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Virtual Damping Control Design of
Three-Phase Grid-Tied PV Inverters for
Passivity Enhancement

Zhiqing Yang

Abstract—The interconnection stability of a grid-tied inverter
system can be investigated not only based on classical control
theory, e.g., Nyquist criterion, but also from the energy dissipation
point of view. If a critical resonance occurs within the regions,
where the system equivalent impedance behaves passively, i.e., has
only nonnegative real parts, the system stability can be guaranteed.
Thus, it is preferred to design systems with passive regions over a
wide-frequency range. This article investigates passivity properties
influenced by different control loops and operating points in the dgq
frame, which facilitates the stability assessment in the frequency
domain. Based on this, a virtual damping control method is pro-
posed to improve the stability by enhancing the system passivity.
By implementing a damping transfer function in the d- and g-axis
individually, nonpassive regions can be accordingly reduced over a
specific frequency range. Asymmetrical designs can be considered
in the d- and g-axis according to corresponding passivity proper-
ties, which is impossible to be realized through symmetric physical
filter components. The design procedure is elaborated based on a 2
MW inverter system, which is based on a combined graphical and
analytical approach. Verifications are conducted based on a 1 kW
prototype including both simulations and experimental results. The
method applies to all types of grid-tied inverters with multiple
control loops. This article is accompanied by a video demonstrating
the validations.

Index Terms—Control design, grid-tied converter, passivity,
resonances, stability.

1. INTRODUCTION

IDE range resonances have been observed in large-
; ; scale photovoltaic (PV) parks from tens to thousands
of hertz [1]. Poorly damped resonances can destabilize system
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operations especially under weak grid conditions [2]. Grid-tied
PV inverter systems require different control loops to meet the
requirements of the grid code in the distribution level [3], i.e., a
phase-locked loop (PLL) for grid synchronization and a direct-
voltage control (DVC) to realize the maximum-power-point
tracking (MPPT) function. It is reported that negative incre-
mental resistance exists within the bandwidth of a PLL, which
can cause severe instability issues [4]. Nonoptimum design of a
DVC can also lead to stability problems [5]. The delay caused
by the digital control and modulation may also cause undesired
resonances [6]. Hence, a proper methodology is necessary to
explore the exact reason of unstable resonances.

To investigate the system stability and identify the reason of
unstable resonances, two different methods are commonly used.
The first method is eigenvalue-based stability analysis, where
the system stability is investigated by the eigenvalues of a state-
space model in the time domain [7]-[11]. The second method
is impedance-based stability analysis based on an impedance
model (IM) in the frequency domain, where a system is split
into a source and a load subsystem. The stability is assessed
by applying the Nyquist criterion on the source-load impedance
ratio [12]-[14]. Discussions have been made to summarize and
compare the two different methods [14]. However, both of the
methods assess multivariable systems based on the classical
control theory [15].

Apart from the control theory, the stability of a system can
be also investigated from the energy dissipation point of view,
which leads to the passivity theory. A system is defined as passive
for a specific frequency range, if the real part of its transfer func-
tion is nonnegative in this frequency range [16]. The passivity of
an inverter system is analyzed in [17] based on IMs, considering
the influence of the alternating-current control (ACC), PLL, and
DVC. However, the influence of different factors is analyzed
separately neglecting the dynamic overlap between different
control loops. In spite of the fact that the system is modeled with
two-dimensional matrices, the passivity property influenced by
asymmetrical control loops, i.e., DVC and PLL, is observed with
only one diagonal element, which neglects the cross-coupling
effect between the d- and g-axis. Detailed passivity analyses
based on two-dimensional impedance matrices have not been
considered.

