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Abstract—This paper addresses the harmonic stability resulting
from the current-control interactions of the multiparalleled, LCL-
filtered voltage-source converters. First, an alternative impedance
model is proposed for the single-loop current control. The control
output admittance of the converter is decomposed into a passive
filter output admittance in series with an active admittance, which
is dependent on the current controller and the time delay. The
frequency-domain passivity theory is then applied to the active
admittance for system stability analysis. It reveals that the stability
region of the single-loop grid current control is not only dependent
on the time delay, but affected also by the resonance frequency of
the converter-side filter inductor and filter capacitor. Further on,
the damping injection based on the discrete derivative controller
is proposed to enhance the passivity of individual converters and
thereby stabilizing the paralleled converters. Finally, simulation
studies and laboratory tests validate the effectiveness of theoretical
analysis and controller design.

Index Terms—Admittance, current control, damping, passivity,
stability.

I. INTRODUCTION

OLTAGE-SOURCE converters (VSCs) are widely used
Vwith renewable power generation sources [1], energy-
efficient power loads [2], and flexible ac/dc transmission power
systems [3]. The harmonics generated from the switching
operations of VSCs may make influences on other electrical
devices and may even trigger the resonance frequencies of
the power system [4], [5]. Using LCL-filters can effectively
attenuate the switching-frequency harmonics, yet the additional
LCLilter resonance frequency may interact with the control
loops of VSCs, leading to harmonic instability phenomena [6],
[7], and the subsequent resonance propagations when multiple
LCL-filtered VSCs are connected in parallel [8], [9].

The adverse effect of the LCL-filter resonance on the stability
of VSCs has been well documented [10]-[13]. The time delay
of the digital control system, which, in the worst cases, includes
one sampling period (7y) of computational delay [14] and half

sampling period (0.5 T5) of pulse-width modulation (PWM)
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delay [15], has been found to have a stabilizing effect within the
single-loop grid-side current control [10], [11]. The frequency
region that allows for a stable current control was then derived
as a function of the time delay [11]. This finding was later
extended to the single-loop converter-side current control with
the opposite stable region identified [12], [13]. Given the time
delay of 1.5 T, for example, the one-sixth of the sampling
frequency (f,/6) was found as the critical frequency below the
Nyquist frequency (fs/2). A stable grid-side current control can
be achieved for the LCL resonance frequency between f, /6 and
fs/2, whereas the converter-side current control can be designed
stable for the LCL resonance frequency below f;/6. However,
this delay-dependent stability assessment assumes that the grid
impedance is inductive, i.e., only single LCL-filter resonance is
included in the current control loop, while the effect of multiple
resonance frequencies in the grid impedance [16] is overlooked.

A few research works have been reported for the stability
analysis of multiparalleled, LCL-filtered VSCs [17]-[20], [40].
The dynamic coupling of paralleled VSCs through a nonzero
grid impedance challenges the stability and power quality of the
system [4]-[9]. In [17], a general multiple-input multiple-output
(MIMO) model was developed for the N-paralleled VSCs. The
stability of VSCs was then decomposed as the internal stability
of single VSC with an ideally zero grid impedance at the point
of connection (PoC), and the external stability coming from the
dynamic interactions among the paralleled VSCs and the power
grid. It was further found that when the N-paralleled VSCs are
identical, the equivalent grid impedance seen from single VSC
becomes N times higher, and the MIMO model is simplified as
the single-input single-output (SISO) transfer function. Yet, if
the VSCs are different, the multivariable control theory will be
required by the MIMO system, which complicates the stability
analysis.

To facilitate the stability assessment at the system-level, the
impedance-based approach was recently applied, which reveals
a physical insight into the dynamic interactions of the paralleled
VSCs [6], [8], [18]-[20]. In this method, each VSC is modeled
as a Norton equivalent circuit at the PoC, which consists of a
current source denoting the reference-to-output response of the
current loop and the control output admittance, which models
the response of the current to the PoC voltage. Thus, the internal
stability of VSCs is depicted by the equivalent current source.
When the VSC is internally stable, the external stability will
be determined by the ratio of the control output admittance to
the equivalent system admittance, including the grid admittance
and the control output admittances of the other paralleled VSCs
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[6], [18]. In this way, the MIMO system of the paralleled VSCs
is transformed into multiple SISO transfer functions derived at
the PoC of each VSC [18]. The system can be actively stabilized
by shaping the control output admittances of VSCs [6].

Many active damping methods have recently been developed
to stabilize the current control of LCL-filtered VSCs [9], [21]-
[26]. Yet, only a few of them were developed to shape the VSC
control output admittance [21]-[23]. Moreover, those schemes
were usually designed under a given range of grid conditions.
They may not work effectively with the multiparalleled VSCs
and, particularly when the VSCs have different control methods
or parameter variations [9], [17]. Hence, there is still lack of an
admittance specification that ensures the stability of VSCs to be
immune to the changes of grid conditions.

