range
was proposed.

In this article, compared with those SUDE-based control
strategies with a conventional IIR low-pass filter designed in
the s-domain, a modified SUDE-based control strategy for the
WAC grid-tied inverter is proposed as an inner-loop, which
employs a time-delay, FIR, zero-phase, low-pass filter to reject
the periodic harmonics within the bandwidth of the filter and
regulate the plant toward nominal conditions. Then, a properly
designed PR controller is introduced in the outer loop. Moreover,
the stability of the proposed compound controller is analyzed in
detail. Due to the excellent disturbance rejection capabilities of
the SUDE with the proposed FIR filter, the compound controller
can provide better tracking performance compared with the PR
controller and the PR with the GVFF controller. Furthermore,
the robustness to grid impedance of the proposed compound
controller is analyzed in theory and verified in experiments.

II. MODELING AN LCL FILTER WITH THE WAC STRATEGY

Fig. 1 shows the topology of a single-phase grid-tied inverter
with an LCL filter, where udc, uinv, uin, ug , L1, L2, C, and R
are the dc bus voltage, the input voltage of the LCL filter, the
controller output, the grid, the inverter-side inductor, the grid-
side inductor, the filter capacitor, and the damping resistance,
respectively. As proposed in [11], the weighted current of the
inductor i1 and the injected current i2 is selected as the control
current instead of i2, which can be expressed as

iw = γi1 + (1− γ)i2 (1)
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Fig. 2. Diagram of the WAC strategy for the grid-tied inverter with an LCL
filter.

Fig. 3. Equivalent transformation of the block diagram of the WAC strategy
system.

where iw and γ are, respectively, the weighted current and the
ratio of L1 to the total inductance L (i.e., L = L1 + L2, L1

= γL). Referring to Fig. 1 and the idea of WAC, the diagram
of the WAC strategy for the grid-tied inverter with an LCL
filter can be obtained, as shown in Fig. 2, in which Gi(s) is a
feedback controller andGd(s) is the PWM gain kpwm multiplied
by one sampling period computation plus the half-sampling
period PWM delays (i.e., Gd(s) = kpwme

−1.5Tss, where Ts is
the sampling period) [25].

According to Fig. 2, considering that L1 = γ(L1 + L2) and
L2 = (1− γ)(L1 + L2), the transfer functions from uin to iw
and i2 can be expressed, respectively, as

iw(s)

uin(s)
=

γs2L2C + sRC + 1

s3L1L2C + s2RLC + sL
Gd(s) =

Gd(s)

(L1 + L2)s
(2)

and

i2(s)

uin(s)
=

sRC + 1

s3L1L2C + s2RLC + sL
Gd(s). (3)

Then, by combining (2) and (3), we can obtain

i2(s)

iw(s)
=

i2(s)

uin(s)
· uin(s)

iw(s)
=

sRC + 1

γs2L2C + sRC + 1
. (4)

To reveal the resonance suppression principle of the WAC strat-
egy, an equivalent model will be built, where i2 is the target
control variable. According to Fig. 2 and combining (2)–(4),
the equivalent open-loop transfer function Gop_r(s) with unit
feedback from the reference current i∗w to the injected current
i2 can be expressed in (5), as shown at the bottom of this page,
and the corresponding diagram is shown in Fig. 3.

Fig. 3 suggests that there is an equivalent inherent capacitor-
current-feedback damping (i.e., γGi(s)) in the WAC. Without

the damping resistance (i.e., R), Gop_r(s) = −1 will be estab-
lished at the resonant frequency of LCL under the nominal
parameter condition (i.e., L1 = γ(L1 + L2)), which means that
the system is critically stable and additional compensation is
required. Furthermore, according to Fig. 2, it is notable that
the whole system consists of a controlled part (iw(s)/uin(s))
and an uncontrolled part (i2(s)/iw(s)), which means that the
stability of the whole system is determined by the stability of
both the controlled and uncontrolled parts. According to (4),
the uncontrollable part of the system is unstable when R = 0,
which suggests that the whole system may be unstable, even if
the closed-loop of the controllable part is stable. To stabilize
the whole system, as described in Section I, a PD method with
simple implementation can be adopted. Still, the uncertainties
and disturbances of the system must be considered even when
the PD is well designed, since the transfer functions of the system
are not always true, as TUD will distort them. To improve the
disturbance rejection and robustness performance of the WAC
controlled inverter with PD, a SUDE-based resonant control
strategy is proposed.