0885-8993 © 2020 EU
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Resonances can be dissipated when occurring within the fre-
quency range, where the system behaves passively. Based on the
passivity theory, control methods are developed to improve the
stability by increasing the passivity regions. A passivity-based
control design is developed for the ACC by adjusting the band-
width of the voltage feedforward filter (VFF) [18]. However, the
influence of the PLL and DVC is neglected. A coarse selection of
the bandwidth for the PLL and DVC is provided in [17], based on
the passivity property of diagonal admittances, though a design
guideline is missing. Passivity-based designs are proposed to
suppress the critical resonance caused by LC'L filters [19]-[22]
or control delay [23]. If an advanced modeling approach, i.e.,
multiple-frequency model is considered, it is possible to design a
passive system even above the Nyquist frequency [24]. Passivity
index is proposed to facilitate the design of the ACC from the
control engineering point of view [25]. However, most studies
model a three-phase system considering symmetric structures
[18]-[24]. Such a system can be simplified to single-input single-
output (SISO) structure, which requires only a one-dimensional
IM for the passivity analysis. If asymmetric control loops, i.e.,
PLL and DVC, are considered, the system is featured with a
multi-input multi-output (MIMO) structure. A two-dimensional
IM established in a synchronous reference frame (SRF) is nec-
essary to describe the complete system dynamics including the
cross-coupling effect [17]. A control design guideline based
on two-dimensional passivity properties of MIMO systems is
still missing. Mathematical efforts are made to convert MIMO
structures to SISO systems [26]. The stability is determined
by the Nyquist plot of multiple control loops simultaneously.
However, a control design approach to improve the system
stability is not discussed.

To eliminate unstable resonances in converter-based systems
induced by control interactions, the virtual damping technique
is one of possible methods [27]. It is implemented to prevent
the instability in both dc systems [28] and ac systems [29],
[30]. Note that the virtual damping strategies developed in [28]—
[30] have similar structures compared to the passivity-based
control structures proposed in [19]-[22]. This indicates that
the virtual damping technique eliminates critical resonances by
essentially enhancing the system passivity. To prevent the dc-bus
instabilities, a virtual damping strategy is proposed in [28] by
utilizing a high-pass filter (HPF) to enhance the passivity in the
medium-frequency region. The design is based on Nyquist plots
without analytical guidelines. To tackle the instability caused by
the PLL, a damping method is proposed to reshape the g-axis
impedance by implementing a virtual resistor [29]. However,
the relationship between the virtual damping and the passivity
property is not elaborated. Due to the model simplification, there
is no discussion with regard to other control loops, e.g., ACC,
DVC, and VFF. A design guideline is provided in [29], where
the value of the virtual resistor is dependent on the operation
point. Whether the design can guarantee robust operations in a
wide range, is not discussed. A virtual inductor in series to the
grid impedance is considered in [30] to enhance the stability
under weak grid conditions. However, the model neglects the
influence of the PLL, which may not guarantee the accuracy
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Fig. 1. System configuration of a three-phase PV inverter.

when investigating the stability issue for weak grid scenarios.
The cause of unstable resonances is not well identified, so that
a design guideline is not considered.

To cope with the control-induced unstable resonances, this
article develops a framework to assess and improve the passivity
of three-phase grid-tied PV inverters by utilizing the virtual
damping technique. Main contributions are summarized as fol-
lows.

a) Concrete passivity analysis is conducted based on two-
dimensional IMs. Passivity properties influenced by dif-
ferent control loops and operating points are assessed in
the dq frame. Asymmetric passivities are observed in the
d- and g-axis, so that the cause of unstable resonances can
be identified.

b) A virtual damping control (VDC) method is proposed to
improve system stability by enhancing the passivity prop-
erty in the d- and g-axis individually. A design guideline
based on the combined graphical and analytical approach
is provided and the effectiveness of the VDC is validated.

The rest of this article is organized as follows. In Section II,
an accurate IM is developed for a three-phase grid-tied PV
inverter system considering complete dynamics of different
control loops. The passivity-based stability analysis method is
introduced and applied to the established system to explain the
cause of unstable resonances. Passivity properties are thoroughly
analyzed in Section III for different control loops and operating
points, considering also the influence of cross-coupling effects
in the dq frame. To improve the system stability, a VDC design is
proposed in Section IV by enhancing the system passivity. The
virtual damping is implemented in the d- and g-axis diagonal
element asymmetrically, so that the nonpassive regions can be
accordingly reduced over a wide-frequency range. A design
guideline is provided, based on which the VDC is designed for
a 2 MW system. Verifications are provided in Section V with
both simulations and experimental results based on a down-scale
prototype. The conclusion is drawn in Section VI.

