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Abstract—Digital control delay is studied as one of the leading
factors causing instability in grid-tied voltage source inverter (VSI)
systems. However, how this delay affects the small-signal output
impedance of the VSI and how the change in impedance shape
further influences the system stability are still not clear. This article,
for the first time, thoroughly analyzes the impact of delay on
the dq-frame output impedance of the VSI operating in both the
single current loop control mode and the dual-loop control mode.
It is found that when delay is considered, a distinct magnitude
drop and a phase rise always exist at the high-frequency area
of the impedance, which is named the “impedance trough.” By
studying the dq-frame output impedance of the VSI, the origin
of the impedance trough, and its analytical relationships with the
current loop dynamics, voltage loop dynamics, and delay values
are unveiled. Meanwhile, the influence of the impedance trough on
the stability of the grid-tied VSI system under these two control
modes is evaluated through d–d channel impedance matching and
generalized Nyquist criterion (GNC). It is demonstrated that the
joint effects of delay and control parameters result in the impedance
mismatch between the grid and the VSI, which is the root cause of
high-frequency oscillations in the grid-tied system. Finally, exper-
imental results verify the analysis.

Index Terms—Delay effects, impedance, inverters, stability.

I. INTRODUCTION

D IGITAL control is increasingly applied in modern power
electronic converters due to its superior capability to op-

erate a complex algorithm, the possibility of reprogramming,
and the reliability against ambience variations compared with
the traditional analog control [1], [2]. However, in a digital
control system, there inherently exists a time delay originated
from analog-to-digital (AD) conversion, digital processor com-
putation, and pulsewidth-modulated (PWM) generation [3]. For
symmetrical-regular modulation, there lasts one carrier cycle
Ts from the sampling instant to the update instant [4]. And the
zero-order hold (ZOH) effect keeps the duty ratio constant after
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the update, which approximates to half Ts [5], thereby the total
delay value Tdel is widely accepted to be 1.5Ts [6].

Time delay would introduce a phase lag into the control loop
of the converter [7], which tends to reduce the phase margin (PM)
of the control loop and the control bandwidth, degrading system
control performance [8]. Thereby, solutions to reduce the time
delay have been proposed. The most direct way is to apply the
asymmetrical modulation with double update, and then Tdel is
reduced to 0.75Ts [9]. In addition, due to the improvement of the
microprocessor, AD conversion and computation durations are
reduced dramatically, and a reduced computation delay method
is proposed by shifting the sampling instant to the update instant
[10]. As the computational delay decreases, the accuracy of the
PWM modulation becomes more important. Recently it has been
reported that there exists a deviation between the s-domain ZOH
model and actual z-domain model. To improve the accuracy of
s-domain model, a compensation strategy is proposed [11].

In recent years, studies on the delay effect have shifted to the
stability analysis of current control of grid-tied voltage source
inverters (VSIs) with LCL filters [12]–[15]. In [12], a discrete
z-domain small-signal model of the inverter with delay effects
is derived to predict the stability of the current controller. In
[13], a concept of critical LCL filter resonance frequency, which
equals one-sixth of the sampling frequency (fs/6) is introduced.
And it documents that if the resonance frequency is exactly
equal to fs/6, the system will always be unstable regardless
of the capacitor current feedback coefficient. Zou et al. [14] and
Wang et al. [15] compare the delay effects on the converter-side
and grid-side current feedback control of LCL filters, and then
obtain the stable range of time delay. Overall, it could be seen
that current works on the delay effect are mainly based on the
system loop gain, which analyze the influences of phase lag on
the current control loop.

Although the system loop gain-based method is available to
accurately assess the stability of the grid-tied VSI system, the
impedance-based approach, which was originally introduced for
the design of input filters in dc–dc converters [16], provides a
more convenient tool to analyze the ac grid-tied system stability
[17], [18]. Over the past decades, impedance-based stability
analysis of grid-tied VSI systems has been a research concern,
mainly focusing on factors such as the LCL filter resonance in
current control [19]–[22], multiple converters and weak-grid
condition [23]–[26], phase-locked loop (PLL) [27]–[29], and
dc-link voltage loop dynamics [30]. The influences of PLL
dynamics on VSI output impedance shape and system stability
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are analyzed in the αβ-frame [27] and the dq-frame [28], [29],
respectively. In [30], the influence of dc-link dynamics on the
VSI dq-frame output admittance is evaluated. However, how
digital control delay impacts the impedance shape and how a
change in the impedance shape is related to the system stability
are not clear yet.

A few research works have studied the influences of digi-
tal control delay from the perspective of the impedance-based
method. Via the passivity-based analysis, it is revealed in [31]
and [32] that time delay constitutes a frequency-dependent term
in the VSI total output admittance, which could make the total
admittance have a negative real part. This negative real part will
introduce a negative damping effect into the system, resulting in
system instability. In [33], the delay effect on the grid-tied pho-
tovoltaic (PV) system is analyzed by establishing a single-input
single-output (SISO) impedance model. And it is verified that as
delay increases, the system stability margin declines. However,
these works to study the delay effect are all based on the
equivalent SISO model, which assumes the original three-phase
system symmetrical and balanced by neglecting the dynamics
of PLL and dc link. Admittedly, this assumption is feasible
since the impact of delay is located around the high-frequency
area, but the SISO model is not an accurate description of the
original multi-input multi-output system after all. Thus, it is still
necessary to establish a dq-frame or an αβ-frame impedance
model when considering PLL and dc-link voltage loop.

Interestingly, in quite a few of the above-listed papers on
VSI impedance modeling with delay, it is observed from the
predicted models and measured results that a sudden magnitude
drop and a phase rise always exist at around one-sixth switching
frequency of the output impedance [20], [21], [27]–[29]. Nev-
ertheless, these works hardly notice this phenomenon, let alone
link it to the delay effect. This phenomenon is first pointed out
in a recent publication that examines the impacts of delay on the
VSI sequence impedance [34]. It indicates that as the delay value
increases, the magnitude drop and phase rise deteriorate. The
relation between the impedance shape change and the system sta-
bility is also shown. But this article presents the phenomenon and
analyzes system stability only through parametric case studies,
which lacks in-depth qualitative investigations (e.g., the origin,
frequency location, variation rules to control parameters, etc.).
Meanwhile, as delay varies, it is unclear whether the instability
of the system is due to the standalone inverter or the impedance
mismatch. Besides, so far, the analysis of delay effect on the
impedance shape and system stability in the dq-frame is still
absent.

To cope with these issues, the main contributions of this article
are summarized as follows.

1) The origin and frequency characteristic of the impedance
magnitude drop and the phase rise phenomenon, (i.e., the
impedance trough) are thoroughly illustrated.

2) The joint effects of delay and control parameters on the
dq-frame output impedance in both the single current loop
control mode and the dual-loop control mode with outer
dc-link voltage control are clarified.

3) The impacts of the delay-caused impedance trough on the
stability of the grid-tied VSI system in these two control

Fig. 1. Single-line equivalent circuit and control system of a three-phase VSI
with constant dc voltage source or current source input.

TABLE I
MAIN PARAMETERS OF THE STUDIED VSI

modes are evaluated. More specifically, the root cause of
the high-frequency oscillations is unveiled.

This article is organized as follows. In Section II, the dq-frame
impedances of VSI with and without delay are compared, and
the impedance trough is introduced. The origin and the charac-
teristics of the trough are illustrated in Section III. Section IV
discusses the joint effect of delay and control parameters on
the VSI output impedance shape in both single current loop
and dual-loop control modes. In Section V, the impacts of the
impedance trough and grid impedance on system stability are
analyzed. The experimental results are presented in Section VI.
Finally, Section VII concludes this article.