For improving the system stability robustness, the frequency-
domain passivity theory [27] was introduced for grid-connected
VSCs [28]-[31]. It has been shown in [28] that the VSC will
not destabilize the system if its control output admittance is
passive, i.e., 1) the admittance itself has no right half-plane
(RHP) poles, which implies that the VSC is internally stable
at the PoC and 2) the real part of the admittance is nonnega-
tive [29]. If the grid impedance is also passive, then the whole
grid-connected VSC system will be passive and stable [29]. This
passivity concept is a sufficient yet not necessary stability condi-
tion, but it does allow for stable integrations of VSCs into power
grids [30].

The passivity characteristic of the single-loop converter-side
current control has been analyzed in [28]-[30]. The frequency
region for the control output admittance having a negative real
part was identified. The damping control based on feeding back
the filter capacitor voltage was also developed to mitigate such
a nonpassive region [30]. However, the passivity of the single-
loop grid-side current control has, thus, far yet been discussed.
Unlike the converter-side current control, where the filter plant
is simply the converter-side inductor [28], the plant of the grid-
side current control is the whole LCL-filter, which brings in the
different passivity characteristic [31].

This paper begins with the passivity analysis of the single-
loop current control for grid-connected VSCs with LCL-filters.
Both the converter- and grid-side current control are evaluated.
An alternative impedance model is proposed first, which allows
the control output admittance to be decomposed into an active
admittance which is affected by the current controller and time
delay, and a passive output admittance of the filter plant. Thus,
the nonpassive region of the control output admittance can be
readily identified based on the active admittance part. The same
conclusion as [28] can be drawn for the converter-side current
control, where the nonpassive region is solely dependent on the
time delay, which agrees with the unstable region identified by
the delay-dependent stability analysis [12], [13]. However, for
the grid-side current control, it has been found in this paper that
the nonpassive region is not only dependent on the time delay,
but affected also by the resonance frequency of the converter-
side filter inductor and the filter capacitor. This consequently
leads to a nonpassive region different from the converter-side
current control. Moreover, unlike the delay-dependent analysis,
which only considers the single LCL-filter resonance [11], [12],
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Fig. 1. Circuitdiagram of a three-phase LCL-filtered VSC with the single-loop

current control.

the passivity analysis can also predict the stability even with a
capacitive grid impedance or multiple resonance frequencies.

Then, the passivity-based damping schemes are proposed for
mitigating the nonpassive region of current loops and thereby
stabilizing the paralleled inverters. The damping controllers are
synthesized based on the discrete derivative controller, which,
instead of introducing additional control loops, are embedded
into the single-loop control structure, and thus, minimizes the
number of sensors. Finally, simulation studies and experimental
tests demonstrate the effectiveness of the stability analysis and
the damping controller design.

II. IMPEDANCE MODELING OF SINGLE-LOOP
CURRENT CONTROL

A. System Description

Fig. 1 illustrates the circuit diagram of a three-phase LCL-
filtered VSC with the single-loop current control. Either the
converter-side current ¢; or grid-side current ¢s is measured for
regulation [10]-[13]. A constant dc-link voltage is assumed for
the sake of simplicity. The parasitic resistances of the LCL-filter
are neglected for the worst case with zero passive damping.
The phase-locked loop is used to synchronize with the PoC
voltage. The synchronization bandwidth is designed to be lower
than the grid fundamental frequency, in order not to induce any
low-frequency oscillations [32], [33].

Since the system is assumed as balanced, the current control
loops can be represented by the SISO models shown in Fig. 2.
Fig. 2(a) and (b) depict the converter-side and grid-side current
control diagrams, respectively, where G..(s) is the proportional
+ resonant current controller, and G4(s) denotes the effect of
time delay, which are, respectively, expressed as

]CiS

GC(S) = kp + m

ey

Gd(S) _ e—l.STb s (2)

where the time delay of 1.5 75 is considered in this work [14],
[15]. k, and k; are the proportional and resonant controller
gains, respectively, and w; is the grid fundamental frequency.

B. Proposed Impedance Model

In this subsection, an impedance model is introduced for the
single-loop current control, which allows the dynamic effects of
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Fig. 2. Block diagram of single-loop current control. (a) Converter-side cur-

rent control. (b) Grid-side current control.

the current controller and time delay to be distinguished from
the passive filter output admittance.

