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A Time Delay Compensation Method Based
on Area Equivalence For Active Damping

of an LCL-Type Converter
Chen Chen, Jian Xiong, Zhiqiang Wan, Ji Lei, and Kai Zhang

Abstract—Control of the LCL-type three-phase grid-connected
converter is difficult due to high resonance peak of the LCL filter.
Active damping is the state-of-the-art solution to this problem, but
the damping performance will be affected by the inherent time
delay of digital control, especially for high-power low switching
frequency applications. Based on a discrete-time stability analysis
of an LCL-type converter with capacitor-current-feedback active
damping, a simple and effective time delay compensation method,
which is based on area equalization concept, is proposed. The
method can reduce the negative impact of the computation delay
significantly. It has the potential to serve as a general solution to
time delay compensation of a digitally controlled PWM converter.
The validity of the proposed method is proved by experimental
results.

Index Terms—Active damping, digital control, LCL filter, time
delay compensation.

I. INTRODUCTION

D ISTRIBUTED power generation systems (DPGSs) based
on renewable energy, such as solar energy, wind energy,

and so on, are making more and more contribution to the world-
wide energy production [1]. Consequently, grid-connected con-
verters as the interface between the DPGSs and the power grid
are becoming increasingly popular and of greater concern [2].
In the grid-connected converter, an L or LCL filter is usually
adopted in order to attenuate the switching harmonics. The LCL
filter is often preferred for its superior harmonic suppressing
ability [3], [4]. However, due to the resonant characteristic of the
LCL filter, the converter may become unstable without proper
damping.

Passive damping is to insert a passive resistor into the fil-
ter network. The design is simple and no changes are needed
in the control algorithm, but it results in considerable power
loss. Compared with passive damping, a more efficient and
more flexible method is presented [5], [6], which is so-called
active damping solution. Active damping changes the control
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strategies in order to satisfy system stability without using dissi-
pative elements. It is to add extra feedback to provide the damp-
ing effect. Among the various active damping solutions, the
capacitor-current-feedback active damping has drawn more at-
tention for its flexible and simple implementation. This method
has been addressed in some publications [7]–[12]. A step-by-
step design method was proposed to design the grid-current reg-
ulator parameters and the capacitor-current-feedback coefficient
[7]. This design method is straightforward, but it is performed
without considering the time delay effect in digital control. In
the digitally controlled system, the inherent computation de-
lay will change system phase-frequency characteristic and thus
may affect system stability, which imposes severe limit on the
control bandwidth. As reported in [9], under one-step delay,
when the resonance frequency is higher than one-sixth of the
sampling frequency (fs/6), there is a pair of poles outside the
unit circle, which makes the system unstable. However, the
time delay is indeed variable when the duty-ratio update mode
varies [14], [16], [17].

In order to analyze the influence of different time delays,
Zhang et al. [13] considered three typical cases, in which the
delay time is 0.5 Tsw , Tsw , and 1.5 Tsw (Tsw being the switch-
ing period), respectively. By studying the influence of arbitrary
delay time on system stability, a simple and effective delay-time
control method is proposed for LCL-type inverters with single-
loop control [15]. Applying this method into capacitor-current-
feedback active damping, Pan et al. [9] proposed a scheme with
reduced computation delay, which is achieved by shifting the
capacitor current sampling instant toward the PWM reference
update instant. Although the severe influence to system stabil-
ity can weaken by changing the duty-ratio update instant, the
computation time delay effect still exits.

Based on an investigation of the relationship between delay
time and system stability, this paper proposes a simple and ef-
fective time delay compensation method. It can improve system
stability and achieve better dynamic performance.

This paper is organized as follows. In Section II, the Z-domain
model of the LCL-type grid-connected converter with capacitor-
current-feedback active damping is established using modified
Z-transform, and the relationship between delay time and system
stability is studied. In Section III, the time delay compensation
method is presented based on the concept of area equalization.
In Section IV, a case design is provided to better explain the
proposed method, and the comparison between the proposed
method and reduced computation delay method is given out.
Experimental results are presented in Section V to validate the
proposed method. Section VI concludes this paper.
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Fig. 1. Schematic diagram of the three-phase LCL-type PWM rectifier with
capacitor-current-feedback active damping.