II. SYSTEM STUDIED AND ITS OUTPUT IMPEDANCE

In this article, a three-phase, two-level VSI operating in the
single current loop control mode and the dual-loop control mode
with dc-link voltage control is studied. A single-line equivalent
circuit of the grid-tied system is depicted in Fig. 1, and the
parameters are listed in Table I. The dc link of the VSI is supplied
by a bulk capacitor C in parallel with either a constant dc voltage
source Vdc or a constant dc current source Idc, which corresponds
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Fig. 2. Small-signal model of VSI in the dual-loop control mode.

to the two control modes, respectively. Through an output filter
inductor L, the ac side of the VSI is connected to a weak grid
with an L–C type grid impedance. The inverter-side current is
controlled in the dq-frame, and the phase signal is generated via
PLL. For the dual-loop control mode, d-axis current reference
is generated by the dc voltage loop. In both the voltage loop and
the current loop, simple proportional-integral (PI) regulators are
adopted, which are denoted by Hv and Hi, respectively.

The dq-frame small-signal model of the VSI with PLL and
dc-link dynamics, which has already been well-established in
existing publications [24], [28], is redrawn in Fig. 2. This model
is composed by the open-loop power stage, the inner current
control loop, and the outer voltage loop. In Fig. 2, a superscript
“c” is added to distinguish the variables in the control system
from those in the power stage. All of the transfer functions are in
a second-order matrix form, of which the specific expressions
could also be referred to in [24] and [28]. Among them, Giv

denotes the open-loop output impedance of inverter, Gvv is the
open-loop transfer function from ac voltage to dc voltage, Gvd

indicates the transfer function from duty ratio to dc voltage, Gid

represents the transfer function from duty ratio to the inductor
current, and Gpiv and Gpid denote the relations between the
inductor current and duty ratio in the control system and the ac
voltage in the power stage, respectively. Besides, Gdel is the
digital control delay matrix, which is expressed as

Gdel =

[
e−Tdels 0

0 e−Tdels

]
. (1)

From Fig. 2, the output admittance of the VSI can be deduced
as

Yo = (I+ αGdelHi)
−1

[Giv − α (GdelHiHvGvv −Gpdv +GdelHiGpiv)] (2)

where α = Gid(I+GdelHiHvGvd)
−1.

Fig. 3. Comparison of VSI output impedance with and without delay in the
dual-loop control mode.

And then, by performing an inversion on (2), the dq-frame
output impedance is obtained

Zo = Yo
−1. (3)

The Bode diagrams of VSI output impedance Zo with and
without delay are compared in Fig. 3. It could be observed that
in Zdd and Zqq, when delay is considered, a distinct magnitude
drop and a phase rise appear at around 1 kHz. This phenomenon
is just like a trough from the shape of the impedance magnitude,
which thereby is named impedance trough. However, in Zdq

and Zqd, the impedance trough does not exist since delay plays
a dominant role in the d-axis and the q-axis current control loops,
whereas it has little impact on the coupling terms.

Fig. 3 reveals that the impacts of digital control delay are
located in the high-frequency area, whereas PLL only influences
the low-frequency segment of Zqq. Hence, the dynamics of PLL
could be neglected herein. In this case, the output impedance
could be simplified, which is defined as follows:

Zov = (Giv − αGdelHiHvGvv)
−1 (I+ αGdelHi) . (4)

For the single current loop control mode VSI, the output
impedance is defined as follows:

Zoc = G−1
iv (I+GidGdelHi) . (5)

III. ORIGIN AND CHARACTERISTICS OF IMPEDANCE TROUGH

Mathematically, delay Gdel = e−Tdels is an exponential func-
tion with a constant modulus of 1 and a varied phase angle. The
Bode plot ofGdel is shown in Fig. 4(a), of which the magnitude is
0 dB and the phase declines linearly as the frequency increases.
In addition, the characteristic of Gdel could be more intuitively
illustrated by means of complex plane representation. As shown
in Fig. 5(a), delay Gdel is intrinsically a clockwise rotating unit
circle with a radius of 1. As frequency increases, the phase of
the circle gradually declines.
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Fig. 4. Bode plot of (a) Gdel in linear frequency axis, (b) G1, (c) G2, and (d) d–d channel impedance Zdd_c of VSI with single current loop.

Fig. 5. Complex plane representation of (a) Gdel, (b) G1, (c) G2, and (d) d–d channel impedance Zdd_c of VSI with single current loop.

The loop gain of the inner current control loop in Fig. 2 is

Tcl = GidGdelHi. (6)

In (6), the relationship between Gdel and the other two
transfer functions is direct multiplication. Thus, delay could only
bring phase lag into the current control loop.

Nevertheless, in the expression of VSI output impedance (2),
(4), (5), Gdel is not only multiplied with other plants, but it is
also added to an identity matrix I with a constant of 1 in the
main diagonal. Importantly, the following analyses are based on
the elements in the main diagonal of the matrixes.

Once Gdel is added to a constant 1, it becomes

G1 = 1 + e−Tdels

= 1 + cos (ωTdel)− j sin (ωTdel) . (7)

From (7), it could be seen that G1 is a frequency-dependent
and periodic function. And as long as

ωTdel = (2k + 1)π, k = 0, 1, 2 . . . (8)

G1 = 0. The Bode plot of G1 is depicted in Fig. 4(b). It could
be seen that a sharp magnitude drop occurs periodically, and the
phase rises abruptly from –90° to 90° at this frequency point.
This could be more vividly presented via the complex plane
representation of G1 in Fig. 5(b), which is a unit circle centered
on (1, j0) point. Whenever the curve rotates to the origin point
P, the modulus decreases to zero, and the phase jumps abruptly
from –90° to 90°. The frequency at point P is exactly the solution

to (8), which is defined as follows:

ωp =
2k + 1

Tdel
π, k = 0, 1, 2 . . . . (9)

If Gdel is not only in sum with a constant but also in multi-
plication with an arbitrary constant λ, then Gdel becomes

G2 = 1 + λe−Tdels (10)

and the minimum value of G2 becomes 1− λ · sgn(λ). For
example, if λ equates to 0.75, then the minimum value is 0.25. It
can be seen from the Bode plot of G2 in Fig. 4(c) that there
exists a similar periodic magnitude drop as in G1, whereas
the lower limit of the drop is countable to be –12 dB. The
complex plane representation of G2 is also a circle centered
on the (1, j0) point, whereas the radius of the circle is reduced
to 0.75. In Fig. 5(c), throughout the circle, point P owns the
minimum modulus value 0.25, and whenever the curve rotates
through point P, the modulus first decreases and then increases,
posing a trough. The minimum modulus value of 0.25 exactly
corresponds to the lower limit of 12 dB in Fig. 4(c).

From the analyses of G1 and G2, once Gdel is added to a
constant, then both the magnitude and phase of the Bode plot
will change significantly, instead of a simple phase lag. Further
analysis of the VSI output impedance in (4) and (5) reveals that in
addition to the simple sum operation with constants, operations
with s-functions and a matrix inversion for Gdel also exist. In
order to mathematically explain the origin of the impedance
trough, it is necessary to obtain the analytical expression of the
impedance first.
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Fig. 6. Comparison of Zdd_c with and without delay in the complex plane.

To ensure a more intuitive understanding of the origin of the
impedance trough, the analysis starts from the simpler single
current control mode VSI impedance Zoc. The d–d channel
element of Zoc is defined as Zdd_c, of which the analytical
expression is deduced as follows:

Zdd_c = sL+ Vdc

(
kip +

kii
s

)
e−Tdels. (11)

It could be observed from the Bode plot of Zdd_c in Fig. 4(d)
that although gradually attenuating, a magnitude drop and phase
rise phenomenon still periodically emerge. This is exactly the
impedance trough defined above. According to (11), Zdd_c is
composed of a passive term inductor sL, and the active term
that contains delay. In the complex plane, sL is a straight-line
on the imaginary axis with a 90° angle, and the active term
approximates to a circle since the integral operator will be small
enough as frequency increases. Combining the straight line sL
and the “delay circle,”Zdd_c becomes the periodic arches rotated
counterclockwise by 90°, as shown in Fig. 5(d).