1) Converter-Side  Current Control: To derive the
impedance model for the converter-side current control,
and meanwhile keep the electric property at the PoC of VSC,
the control loop is closed by only including the converter-side
filter inductor L; as the plant [34], where the voltage across the
filter capacitor V, is seen as the disturbance input. Then, the
closed-loop response of the control loop can be expressed as

il - Glcl<5)i1 ref — YL(S>VL (3)

where G .1(s) is the current reference-to-output transfer function
and Y7 .(s) is the control output admittance, which are given by

Glcl(S) = ilirlef Vo = %7

Ti(s) = Ge(8)Ga(s)Y1p(s) “)
Yie(s) = 37 T 1?% 5)
Yip(s) = ‘/pi\ifm . = %ma

Yio(s) = o - ©)

where T (s) is the open-loop gain of the current loop, Yi,(s)
is the output admittance of the inductor L, and Y3, (s) denotes
the filter plant, derived from the converter output voltage V,ym
to 4. Zr is the impedance of the filter inductor L; .

By further dividing the numerator into the denominator of
(5), an alternative form of the control output admittance Y .(s)
can be obtained, which is given by

Vio(s) !
YC — = )
1e(s) L+Ti(s) v+ v
1
Via(s) = ————. ’
14(8) G.(5)Ga(s) ?
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Fig. 3. Impedance-based models for the converter-side current control.
(a) Conventional impedance model. (b) Proposed impedance model.
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Fig. 4. Impedance-based models for the grid-side current control. (a) Con-
ventional impedance model. (b) Proposed impedance model.

It shows that the control output admittance can be decom-
posed as a series connection of Y7, (s), which itself is passive,
and an active admittance, Y74(s), determined by the current
controller and time delay. Consequently, the effects of the digi-
tal current controller and the passive filter on the control output
admittance can be separately characterized.

Fig. 3 illustrates the impedance models for the converter-side
current control. Including the filter capacitor C'y and the grid-
side filter inductor L, the overall closed-loop current response
seen from the PoC can then be derived as

. 1
11 = 1 T KC(S)/YLQC (S) Glcl(s)llrof
Kc(s)/YLQC (5) Vpoc

_ 8
14+ Yie(s)/Yrac () Zro ®)

where Y7,9¢(s) is the admittance of the paralleled filter capac-
itor C'y and grid-side filter inductor Lo, i.e., Y20 = (Zr2 +
Zc¢)/(ZroZeoy), Zeg, and Zp,» are the impedances of C'y and
Lo, respectively. Hence, the admittance ratio, Yi.(s)/Yr20(s),
and the closed-loop gain, G.(s), determine the dynamic re-
sponse of converter-side current control with an LCLfilter.

2) Grid-Side Current Control: Fig. 4 depicts the impedance
models for the grid-side current control. Unlike the converter-
side current control, the models are directly derived at the PoC
of VSC and are expressed as [6]

7;2 = GQCI(S)iQ ref — )/28(8)‘/;306 (9)
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where G;(s) is the current reference-to-output transfer func-
tion and Y5.(s) is the control output admittance, which are
derived as

iQ TQ(S)
G c S) = - = a——
21(8) iavet |y, =g 1+ Ta(s)
To(5) = Gu()Ga(s)Yay (5) (10)
Z‘2 }60(5)
Ya.(s) = =——"= (11)
c Vioc P 1+ TQ(S)
Yap(s) = —— — Zos
v Vowm |y, .—o  ZogZiy + ZraZiy + ZogZro
(12)
Yoo (s) = 12 _ Zep+ Zia
’ Vooclv,yn—o  ZosZin +ZraZin + ZosZrs
(13)

where T5(s) is the open-loop gain of the grid-side current loop,
Y5,(s) is the output admittance of the LCL-filter, and Y5, (s) is
the filter plant, derived from the converter output voltage V},y
to iQ .

Similarly, by dividing the numerator into the denominator of
(11), the control output admittance can also be transformed as

Yao(s) !
Y'QC(S) = 1 T = 1 1 )
+ T (s) Yoo (s) © Yaq(s)
7 A4
YQd(s) _ cf +24r1 (14)

Gc (S)Gd (S)Z(jf

which is equivalent to the output admittance of the LCL-filter,
Y2, (s), in series with an active admittance, Y5, (s). Yet, differing
from the active admittance Y 4(s), which is solely dependent on
the current controller and the time delay, Y5,(s) is also affected
by the converter-side filter inductor L; and filter capacitor C.

III. PASSIVITY-BASED STABILITY ANALYSIS
A. Passivity of Single-Loop Current Control

The passivity concept, which was first introduced in electric
network theories [27], has been widely used to characterize the
terminal behaviors of dynamic systems, which store or dissipate
energy [35]. It provides a sufficient, yet not necessary, stability
condition for interconnected dynamic systems. A system will
be stable and passive if each subsystem is passive seen from its
terminal [27], [36], [37].