III. CURRENT CONTROL STRATEGY

A. Formation of SUDE-Based Current Controller
With a Time-Delay Filter

According to (2), the voltage equation of the WAC LCL filter
inverter with unity gain and delays can be derived as

L
diw(t)

dt
= uin(t− Td)− ug(t) (6)

where Td = 1.5Ts and uin is the controller output variable.
Considering the disturbances and uncertainties of the inverter,
the state equation of the inverter can be expressed as

i̇w(t) = Δaiw(t) + (L−1 +Δb)uin(t− Td) + d(t) (7)

where Δa and Δb are the unknown dynamic coefficients of
the grid-tied inverter and d(t) consists of the known (e.g.,
−L−1ug(t)) and unknown disturbances. In line with the con-
ventional UDE [12], [26], [27], the TUD is unified into a
combined disturbance. As in [24], the control signal uin is split
into a two-degree-of-freedom (2DOF) structure. Following the
method mentioned above, the state function (7) can be rewritten
as follows:

i̇w(t) = L−1[ut(t− Td)− ud(t− Td) + f(t)] (8)

where {
uin(t− Td) = ut(t− Td)− ud(t− Td)
f(t) = L[Δaiw(t) + Δbuin(t− Td) + d(t)].

(9)

In (9), ut(t), ud(t), and f(t) represent the output of the tracking
controller, the output of the disturbance and uncertainty estima-
tor, and the TUD, respectively. To reject f(t) in (8) and make the

Gop_r(s) =
i2(s)

i∗w(s)− i2(s)
=

Gi(s)Gd(s)(1 + sRC)

s3L1L2C + γs2Gi(s)Gd(s)L2C + s2R(L1 + L2)C + s(L1 + L2)
(5)
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Fig. 4. Block diagram of the SUDE-based control system.

system TUD-free, according to the means in [20], an appropriate
ud(t) should be designed here.

It is evident from (8) that f(t) can be derived as

f(t) = Li̇w(t)− ut(t− Td) + ud(t− Td) (10)

which means that the TUD f(t) can theoretically be obtained
from the derivative of iw(t) and the input of the plant. However,
this cannot be directly used in the control law because i̇w(t) is
not causal and will amplify the measurement noise. Luckily, by
introducing a filter, this problem can be circumvented. Following
this idea, f(t) can be estimated by being passed through a proper
filter gf (t), i.e.,

fe(t) = f(t) ∗ gf (t) (11)

where fe(t) is the estimate of f(t) and ∗ is the convolution
operator. According to (8), the TUD will be approximately
rejected if ud(t− Td) ≈ fe(t), and the inverter system will
approach the nominal system. The main idea of the SUDE in
this article is to use the known variables to estimate the unknown
ones and establish a corresponding compensation in the control
to eliminate the influence of disturbances and uncertainties on
the system. By combining (11) and (10), replacing fe(t) with
ud(t− Td), and taking the Laplace transform, we can obtain

ud(s)e
−1.5Tss = [Lsiw(s)− ut(s)e

−1.5Tss

+ ud(s)e
−1.5Tss]Gf (s) (12)

and

ud(s) = [Lsiw(s)e
1.5Tss − ut(s)]

Gf (s)

1−Gf (s)
. (13)

Equation (13) indicates that with an appropriate Gf (s), the
system states (iw) and tracking controller output (ut) can be
utilized to obtain the estimate of the TUD (ud).