II. MODELING AND STABILITY ANALYSIS OF THE LCL-TYPE

PWM CONVERTER ACTIVE DAMPING LOOP

The system to be analyzed is shown in Fig. 1. A three-phase
voltage source converter is connected to the grid through an
LCL filter. Power switches S1∼S6 and their antiparallel diodes
form the converter. The LCL filter consists of converter-side
inductors L1 , filter capacitors Cf , and grid-side inductors L2 .
The grid current is controlled so that it can be synchronized
with the grid voltage, which is expressed as vg . The grid voltage
is measured to obtain its phase angle through a phase-locked
loop (PLL) [18]–[21].

A. Model of the Active Damping Loop

According to Fig. 1, applying Kirchhoff’s laws, the mathe-
matic model in the stationary a-b-c frame of the three-phase
LCL-type grid-connected converter is described as [22]

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

L1
di1 abc

dt
= vcf abc − vv abc

L2
di2 abc

dt
= vg abc − vcf abc − vN O

Cf
dvcf abc

dt
= i2 abc − i1 abc

(1)

where i1 abc are the three-phase converter-side inductor cur-
rents, i2 abc are the three-phase injected grid currents, vcf abc
are the three-phase ac filter capacitor voltages referred to point
N, vv abc are the three-phase midpoint voltages of the three con-
verter legs referred to point N, vg abc are the three-phase grid
voltages referred to point O, and vN O (t) is the voltage between
points N and O. The equivalent series resistors of L1 , Cf , and
L2 are relatively small and ignored here.

By taking Clarke transformation, (1) can be expressed as
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

L1
di1 αβ

dt
= vcf αβ − vv αβ

L2
di2 αβ

dt
= vg αβ − vcf αβ

Cf
dvcf αβ

dt
= i2 αβ − i1 αβ

(2)

where i1 αβ , i2 αβ , vcf αβ , vv αβ , and vg αβ are complex space
vectors in the form Φαβ = Φα + jΦβ .

The definition of delay time in a digital control system is the
time difference between the sampling instant of feedback vari-
ables and the updating instant of the control output, i.e., the sum
of sampling time and algorithm execution time. But the delay
time might be as large as one sampling period Ts in many dig-
ital controlled converters. If sampling and the PWM reference
updating are set at the same instant, when the PWM reference
is ready, the updating chance has passed, so the PWM reference
has to update at the next period. That is the reason of the so
called “one step delay.” Shifting the sampling instant slightly
ahead of the PWM reference update instant, the time delay can
be reduced [23], [24]. And, it is easy to realize by programing.
Thus, an unspecified computation delay time τTs(0 ≤ τ ≤ 1)
is used for a general purpose, and it can be modeled as e−sτ T s .
Obviously, τ = 1 corresponds to the one-step delay.

The zero-order hold (ZOH) effect keeps the PWM reference
constant after it has been updated. It is inevitable when the
continuous system is discretized. When the discrete transfer
function is derived, the ZOH delay effect is already considered
and inherently exists in the discrete system. It can be modeled
as

Gh(s) =
1 − e−sTs

s
≈ Tse

−s·0.5Ts . (3)

Considering (2), the model of the digitally controlled system
can be derived as shown in Fig. 2. As it is a digitally controlled
system, the sampler and zero-order holder are displayed. The
feedback of capacitor currents is used to damp the resonance of
the LCL filter, which is equivalent to a virtual resistor connected
in parallel with each ac filter capacitor [25]. The feedback coef-
ficient Kc can be tuned according to the active damping design.
i∗2 αβ represent the references of injected grid currents, Gi(z)
is the injected grid current regulator in the stationary αβ frame,
vr αβ are the output signals of the injected grid current regula-
tors, and vm αβ are the modulating signals. e−sτ T s represents
the computation delay. KPWM is the gain of the PWM converter.

According to Fig. 2, the loop gain Tc(s) can be derived as

Tc(s) =

KPWMGi(s) · e−(τ +0.5)sTs

s3L1L2Cf + s2L2Cf KcKPWMe−(τ +0.5)sTs + s(L1 + L2)
.