For the single-loop current control of VSCs, its frequency-
domain passivity is described based on the impedance models
shown in Figs. 3 and 4 [28]—-[31]. The current control is passive
if:

1) the control loop is internally stable seen from the PoC,

i.e., Gi.i(s) or Ga.(s) has no RHP poles;

2) the control output admittance, Y;.(jw) or Y3, (jw), has
a nonnegative real part, i.e., Re{Y7.(jw) > 0, Vw, or
Re{Ys.(jw) > 0, Vw, which implies that the phase of
Yie(jw) or Ya.(jw) is within [—90°, 90°].

8925

Since the output admittance of the filter plant, Y3, (jw) or
Y2, (jw), is passive, the passivity of current control will depend
on the real part of the active admittance, i.e., Re{Y1,(jw)} or
Re{Y24(jw)}, provided that the current loop is internally stable
seen from the PoC.

The R gain of the current controller G, (s), k;, is designed for
zero steady-state error at the fundamental frequency, it, thus, has
little phase contribution at the higher crossover frequency of the
current loop [25], [38]. The expressions of the active admittance
Y14(jw) and Ys4(jw) can then be simplified by neglecting the
R gain of G, (s), which are given by

1 s 1
Yig(jw) = —e/15Ts = — [cos(1.5 Tyw) + jsin(1.5 Tyw)]

kp Ky
(15)
1—LiCw?
YQd(jCU) _ kl fw 15w
»
1—LCyw?
= % [cos(1.5 Tsw) 4 jsin(1.5 Tsw)]
D

(16)

where the delay function G (s) is transformed into the triangular
form by using Euler’s formula.

From (15), it is noted that the negative real part of Y14 (jw)
is a function of time delay, which appears in the frequency
region (fs/6, fs/2) and can be narrowed by reducing the
delay involved in the control loop. If the delay is ideally
zero, the converter-side current loop will be passive below the
Nyquist frequency. This agrees with the passivity-based analysis
in [28]-[30].

In contrast, for the grid-side current control, (16) elaborates
that the negative real part of Y24 (jw) is not only determined by
the time delay, but also affected by the resonance frequency of
Ly and Cy, i.e., fric [31]. A negative real part is introduced
into Y5, (jw) between f11¢ and f, /6. Yet, if f1¢ is designed
exactly at f,/6, the real part of Y5;(jw) will be nonnegative
below the Nyquist frequency, and the passivity of the grid-side
current control will be ensured [37].

B. Stability of Single VSC With Converter-Side Current
Control

For illustrating the implication of the passivity property, the
internal stability of the converter-side current control for single
VSC is analyzed first, and then the external stability of the grid-
side current control for the paralleled VSCs is evaluated. Table I
gives the main circuit parameters of the system.

Fig. 5(a) shows the frequency response of the open-loop gain
Ti(s), where the R gain of G.(s) is neglected and the P gain,
k. is designed for a 45° of phase margin (PM). Gi(s) is,
thus, stable, and the internal stability at the PoC will then be
dependent on the admittance ratio, Yi.(s)/Y7ac (s).

Fig. 5(b) plots the frequency responses for the admittances
Yi.(s) and Y72¢ (), respectively. It can be seen that the phase
of Y1.(s) isbelow —90° from f, /6 to f; /2, which implies a neg-
ative real part and an inductive imaginary part in the frequency
range. This agrees with the nonpassive region predicted by (15).
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TABLE I
MAIN CIRCUIT PARAMETERS

Symbol Electrical Constant Value
Vy Grid voltage 400V

f1 Grid fundamental frequency 50 Hz
L, Grid inductance 2 mH
fow Converter switching frequency 10 kHz
fs Converter sampling frequency 10 kHz
Ve Converter de-link voltage 730V
Ly LCL-filter—converter-side inductor 2.7 mH
Ly LCL-filter—grid-side inductor 0.9 mH
Cy LCL-filter—capacitor 9.4 uF
fric L, C-filter resonance frequency 0.999 kHz
Ir LCL-filter resonance frequency 1.998 kHz
L. Cable inductance 0.48 mH/km
C. Cable capacitance 0.46 pF/km
Te Cable resistance 0.025 ©2/km

In contrast, the phase of Y72¢ (s) in the nonpassive region ex-
hibits a capacitive behavior, which, together with Y7.(s), forms
an LC circuit with a negative resistance. As a consequence, the
parallel LC resonance will be triggered and amplified by the
negative real part of Y].(s), when the magnitude responses of
Yi.(s) and Y79¢ (s) intersect in the nonpassive region.