Fig. 4 shows the block diagram of the SUDE-based control
system, where Gi(s) is the controller, the actual plant consists
of the nominal plant e−1.5Tss1/Ls and the unmodeled dynamics
ΔP (s), and d′(s) is the disturbance coupled with the unmodeled
system, which can be derived from (7) (cf. Appendix) and
expressed as⎧⎪⎪⎨

⎪⎪⎩
ΔP (s) =

[
1

s−Δa

(
1

L
+Δb

)
− 1

Ls

]
e
−1.5Tss

d′(s) =
Ls

(s−Δa)(e−1.5Tss + Ls ·ΔP (s))
d(s).

(14)

As illustrated in Fig. 4, the SUDE can be easily implemented to
estimate the TUD after a suitable Gf (s) is selected. Thus, the

design of the SUDE controller is converted to the design of the
filter Gf (s).

We can replace ud(t− Td) with fe(t) in (8) and substitute
(11) into it; with the Laplace transform taken, we can obtain

siw(s) = L−1
[
ut(s)e

−1.5Tss + (1−Gf (s)) f(s)
]
. (15)

Clearly, f(s) can be rejected in the case of 1-Gf (s)=0. Hence,
the SUDE-based control allows decoupling of the reference
tracking design and disturbance rejection design, which shows
that the SUDE has a 2DOF nature within the bandwidth of
Gf (s).

In general, Gf (s) can be chosen as a low-pass filter, but it is
not an optimal choice in this article because, according to the
characteristics of inverters, the harmonic rejection performance
will be significantly improved by choosing the time-delay filter
[24]. Furthermore, due to the causality issue caused by e1.5Tss,
the SUDE (13) cannot be directly implemented by adopting a
conventional low-pass filter. Referring to [24], the time-delay
filter can be used, which is expressed as

Gf (s) = e−TpsGc(s) (16)

where Tp is the period of the fundamental signal (i.e., 0.02 s in
this article), and Gc(s) is a conventional third-order IIR filter.

Gc(s) will introduce a nonlinear phase lag, which will affect
the control performance [24]. To compensate for the phase
lag, an available approach implemented by reducing the delay
(Tp) was proposed in [24], and the compensated Gf (s) can be
expressed as Gf_c(s). However, that compensation method is
approximate, because reducing the delay time can be regarded
as introducing a linear lead compensation, through which the
influence of phase lag can be eliminated approximately in a
certain frequency range, but the elimination is invalid at high
frequencies (a similar claim can be found in [24], which will
not be discussed here). Thus, a FIR zero-phase and time-delay
filter G̃f (z) is adopted instead of Gf_c(s), considering the
discrete-time implementation, and G̃f (z) can be expressed as

G̃f (z) = z−200Glow(z) (17)

where Glow(z) is a zero-phase low-pass filter, which can be
expressed as

Glow(z) = h(0) +

n∑
1

h(k)(zk + z−k) (18)

where n is half of the order of Glow(z), and h(k) are the coeffi-
cients of the filter. Since z−200 exists in (17), G̃f (z) is realizable
even though Glow(z) itself is noncausal. Moreover, (13) is also
realizable with z1.5 (e1.5Tss) approximated by z(0.5 + 0.5z).

To compare the disturbance rejection performance with dif-
ferent filters, the expressions of Gc(s), Gf_c(s), and G̃f (z) are
listed in Table I, where their low-pass filter bandwidth is set to
500 Hz, ωF = 1000π rad/s, and the zero-phase low-pass filter
Glow(z) is a 20th-order FIR filter whose coefficients are obtained
by executing the MATLAB function “fir1” and are expressed in
Table II.

Fig. 5 shows the disturbance rejection performance with
different filters, which suggests that compared with 1−Gc(s),
1−Gf_c(s) and 1− G̃f (z) can introduce a stronger rejection
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TABLE I
EXPRESSIONS OF FILTERS

TABLE II
COEFFICIENTS OF Glow(z)

Fig. 5. Bode diagrams of disturbance rejection performance with different
filters but the same low-pass filter bandwidth.

at resonant frequencies. Furthermore, the notch frequency of
1− G̃f (z) is accurate, as desired. The notch frequency of
1−Gf_c(s), however, shifts within the high-frequency range
of the bandwidth even though the computational burden of
using G̃f is heavier than that of using Gf_c. Thus, it is more
reasonable to choose G̃f (z) as the filter used in the proposed
SUDE. Moreover, according to Fig. 4, the design of the control
system includes not only the design of the inner SUDE but also
the outer feedback controller.