II. STABILITY ASSESSMENT OF GRID-TIED INVERTERS
A. Impedance Model

The three-phase grid-tied PV inverter shown in Fig. 1 is
considered for the analysis. An LC'L filter is implemented for
the harmonic suppression, where Ly is realized by the leakage
inductance of a step-up transformer. The ACC is implemented
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TABLE I
SYSTEM AND CONTROL PARAMETERS OF 2-MW SYSTEM

Parameter Value  Parameter Value
i 550V P, 2MW
fow 3kHz fep 6 kHz
Ve 1200V fe 50 Hz
Clc 15mF Ly 120 uH
C 1mF Lo 40 uH
ace 300 Hz KAe© 0.230Q
PLL 30 Hz KPLL 0.36 rad /sV
Dve 20 Hz KDVC 3.6S
5,000 ; j\ A |
< !
AN AN
£ ZLz |
=0 /NN ‘
AN VAVAVIN AT
5,000 KACC — 023 | KACC =0.04 \/\
0.3 0.35 0.4 0.45 0.5
Time in s

(2)

0 40 80 120 160 200

Frequency in Hz

(b)

Fig.2. Analysisof ¢y o forastep change of K ;{}CC. (a) Time-domain analysis.
(b) Frequency-domain analysis.

as the inner control loop considering the VFF and AD. The
capacitor voltages in the LC'L filter are measured for the grid
synchronization with a SRF-based PLL. The DVC is imple-
mented to realize the MPPT. The system delay caused by digital
control and zero-order hold (ZOH) effect is also considered. An
IM is developed for the described system. The stability can be
assessed by applying the general Nyquist criterion (GNC) to
the impedance ratio as given in (1) [12], where Z,.. and Z,
represent the inverter-side and grid-side impedance at the point
of common coupling as marked in Fig. 1. The impedance Z . is
acquired by combining the inverter output admittance Yj,, and
the filter impedance or admittance as given in (2), where Y and
Z 19 are the capacitor admittance and the inductor impedance
in the LCL filter. The inverter admittance Yj,, is calculated
according to the small-signal relationship of ac-side currents
and voltages, which depends on the implemented control loops
and operating points. As the IM is established in the dq frame,
the admittance is represented by a two-dimensional matrix as
given in (3). Derivations of the complete IM are provided in
Appendix A

T =20 Zg=Ypec Zg (1)
chc = ()/inv + YC)71 + ZL2 (2)
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B. Passivity-Based Stability Assessment

In addition to the GNC, the stability of a system can be also
assessed from the energy dissipation point of view, which leads
to the passivity theory. A system G(s) is defined to be passive
if Re{G(jw)} > 0, V w [16], which represents a nonnegative
impedance or admittance for an electrical system. A passive
system is able to remain stable by dissipating the undesired
energy such as resonances. For the established IM, the stability
can be assessed by investigating the passivity of the inverter
admittance Yi,y, as the filter components C', Lo and the grid
impedance L, are passive naturally.

To reveal the relationship between unstable resonances and
passivity properties, an example is presented based on simu-
lations in PLECS for a central PV inverter with parameters
given in Table I. The system is stable with the properly de-
signed proportional gain in the ACC K}*“C = 0.23. Unstable
resonances occur if the gain is reduced to K*°C = 0.04 as il-
lustrated in Fig. 2 for the current 71 5 in both the time-domain and
frequency-domain. To identify the cause of unstable resonances,
the two-dimensional passivity properties of Yi,, are depicted in
Fig. 3. Several findings are summarized as follows.

1) In spite of the fact that a clear nonpassive area is observed
in Y;2? in the low-frequency range and small nonpassive
regions exist in ¥;%¢, Y%7 and Y;2?, the system is stable
with K*C = 0.23. The reason s that, the passivity theory
provides a sufficient but not necessary condition to analyze
the stability. Nonpassive regions do not directly indicate
instabilities. Unstable resonances appear if excitations
occur within nonpassive regions. Therefore, the passiv-
ity theory is often used for control design to improve
the system stability by reducing the nonpassive regions
[18]-[25]. While the Bode plots and Nyquist criterion are
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often used to predict whether a system is stable or not [4],
[12]-[14].

2) Diagonal passivities Re{Y;%¢(jw)} and Re{Y%?(jw)}
are nonidentical, which indicates the asymmetry be-
tween the d- and g-axis. While off-diagonal passivities
Re{V;" I (jw)} and Re{Y;gfl, (jw)} are identical with a mi-
nus sign. The absolute value of off-diagonal passivities
are much smaller than the diagonal ones. The passivity
variations of off-diagonal elements over a wide-frequency
range are negligible compared to diagonal elements. The
reason is that, cross-coupling effects in the dq frame are
compensated, and the operation is assumed with a high
power factor. In this case, the stability of three-phase
ac systems can be investigated with a focus on diagonal
elements, which is valid for both rectifier-mode [31] and
inverter-mode [32] operations.