It is worth noting that the admittances Y3.(s) and Y90 (s)
basically constitute a minor feedback loop [39]. The admittance
ratio, Y1.(s)/Yr2c (), is the open-loop gain of this minor feed-
back loop, and the phase difference at the intersection point of
the magnitude responses of Y;.(s) and Y7,5¢ (s) indicates the
PM of the minor feedback loop. A negative PM will be yielded
when the phase difference at the intersection point is over 180°
[40]. Hence, the instability occurs when Y7,2¢ () is capacitive in
the nonpassive region of Y7.(s). On the other hand, if Y72¢ (s)
is inductive in the nonpassive region, no LC resonant circuit will
be formed, and the system will be kept stable with a positive
PM. This further explains why the passivity is a necessary, yet
not sufficient, stability condition.

C. Stability of Multiparalleled VSCs With Grid-Side
Current Control

Fig. 6 illustrates the per-phase diagram of four paralleled,
LCL-filtered VSCs, which are interconnected via power cables
to the grid. The 1 km II-equivalent model is used to represent
the cable, and the parameters are also given in Table 1.

Substituting the impedance models for the paralleled VSCs,
the impedance-based equivalent circuit can be drawn in Fig. 7.
The equivalent system admittance for single VSC is represented
by Yi10ad (8) or Yaj0ad (), which includes the cable impedance,
the grid impedance, and the control output admittances of the
other paralleled VSCs.

The effect of the equivalent system admittance on the closed-
loop response can then be derived as follows:

1
i = G c ) ref
B () i () e ()
. 1 .
19 = GQCZ(S)ZQref (17

1+ 5/2(;(5)/)/210&(1 (5)
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Fig. 5. Frequency responses of converter-side current control. (a) Open-loop
gain T (s). (b) Control output admittance Y7 . (s) and the admittance Y7, 9¢ (s).

where the control output admittances and the equivalent system
admittances constitute a minor feedback loop. The admittance
ratio, Y1.(8)/Yiioad(s) or Ya.(s)/Y210aa($), is the open-loop
gain of the minor feedback loop, and it determines the ex-
ternal stability of the paralleled VSCs, provided that G1.;(s)
and Go(s) are internally stable. Since the LCL-filter resonance
frequency is above f/6, the converter-side current control is
unstable, which has been analyzed in Fig. 5. Only the exter-
nal stability of the paralleled VSCs with the grid-side current
control is evaluated below.

Fig. 8 plots the frequency responses of the open-loop gain
T5(s) and the control output admittance Y>.(s) for the grid-side
current control. An internally stable current response at the PoC
can be observed in Fig. 8(a) [10], [11]. Fig. 8(b) shows that
the phase of Y. (s) is out of [—90°, 90°] from f11¢ to f,/6,
which verifies the derived nonpassive region in (16). Moreover,
unlike Y2, (s) shown in Fig. 5(b), the phase of Y2.(s) exhibits a
capacitive behavior in the nonpassive region, which may desta-
bilize the system with an inductive grid impedance. On the other
hand, if the phase of Y. (s) is below —90° in the nonpassive
region, the current loop will be unstable with a capacitive grid
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Fig. 7. Impedance-based models of four paralleled VSCs. (a) Converter-side current control. (b) Grid-side current control.

impedance [31]. Hence, compared with the delay-dependent
analysis which only considers the inductive grid impedance
[10], [11], the passivity-based analysis also predicts the stable
region under a capacitive grid condition. This region is not only
dependent on the time delay, but affected also by the LCL-filter
design.

Fig. 9 compares the frequency responses of Y. (s) and the
equivalent system admittance Y21,.q () given in Fig. 7(b). It is
seen that multiple resonance frequencies are introduced in the
load admittance Y31,.q (), due to the control output admittances
of the other paralleled VSCs and cables. Multiple intersections
of their magnitude responses fall into the nonpassive region of
grid-side current control, and three intersection points have the
phase difference out of 180°, which imply the negative PM of
the minor feedback loop [40]. Hence, instead of the single LCL-

filter resonance shown in Fig. 5, the current control interactions
of the paralleled VSCs and cables tend to cause resonances at
multiple frequencies.

IV. PASSIVITY-BASED DAMPING INJECTION

For addressing the instability issues with the multiparalleled
VSCs, a passivity-based damping control strategy is proposed
in this section. Unlike the passivity-based damping controller
reported in [30], the approach is based on the discrete derivative
controller, which is embedded within the single-loop current
control structure. This section presents first the damping control
structures and their underlying principles, and then elaborates
the design guidelines by means of the discrete z-domain root
locus and the continuous frequency-domain passivity analysis.
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A. Control Principles

Fig. 10 illustrates the block diagrams of the damping control
methods in the discrete z-domain. Instead of using additional
control loops, the damping controllers are embedded within the
single-loop control structure.
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(kpa kg )(1-2")

Fig. 10. Block diagrams of the proposed damping control methods.
(a) Converter-side current control. (b) Grid-side current control.

Fig. 10(a) depicts the damping controller with the converter-
side current control, where the general idea is to mitigate the
delay effect by using an Euler derivative controller in series with
an additional zero compensation. The passivity enhancement by
the damping controller is illustrated by replacing &, in (15) with
k, + damping controller, and then substituting e =7 ** for z!.