On each arch, there always exists one point closest to the
origin, which is labeled asPn (n denotes the order of the period).
The point Pn corresponds exactly to the bottom point of each
impedance trough in the Bode plot in Fig. 4(d). When the curve
passes through P1, the modulus of the curve first decreases
sharply, then increases, and the phase increases from near 0° to
larger than 90° in a short frequency range. However, as frequency
increases, when the curve reaches to P2 and P3, the changes in
magnitude and phase gradually become slight.

It is worth mentioning that the accuracy of the small-signal
linearization method is guaranteed only up to half-switching
frequency. Hence, only the first impedance trough in Fig. 4(d)
and the point P1 in Fig. 5(d) are valid.

Fig. 6 further illustrates the effect of delay on the impedance
by comparing Zdd_c with and without delay. If delay is not
considered, then the curve is a straight-line just shift to the right
with a distance of Vdckip, and the point closest to the origin P0

is exactly the starting point. If delay is taken into account, then
the curve will bend due to the delay circle, and the point closest
to the origin moves to P1.

IV. PARAMETER ANALYSIS FOR THE IMPEDANCE TROUGH

In this section, the joint effects of delay and control parameters
on the output impedance of VSI in both single current loop and
dual-loop control modes are elaborated.

Fig. 7. Impact of the integral operatorkii/s on d–d channel impedanceZdd_c.

A. Single Current Loop Control Mode

In (11), it could be seen that for Zdd_c, the radius of the delay
circle is closely related to the control parameters kip and kii,
whereas the rotating speed is determined by delay time Tdel.
However, the impact of the integral operator kii/s is weak,
since the integral operator dominates in the low-frequency area,
whereas the trough is located in the high-frequency area. Thus,
the d–d channel impedance Zdd_c could be further simplified to

Zdd_c1 = sL+ Vdckipe
−Tdels. (12)

The Bode plots of Zdd_c and Zdd_c1 are compared in Fig. 7.
It is verified that the impedance trough is hardly influenced by
the integral operator. Hence, this simplification is reasonable if
only the impedance trough is studied.

The frequency location of the impedance trough in Fig. 7
could be calculated by performing a derivative operation on the
modulus of Zdd_c1, which is defined as follows:

M =

√
[Vdckipcos(ωTdel)]

2 + [ωL− sin(ωTdel)]
2. (13)

By solving the following derivative equation:

dM

dω
= 0 (14)

the extreme point should have been obtained. However, due to
the triangular functions in M , an analytic solution for (14) does
not exist. To simplify, the first-order Padé approximation of delay
Gdel is applied

Gdel =
1− 0.5Tdels

1 + 0.5Tdels
. (15)

Then, Zdd_c1 is further simplified to

Zdd_c2 = sL+ Vdckip
1− 0.5Tdels

1 + 0.5Tdels
. (16)

By calculating the modulus of Zdd_c2, and solving (14), the
extreme point frequency of the trough ωc is obtained as follows:

ωc =

(
(2kipLTdelVdc)

1
2 − L

4LT 2
del

) 1
2

. (17)

In (17), it could be seen that ωc increases as output inductor
L, dc-link voltage Vdc, or the current loop proportional gain kip
increase, whereas it decreases as delay Tdel increases. Among
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Fig. 8. Bode plots of Zdd_c1 without delay when kip = 0.05, 0.1, and 0.15.

Fig. 9. Bode plots of Zdd_c1 with delay when kip = 0.05, 0.1, and 0.15.

them, L and Vdc are constant power-stage values, which will not
be further analyzed here.

First, three sets of kip (i.e., 0.05, 0.1, and 0.15) are chosen.
If delay is not considered, then the Bode plots of Zdd_c1 in (12)
are shown in Fig. 8. Within the bandwidth of the current loop,
Zdd_c1 behaves as a constant resistor characteristic. And as kip
increases, the magnitude becomes larger, whereas the phase rises
more smoothly. For all of these cases, the phase is limited to the
90° range.

Under the same kip conditions, if delay is considered and
fixed at 150 μs, then the Bode plots of Zdd_c1 are redepicted in
Fig. 9. Compared with Fig. 8, it could be seen that a disparate
impedance trough appears when delay is considered.

As kip increases, the impedance trough gradually becomes
deeper and sharper, and shifts to a higher frequency area, which
is consistent with the analysis of ωc in (17). Meanwhile, for
all three cases, the phase at the trough rises steeply and exceeds
90°. Specifically, when kip = 0.15, the phase rises abruptly from
–20° to 135°.

The severe impedance trough in Fig. 9 could be more directly
explained via the complex plane representation in Fig. 10.
Based on the compound principle in Fig. 5(d), as kip increases,
the radius of the delay circle becomes larger. As a result, the
curvature of the composite arch increases. In Fig. 10, on each
curve, there exists one point closest to the origin point, labeled
P1, P2, and P3, respectively, and R1, R2, and R3 represent the

Fig. 10. Complex plane representations of Zdd_c1 with delay when kip =
0.05, 0.1, and 0.15.

minimum distances. Evidently, R3 is much smaller than R1 and
R2, thus resulting in a sharp magnitude drop in the Bode plot.
Meanwhile, around point P3, the phase changes rapidly from
a negative degree to larger than 90°. Once the phase increases
over 90°, the impedance will enter the second quadrant with a
negative real part, behaving as a negative damping effect.

Correspondingly, it is worth observing the change of current
loop gainTcl. In single current loop mode, the d–d channel loop
gain is defined as Tcl and derived as

Tcl =
sVdc

(
kip +

kii

s

)
e−Tdels

s2L+ ω2
0L

(18)

where ω0 = 314 rad/s. As shown in Fig. 11, as kip increases
from 0.05 to 0.15, the bandwidth increases from 457 to 1365 Hz,
whereas the PM gradually declines from 70° to about 25°.

The second step is to analyze the effect of delay value. Fig. 12
presents the Bode plots ofZdd_c1 with three sets ofTdel (i.e., 120,
150, and 180 μs), whereas kip is fixed at 0.1. As Tdel augments,
both the magnitude drop and the phase rise become more severe,
which are similar to the case as kip increases. The difference is
that the impedance trough gradually shifts to a low-frequency
area.

Fig. 13 presents Zdd_c1 in the complex plane. As Tdel in-
creases, the rotating speed of the delay circle grows, making the
minimum distance from the curve to the origin gradually decline
and appear earlier at a lower frequency, which is in accordance
with the trough change in Fig. 12.

According to (18), the corresponding current loop gain Tcl

with delay varied is depicted in Fig. 14. It is seen that no matter
how Tdel changes, the magnitude of Tcl does not change at all,
whereas the phase gradually decreases due to the high-frequency
phase-lag effect by delay. As Tdel grows from 120 to 180 μs, the
PM of the loop gain decreases by about 20°.

B. Dual-Loop Control Mode

In renewable energy plants, such as the PV plants, single-stage
VSIs with a dc-link voltage control loop are widely applied.
Hence, it is also necessary to analyze the effect of delay on
the impedance of the VSI with dual-loop control. The dq-frame
output impedance of the VSI in dual-loop control mode is
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Fig. 11. Bode plots of Tcl when kip = 0.05, 0.1, and 0.15. (a) Full scale.
(b) Zoom-in figure within the red border.