B. PR Controller Design

With the proper SUDE adopted, f(t) can be largely cancelled
by ud(t), and the actual system is approximated as a nominal
system. For the nominal system, several strategies exist. Refer-
ring to [28], a PR controller is employed in this article, which
is

Gi(s) = Kp +
2Krωis

s2 + 2ωis+ ω2
o

(19)

where ωo = 2πfo is the fundamental angular frequency, ωi is
the resonant cutoff frequency, which is the bandwidth of the
resonant part, and a typical value of ωi is π rad/s (i.e., there is a
1% variation of 2πfo) [29]. According to [28], the crossover
frequency (ωc) of the controlled system should be set first
before calculating Kp and Kr. Moreover, at ωc, Gi(jωc) can

TABLE III
EXPERIMENT PARAMETERS

be approximated as

Gi(jωc) ≈ Kp +
2πKr

jωc
. (20)

Then, the phase angle of this forward-path loop gain at ωc is
given by

∠ (Gi(jωc)P0(jωc)) =∠
[(

Kp +
2πKr

jωc

)
1

jωcL
e−1.5jωcTs

]

=arctan

(
Kpωc

2πKr

)
− π

2
− π

2
−1.5ωcTs

= φm − π (21)

where P0(s) = e−1.5Tss1/Ls is the nominal plant, and φm is
the phase margin (PM). The parameters in Table III are used in
the following design. According to (21), we can easily obtain

φm = arctan

(
Kpωc

2πKr

)
− 1.5ωcTs (22)

and for a given φm, the maximum ωc can be obtained in the case
of arctan(Kpωc/2πKr) = π/2; thus

ωcmax =
π
2 − φm

1.5Ts
. (23)

By substituting Ts = 100 µs and PM = 60◦ into (23), we
can calculate that ωcmax is 3488 rad/s (500 Hz). In addition,
referring to [30], ωc can be chosen as 4% of ωs (2π/Ts),
i.e., 2512 rad/s (400 Hz). To summarize, we choose ωcopt =
2600 rad/s. Recalling (23), the condition for its establishment
is that Kpωcopt/(2πKr) > 10 exists, which means that Gi(jωc)
in (19) can be further approximated as Kp. For a fixed ωc, the
relationship between P0 and Gi is

|Gi(jωc)P0(jωc)| = Kp
1

Lωc
= 1. (24)

By substituting ωcopt =2600 rad/s and L = 6.3 mH into (24),
then combiningKpωcopt/2πKr > 10, we can obtainKp = 16.4
and the maximum of Kr (i.e., Krmax) = 678. Then, recalling
Fig. 4 and the nominal plantP0(z), we can obtain the closed-loop
transfer function Gcl(z) from i∗w(z) to iw(z) under the nominal
model condition:

Gcl(z) =
iw(z)

i∗w(z)
=

Gi(z)P0(z)

1 +Gi(z)P0(z)
. (25)

IV. STABILITY STUDY

A. Stability Analysis of the Proposed System

The influence of system uncertainties and disturbances on
system stability cannot be neglected, even when the controller
parameters have been well designed. Specifically, as described
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Fig. 6. System topology of the LCL inverter under weak grid conditions.

Fig. 7. Poles of the uncontrolled part. (a) With different R. (b) With different
Lg .

in [31] and [32], the power grid is not an ideal voltage source
but a voltage source and an impedance series structure (i.e.,
weak grid conditions). Fig. 6 shows the system topology of the
LCL inverter under weak grid conditions. As shown, there is an
inductor between the point of common coupling (PCC) and the
grid. In this section, the robustness of the proposed strategy will
be studied; the parameters of the inverter are listed in Table III.