This leads to
1
Reqd —— ¢ = (k, + k,q) cos(1.5 T w
{Yld(]w)} ( P Pd) ( )

- (kpd + kqq) cos(2.5 Tyw)

+ kgq cos(3.5 Tsw) (18)

where the real part of 1/Y7, is used for predicting the passivity
of current control for computational simplicity since the sign
of Re{1/Y14(jw)} is equal to that of Re{Y1q(jw)}. Compared
with (15), it is clear that with the injection of the damping
controller, the passivity of the converter-side current control is
not only dependent on the time delay, but determined also by
the values of k, and the damping controller coefficients, i.e.,
k,q and kqq. The nonpassive region can, thus, be narrowed by
appropriately tuning these three parameters.

The damping controller with the grid-side current control is
shown in Fig. 10(b). Unlike the converter-side current control,
a negated Euler derivative controller is used to shift the delay-
dependent frequency, fs/6 toward the resonance frequency of
Ly and Cy, fric, and thus, the nonpassive region shown in
Fig. 8(b) can be narrowed. To elaborate, k, in (16) is sub-
stituted by the k, + the damping controller, and 2~! is re-
placed by e~ 7%, Also, for the sake of simplicity, the sign of
Re{1/Y24(jw)} is used for the analysis, which is given by

1 _ f(kd/kp)
Re{nd(jw)} 11— LiCpw?

fka/ky) = (1 —kg/k,)cos(1.5 Tsw) + cos(2.5 Tsw)ky /K.
(19)

It is noted that both %, and the damping controller gain, kg,
affect the passivity of the grid-side current control, besides the
time delay and fr1¢. This fact consequently adds an additional
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Fig. 11.  Closed-loop pole trajectories of the converter-side current control
with the damping controller.

degree of freedom for shaping the passivity of the control loop,
compared with (16).

B. Passivity-Based Parameter Tuning

According to the passivity conditions, the current control with
the damping controllers should first be designed internally stable
(with the zero grid impedance), and then the damping controller
parameters can be tuned for mitigating the nonpassive region.

From Fig. 10, the open-loop gains of the current control loops
with the damping controllers can be derived as following:

Tia(2) = [ky + (kpa—kaaz ") (1 = 27)] 2 zz0m{Y1,(5)}
(20)

Toa(z) = [ky —ka(1 — 27")] 27 2z0m {Yop(s)} (21)

where T1,4(z) and Ty,4(z) are the open-loop gains for converter-
side and grid-side current control, respectively. kqq and k, 4 are
the damping controller coefficients in the converter-side current
control. k; is the negated Euler derivative damping controller
gain with the grid-side current control. The R gain k; in G..(z)
is neglected. The PWM delay is included by applying the zero-
order hold (ZOH) transformation to the filter plants of control
loops. Hence, based on (18)—(21), the passivity-based design of
damping controllers can be divided into two steps:

1) First, the z-domain root locus analysis is performed based
on the damped open-loop gains derived in (20) and (21),
in order to identify the stability boundary for the current
control to be internally stable.

2) Then, according to the frequency-domain passivity anal-
ysis in (18) and (19), the controller parameters are further
tuned to mitigate the nonpassive region of the current
control.

1) Converter-Side Current Control: To further illustrate the
controller design procedure, Fig. 11 plots the root loci, based on
(20), for the converter-side current control, where the propor-
tional gain k, of the current controller G.(z) is chosen as the
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same value as in Fig. 5. The closed-loop poles are moved along
with the increase of k,; in the damping controller. The closed-
loop pole trajectory is shifted by sweeping the ratio kqq/kpq
from 0.2 to 2 at a step of 0.2, where the direction is indicated
by the arrow. It is clear that the closed-loop poles are initially
within the unit circle with k,; = 0, which agrees with Fig. 5.
As k,q increases, the poles can still be kept in the unit circle,
which implies that the system can be designed internally stable
with the damping controller. Yet, the stability limit of k,4 is re-
duced with the increase of the ratio kqq/kpq, and the maximum
kpq for kg /kyq = 2 is identified as k,q = 10.4.

Based on the stability boundary identified in Fig. 11, the
controller parameters are further tuned to improve the passivity
of the converter-side current control. Fig. 12 plots the three-
dimensional figures based on (18), where the ratio kqq/kpq
varies with three values to see the change of the frequency re-
gion with a negative Re{1/Y 14 (jw)}. With the lower values of
ky,/kpq in Fig. 12(a) and (b), two nonpassive regions are intro-
duced with the increase of kqq/k,q. In contrast, for the higher
value of k,/k,q, the nonpassive region is constrained to high
frequencies, but the upper frequency limit of the passive region
is reduced, which is below 0.3 f; in Fig. 12(c). Moreover, given
avalue of &, /k,q, the increase of kqq/kpq can widen the passive
region, yet it does also reduce the limit of k,, for the internal
stability, as identified in Fig. 11. Hence, a compromise is made
in tuning the controller parameters, i.e., k, = 8, k,/k,qa = 1,
and kqq/k,q = 1.4, to which the corresponding closed-loop
poles are marked in Fig. 11.