Fig. 12. Bode plots of Zdd_c1 when delay Tdel = 120, 150, and 180 µs with
kip fixed at 0.1.

deduced in (4). By neglecting the integral operator, expression
of the d–d channel impedance could be obtained as

Zdd_v =
D2

d + βkipe
−Tdels

sC + kvpkipILde−Tdels
+ sL (19)

where β = sCVdc + kvp(DdVdc)−DdILd. In (19), both kip
and kvp have arithmetic operations with Gdel, indicating that
both the current loop and the voltage loop interact with delay,
shaping the impedance trough jointly.

In dual-loop control mode, the extreme point frequency is
defined as ωv , which could also be calculated by following the

Fig. 13. Complex plane representations of Zdd_c1 when Tdel. = 120, 150,
and 180 µs with kip fixed at 0.1.

Fig. 14. Bode plots of Tcl when Tdel = 120, 150, and 180 µs. (a) Full scale.
(b) Zoom-in figure within the red border.

same steps as those outlined in Section IV-A

ωv =

⎛
⎜⎝
[
2kipLTdel

(
Vdc + kvpDdILd

4
√

L/C
)] 1

2 − L

4LT 2
del

⎞
⎟⎠

1
2

.

(20)

From (20), the extreme point frequency increases as kip or
kvp increases, but decreases as Tdel increases. Comparatively,
the influence factor of kvp is relatively low due to the existence of
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Fig. 15. Bode plots of Zdd_v with three sets of gain kip = 0.05, 0.1, and 0.15.

Fig. 16. Bode plots of Zdd_v with delay Tdel = 120, 150, and 180 µs.

Vdc in (20). In dual-loop control mode, the impedance trough is
also influenced by current loop dynamics and delay. Therefore,
the effects of kip and Tdel need to be first compared with the case
in the single current loop mode. Fig. 15 presents the Bode plots
ofZdd_v with the same sets of kip as in Fig. 9, where kvp is 1 and
Tdel is 150 μs. Fig. 16 illustrates the Bode plots of Zdd_v with
varied delay values, where kvp is 1 and kip is 0.1. By comparing
Figs. 15 and 9, and Figs. 16 and 12, it could be manifested that
the effects of current loop dynamics and delay value variations
on the impedance trough are approximately identical under both
control modes.

The second step is to analyze the effect of voltage loop
dynamics on the impedance trough. If delay is not considered,
then as kvp increases from 1 to 3.5, the Bode plots of Zdd_v are
shown in Fig. 17, where kip is fixed at 0.1. It could be seen that
within the voltage loop bandwidth, the inverter is controlled as
a constant power source, behaving as a pure resistor. And, as
the bandwidth increases, the range of the resistor characteristic
extends. However, it is noteworthy that none of these three
phases exceed 90°.

But when delay Tdel is considered and fixed at 150 μs, then
the bode plots of Zdd_v are redrawn in Fig. 18. Compared with
Fig. 17, it can be seen that when delay is considered, an evident
impedance trough appears, and the phase rises over 90° within

Fig. 17. Bode plots of Zdd_v when kvp = 1, 2.25, and 3.5 without delay.

Fig. 18. Bode plots of Zdd_v when kvp = 1, 2.25, and 3.5 with delay
considered.

the range of 1–2 kHz. In addition to the deviation in the low-
frequency area, as kvp increases, the magnitude of the trough
drops deeper and shifts slightly to the right, and its phase rises
more. Although the changes are not as severe as the cases in
Fig. 15 when kip changes, the slight deviation in phase rise is
exactly the root cause of instability, as explained in the following
section.

The corresponding complex plane representations of Zdd_v

are plotted in Fig. 19. As kvp increases, the minimum distance
from the curve to the origin points R1–R3 gradually shorten,
explaining why the trough becomes deeper in Fig. 18. In general,
due to the existence of the delay, the voltage loop dynamics will
affect the high-frequency region in addition to the low-frequency
region of the impedance.

One interesting finding from Figs. 10, 13, and 19 is that,
due to the delay circle, the impedance is able to extend to the
second quadrant in the complex plane, where the real part of the
impedance becomes negative. Inevitably, a negative damping
effect would be posed, and system stability would be threatened.

V. STABILITY ANALYSIS WITH THE IMPEDANCE TROUGH

The prerequisite for the stability of the grid-tied VSI system is
that both the inverter and the grid are individually stable. Usually,
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Fig. 19. Complex plane representations of Zdd_v when kvp = 1, 2.25,
and 3.5.

the grid side is stable since the grid impedance is passive without
right-half plane poles. Although the VSI is designed to be stable,
its stability could not be guaranteed when considering changes
in the control parameters and delay value. Consequently, it is
necessary to first obtain the stability boundary of the standalone
VSI. The stability boundary could be derived based on Routh’s
stability criterion by investigating the characteristic equation of
the VSI.

For the stability of the grid-tied VSI system, the GNC or
eigenvalue-based methods are the sufficient and necessary crite-
ria [18], [19]. However, the root cause of the instability cannot be
unveiled via these two approaches. Fortunately, for a high-power
factor three-phase system, it has been verified that the stability
at ac interfaces could be assessed directly from the impedance
return ratios seen across the d–d and q–q interfaces [35], [36].
Then, the Nyquist criterion, or PM and gain margin (GM)
theories in the dc system can be applied separately to the d–d
and q–q subsystems. Via such methods, the root cause of the
instability could be identified.

In this article, the VSI is controlled under the high-power
factor condition. Meanwhile, in the single current loop control
mode, the VSI is three-phase symmetrical. Hence, the d–d and q–
q channel impedances are identical. In dual-loop control mode,
although some deviations exist in the low-frequency portion due
to voltage loop dynamics in the d-axis, the high-frequency parts
are the same. Thus, if only the impacts of the impedance trough
are discussed, the analysis could be further simplified based
solely on the d–d channel impedances. Nevertheless, in order to
ensure the seriousness of this analysis, the GNC-based method
is adopted, either.

A. Single Current Loop Control Mode

In small-signal sense, the closed-loop information of the ac
current-controlled VSI is characterized by the admittance, and
its denominator is the system characteristic equation. Recall that
the output impedance of the single current loop mode VSI Zoc

has already been obtained in (2). Thus, the inverse matrix ofZoc

is the output admittance, which is defined as follows:

Yoc = (I+GidGdelHi)
−1Giv. (21)

In Yoc, the denominators of the four elements are identical.
Hence, only the d–d channel admittance is derived here, as

Ydd_c =
sL+ kipVdce

−Tdels

(sL+ kipVdce−Tdels)2 + ω2
0L

2
. (22)

When applying Routh’s stability criterion, the characteristic
equation should be written in the polynomial form. Substituting
e−Tdels with the first-order Padé approximation in (15), we
obtain

Ydd_c =

(
1 + Tdels

2

)2
sL+

(
1− (Tdels

2

)2)
kipVdc

a1s4 + b1s3 + c1s2 + d1s+ e1
. (23)

Here, the characteristic equation ofYdd_c is defined as follows:

Cc = a1s
4 + b1s

3 + c1s
2 + d1s+ e1 = 0 (24)

where the coefficients are

a1 = 0.5TdelL, b1 = TdelL(L− 0.5TdelkipVdc)

c1 = (0.5TdelkipVdc)
2 + L2 + (0.5TdelLω0)

2

d1 = Tdel(ω
2
0L

2 − k2ipV
2
dc) + 2kipVdcL

e1 = ω2
0L

2 + k2ipV
2
dc.

If Ts or Tdel is fixed, then according to Routh’s criterion, the
stability boundary for kip is derived as follows:

kip <
4L

VdcTdel
− 2ω0L

Vdc
. (25)

Substituting the actual values of the variables listed in Table I
into (22) yields kip< 0.23. More specifically, Tdel is 150 μs.