1) Stability Analysis of the Uncontrolled Part: As described
in Section II, the uncontrolled part affects the stability of the
whole system. By substituting the parameters in Table III into
(4) and performing a discrete transformation, we can have the
poles of the uncontrolled part i2(z)/iw(z) for different R and
Lg values, where Lg is emulated by increasing L2. Fig. 7(a)
suggests that when Lg = 0, the poles move closer to the center
of the unit circle with the increase of R. In particular, when R
equals 0, the poles are on the unit circle, which is consistent
with the analysis in Section II. As shown in Fig. 7(b), when R
is selected as 4 Ω, the stability of i2(z)/iw(z) can be guaranteed
as Lg changes from 0 to 8 mH.

2) Stability Analysis of the Controlled Part: To study the
influence of system uncertainties on the stability of the con-
trolled part, considering Lg and omitting d′(s), the modified
block diagram of Fig. 4 is given in Fig. 8, where P (z) is the
actual plant. Additionally, the partial implementation of the
SUDE (z1.5G̃f (z)/[1− G̃f (z)]) in Fig. 8 is given in Fig. 9.
Similarly, G̃f (z)/[1− G̃f (z)] can be implemented similarly to
z1.5G̃f (z)/[1− G̃f (z)], which is omitted here.

Recalling Fig. 2, with the weight factor unmatched (i.e., γ �=
L1/L), P (z) can be expressed as

P (z) =
iw(z)

uin(z)
= Z

(
γs2L2C + sRC + 1

s3L1L2C + s2RLC + sL

)
Gd(z)

(26)

Fig. 8. Block diagram of the proposed SUDE-based control system.

Fig. 9. Partial implementation diagram of the SUDE.

and thus, the closed-loop transfer function G̃cl(z) of Fig. 8 can
be expressed as

G̃cl(z) =
Gi(z)P (z)

1− G̃f (z) +
G̃f (z)P (z)

P0(z)
+Gi(z)P (z)

. (27)

Comparing (25) and (27), we find that the numerators in them
are similar, but their denominators are different. We can rewrite
the denominator in (27) as follows:

1− G̃f (z) +
G̃f (z)P (z)

P0(z)
+Gi(z)P (z)

= [1 +Gi(z)P0(z)][1 +X(z)] (28)

where

X(z) =

Gi(z)P (z)−Gi(z)P0(z)− G̃f (z) +
P (z)G̃f (z)

P0(z)

1 +Gi(z)P0(z)
.

(29)
Clearly, according to the small-gain theorem, the sufficient
conditions for system stability can be obtained as follows:

1)
Gi(z)P (z)

1 +Gi(z)P0(z)
is stable;

2) ‖X(z)‖∞ < 1, ∀z = ejω, 0 < ω <
π

Ts
.

Condition 1) is determined only by P (z) when Gi(z) and
P0(z) are designed and selected well. The change inLg is chosen
to represent the uncertainty of P (z) here. By substituting the
proposed discrete PR controller Gi(z) and P0(z) into condition
1), we can have the trend of condition 1) under varying R and
Lg .

Fig. 10 shows the pole map of condition 1), where Fig. 10(a)
shows the poles changing withRwhenLg=2 mH and Fig. 10(b)
shows the poles changing with L2 when R = 4Ω. It can be seen
from Fig. 10(a) that the poles of condition 1) move closer to
the center of the unit circle with the increase of R, and the
damping resistance R required for condition 1) to move from
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Fig. 10. Poles of condition 1). (a) With the variation ofR. (b) With the variation
of Lg .

Fig. 11. Stability performance of the proposed control strategy with the
variation of Lg .

critical stability to stability is also small. Fig. 10(b) suggests that
when R = 4 Ω, condition 1) can be satisfied with the increase
of L2 from 0 to 3 mH. Moreover, by substituting Gi(z) and the
filter G̃f (z) (where the bandwidth ofGlow is 500 Hz) intoX(z),
condition 2) with Lg changing from 0.1 to 4 mH is investigated.