It is worth noting that the passivity enhancement for the
converter-side current control is not affected by the passive fil-
ter parameters. This is because the nonpassive region is only
dependent on the time delay of the control loop and controller
parameters. This fact has been explained in (15) and (18). Yet,
the variation of the inductor L; will affect the internal stability,
similar to the current control of L-filtered VSCs [38], where a
significant reduction of the filter inductance may cause unstable
responses with a negative gain margin.

2) Grid-Side Current Control: Fig. 13 shows the closed-
loop pole trajectories of the grid-side current control with both
the P gain k, of current controller G.(z) and the damping
controller gain k; included. The closed-loop poles are forced
to move with the increase of k,, and the pole trajectories are
plotted when the ratio k,/k, is swept from O to 2.1 at a step
of 0.3.

Beginning with k,/k, = 0, it can be seen that the closed-
loop poles are kept within the unit circle, which implies that the
grid-side current loop can be designed internally stable with-
out the active damping. This is matched with the continuous
frequency-domain analysis in Fig. 8. However, as the increase
of k4/k,, the movement of the root loci indicates that a stable
current control can still be obtained with the negated damping
controller.

Then, the controller parameters can be further tuned based
on (19) to mitigate the nonpassive region of the grid-side cur-
rent control. Since the nonpassive region is also affected by the
resonance frequency fri1c, kq/k, needs to be tuned for a pos-
itive f(kq/k,) at the frequencies below fr;c and a negative
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Fig. 12.  Passivity analysis for the converter-side current control with the
damping controller. (a) k, /kpq = 0.5.(b) ky /kpq = 1.(c) kp /kpq = 15

f(kq/k,) at the frequencies above f11¢. Fig. 14 illustrates how
the frequency region with a negative f(k,/k,) is changed with
the varying ratio k;/k,. As the increase of kq /k,, the frequency
region with the negative f(kq/k,) is shifted toward the origin.
Hence, if the lower frequency limit for f(k;/k,) < 0 is cho-
sen above f71¢, the nonpassive region nearby the resonance
frequency f1 1 will be mitigated, yet it will appear at the fre-
quencies above the upper frequency limit for f(k;/k,) < 0.In
this paper, the value of k,; /k, is chosen as 0.9 for a compromise.
The value of k, is selected as 9, based on Fig. 13, for a proper
damping of the current loop.
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Fig. 14. Passivity analysis of grid-side current control with the damping con-

troller, i.e., the effect of k, /&, on the sign of f(k;/k,).

Unlike the converter-side current control, the passivity-based
parameter tuning is dependent on the filter inductor L, and filter
capacitor C'y for the grid-side current control. Consequently,
the filter parameter variation will affect the passivity of the
grid-side current control. Fig. 15 illustrates the effect of the
variation of filter inductor L; (£ 0.2 p.u.) on the controller
performance. Fig. 15(a) plots the effects of different L; on the
internal stability of the grid-side current control. The movements
of closed-loop poles caused by the different L; indicate that the
system can be kept internally stable. Fig. 15(b) then compares
the frequency responses of Y. (s) with the different L, . Itis seen
that a small nonpassive region is added around the resonance
frequency fr1¢, due to the dependence of the passivity on the
resonance frequency fric.
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C. Stabilizing Effects of Damping Controllers

The stabilizing effects of damping controllers are analyzed
based on the impedance models of paralleled VSCs in Fig. 7.
Fig. 16(a) and (b) plot the frequency responses of the control
output admittance and the equivalent system admittance for the
converter- and grid-side current control loops, respectively. The
effects of damping controllers are included in the admittances.
It is obvious that the phase difference at the intersection points
of their magnitude responses is below 180° in both cases. This
implies that the system is kept stable in both cases. Moreover,
Fig. 16(a) illustrates that Y7.(s) has a phase response out of
[—90°, 90°] at the frequencies closed to 0.3 f;, which agrees
with Fig. 12(b). Also the frequency response of Y3 (s) shown
in Fig. 16(b) demonstrates an enlarged passive region compared
with Fig. 8.