3) For KZ‘?CC = 0.04, a steep nonpassive region occurs in
Y% with a minimum damping of —8S between 60 —
70 Hz, which matches the dominant resonances observed
in Fig. 2(b) between 110 — 120 Hz, considering a fre-
quency shift of 50 Hz from the dq to the abc frame. In the
same frequency range between 60 — 70 Hz, the minimum
passivity of ¥;"¢ and Y% are —1.5 and —25, respectively.
While the passivity of Ylfl‘i is 0S. The worst damping of
Y;1? is —5S between 10 and 20 Hz, which already exists
even with the normal gain K ;}CC = 0.23. Moreover, the
observed resonances do not match this frequency range.
Thus, it can be concluded that the nonpassive region in Y;%¢

mv
is the major cause of unstable resonances in this case.

III. TWO-DIMENSIONAL PASSIVITY ANALYSIS

Ideally, a stable system requires the nonnegative admittance
Re{Yiny (jw)} > 0 over the whole frequency range. However, it
is impossible for the grid-tied inverters due to the implemented
control loops. To identify the exact cause of the nonpassive
regions, the two-dimensional passivity properties influenced by
different factors are investigated as follows based on the system
specifications in Table I.

A. Control Delay

Due to the implementation of digital control and the ZOH ef-
fect of the pulsewidth modulation (PWM), there is an inevitable
system delay Ty between the control command and inverter
output voltage. A minimum delay of Ty = 1.5T;, with the
sampling time Ty}, is considered for the double-update PWM
[23]. The passivities influenced by control delay are observed in
Fig. 4. Note that a nonzero Ty causes an inevitable nonpassive
region in the high-frequency region above 1 kHz in both Y;%¢
and Y;1?. The nonpassive region increases with a higher value of
delay. However, it has no influence on the low-frequency regions.
An increased delay time slightly influences the passivity of Yidq
and Yq near the ACC bandwidth. However, the influence is
neghglble compared to the influence on diagonal passivities, if
a reasonable delay time is considered.
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B. Alternating-Current Control

Different bandwidths of the ACC f/\; ACC mainly influence the
medium-frequency region between 50 500 Hz for both Y;44
and Y;!? as illustrated in Fig. 5. A high value of the ACC
bandwidth introduces nonpassive regions in both dg-axis, as it
is close to the switching frequency fs = 3 kHz. While a low
value of the ACC bandwidth induces a nonpassive region only in
the d-axis, as it is close to the DVC bandwidth fDVC =20 Hz.
Thus, fASC ~ f = js usually considered as a rule of thumb [17].

dq qd
The influence on Ymv and Y i

bandwidth is implemented.

is negligible if a reasonable ACC

C. Voltage Feedforward Filter

The bandwidth of the VFF fYFF has influence on the system
stability especially under weak grid conditions. Itis suggested to
have a small VFF bandwidth fYFF < 0.1 féchc in normal oper-
ations to enhance the stability [ 18]. However, this is only a coarse
design and the lower limitation of the VFF bandwidth is not
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Fig. 7. Passivity properties influenced by the PLL.

considered. As shown in Fig. 6, the VFF bandwidth influences
the passivity property in a wide-frequency range. A small band-
width reduces the nonpassive region in the low-frequency range
of ¥;4¢ and improves the passivity in the medium-frequency
range of Y;!?. However, the negative damping of Y}’ in the
low-frequency region gets deteriorated. As a compromise, it is
recommended to select fYF¥ = 0.1 — 0.3 f2°C to guarantee
the wide-range passivity. The influence on Ylﬁg and Ylff, is
negligible.