As shown in Fig. 11, the x-axis represents the frequency, and
the y-axis represents the magnitude of X , which is less than 1
with Lg ≤ 3 mH. By combining Figs. 7, 10, and 11, we can
conclude that the system stability can be guaranteed when Lg ≤
3 mH.

Furthermore, as indicated in Section III-A, the bandwidth of
the low-pass filter Glow determines the range of disturbances
and parameter uncertainties that can be rejected. The bandwidth
of Glow should also be studied carefully, so we choose Lg = 2
mH to study the effect of the bandwidth of the low-pass filter
on the stability of the proposed strategy. As shown in Fig. 12,
the magnitude of X(z) is less than 1 when the bandwidth of
the low-pass filters is in the range from 300 to 800 Hz. For a
sufficient stability margin, the bandwidth is set to 500 Hz.

B. Comparison With the GVFF Strategy

The aim of the SUDE strategy is to estimate and reject the
TUD in the inverter. As a well-known external disturbance,
the grid can be compensated by the GVFF strategy [19]. As
described in Section I, however, the GVFF will affect the sta-
bility of the system under weak grid conditions. Furthermore,
compared with the GVFF, the proposed SUDE is designed to
reject other disturbances and system uncertainties in addition to

Fig. 12. Stability performance of the proposed control strategy with the
variation of the low-pass filter bandwidth.

Fig. 13. Block diagram of the GVFF strategy for the WAC-formLCL inverter
under weak grid conditions.

the grid voltage. To demonstrate the differences between the two
controls, a comparison between them is given.

1) Derivation and Analysis of the GVFF Strategy: To elim-
inate the effect of the grid voltage (i.e., ug) on the injected
current (i.e., i2), the block diagram of the GVFF strategy for
the WAC-form LCL inverter is given in Fig. 13, where GFF is
the transfer function of the GVFF. According to [19], GFF can
be derived as

GFF(s) = 1 +
γCs

RCs+ 1
Gi(s) +

CL1s
2

RCs+ 1
. (30)

Based on Fig. 13, we can obtain the transfer function from
uin to iw, which can be expressed as (31) shown at the bottom
of the next page. Compared with (26), a term related to GFF

(i.e., (RCs+ 1)GFF(s)Gd(s)Lgs) is added in the denominator
of (31).

2) Stability Performance of the GVFF and the SUDE Under
Weak Grid Conditions: It is worth noting that the uncontrolled
part of the system is not affected by the GVFF, and its expression
is still (4); thus, only the controlled part of the system needs to
be discussed here. According to the stability criteria proposed in
Section IV-A, we can obtain the stability performance. For the
GVFF, we can replace P in conditions 1) and 2) with Gop (31)
and let G̃f=0.

Fig. 14 shows the poles of stability condition 1) using the pro-
posed SUDE and the GVFF with R = 4 Ω, which suggests that
with the proposed SUDE, stability condition 1) is established
whenLg is in the range 0–5 mH. However, withGFF introduced,
stability condition 1) is false when Lg >2 mH. Moreover, the
result of stability condition 2) for the system with GFF is given
in Fig. 15. As indicated in Fig. 15, the magnitude of X becomes
larger than 1 between Lg = 1 mH and 2 mH. By combining
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Fig. 14. Poles of condition 1) with the GVFF and the SUDE for different Lg .

Fig. 15. Stability condition 2) with varying Lg .

Figs. 14 and 15, we can conclude that with GFF introduced, the
system stability cannot be guaranteed when Lg ≥ 2 mH.

Comparing the results of the SUDE and the GVFF
[Figs. 10(b), 11, 14, and 15], we find that the proposed compound
control can adapt to a broader range of the grid-impedance
variation than the PR with GVFF control, although the stabilities
of both strategies are affected by the grid-impedance change.