If kip is constant and satisfying (22), then the stability bound-
ary for Tdel is derived as follows:

Tdel <
4L

kipVdc + 2ω0L
. (26)

Taking the actual value into (26) yields Tdel < 225 μs, when
kip equals to 0.15.

The stability of the grid-tied system is first assessed based
on the PM and GM theories by investigating the d–d channel
impedance matching. Fig. 20(a) depicts the d–d channel grid
impedance Zgdd and the VSI output impedance Zdd_c when
kip equals to 0.05, 0.1, and 0.15, respectively. The part within
the gray border where Zgdd and Zdd_c intersect is zoomed in
Fig. 20(b). For the L–C type grid impedance, the phase of Zgdd

is around −90° in the high-frequency area. Therefore, as long
as the phase of Zdd_c exceeds 90° at the intersection point, the
stability of the system will be lost.

As illustrated in Fig. 20(b), when kip = 0.05, the phase
of Zdd_c at the intersection point is 75.1°. When kip = 0.1,
Zgdd intersects with Zdd_c at 1.67 kHz with a phase of 89.6°,
indicating a marginally stable system. As kip further increases to
0.15, the phase will reach 133.8° and the system will be unstable.
However, if the digital control delay is not considered, then the
phase of Zdd_c would be limited to 90° and the system would
always be stable no matter how kip changes.

The stability of the grid-tied VSI system could only be
precisely assessed based on GNC by evaluating whether the
eigenvalues of the system’s return ratio encircle the (–1, j0)
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Fig. 20. d–d channel grid impedance Zgdd and VSI output impedance Zdd_c
with three sets of kip. (a) Full scale. (b) Zoomed-in figure within the gray border.

point. For a single current control mode VSI, the return ratio
of the grid-tied system is defined as follows:

Lc = YocZg. (27)

Fig. 21 presents the Nyquist diagram of the two eigenvalues.
When kip is 0.05, the Nyquist contour does not encircle the (–1,
j0) point, hence, the system is stable. When kip increases to 0.1,
the contour just passes through the (–1, j0) point, indicating a
marginally stable state. When kip increases further to 0.15, the
contour encircles the critical point and the system will become
unstable with divergent oscillation. The results based on GNC
are consistent with that based on the GM and PM criteria in
terms of d–d channel impedance.

Fig. 22 presents the grid impedance Zgdd and VSI output
impedanceZdd_c under different delay value conditions. Specif-
ically, kip here is fixed at 0.1. When Tdel increases from 120
to 180 μs, the system gradually changes from the stable to
the unstable state. It is worth noting that the frequency point
where Zgdd and Zdd_c intersect when Tdel = 180 μs is lower
than the case when Tdel = 150 μs, which is due to the deeper
impedance trough located at a lower frequency in the former

Fig. 21. Nyquist plot of eigenvalues of the return ratio Lc with three sets of
kip: (a) kip = 0.05; (b) kip = 0.1 zoomed in; and (c) kip = 0.15 zoomed in.

Fig. 22. d–d channel grid impedance Zgdd and VSI output impedance Zdd_c
with three sets of Tdel. (a) Full scale. (b) Zoom-in figure within the gray border.
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Fig. 23. Zoomed-in Nyquist plot of eigenvalues of the return ratio Lc.
(a) Tdel = 120 µs. (b) Tdel = 150 µs. (c) Tdel = 180 µs.

condition. The Nyquist diagrams of the system return ratio’s
eigenvalues in Fig. 23 also verify that as delay increases the
stability of the system will gradually lose, which is consistent
with the conclusions derived from Fig. 20.

B. Dual-Loop Control Mode

In dual-loop control mode, the output admittance of the VSI is
defined asYov, which could be directly obtained from inversion
of the impedance Zov in (4)

Yov = (I+ αGdelHi)
−1 [Giv − αGdelHiHvGvv] . (28)

In this mode, system characteristic equation is defined as
follows:

Cv = a2s
5 + b2s

4 + c2s
3 + d2s

2 + e2s+ f2 = 0. (29)

Due to the complexity of the fifth-order operation, only the
numerical solution for Cv is given here. By keeping kvp as the
only unknown variable, and substituting the actual values of
other parameters into (28), yields

a2 = 1.03× 10−16, b2 = 4.53× 10−13 − 6.72× 10−14kvp
c2 = 3.12× 10−8 − 1.73× 10−10kvp
d2 = 6.76× 10−5 − 1.62× 10−6kvp
e2 = 2.29 + 6.43× 10−2kvp, f2 = 1143kvp − 6.53.

More specifically, kip is 0.1 and Tdel is 150 μs. Then, the
stability range for kvp can be solved as 0.032 < kvp < 6.85. By
following the same steps, the stability range of delay is obtained
as Tdel < 180 μs, when kvp is 1.

The d–d channel grid impedance Zgdd and VSI output
impedance Zdd_v are shown in Fig. 24; it could be observed
that when kvp is 1, the phase of Zdd_v at the intersection point is
82.1°, denoting a stable situation. When kvp increases to 2.25,
at the intersection point (i.e., around 1.51 kHz) the phase of
Zdd_v has already hit the 90° limit, indicating that the system is
marginally stable. If kvp further increases to 3.5, the system will
fall into an unstable state with a negative PM.

For the dual-loop control mode VSI, the return ratio of the
grid-tied system is defined as follows:

Lv = YovZg. (30)

The Nyquist plots of the two eigenvalues of Lv are plotted in
Fig. 25. When kvp = 1, the contour does not encircle the (–1, j0)
point. When kvp = 2.25, the (–1, j0) point is just on the boundary

Fig. 24. d–d channel grid impedance Zgdd and VSI output impedance Zdd_v
with three sets of kvp. (a) Full scale. (b) Zoom-in figure within the gray border.

of the curve, indicating a critical stable state. When kvp = 3.5,
the point is encircled and the system is unstable.

For the dual-loop control mode VSI, it can be interpreted
from Fig. 24 that due to the delay effect, as control parameter
kvp changes, in the high-frequency area, the magnitude of the
impedance varies only slightly, whereas the phase rises obvi-
ously, which is the root cause of system instability.

The impedance changes due to delay variations are similar in
both control modes. Hence, only the results are provided: kip
and kvp is set to 0.1 and 2.25, when Tdel = 150 μs, the system
is critically stable. If Tdel declines by 30 μs, then the stability
margin increases. On the contrary, if Tdel increases by 30 μs,
then the system would be unstable.

C. Impact of Grid Impedance Variations

Grid impedance is one of the crucial factors determining the
stability of the grid-tied system. To analyze the impact of grid
impedance, in single current loop control mode, three sets of
grid-side inductors Lg (i.e., 3.5, 1.75, and 1 mH) are tested,
whereas the capacitor remains unchanged at 15 μF. The d–d
channel impedances of these three sets of grids are denoted by
Zgdd1, Zgdd2, and Zgdd3, respectively.

As plotted in Fig. 26, as Lg decreases, the two resonance
peaks of Zgdd gradually move to a higher frequency area. Zddc

in Fig. 26 is the critical stable case with kip = 0.1. The phase of



TU et al.: IMPEDANCE-BASED ANALYSIS OF DIGITAL CONTROL DELAY IN GRID-TIED VOLTAGE SOURCE INVERTERS 11677

Fig. 25. Nyquist plot of eigenvalues of the return ratio Lv with three sets of
kvp: (a) kvp = 1; (b) kvp = 2.25 zoomed in; and (c) kvp = 3.5 zoomed in.

Fig. 26. d–d channel VSI output impedance Zdd_c and three sets of grid
impedances Zgdd1, Zgdd2, and Zgdd3.