D. Phase-Locked Loop

The passivity properties influenced by the PLL bandwidth
EV%L are depicted in Fig. 7. Note that a PLL mainly influences
Y., as it regulates only v, for grid synchronization. An in-
evitable nonpassive region occurs within the PLL bandwidth,
which has been reported in [13] and [14]. Thus, it is recom-
mended not to select the bandwidth of PLL unnecessarily large.
The PLL bandwidth has no influence on Y;%¢ and the influence

on Y% and ;% is negligible.

mnv mv
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E. DVC Loop

The passivity properties influenced by the DVC bandwidth
DVC are illustrated in Fig. 8. On contrary toaPLL, a DVC influ-
ences mainly Y;4%, as it provides only a d-axis reference current
for the ACC. A nonpassive region occurs in the frequency range
slightly above the DVC bandwidth. A high DVC bandwidth
reduces the total nonpassive region in Y;%¢. Tt is suggested in [17]
to select the DVC bandwidth as f2VC < 0.1 fA°C. However,
a lower limitation should be also considered. A small DVC
bandwidth increases the nonpassive region within its bandwidth,
which deteriorates the system damping in the low-frequency
range. The DVC bandwidth has no influence on Y;’? and the
influence on Y:%? and Y;? is negligible.

inv inv

F. Maximum Power-Point Tracking

Different operating points due to the MPPT function affect
passivity properties as well. Both the PV current 7, and the dc-
link voltage V. vary in a wide range due to the MPPT function.
The influences of different I},, and V. are presented in Fig. 9.
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A high PV current I;,, enhances the low-frequency passivity in
Y44, while deteriorates the nonpassive region caused by the PLL
in Y;2?. A similar trend is observed if a high dc-link voltage Vi
is implemented. Thus, a limitation of I,,, shall be considered
to guarantee stable operations Different operating points have

almost no influence on Y, q and Ylfw

G. Power Factor

The grid code requires PV inverters to operate with a power
factor PF > 0.85 (leading or lagging) when the output power is
higher than 10% of its nominal rating [33]. Specially designed
systems that provide reactive power compensation, e.g., STAT-
COM, are out of the scope of this work. The passivity properties
influenced by the PF are depicted in Fig. 10. The passivity of ang
slightly increases with a lagging PF below the PLL bandwidth,
while it decreases with a leading PF. Different PFs have almost
no influence on ;% v;%¢ and Y97

mnv’> ~inv’ mnv*

H. Grid Impedance

According to (30), the passivity of an inverter depends only
on its own parameters and operating conditions. The grid
impedance does not influence the inverter passivity. Thus, corre-
sponding figures are not provided. However, a change of the grid
impedance shifts the resonant frequency, which can be analyzed
with Bode plots [12]. Unstable resonances occur if the resonant
frequency falls into the nonpassive region.

In summary, passivity properties are different between diago-
nal elements Y;%¢ and Y;2¢, which indicates asymmetric features
mainly caused by the PLL and DVC. Nonpassive regions mainly
exist in diagonal elements Ydd and Y;?? while passivity prop-

mv?
erties of off-diagonal elements Ylﬁz and Ylffl are negligible, if
proper designs are considered.

IV. VIRTUAL DAMPING CONTROL

The passivity theory offers an intuitive approach to ana-
lyze unstable resonances in the frequency domain. Nonpassive
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Fig. 11.  Control structure with virtual damping.

regions can exist in all elements in the admittance matrix Yi,,
even with proper designs of the control loops. To improve the
system stability, it is preferred to reduce the nonpassive region
as much as possible. Hence, a VDC method is proposed to
enhance the system passivity. The control structure and design
approach are elaborated in this section. The method is aimed for
reducing the control-induced nonpassive regions below 1 kHz.
The nonpassive regions above 1 kHz caused by the delay effect
is out of the scope of this work.

A. Control Structure

Since a nonpassive region behaves like a negative resistance, a
positive damping is necessary to remain the stability. As reported
in [20]-[22], [29], and [30], a virtual damping can be imple-
mented by adding a transfer function from the measured voltages
or currents to the control loops. Utilizing a similar approach,
the transfer matrix G'p is considered in the ACC to introduce a
virtual damping as depicted in Fig. 11. According to the passivity
analysis in Section III, nonpassive regions are mainly caused by
diagonal elements, and the passivity of off-diagonal elements are
negligible. Hence, the damping matrix is designed in a diagonal
format as given in (4). With zero values of off-diagonal elements,
G4l has no influence on the Y;2¢, while G% has no influence on
Yl‘rfff, which facilitates the passivity de51gn in the d- and g-axis
individually

G%l(s) 0

O 0 an

“)

Different types of transfer functions of Gp are compared to
find the best solution, which includes the HPF, the low-pass filter
(LPF) and the proportional-integral (PI) structure.