V. EXPERIMENTAL VERIFICATION

A. Setup

A 2-kW prototype of Fig. 1 is built to validate the effec-
tiveness of the proposed scheme. The inverter consists of an
insulated-gate bipolar transistor (IGBT) inverter bridge, anLCL
filter, two voltage sensors for uPCC used in the phase-locked
loop and udc, and two current sensors for i1 and i2. It is
noteworthy that compared with the state-feedback form AD
method, the proposed WAC strategy has the advantage of simpli-
fying the controller design by reducing the order of the system.
The resistance used in the proposed strategies is small, although
both strategy require two current sensors. The single-phase
grid-tied inverter is controlled by a Quanser QPIDe card, which
is connected with a PC running MATLAB/Simulink and QuaRC.
The experimental setup is shown in Fig. 16.

Fig. 16. Experimental setup.

Fig. 17. THDs of the injected grid current with different i∗w .

B. Experimental Results

Recalling the detailed design in Section III, we will sum-
marize the parameters of the PR controller (Kp and Kr) and
low-pass bandwidth as 16.4, 678, and 500 Hz here. Similar to
the SUDE, the GVFF can also be considered as the compensator
for the PR controller, so the control performance of the PR, the
PR with GVFF, and the PR with SUDE will be studied. Note
that the Kp and Kr in the three kinds of control are the same,
and GFF(s) is given in (30).

1) Steady-State Performance: To verify the antidisturbance
performance of the proposed strategy, three sets of contrastive
experiments under the nominal parameter but different power
level conditions are performed.

As shown in Fig. 17, the x-axis represents the injected current
levels, and the y-axis represents the total harmonic distortion
(THD) of the injected current. Clearly, with the GVFF and SUDE
introduced, the THDs of the injected current decrease in all
power levels compared with the PR control strategy, especially
when the power level is low, and the decrease with the SUDE is
significant. The contrastive results of the three control methods
under a 10 A reference current are given in Figs. 18–20, where
e(rms) is the root-mean-square (rms) value of the error between
the reference current and the injected current.

As shown in Figs. 18-20, the differences of the performance
among the PR control, the PR with GVFF control, and the PR
with SUDE under the nominal parameter condition are more

Gop(s) =
iw(s)

uin(s)
=

γs2(L2 + Lg)C +RCs+ 1

s3L1(L2 + Lg)C + (RCs+ 1)(L1 + L2 + Lg)s− (RCs+ 1)GFF(s)Gd(s)Lgs
Gd(s). (31)
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Fig. 18. Result of PR control. (a) Injected grid current i2. (b) Spectrum of the
injected grid current.

Fig. 19. Result of PR with GVFF control. (a) Injected grid current i2.
(b) Spectrum of the injected grid current.

Fig. 20. Result of the proposed control. (a) Injected grid current i2.
(b) Spectrum of the injected grid current.

obvious. By combining Figs. 17–20, we can conclude that both
the GVFF and the SUDE controls can improve the control
performance of the system (including the tracking error and
THD), and compared with the PR with GVFF control, the control
performance of the proposed compound control is better.

2) Robustness Performance: Furthermore, in addition to
controlling of the injected current quality, the robustness of the
system is also worth studying. Without loss of generality, the
experiments with L changing in the SUDE [i.e., (13)] have been
chosen to verify the parameters’ robustness of the proposed con-
trol strategy. According to (6) and (13), L is the total inductance
of control, and a change in L can be regarded as a change in the
actual physical inductor.

As shown in Fig. 21, the THD curves of the proposed control
method are flat within the range from 79% to 119% (5 to
7.5 mH), and the level of the curve is low, which suggests that
the proposed controller can remain stable in a certain range of
parameter uncertainty. Furthermore, to study the robustness for
the proposed control strategy to the variation of the impedance
of the grid, experimental studies are performed here. An external
inductor Lg is added between the PCC and the grid side.

Fig. 21. THDs of the injected grid current with the variation of L.

Fig. 22. THDs of the injected grid current with the variation of added Lg .