(4)

By ignoring the grid voltage, Fig. 2 can be transformed into
Fig. 3. Since the control structures of α-axis and β-axis are
exactly the same, the derivations of following formulas take α-
axis components as an example. G2v (s) is the transfer function
from vv α (s) to i2 α (s).Hcv (s) is the transfer function from
vv α (s) to icf α (s). The expressions of G2v (s) and Hcv (s) are
given by

G2v (s) =
i2 α (s)
vv α (s)

=
1

L1L2Cf s(s2 + ω2
r )

(5)

Hcv (s) =
icf α (s)
vv α (s)

=
s

L1(s2 + ω2
r )

(6)
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Fig. 2. Control block diagram of the digitally controlled LCL-type grid-connected converter with capacitor-current-feedback active damping.

Fig. 3. Equivalent mathematic model of the digitally controlled LCL-type
grid-connected converter.

where ωr is the resonance angular frequency of the LCL filter,
expressed as

ωr =

√
L1 + L2

L1L2Cf
. (7)

and the resonance frequency is fr = ωr/(2π).
Fig. 3 shows the equivalent mathematic model of the digitally

controlled LCL-type grid-connected converter. If the delay time
is a multiple of the sampling period Ts , the continuous system is
easily converted into a discrete-time model using Z-transform.
But the computation delay can be arbitrarily changed by shifting
the sampling instant toward the PWM reference update instant.
Using modified Z-transform, the authors in [16] and [17] can
obtain more precise Z-domain model. Considering the variation
of delay time, define

m = 1 − τ (8)

where 0 � m � 1. Applying modified Z-transform to G2v (s)
and Hcv (s) with ZOH, it yields

G2v (z,m) =
i2 α (z)
vm α (z)

= Zm

[
1 − e−sTs

s
· KPWMG2v (s)

]

=
KPWM

LT

[
mTs(z − 1) + Ts

z(z − 1)
− z − 1

ωrz
· A

B

]

(9)

Hcv (z,m) =
icf α (z)
vm α (z)

= Zm

[
1 − e−sTs

s
· KPWMHcv (s)

]

=
KPWM(z − 1)

ωrL1z
· A

B
(10)

where LT = L1 + L2 , A = zsin(mωrTs) + sin[(1 − m)ωrTs ],
and B = z2 − 2zcos(ωrTs) + 1. By the rigorous derivation, the
closed-loop transfer function of this inner active damping loop
is expressed as

Gad cl(z,m) =
i2 α (z)
vr α (z)

=
G2v (z,m)

1 + KcHcv (z,m)

=
L1KPWM

[
BωrTs(mz + 1 − m) − A(z − 1)2

]

LT (z − 1) [BωrL1z + AKPWMKc(z − 1)]
. (11)

When m = 1, there is no computation delay. Obviously, m =
0 represents the one-step delay.

B. Capacitor-Current-Feedback Active Damping With
Different Computation Delay

In a digitally controlled grid-connected converter, one of the
most important factors that limit the dynamic performance and
the maximum achievable control bandwidth is the delay time
between the sampling instant and the PWM reference update
instant. It is a common practice to sample state variables at the
beginning or in the middle of the switching period, which is
called the symmetrical regular sampling. However, this mech-
anism usually introduces a delay that is equal to one switching
period, strongly limiting the control bandwidth. The computa-
tion delay can be reduced to half of the switching period in the
asymmetric regular sampling mode, where state variables are
sampled at the beginning and in the middle of the switching
period. The PWM reference is updated twice in one switch-
ing period. The sampling frequency fs is twice the switching
frequency fsw .

Fig. 4 shows PWM generation mechanism of one-step de-
lay based on asymmetric regular sampling. The delay time is
equal to one sampling period Ts . Um (k) represents the PWM
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Fig. 4. Asymmetric regular sampling PWM schematics.