1) High-Pass Filter: Considering the transfer function in (5)
for both G%! and G, passivity properties of Y;% and Y;2¢
are observed in Fig. 12, where wypr = 27 fupr represents the
cut-off frequency and K is the gain of the HPF. The influence
of bandwidth is first investigated. A low bandwidth can slightly
improve the passivity in the medium-frequency range for both
Y;%4(s) and Y, (s). If a gain is further increased, the passivity
in the medium-frequency range can be improved. However,
passivity dips appear in both high-frequency and low-frequency

regions. The HPF has no improvements to the nonpassive region
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of Y14 in the low-frequency range
L. (5)
S + wHPF
2) Low-Pass Filter: Considering the LPF given in (6), where
wrpr = 27 frpr represents the cut-off frequency and K is the
gain of the LPF. Passivity properties of both ¥;%¢ and Y;2? are
improved in the medium-frequency range with a high bandwidth
as shown in Fig. 13. If the gain is further increased, the passivity
in the medium-frequency range further increases, while passivity
dips appear in both high-frequency and low-frequency regions.
Moreover, the LPF cannot compensate the nonpassive region in

the low-frequency range of ;27 either

HPF _
Gp = =

K
Gigr = S ©)

S + WLPF

3) PI Controller: A PI controller given in (7) is discussed
in-depth for the comparison. The passivity of Y;%¢ is investigated
with different PI gains of G%'. As illustrated in Fig. 14, with
an increased proportional gain K¢, the nonpassive region in
Y44 is alleviated. However, Kgd should not be selected too
high to prevent the passivity dip below the DVC bandwidth. An

increased integral gain K ¢ enhances the passivity of Y, in the

102 10°  10*
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medium-frequency range. However, it deteriorates the passivity

in the low-frequency range either. Hence, only K ;ld is considered

in G%. Note that G4! has no influence on Y,
K;

S

Similarly, the passivity of Y;X? is analyzed with different PI
gains of G as illustrated in Fig. 15. The proportional gain K. Fx
improves the passivity in the medium-frequency range, while
the integral gain K7 alleviates the nonpassive region in the
low-frequency caused by the PLL. Both the K% and K* do
not deteriorate the passivity in other frequency ranges. Hence,
both K17 and K are considered in G7}. Note that G'f; has no
influence on Y,

Based on the analysis, the PI control structure achieves the
best performance for both G4 and G%. From the electrical
point of view, the PI structure given in (7) can be rewritten as
(8), which represents exactly a virtual admittance including a
virtual resistor R, and a virtual inductor L, for the d- and ¢-
axis, respectively, as illustrated in Fig. 16. A high damping gain
indicates a small value of either R, or L,,. Thus, the nonpassive
regions are essentially compensated by creating a “virtual short
circuit” in a specific frequency range. The electrical equivalence
facilitates the parameter selections, which will be discussed as
follows:

GH =K, + (7

Gele — i L

R, sL, ®)

B. Design Procedure

To determine the parameters of the proposed VDC, a design
procedure is provided combining both the graphical and ana-
lytical approaches. Based on the passivity properties shown in
Figs. 14 and 15, G% and G% can be designed separately. The
detailed design flow chart is given in Fig. 17.

For the design of G%!, only the proportional gain Kgd is
required. The parameter is determined with the help of the
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| Inverter specification | | Operation range | Control parameters |
¥ v ¥
| Passivity plot considering maximum power of the inverter |
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Plot Re{Y;2(jw)} | Select K according to (9)(10) |
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Passive in the medium
frequency region?
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on Re{y;11(ju)}
[
12
Check passivity of the Re{Y;!(jw)} and Re{Y1(jw)}
Fig. 17. VDC design procedure.
TABLE 11

DESIGN OF VDC PARAMETERS FOR 2 MW SYSTEM

Parameter Value Parameter Value
P, 2MW K 28
i 550V KM 2080S/s
Lg 480 uH K39 2S

passivity plot. A proper K ;ld is considered when the nonpassive
region in ¥;%¢ is eliminated.