TABLE II
CONTROLLER PARAMETERS

Symbol Converter-Side Current Control Value
kp Proportional gain of current controller 8
ki Resonant gain of current controller 600
kpa Damping controller gain 8
kad Damping controller gain 11.2
Symbol Grid-Side Current Control Value
kp Proportional gain of current controller 9
ki Resonant gain of current controller 600
ka Damping controller gain 8.1

V. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Simulation Studies

For validating the theoretical analysis and the performances
of the damping controllers, time-domain simulations, based on
the four paralleled VSCs shown in Fig. 7, are performed using
Simulink and PLECS Blockset. The circuit parameters given in
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Table I are used. Table II summarizes the controller parameters
designed in the previous sections.

Fig. 17(a) and (b) depict the simulated grid currents of four
paralleled VSCs with the converter-side and grid-side current
control, respectively. The damping controllers are deactivated at
the time instant of 0.26 s. The system gets destabilized in both
cases, which agree with the stability analysis in Figs. 5 and 9.
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Fig. 18(a) and (b) depict the simulated step responses for the
converter-side and grid-side current control with the damping
controller enabled. Two step responses are evaluated, which are
1) the step response of the d-axis current reference, 74,0, from
5to 10 A at the time instant of 0.3 s and 2) the step response
of the g-axis current reference, i4ycf, from O to 10 A at the time
instant of 0.5 s. A good transient response can be observed with
the converter-side and grid-side current control.



WANG et al.: PASSIVITY-BASED STABILITY ANALYSIS AND DAMPING INJECTION FOR MULTIPARALLELED VSCs WITH LCL FILTERS

 t#Inverters

o

v 2#-Inverters im 3#-Inverters
o \
\

> oy e LCL-Filters
—— —— i
. AD Sampling

= |

]

Fig. 19.
inverters.

Hardware picture of the experimental setup with three paralleled

20 T T

o
T
1

1

Magnitude (dB)
R
o

A
S

=
©
o

©
o
T

Phase (deg)
o

o
1)

-180 ! ;
10 100

Frequency (Hz)

5000

Fig. 20.  Frequency responses of the control output admittances Y7 (s) and
the equivalent system admittances, Y710.q (s), for the converter-side current
control used in the experimental system.

B. Experimental Results

Experimental tests with three paralleled, LCL-filtered VSCs
are carried out. The VSCs are directly (cable-less) connected to
the point of common coupling (PCC). The hardware picture of
the laboratory test setup is shown in Fig. 19, where the same
circuit and controller parameters as the simulations are adopted.
Three Danfoss frequency converters, which are powered by the
constant dc voltage sources, are controlled as VSCs. The control
systems are implemented in a dSSPACE DS1007 system, where
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used in the experimental system. (a) Without the damping controller. (b) With
the damping controller.

the high-speed 16 bit A/D board, DS2004, is used for sampling
the voltage and currents, and the digital waveform output board,
DS5101, is used for the PWM generation.

Fig. 20 shows the frequency responses of the control out-
put admittance Yj.(s) and the equivalent system admittance
Y110aa (8) for the converter-side current control under tests. The
damping controller is included. Differing from Fig. 16(a), there
are no cable impedances included in Yij0a4(s). It is seen that
the system is stabilized by using the passivity-based damping
controller in each VSC.

Fig. 21 shows the frequency responses of the control out-
put admittance Ys.(s) and the equivalent system admittance
Yo10ad (s) for the grid-side current control in the experiment.
An unstable interaction of the paralleled VSCs can be observed
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in Fig. 21(a), whereas Fig. 21(b) shows that the damping con-
troller can stabilize the system.

The measured PCC voltage (line-to-line) and the per-phase
grid current waveforms for the converter-side current control
are given in Fig. 22. The zoom-in view of the waveforms at the
instant of enabling the damping controller closely matches with
the frequency-domain analysis in Fig. 20. Since the line-to-line
voltage is measured at 500 V/div, a little oscillation can be seen
in the PCC voltage. Fig. 23 shows the measured waveforms for
the grid-side current control, where a zoom-in view of the test
results at the instant of deactivating the damping controller is
provided. The unstable response confirms again the theoretical
analysis and the controller design.

VI. CONCLUSION

This paper has discussed the passivity of single-loop current
controls for grid-connected VSCs with LCLfilters. It has been
shown that the control output admittance of the converter can
be decomposed as the passive open-loop LCL-filter admittance
in series with an active admittance term affected by the current
controller and time delay. Such a decomposition facilitates the
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controller design for improving the passivity of the individual
VSCs and consequently stabilizing the system. Further on, the
active admittance of the grid-side current control revealed that
its passivity is affected by both the time delay and the LCL-filter
parameters. This is different from the passivity of the converter-
side current control. The stability implication of the passivity
analysis has also been elaborated. It has been shown that the
instability arises when an LC-resonance circuit with a negative
resistance is formed by the control output admittance and the
equivalent system admittance of the VSC. The passivity-based
damping control schemes have further been developed and the
results have validated their st4-abilizing performances.
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