TABLE I
PARAMETERS OF THE TEST SETUP

Parameter Symbol Value

Grid phase voltage(RMS) Vg 220 V
Power rating Po 300 kW
Fundamental frequency fo 50 Hz
Switching frequency fsw 2 kHz
Sampling frequency fs 4 kHz
Converter-side inductor L1 180 μH
Grid-side inductor L2 90 μH
Filter capacitor Cf 450 μH
Resonance frequency fr 968 Hz
DC-bus voltage Ud c 750 V

reference signal of step k. At time step k, the currents are sam-
pled to calculate the PWM reference. Since the digital signal
processor (DSP) updates data at the beginning and in the mid-
dle of the switching period, the PWM reference is not reloaded
until time step k + 1 [26]. Thus, one-step delay is introduced.

Such a one-step delay may affect system stability. With differ-
ent relationship between fr and fs/6 [8], [9], [12], the stability
analysis is different. However, by reducing computation delay,
the severe influence to system stability can be effectively re-
duced [33].

Phase-frequency characteristic varies significantly with delay
time, but amplitude–frequency characteristic does not change
with it. If the computation delay time is small enough, the gain
margin at the cross −180° crossover frequency would be posi-
tive, indicating a stable system.

Table I shows the parameters of the test setup system. Using
these parameters and (11), the active damping closed-loop pole
maps for delay time variation from 0 to Ts is illustrated in
Fig. 5, under different capacitor-current-feedback coefficients.
Different values of m in the range [0, 1] are investigated with
a step of 0.1. The stability of the system varies significantly
with the delay time. When the delay time is small enough, the
active damping closed-loop poles are located inside the unit
circle, indicating that the system is stable. However, in practical
applications, the minimum value of τ is limited by the time

Fig. 5. Active damping closed-loop pole maps for different Kc with delay
time variations.

required for the AD sampling, the control algorithm complexity,
and the DSP that is used. Therefore, τ = 0 is unprocurable. In
other words, there will always be some delay time.

III. AREA COMPENSATION SCHEME FOR TIME DELAY

A. Proposed Area Compensation Scheme

Fig. 6(a) shows the reduced computation delay scheme un-
der the asymmetric regular sampling PWM. The time between
sampling and PWM reference update varies with shifting the
sampling instant, which is labeled as τTs . In other words, the
DSP gives out PWM reference Um (k) of k sampling instant
after the time interval τTs . So during the τTs time slice, the
output is still Um (k − 1), and the equivalent pulse in step k is
not Um (k), but τUm (k − 1) + (1 − τ)Um (k).

To eliminate the influence of the time delay τTs , the updating
value Um (k) will be adjusted to keep the active pulse in step
k unchanged. Based on this conception, the area compensation
scheme is proposed. It attempts to maintain the PWM pulse
intensity of the present sampling period.

Fig. 6(b) shows how to modify the pulsewidth. Suppose R(k)
is the PWM reference which is given by the control algorithm.
In the PWM mode of Fig. 6(a), Um (k) is set equal to R(k).
While in the PWM mode of Fig. 6(b), Um (k) is set to satisfy
the following:

R(k) = τUm (k − 1) + (1 − τ)Um (k). (12)

Assuming R(k) is larger than Um (k − 1), which is shown in
Fig. 6(b), (12) means that the area loss of R(k), which is marked
with S1 in time slice τTs , is compensated by the area S2 in time
slice (1 − τ)Ts . So the actual PWM output of step k remains
unchanged. Obviously, (10) is still valid if R(k) is less than
Um (k − 1).
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Fig. 6. Asymmetric regular sampling PWM schematics. (a) Reduced computation delay scheme. (b) Area compensation scheme.

Fig. 7. Control block diagram of capacitor-current-feedback active damping with area compensation C(z).

Substituting (8) into (12) yields

R(k) = (1 − m)Um (k − 1) + mUm (k). (13)

Equation (13) is rewritten in the form of the discrete domain,
i.e.,

Um (z) =
z

mz + 1 − m
R(z). (14)

Therefore, the area compensation link is expressed as

C(z) =
z

mz + 1 − m
. (15)

In Fig. 7, vm αβ are the new PWM references. After introduc-
ing the area compensation scheme, the new closed-loop transfer
function of the inner active damping loop is expressed as

G′
ad cl(z,m) =

C(z)G2v (z,m)
1 + KcC(z)Hcv (z,m)

=
L1KPWM

[
BωrTs(mz + 1 − m) − A(z − 1)2

]

LT (z − 1) [BωrL1(mz + 1 − m) +AKPWMKc(z −1)]
.