Zdd_c at the intersection point betweenZgdd2 is 89.6°, indicating
a marginally stable state. When Lg decreases to 1 mH, the phase
error increases to 193.5°, hence the stability will be lost. But
when Lg increases to 3.5 mH, the system will be stable with a
PM of 18°.

The corresponding Nyquist plots of the two eigenvalues of
Lc under these three grid cases are shown in Fig. 27, in which
the results are consistent with analysis in Fig. 26.

VI. EXPERIMENTAL VERIFICATIONS

To verify the stability analysis above, an experimental setup of
the three-phase grid-tied VSI system that has been studied above
is built, as shown in Fig. 28. A Chroma grid simulator 61860 is
employed to simulate the three-phase ac grid. A Myway inverter
unit MWINV-9R144 embedded with a digital control system is
applied as the three-phase VSI. The dc side of the inverter is

Fig. 27. Zoomed-in Nyquist plot of eigenvalues of the return ratio Lc under
three different grid cases. (a) Zgdd1. (b) Zgdd2. (c) Zgdd3.

Fig. 28. Experimental setup of the studied three-phase grid-tied VSI system.

supplied by a Chroma dc source 62150H, which can operate in
both the constant voltage (CV) and the constant current (CC)
modes to test the two control modes analyzed in this article. The
components and control parameters adopted in the test setup
are the same as those in the model analysis, which are listed
in Table I. The experimental verifications also include both the
single current loop control and the dual-loop control modes. And
in each case, three sets of control parameters kip or kvp, delay
values Tdel and grid impedances Zgdd are tested.

A. Single Current Loop Control Mode

In the single current loop control mode, the effects of kip and
delay Tdel on system stability are investigated. Throughout the
tests, the d-axis inductor current reference Idref is set to 6 A,
and the q-axis inductor current reference is set to 0 A to ensure
a high-power factor system. In addition, the grid voltage Vg is
set to 110 V in the rms value.

First, the delay value Tdel is fixed at 150 μs and three sets of
kip (i.e., 0.05, 0.1, and 0.15) are tested in sequence. Fig. 29(a)
presents the measured waveforms of phase-A point of common
coupling (PCC) voltage vpcc_A and the inductor current iLA

when kip = 0.05, which are stable. When kip increases to
0.1, vpcc_A and iLA are both slightly distorted with harmonic
resonance around 1.7 kHz, which indicates that the system is in a
marginally stable state. Simultaneously, the measured harmonic
spectrum of the PCC voltage vpcc_A is shown in Fig. 30. It can
be clearly seen that the high-frequency oscillations arise at 1650
and 1750 Hz, which agree well with the analysis based on d–d
channel impedance matching in Fig. 20.

As kip increases to 0.15, divergent oscillations appear, and
over a short period of time the VSI breaks down due to the pro-
tection. The waveforms of the imminent divergence are captured
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Fig. 29. Measured waveforms of the phase-A PCC voltage vpcc_A and grid
current iLA. (a) kip = 0.05. (b) kip = 0.1. (c) kip = 0.15.

Fig. 30. Measured harmonic spectrum of PCC voltage vpcc_A when
kip = 0.1.

in subplot Fig. 29(c). Generally, the tested results are consistent
with the analysis based on GNC in Fig. 21.

The second step is to evaluate the effect of delay Tdel on the
stability of the system. From the previous step, the critical stable
state with kip = 0.1 is adopted here, and three sets of Tdel values
(i.e., 120, 150, and 180 μs) are tested separately.

The middle case with Tdel = 150 μs has already been tested
as marginally stable and been shown in Fig. 29(b). In the first
case with Tdel = 120 μs, Fig. 31(a) shows that the system is
not only stable but also has superior control performance than

Fig. 31. Measured waveforms of phase-A PCC voltage vpcc_A and grid
current iLA. (a) Tdel = 120 µs. (b) Tdel = 180 µs.

the case when kip = 0.05, as presented in Fig. 29(a). However,
as Tdel increases to 180 μs, severe high-frequency oscillations
appear in the waveforms, and the system becomes unstable, as
shown in Fig. 31(b). It is noteworthy that the oscillation due to
the 30-μs increment of delay is even more severe than the case
of kip = 0.15 shown in Fig. 29(c).

B. Dual-Loop Control Mode

In the dual-loop control mode VSI system, the dc-link voltage
vdc is adjusted to 400 V and the grid voltage vg is still set to 110 V
in rms value. The dc-link input current is 5 A, and according to
power balance the magnitude of the inductor current is 6 A,
which is the same as in the previous tests. More specifically,
the current controller gain kip here is fixed at 0.1. First, Tdel is
kept at 150 μs, and three sets of kvp (i.e., 1, 2.25, and 3.5) are
tested. In the first case, with kvp = 1, the system is stable, and the
measured waveforms of the dc-link voltage vdc, phase-A PCC
voltage vpcc_A, and grid current iLA are displayed in Fig. 32(a).
In the second case, when kvp increases to 2.25, small-amplitude
high-frequency oscillations appear in the waveforms, and the
system is under a critical stable state. Meanwhile, the measured
harmonic spectrum of the PCC voltage vpcc_A is presented in
Fig. 33. It can be seen that high-frequency oscillations arise at
1450 and 1550 Hz, which are close to the analysis based on d–d
channel impedance in Fig. 20. If kvp increases further to 3.5,
then the system will become unstable, as shown in Fig. 32(c).

The tested results agree well with the GNC-based analysis
in Fig. 25, which again demonstrate that the dynamics of the
dc-link voltage loop could induce high-frequency oscillations.

The next step is to test the effect of delay Tdel on system
stability. Similarly, a critical stable case with kvp = 2.25 in
the previous step is chosen, and three sets of Tdel (i.e., 120,
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Fig. 32. Measured waveforms of dc-link voltage vdc, phase-A PCC voltage
vpcc_A, and grid current iLA. (a) kvp = 1. (b) kvp = 2.25. (c) kvp = 3.5.

Fig. 33. Measured harmonic spectrum of PCC voltage vpcc_A when
kvp = 2.25.

150, and 180 μs) are tested, separately. The critical stable case
of Tdel = 150 μs has already been measured and displayed in
Fig. 32(b). When Tdel decreases by 30 μs, the system returns to
the stable state, as shown in Fig. 34(a). But when Td increases to
180μs, the waveforms are distorted with serious high-frequency
oscillations. The tested results are consistent with the upper
stability analysis on the impacts of Tdel variations.

C. Impact of Grid Impedance Variations

To verify the impact of grid impedance on system stability,
the same three sets of grid impedances (i.e., Zgdd1, Zgdd2,
and Zgdd3) are tested. The middle case with Lg = 1.75 mH
has already been displayed in Fig. 29(b), which is marginally
stable. The other two cases are measured in in Fig. 35. When Lg

equals 1 mH, the system is unstable, whereas when Lg increases
to 3.5 mH, the system becomes stable. The measured results

Fig. 34. Measured waveforms of dc-link voltage vdc, phase-A PCC voltage
vpcc_A, and grid current iLA. (a) Tdel = 120 µs. (b) Tdel = 180 µs.

Fig. 35. Measured waveforms of phase-A PCC voltage vpcc_A and grid
current iLA under two different grid cases. (a) Zgdd1. (b) Zgdd3.

validate the correctness of the above theoretical analysis from
Figs. 26 and 27.

In summary, from the measured waveforms in Figs. 31 and 34,
it is verified that the stability of the system is sensitive to delay
variations. Consequently, it could be inferred that in real power
stations with high power level VSIs, the switching frequency is
relatively low and the time delay is larger, making the influences
of the delay even more serious.