Fig. 23. Results of the PR, the PR with GVFF, and the PR with SUDE control
in the case of Lg=2 mH. (a) PR control. (b) PR with GVFF control. (c) PR with
SUDE control.

As indicated in Fig. 22, the PR and the proposed strategy are
robust to the change of the added Lg from 0.5 to 2 mH, and the
THDs of the injected current with the PR are larger than those
with the proposed strategy. There is an oscillation in the injected
current with the GVFF introduced when Lg=2 mH, although
it is robust to Lg in the range of 0.5–1.5 mH. Specifically,
the steady-state responses of the PR, the PR with GVFF, and
the PR with SUDE for Lg=2 mH and i∗w=10 A are given in
Fig. 23. The stability performance of both the PR controller and
the PR+SUDE compound controller is satisfactory. However,
the injected current is distorted with the GVFF introduced.
Thus, based on Figs. 22 and 23, we can conclude that the
proposed compound control can adapt to a broader range of
grid-impedance variation than GVFF, which is consistent with
the conclusion of Section IV-B2.

3) Dynamic Performance: Fig. 24 shows the dynamic per-
formance of the PR, the PR with GVFF, and the PR with the
SUDE controller under the nominal parameter condition, where
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Fig. 24. Dynamic responses of the PR, the PR with GVFF, and the PR with
SUDE control. (a) PR control. (b) PR with GVFF control. (c) PR with SUDE
control.

the reference current steps from 5 to 10 A. The figure suggests
that although the settling time of the system with the compound
controller is slightly longer than that of the PR controller and
the PR with the GVFF controller, the tracking performance of
the compound controller is better.

VI. CONCLUSION

To suppress the resonance in the LCL grid-tied inverter, the
WAC-strategy, an AD method, has attracted much attention
due to its reduced-order characteristics. However, the antidis-
turbance ability of WAC falls short. In this article, consider-
ing 1.5 sampling period delays, a 2DOF compound controller
composed of a PR controller and a SUDE with a zero-phase,
low-pass, time-delay FIR filter is built to eliminate the influence
of disturbances and uncertainties on the grid-tied inverter with
a WAC and PD strategy. With the help of the SUDE with an
FIR filter, the controlled part of the WAC-strategy LCL inverter
system can remain first-order, and then the design of the PR
controller becomes simpler. Compared with the conventional PR
controller and the PR with the GVFF controller, the proposed
controller shows its superiority and effectiveness in disturbance
rejection, and the quality of the injected current is improved
a lot. Moreover, the robustness of the proposed control to grid
impedance has been analyzed. The effectiveness of the proposed
strategy was verified on a 2-kW single-phase grid-tied inverter.

APPENDIX

THE DERIVATION OF (14)

By taking the Laplace transform, the state equation of (7) in
the s-domain can be obtained as

siw(s) = Δaiw(s) + (L−1 +Δb)uin(s)e
−1.5Tss + d(s).

(A1)
iw(s) can be derived as

iw(s) =
(L−1 +Δb)uin(s)e

−1.5Tss

s−Δa
+

d(s)

s−Δa
(A2)

and

iw(s) = { 1

Ls
e−1.5Tss

︸ ︷︷ ︸
P0(s)

+

[
1

s−Δa
(
1

L
+Δb)− 1

Ls

]
e−1.5Tss}

︸ ︷︷ ︸
ΔP (s)

· uin(s) +
d(s)

s−Δa
(A3)

where P0(s) and ΔP (s) are the nominal plant and the unmod-
eled dynamics, respectively. Then, we can obtain the relation-
ship among iw(s), uin(s), the actual plant, and the disturbance
coupled with the unmodeled system (i.e., d′(s)) as

iw(s) = [uin(s) +
Ls

(s−Δa)(e−1.5Tss + Ls ·ΔP (s))
d(s)

︸ ︷︷ ︸
d′(s)

]

·
[
1

Ls
e−1.5Tss +ΔP (s)

]
︸ ︷︷ ︸

Actual Plant

. (A4)

According to (A4), Fig. 4 and (14) can be obtained.
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