For the design of G, both the K¢ and K are required.
As the integral gain K7 achieves a better performance to
compensate the nonpassive region in the low-frequency area
caused by the PLL, it is considered first. According to (8), K
can be regarded as a parallel virtual inductor L,. A proper value
can be determined similar to the base impedance calculation as
given in (9), which takes the inverter power rating P,, and the
grid voltage level V('j'® into account. Whereby, K 9 is calculated
according to L, as glven in (10). As 1llustrated in Fig. 15, a
passivity dip is introduced when implementing K 7. Thus, a
proportional gain K7 is preferred to enhance the nonpassive
region in the medium-frequency range, which is determined
based on the passivity plot

Y (Vi o
v wySB wg Py,
1
Kfq:L—. (10)

C. Design Case

A design case is presented based on the analyzed 2 MW PV
inverter. Following the design procedure provided in Fig. 17,
VDC parameters are designed and listed in Table II.
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Originally, nonpassive regions are observed in both Y;¢ and
Y7 as depicted in Fig. 18. Unstable resonances occur 1f the
short circuit ratio (SCR) decreases from 5.0 to 2.36, as shown
in Fig. 19. Resonances are observed at 40 and 60 Hz in the abc
frame, which corresponds to 10 Hz in the dgq frame considering
the frequency shift and coupling effect [34]. After implementing
the designed parameters, the passivity of both Y;%¢ and ;!¢ a
significantly enhanced as illustrated in Fig. 18. In spite of that
the nonpassive region in Y;1? cannot be completely eliminated, a
nonnegative admittance is guaranteed above 10 Hz. As a result,
the resonances that occurred in the passive region disappear.
With the proposed VDC, stable operations can be extended under
harsh conditions with either a low SCR or a high PV current.
The extended stability boundary validated in simulations is
illustrated in Fig. 20.

The proposed VDC is compared to other methods in previous

studies as summarized in Table III. Different from other methods
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TABLE III
DIFFERENT VIRTUAL DAMPING METHODS TO PREVENT THE INSTABILITY INDUCED BY CONTROL INTERACTIONS

Reference Stability Assessment Analyzed Influences Damping Method Design Guideline
[28] Nyquist plot DvC HPF Graphic assisted
. 1d
[29] Bode plot of Zg4/Z3d, PLL, L, P gain (R,) Kp = — (@ + V%ﬁ)
[30] Eigenvalue loci Ly L Not addressed
Proposed Two-dimensional passivity Y]ig PLL, DVC, ACC, Lg, Iy PI gains (Ry, Ly) Graphic assisted and (9), (10)

! 23_.’

e
DC Source =

4
£ %
e b mi‘.\\\ \\
Sensor Board \
o N \\\

Fig. 21.

Experimental setup.

based on the classical control theory, e.g., Nyquist plots or eigen-
values, the proposed method investigates the stability utiliz-
ing two-dimensional passivity properties. The passivity theory
provides a sufficient but not necessary condition for stability
assessment, which cannot directly predict whether the system
is stable or not. However, it provides an intuitive perspective
to present the system damping feature over a wide-frequency
range. By utilizing the two-dimensional passivity properties
based on accurate IMs, resonances caused by control interactions
of different loops can be identified and accordingly compen-
sated. A design guideline is addressed combining the mathe-
matical analysis and the graphical assisted method. Besides, the
proposed VDC features following advantages.
1) No physical components are required, which leads to high
efficiency of the system.
2) Asymmetric designs in the d- and g-axis compensate
nonpassive regions caused by different controls flexibly.
3) The damping parameters are designed considering the
maximum power rating. Thus, the stability is guaranteed
in normal operations as well.

V. SIMULATION AND EXPERIMENTAL VALIDATION

To further investigate the validity of the proposed VDC,
simulations and experiments are conducted based on a 1 kW
prototype. The test setup is comprised of a three-phase inverter,
a commercial grid emulator, a dc source, control, and sensor
boards as well as an LC'L filter, as shown in Fig. 21. The
system and control parameters for the down-scale test setup are
specified in Table IV. Based on the design procedure proposed
in Fig. 17, VDC parameters are designed for the prototype and
given in Table IV as well. Since no DVC is implemented in the
down-scale prototype, there is no nonpassive region observed
in Y;9¢. Hence, only the g-axis virtual damping parameters are

nv'*

TABLE IV
SYSTEM AND CONTROL PARAMETERS OF 1-kW SYSTEM

Parameter  Value  Parameter Value
i W0V P 1kW
Sow 10kHz fsp 20kHz
Vae 180V fe 50 Hz
C 10 uF Ly 3mH
[CC 1kHz KAe© 16Q
o 30 Hz KJM 2.3rad/sV
K4 0.04S KM 408/s
TABLE V
EXPERIMENT SCENARIOS
Cases id, Lg PF Cause of resonances
Case 1 10A  3mH (SCR=7)  Unity High fPLL
Case2 6A  5.5mH (SCR =4) Unity High fPLL
Case3 6A  3mH(SCR=7) 087 High fPLT
Case 4 10A  3mH (SCR=7)  Unity High K¢

designed and implemented. There are in total four different cases
considered in validations, detailed scenarios of which are defined
in Table V.