(16)

Compared with (11), they have same zeros but different poles.
Thus, incorporating the area compensation link changes distri-
bution of the active damping closed-loop poles.

B. Performance Evaluation of the Proposed Area
Compensation Scheme

Taking into account the range of delay time τTs , five typical
cases are analyzed in Figs. 8 and 9, using the parameters listed
in Table I. The difference between the reduced computation
delay scheme and area compensation scheme is illustrated with
the active damping closed-loop pole maps. Different values of
capacitor-current-feedback coefficient Kc in the range [0, 0.8]
are investigated with a step of 0.1.

When the delay time is zero in Fig. 8(a), the two schemes are
the same and all poles are inside the unit circle, as expected.
In Fig. 8(b), although both methods can make the active damp-
ing loop stable when the delay time is small enough, the area
compensation scheme can achieve larger damping ratio and bet-
ter dynamic performance than the reduced computation delay
scheme. With the increasing of the delay time, the stability of
the reduced computation delay scheme which is uncompensated
becomes worse. As shown in Fig. 8(c), when τ increases to 0.5,
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Fig. 8. Active damping loop pole maps with Kc variation for reduced computation delay and area compensation scheme. (a) τ = 0. (b) τ = 0.25. (c) τ = 0.5.

Fig. 9. Active damping loop pole maps with Kc variation for reduced computation delay and area compensation scheme. (a) τ = 0.75. (b) τ = 1.

poles of the area compensation scheme are still inside the unit
circle, but the uncompensated active damping loop cannot be
stable.

If the computation delay is larger than 0.5 Ts , as shown in
Fig. 9(a), no matter how Kc varies, there will always be closed-
loop unstable poles outside the unit circle, even with the area
compensation scheme. The reason is that the pole of C(z) will
be less than –1. In the case of one-step delay, or τ = 1, as
shown in Fig. 9(b), the uncompensated active damping loop is
unstable. With the proposed area compensation scheme, it seems
that the closed-loop poles can still be kept within the unit circle
and a reasonable damping ratio can be realized by selecting
the proper value of Kc . However, in this circumstance, the area
compensation link C(z) = z cannot be realized physically.

According to the above analysis, the area compensation
scheme is suitable when τ � 0.5 or m � 0.5 is satisfied. In
practical applications, especially for high-power applications
where the switching frequency is relatively low, τ � 0.5 or m
� 0.5 is easily met. Compared with the reduced computation
delay scheme, the proposed scheme can obtain larger damping
ratio and better stability margin.

C. Phase-Frequency Characteristic

In order to reduce or eliminate the adverse effects caused by
time delay in digital control, the lead-lag network is used [27]–
[29]. The general form of the lead-lag network consists of the
following transfer function:

Gll(s) = AL
1 + sαT

1 + sT
. (17)

Using bilinear transformation (Tustin method), the discrete
equivalent of (17) has the form kz (z + z0)/(z + p0). But the
design process is relatively complex and the compensation effect
depends on the experience of the designer.

As (15) shows, the area compensation scheme is also a lead-
lag network. Once τ is decided, the compensator C(z) will be
automatically determined, without any extra design effort. It can
also be seen that C(z) is independent of the plant parameters.
Therefore, it can be used as a universal compensation scheme
for digitally controlled converters. Of course, the parameter τ ,
which is mainly decided by the performance of the DSP, should
be chosen as small as possible.
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Fig. 10. Phase comparison among three different cases. (a) Phase-frequency plot with m = 0.6. (b) Phase-frequency plot with m = 0.8. (c) Phase errors among
three cases with m = 0.6. (d) Phase errors among three cases with m = 0.8.