VII. CONCLUSION

This article provides a deep insight into the impacts of digital
control delay on VSI output impedance and the stability of the
grid-tied inverter system working in both single current loop
control and dual-loop control modes. Due to the frequency-
dependent periodicity of delay, a phenomenon of impedance
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trough is introduced into the VSI output impedanceZdd andZqq .
This impedance trough influences not only the phase, but also
the magnitude of the impedance in the high-frequency area. The
changing rules of the impedance trough to the control parameters
and delay are summarized as follows.

1) The extreme point frequency of the trough increases as the
controller gain kip or kvp increases, whereas decreases as
the delay value Tdel increases.

2) For each of these three parameters, the larger the value,
the more severe the impedance trough will be.

3) As kip or Tdel increases, in both modes, a deep magnitude
drop and a steep phase rise appear at the impedance trough.
But in the dual-loop control mode, as kvp increases, the
impedance magnitude drops only slightly at the trough
region, whereas the phase still rises distinctly.

In general, from the impedance-based perspective, the root
cause of the delay-induced high-frequency oscillations in the
grid-tied VSI system is the impedance mismatch between the
grid and the VSI due to the existence of impedance trough.

REFERENCES

[1] D. Maksimovic, R. Zane, and R. Erickson, “Impact of digital control in
power electronics,” in Proc. 16th Int. Symp. Power Semicond. Devices ICs,
Kitakyushu, Japan, 2004, pp. 13–22.

[2] W. Zhang, G. Feng, Y. Liu, and B. Wu, “A digital power factor correction
(PFC) control strategy optimized for DSP,” IEEE Trans. Power Electron.,
vol. 19, no. 6, pp. 1474–1485, Nov. 2004.

[3] Y. Ren and J. Fang, “Current-sensing resistor design to include current
derivative in PWM H-bridge unipolar switching power amplifiers for mag-
netic bearings,” IEEE Trans. Ind. Electron., vol. 59, no. 12, pp. 4590–4600,
Dec. 2012.

[4] M. Lu, X. Wang, P. C. Loh, and F. Blaabjerg, “Graphical evaluation of
time-delay compensation techniques for digitally-controlled converters,”
IEEE Trans. Power Electron., vol. 33, no. 3, pp. 2601–2614, Mar. 2018.

[5] C. Chen, J. Xiong, Z. Wan, J. Lei, and K. Zhang, “A time delay compensa-
tion method based on area equivalence for active damping of an LCL-type
converter,” IEEE Trans. Power Electron., vol. 32, no. 1, pp. 762–772,
Jan. 2017.

[6] D. M. Vande Sype, K. D. Gusseme, F. D. Belie, A. P. Vanden Bossche, and
J. A. Melkebeek, “Small-signal z-domain analysis of digitally controlled
converters,” IEEE Trans. Power Electron., vol. 21, no. 2, pp. 470–478,
Mar. 2006.

[7] C. Wang, L. Xiao, X. Zheng, L. Lv, Z. Xu, and X. Jiang, “Analysis,
measurement, and compensation of the system time delay in a three-phase
voltage source rectifier,” IEEE Trans. Power Electron., vol. 31, no. 8,
pp. 6031–6043, Aug. 2016.

[8] F. de Bosio, L. A. de Souza Ribeiro, F. D. Freijedo, M. Pastorelli, and
J. M. Guerrero, “Effect of state feedback coupling and system delays on
the transient performance of stand-alone VSI with LC output filter,” IEEE
Trans. Power Electron., vol. 63, no. 8, pp. 4909–4918, Aug. 2016.

[9] B. S. Buso and P. Mattavelli, Digital Control in Power Electronics (Syn-
thesis Lectures on Power Electronics). San Rafael, CA, USA: Morgan &
Claypool, 2006.

[10] D. Pan, X. Ruan, C. Bao, W. Li, and X. Wang, “Capacitor-current-feedback
active damping with reduced computation delay for improving robust-
ness of LCL-type grid-connected inverter,” IEEE Trans. Power Electron.,
vol. 29, no. 7, pp. 3414–3427, Jul. 2014.

[11] J. Ma, X. Wang, F. Blaabjerg, L. Harnefors, and W. Song, “Accuracy
analysis of the zero-order hold model for digital pulse width modulation,”
IEEE Trans. Power Electron., vol. 33, no. 12, pp. 10826–10834, Dec. 2018.

[12] X. Zhang, J. W. Spencer, and J. M. Guerrero, “Small-signal modeling
of digitally controlled grid-connected inverters with LCL filters,” IEEE
Trans. Ind. Electron., vol. 60, no. 9, pp. 3752–3765, Sep. 2013.

[13] S. G. Parker, B. P. McGrath, and D. G. Holmes, “Regions of active damping
control for LCL filters,” IEEE Trans. Ind. Appl., vol. 50, no. 1, pp. 424–432,
Jan./Feb. 2014.

[14] C. Zou, B. Liu, S. Duan, and R. Li, “Influence of delay on system stability
and delay optimization of grid-connected inverters with LCL filter,” IEEE
Trans. Ind. Inform., vol. 10, no. 3, pp. 1775–1784, Aug. 2014.

[15] J. Wang, J. D. Yan, L. Jiang, and J. Zou, “Delay-dependent stability of
single-loop controlled grid-connected inverters with LCL filters,” IEEE
Trans. Power Electron., vol. 31, no. 1, pp. 743–757, Jan. 2016.

[16] R. D. Middlebrook, “Input filter considerations in design and application
of switching regulators,” in Proc. Rec. IEEE Ind. Appl. Soc. Annu. Meeting,
1976, pp. 366–382.

[17] J. Sun, “Impedance-based stability criterion for grid-connected inverters,”
IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075–3078, Nov. 2011.

[18] M. Amin and M. Molinas, “Small-signal stability assessment of power
electronics based power systems: A discussion of impedance- and
eigenvalue-based methods,” IEEE Trans. Ind. Appl., vol. 53, no. 5,
pp. 5014–5030, Sep./Oct. 2017.

[19] X. Wang, F. Blaabjerg, and W. Wu, “Modeling and analysis of harmonic
stability in an AC power-electronics-based power system,” IEEE Trans.
Power Electron., vol. 29, no. 12, pp. 6421–6432, Dec. 2014.

[20] D. Yang, X. Ruan, and H. Wu, “Impedance shaping of the grid-connected
inverter with LCL filter to improve its adaptability to the weak grid
condition,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 5795–5805,
Nov. 2014.

[21] A. Aapro, T. Messo, T. Roinila, and T. Suntio, “Effect of active damping on
output impedance of three-phase grid-connected converter,” IEEE Trans.
Power Electron., vol. 64, no. 9, pp. 7532–7541, Sep. 2017.

[22] E. Rodriguez-Diaz, F. D. Freijedo, J. C. Vasquez, and J. M. Guerrero,
“Analysis and comparison of notch filter and capacitor voltage feedforward
active damping techniques for LCL grid-connected converters,” IEEE
Trans. Power Electron., vol. 34, no. 4, pp. 3958–3972, Apr. 2019.

[23] M. Liserre, R. Teodorescu, and F. Blaabjerg, “Stability of photovoltaic and
wind turbine grid-connected inverters for a large set of grid impedance val-
ues,” IEEE Trans. Power Electron., vol. 21, no. 1, pp. 263–272, Jan. 2006.

[24] Z. Liu, J. Liu, and D. Boroyevich, “Small-signal terminal characteristics
modeling of three-phase boost rectifier with variable fundamental fre-
quency,” in Proc. IEEE Appl. Power Electron. Conf. Expo., Long Beach,
CA, USA, 2016, pp. 739–745.

[25] X. Chen, Y. Zhang, S. Wang, J. Chen, and C. Gong, “Impedance-phased
dynamic control method for grid-connected inverters in a weak grid,” IEEE
Trans. Power Electron., vol. 32, no. 1, pp. 274–283, Jan. 2017.

[26] Z. Zhang et al., “Principle and robust impedance-based design of grid-tied
inverter with LLCL-filter under wide variation of grid-reactance,” IEEE
Trans. Power Electron., vol. 34, no. 5, pp. 4362–4374, May 2019.

[27] M. Cespedes and J. Sun, “Impedance modeling and analysis of grid-
connected voltage-source converters,” IEEE Trans. Power Electron.,
vol. 29, no. 3, pp. 1254–1261, Mar. 2014.

[28] B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, “Analysis
of d-q small-signal impedance of grid-tied inverters,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 675–687, Jan. 2016.

[29] B. Wen, D. Dong, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen,
“Impedance-based analysis of grid-synchronization stability for three-
phase paralleled converters,” IEEE Trans. Power Electron., vol. 31, no. 1,
pp. 26–38, Jan. 2016.

[30] D. Lu, X. Wang, and F. Blaabjerg, “Impedance-based analysis of DC-
link voltage dynamics in voltage-source converters,” IEEE Trans. Power
Electron., vol. 34, no. 4, pp. 3973–3985, Apr. 2019.

[31] X. Wang, F. Blaabjerg, and P. C. Loh, “Passivity-based stability analysis
and damping injection for multiparalleled VSCs with LCL filters,” IEEE
Trans. Power Electron., vol. 32, no. 11, pp. 8922–8935, Nov. 2017.

[32] L. Harnefors, A. G. Yepes, A. Vidal, and J. Doval-Gandoy, “Passivity-
based controller design of grid-connected VSCs for prevention of elec-
trical resonance instability,” IEEE Trans. Power Electron., vol. 62, no. 2,
pp. 702–710, Feb. 2015.

[33] J. Liu, L. Zhou, B. Li, C. Zheng, and B. Xie, “Modeling and analysis of
a digitally controlled grid-connected large-scale centralized PV system,”
IEEE Trans. Power Electron., vol. 33, no. 5, pp. 4000–4014, May 2018.

[34] J. Sun, I. Vieto, E. V. Larsen, and C. Buchhagen, “Impedance-based
characterization of digital control delay and its effects on system stability,”
in Proc. 20th Workshop Control Model. Power Electron., Toronto, ON,
Canada, Jun. 2019, pp. 1–8.

[35] R. Burgos, D. Boroyevich, F. Wang, K. Karimi, and G. Francis, “On the ac
stability of high power factor three-phase rectifiers,” in Proc. IEEE Energy
Convers. Congr. Expo., Atlanta, GA, USA, 2010, pp. 2047–2054.

[36] B. Wen, R. Burgos, D. Boroyevich, P. Mattavelli, and Z. Shen, “AC stability
analysis and dq frame impedance specifications in power-electronics-
based distributed power systems,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 5, no. 4, pp. 1455–1465, Dec. 2017.



TU et al.: IMPEDANCE-BASED ANALYSIS OF DIGITAL CONTROL DELAY IN GRID-TIED VOLTAGE SOURCE INVERTERS 11681

Yiming Tu (Student Member, IEEE) received the
B.S. degree in electrical engineering from the
Huazhong University of Science and Technology,
Wuhan, China, in 2015. He is currently working to-
ward the Ph.D. degree with Xi’an Jiaotong University,
Xi’an, China.

His research interests include modeling and con-
trol of grid-connected converters and small-signal
stability analysis of three-phase ac power electronics
systems.

Jinjun Liu (Fellow, IEEE) received the B.S. and
Ph.D. degrees in electrical engineering from Xi’an
Jiaotong University (XJTU), Xi’an, China, in 1992
and 1997, respectively.

He then joined the Electrical Engineering School,
XJTU, as a Faculty. From late 1999 to early 2002, he
was with the Center for Power Electronics Systems,
Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA, as a Visiting Scholar. In late
2002, he was promoted to a Full Professor and then
the Head of the Power Electronics and Renewable

Energy Center, XJTU, which now comprises 21 faculty members and more
than 150 graduate students, and carries one of the leading power electronics
programs in China. From 2005 to 2010, he was an Associate Dean of Elec-
trical Engineering School, XJTU, and from 2009 to early 2015, the Dean for
Undergraduate Education of XJTU. He is currently an XJTU Distinguished
Professor of power electronics. He has coauthored three books (including one
textbook), authored/coauthored more than 400 technical papers in peer-reviewed
journals and conference proceedings, holds more than 50 invention patents
(China/USA), and delivered for many times plenary keynote speeches and
tutorials at IEEE conferences or China national conferences in power electronics
area. His research interests include modeling, control, and design methods for
power converters and electronified power systems, power quality control and
utility applications of power electronics, and microgrids for sustainable energy
and distributed generation.

Dr. Liu was the recipient of governmental awards at national level or provin-
cial/ministerial level for scientific research/teaching achievements for eight
times. He was the recipient of 2006 Delta Scholar Award, the 2014 Chang
Jiang Scholar Award, the 2014 Outstanding Sci-Tech Worker of the Nation
Award, and the IEEE TRANSACTIONS ON POWER ELECTRONICS 2016 Prize Paper
Award. He was the IEEE Power Electronics Society Region 10 Liaison and then
China Liaison for ten years, an Associate Editor for the IEEE TRANSACTIONS ON

POWER ELECTRONICS for 13 years, 2015–2019 Executive Vice President, and
2020–2021 Vice President for membership of IEEE PELS. He is on the Board
of China Electrotechnical Society and was elected the Vice President in 2013
and the Secretary General in 2018 of the CES Power Electronics Society. Since
2013, he has been the Vice President for International Affairs, China Power
Supply Society (CPSS), and since 2016, the inaugural Editor-in-Chief of CPSS
Transactions on Power Electronics and Applications. Since 2013, he has been
the Vice Chair of the Chinese National Steering Committee for College Electric
Power Engineering Programs.

Zeng Liu (Member, IEEE) received the B.S. degree
from Hunan University, Changsha, China, in 2006,
and the M.S. and Ph.D. degrees from Xi’an Jiaotong
University (XJTU), Xi’an, China, in 2009 and 2013,
respectively, all in electrical engineering.

He then joined as a Faculty Member in electrical
engineering, XJTU, where he is currently an Asso-
ciate Professor. From 2015 to 2017, he was with the
Center for Power Electronics Systems, Virginia Poly-
technic Institute and State University, Blacksburg,
VA, USA, as a Visiting Scholar. His research interests

include control of power systems with multiple converters for renewable energy
and energy storage applications, and small-signal stability of power electronics
systems.

Dr. Liu was the recipient of an IEEE TRANSACTIONS ON POWER ELECTRONICS

Prize Paper Award in 2016. He was the Secretary-General for 2019 IEEE
10th International Symposium on Power Electronics for Distributed Generation
Systems.

Danhong Xue (Student Member, IEEE) received the
B.S. degree in electrical engineering, in 2013, from
Xi’an Jiaotong University, Xi’an, China, where she is
currently working toward the Ph.D. degree.

Her research interests include modeling of voltage
source converter and stability analysis of multitermi-
nal HVdc system and dc microgrids.

Li Cheng (Student Member, IEEE) received the
B.S. degree in electrical engineering, in 2018, from
Xi’an Jiaotong University, Xi’an, China, where he
is currently working toward the M.S.E.E. degree.
From 2016 to 2018, he studied at Ecole Centrale
de Lyon, Ecully, France for the “Sino-French 4+4”
dual-degree exchange program.

His research interests include stability analysis of
multiparallel voltage source converters (VSCs), mod-
eling of VSCs, and the precise small-signal model of
dc–dc converters.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