To verify the compensation effect of the proposed scheme,
phase-frequency characteristics with the ideal case (no delay
time), with the reduced computation delay scheme, and with the
proposed area compensation scheme, are investigated. For the
LCL filter, after introducing the area compensation link, the new
transfer function is derived

G2vc(z,m) = C(z) · G2v (z,m). (18)

Due to the restriction of τ � 0.5, in order to fully demonstrate
the superiority of proposed scheme, m = 0.6 and m = 0.8 are
selected.

Fig. 10 shows the comparison results using parameters listed
in Table I. As shown in Fig. 10(a) and (b), although phase lag ex-
ists for both two schemes, the area compensation scheme could
obtain much smaller phase lag compared with the reduced com-
putation delay scheme. To illustrate more clearly the superiority
of the area compensation scheme, the following phase errors are
depicted in Fig. 10(c) and (d)

⎧
⎪⎨

⎪⎩

Δθ1 = ∠G2v (z, 1) − ∠G2v (z, 1)

Δθ2 = ∠G2v (z,m) − ∠G2v (z, 1)

Δθ3 = ∠G2vc(z,m) − ∠G2v (z, 1).

(19)

The area compensation scheme has obvious effect for phase
lag compensation in low- and medium-frequency range. It is
helpful to improve system stability.

To sum up, the lead-lag network tuning is complicated and
should introduce a large amount of calculation. Comparatively,
the area compensation scheme is effective and easy to realize,
which is only derived by m. Due to simplicity of the design,
it is suitable for the engineering application. To obtain a more
explicit understanding, a design example will be given in the
following section.

IV. COMPARISON BETWEEN REDUCED COMPUTATION DELAY

SCHEME AND AREA COMPENSATION SCHEME

The design example is presented in this section to make an
intuitive understanding of the proposed scheme. Table I lists the
parameters of a 300-kW three phase LCL-type PWM rectifier
test setup. The digital controller employs a TMS320F2812 DSP.
Asymmetric regular sampling is used. The LCL filter is designed
with the method proposed in [28], [30], and [31], and with
fr = 968 Hz.

In this paper, the PI current regulator is employed and tuned
considering the overall system dynamics. Its transfer function
can be expressed as

Gi(s) = Kp +
Ki

s
(20)
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where Kp is the proportional coefficient and Ki is the integral
coefficient. The discrete transfer function of the PI regulator is
Gi(z) = Kp + KiTsz/(z − 1). Kp and Ki are determined by
the desired unity gain crossover frequency fc and phase margin
PM, respectively.

Since the crossover frequency fc is lower than the resonance
frequency fr , the influence of the capacitor on the LCL filter
can be ignored when calculating the magnitude of the loop gain
at frequencies up to fc [7], [32]. Thus, the magnitude of the
current loop gain can be simplified as

|Tc(s)| ≈
∣
∣
∣
∣
KPWMGi(s)
s(L1 + L2)

∣
∣
∣
∣ . (21)

Meanwhile, the PI regulator can be reduced to a proportional
gain at the crossover frequency. Then, substituting |Gi(s)| ≈
Kp into (21) yields

Kp ≈ 2πfc (L1 + L2)
KPWM

. (22)

Equation (22) shows that fc is almost proportional to Kp .
Therefore, a larger Kp means a faster dynamic response and a
larger loop gain at low frequencies.

The possible region of Kp,Ki , and Kc will be obtained with
requirements on steady-state error and stability margins. Con-
sidering the high complexity in z-plane, the design method is
carried out in the continuous system.

The compensator C(z) is derived in the discrete domain. Set-
ting z = esT s , and mapping C(z) into the continuous domain,
we obtain

C(s) =
1

m + (1 − m)e−sTs
. (23)

After introducing the area compensation scheme, the new
loop gain T ′

c (s) can be derived as (24) shown at the bottom of
the page.

The case of reduced computation delay scheme can be de-
scribed with C(s) = 1.

The PM of the new loop system can be expressed as

PM = 180o + ∠ T ′
c(s)|s=j2πfc

. (25)

Substituting (20) into (25) yields

PM =
π

2
− arctan

Ki

2πfcKp
− (2τ + 1)πfcTs − arctan

C

D
(26)

where

C = 2π
(
f 2

c −f 2
r

)
L1τsin (2πfcTs)

+ fcKcKPWMcos [(2τ+1) πfcTs ] ,

D = 2π
(
f 2

r −f 2
c

)
L1 [m + τcos (2πfcTs)]

+ fcKcKPWMsin [(2τ+1) πfcTs ] .

According to (22), (26) can be rewritten as

Ki =
4π2f 2

c LT

KPWM
· D − C · tan[PM + (2τ + 1)πfcTs ]
D · tan[PM + (2τ + 1)πfcTs ] + C

. (27)

The phase plot will cross over −180° only once at the res-
onance frequency fr . Therefore, the gain margin is expressed
as

GM = −20log10 |Tc(j2πfr )| (28)

where |Tc(j2πfr )| can be given as

|Tc(j2πfr )| ≈
KpL1

KcLT
≈ 2πfcL1

KcKPWM
. (29)

Substituting (29) into (28), the capacitor-current-feedback
coefficient Kc with respect to fc under the constraint GM can
be derived as

Kc ≈ 10
G M
2 0 · 2πfcL1

KPWM
. (30)

According to [7], the integral coefficient Ki under the con-
straint steady-state error can be obtained as

Ki =
4π2foLT

KPWM
·
√

(10
T f o
2 0 fo)2 − f 2

c (31)

where Tfo , the magnitude of the loop gain at the fundamental
frequency fo , reflects steady-state error constraint.

Compared with the area compensation scheme, the GM and
steady-state error constraints for the reduced computation delay
scheme are the same. However, the PM constraint is different.
The PM of the reduced computation delay loop system is ex-
pressed as

PMrc = 180◦ + ∠ Tc(s)|s=j2πfc
. (32)

Substituting (20) into (32), leads to

PMrc =
π

2
− arctan

Ki

2πfcKp
− (2τ + 1)πfcTs − arctan

× fcKcKPWMcos[(2τ + 1)πfcTs ]
2π(f 2

r − f 2
c )L1 + fcKcKPWMsin[(2τ + 1)πfcTs ]

. (33)

According to (22), (33) can be rewritten as (34) shown at the
next of the page.

As described in Section III-C, two cases of time delay (m
= 0.6 and m = 0.8) are analyzed. The following analysis and
experiments will only consider the case with larger time delay
(m = 0.6). According to (27), (31), and (34), shown at the bottom
of the page, the possible regions of the Ki and fc for reduced
computation delay and area compensation schemes are drawn
in Fig. 11, using the parameters listed in Table I.

T ′
c(s) =

KPWMGi(s) · e−(τ +0.5)sTs C(s)
s3L1L2Cf + s2L2Cf KcKPWMe−(τ +0.5)sTs C(s) + s(L1 + L2)

=
KPWMGi(s) · e−(τ +0.5)sTs

s3L1L2Cf [m + (1 − m)e−sTs ] + s2L2Cf KcKPWMe−(τ +0.5)sTs + s(L1 + L2)[m + (1 − m)e−sTs ]
(24)
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Fig. 11. Region of Ki and fc constrained by GM, PM, and Tfo in the delay
time of 0.4 Ts .

As shown in Fig. 11, the shaded area is the available region
for the reduced computation delay method. When the area com-
pensation method is incorporated, the region becomes larger as
depicted with the dash-dotted line. It allows the use of larger
Ki and fc to improve both the steady-state and dynamic perfor-
mance. The solid line shows the boundary with no computation
delay. It can be seen that the parameter region of the proposed
area compensation scheme is very close to this ideal situation.

V. EXPERIMENTAL VERIFICATION

Experiments were made on the 300-kW test setup with the
parameters already listed in Table I. The grid voltage vg , which
is used in the PLL, is sensed by two voltage sensors. The grid
current i2 and capacitor current icf are sensed by two current sen-
sors, respectively. The capacitor-current-feedback active damp-
ing is tested in the PWM rectifier shown in Fig. 1, where the
d-axis component reference of i2 is set by a dc-link voltage
control. The dc-link control is based on a PI controller.

To guarantee the good dynamic performance and enough sta-
bility margins, the specifications are given by PM � 45° and
GM � 3 dB. Meanwhile, the magnitude of the loop gain at the
fundamental frequency should be larger than 15 dB to ensure
good steady-state performance [7].

Referring to the region of Ki and fc with the delay time
of 0.4 Ts shown in Fig. 12, point A is chosen as the optimized
controller parameter for the reduced computation delay method.
The proposed method can achieve higher crossover frequency,
and point B is chosen as the optimized controller parameter
for the area compensation method. The controller parameters
and corresponding performance index are listed in Table II. The

Fig. 12. Bode diagram of the grid current open-loop in the delay time of
0.4 Ts .

TABLE II
PARAMETERS OF THE CONTROLLER

Reduced computation delay Area compensation

Kp 0.35 0.42
Ki 0.035 0.07
Kc 0.28 0.4
GM 2.67 dB 2.69 dB
PM 52° 51.2°
fc 230 Hz 300 Hz

voltage loop proportional coefficient and integral coefficient are
0.8831 and 0.003, respectively.

The Bode diagrams of the loop gain with two methods are
shown in Fig. 12. As depicted in Fig. 12, the gain curve with the
reduced computation delay method has a high resonance peak
which is larger than 0 dB in the delay time of 0.4 Ts . With the area
compensation scheme though, the gain curve is well damped and
without any resonance peak. Apparently the crossover frequency
fc can be further increased with the proposed method to achieve
even better dynamic performance.

Experiments are carried out to compare the performance
achieved with the two schemes. Both the transient and steady-
state responses of two schemes are investigated for τ = 0.4.
Fig. 13 shows the transient experimental results when the re-
active current reference steps from 0 to −600 A. Obviously,
the overshoot of the uncompensated system is larger than the

Ki =
4π2f 2

c LT

KPWM
·

sin[(2τ + 1)πfcTs ] + 2πL1 (f 2
r −f 2

c )
fc Kc KP W M

− cos[(2τ + 1)πfcTs ] · tan[PM + (2τ + 1)πfcTs ]
{

sin[(2τ + 1)πfcTs ] + 2πL1 (f 2
r −f 2

c )
fc Kc KP W M

}
· tan[PM + (2τ + 1)πfcTs ] + cos[(2τ + 1)πfcTs ]

(34)
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Fig. 13. Transient experimental results when reactive current steps between 0 and −600 A for τ = 0.4. (a) Reduced computation delay scheme. (b) Area
compensation scheme.

Fig. 14. Grid-side current in view of a dc-load step from no-load to full-load for τ = 0.4. (a) Reduced computation delay scheme. (b) Area compensation scheme.

compensated system. Fig. 14 shows the experimental results of
the grid-side current in view of a dc-load step from no-load to
full-load. The total harmonic distortion for the uncompensated
and the compensated system is 2.54% and 4.11%, respectively.

The experimental results show that, using the proposed area
compensation scheme, the LCL-type grid-connected converter
not only can remain with satisfactory steady-state performance
but also achieve better dynamic performance. Although, the
current distortion is a bit larger with the proposed method, it still
satisfies the relevant requirement for grid-connected converters.

VI. CONCLUSION

Active damping (typically through capacitor current feed-
back) is an effective solution to suppress the resonance peak
of LCL-type grid-connected converters. But inherent time delay
associated with digital control can adversely affect the damping
performance, or even endanger system stability. By shifting the
sampling instant toward the PWM reference updating instant,
the reduced computation delay scheme can alleviate the problem
to some extent.

This paper presents the influence of time delay on system
stability of the LCL-type grid-connected converter. A compre-
hensive investigation of the digitally controlled modeling with
capacitor-current-feedback active damping has been conducted.
Based on area equalization, this paper proposed a time delay
compensation scheme to further improve the damping perfor-
mance. Both the theoretical analysis and the experimental results
have shown that, using the proposed area compensation method,
the LCL-type grid-connected converter can achieve better dy-

namic performance than with the reduced computation delay
scheme alone. As a general solution to time delay compen-
sation, the proposed method can be readily applied in other
digitally controlled converters.
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