A. Case 1l

The case 1 validates the effectiveness of the VDC under
normal grid operations with SCR = 7. Due to limited filter
components available in the laboratory, an unstable scenario is
emulated by intentionally increasing the PLL bandwidth, which
extends the nonpassive region in Y;’? to the medium-frequency
range as depicted in Fig. 7. The system loses the stability if the
PLL bandwidth increases to 170 Hz, where current distortions
can be observed, as presented in Fig. 22(a). Resonances can be
eliminated after implementing the proposed VDC. Note that the
stability remains with a normal PLL bandwidth of 30 Hz, if the
VDC is activated. Experimental results of case 1 are shown in
Fig. 22(b). The current distortion is more severe in the hardware
test, which is reasonable as the dead-time effect and parasitic
parameters of the test bench are not fully considered in simula-
tions. The frequency-domain analysis of the experimental results
is observed for the unstable operation in Fig. 22(c). Passivity
properties of Y;2? acquired by the developed IM are plotted as
well. Dominant resonances measured in the experiment occur
at 190 and 290 Hz in the abc frame. This corresponds to the
resonance at 240 Hz in the dq frame, which exactly falls into
the nonpassive region if the VDC is not activated. The passivity
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changes toward positive value at the resonant frequency after
implementing the VDC, which proves that the resonances can be
dissipated through the designed positive damping in the specific
frequency range.

B. Case 2

The case 2 validates the effectiveness of the VDC under weak
grid operations with SCR = 4. Simulation results, experiment
results, and passivity analysis are presented in Fig. 23. Unstable
resonances measured in experiments occur at 160 and 260 Hz
in the abc frame, if the PLL bandwidth increases to 105 Hz,
where negative damping is observed in the passivity analysis.
After activating the VDC, unstable resonances vanish, since the
system behaves passively at the resonant frequency. The VDC
applies to the operation with a normal PLL bandwidth and a low
current as well.

C. Case 3

The case 3 validates the effectiveness of the VDC with a
nonunity power factor, as grid-tied inverters are supposed to

operate with a certain amount of reactive current. According to
Fig. 10, the injection of reactive currents, either leading or lag-
ging, only slightly affects the passivity of Yiﬁ?,. Both simulations
and experiments are conducted considering an operation with
PF = 0.87 as depicted in Fig. 24, the proposed VDC can reduce
the unstable resonances caused by a high PLL bandwidth of 230
Hz in spite of reactive current injections. The frequency-domain
analysis of the experiment results matches the passivity analysis.
The VDC also works with a normal PLL bandwidth of 30 Hz

when injecting reactive currents simultaneously.

D. Case 4

The case 4 validates the necessity to properly design the
VDC parameters. The proportional gain Kgd is preferred to
enhance the passivity in the medium-frequency rang. However,
an unnecessarily large value should be avoided, which can lead
to nonpassive region in the high-frequency range according to
Fig. 15. If an unnecessarily high value of K gd is implemented,
high-frequency resonances are observed in the ac voltage as
illustrated in Fig. 25 in both simulations and experiments.
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The measured resonances match the nonpassive region estimated APPENDIX A

by the passivity analysis as well, which indicates that the virtual
damping parameters should be carefully designed following the
proposed procedure.

VI. CONCLUSION

This article investigates the stability of a three-phase grid-tied
inverter system from the energy dissipation point of view. The
damping feature of the system is analyzed intuitively over a
wide-frequency range utilizing the two-dimensional passivity
properties. The impacts of different control loops and operating
conditions are studied, which enables to identify the cause of
unstable resonances. To improve the system stability, a VDC is
proposed by asymmetrically enhancing the d- and g-axis pas-
sivity property. A design approach is provided to determine the
virtual damping parameters. The validity of the proposed control
method is investigated with both simulations and experiments
for different scenarios.

TRANSFER FUNCTION MATRICES IN IM

Derivations of IM and related transfer function matrices are
given as follows. For clarity, real vectors are represented with
297 = [z9 29T, a small-signal variable is presented with &,
while a steady-state value is described with X.

1) Alternating-Current Control: The dynamic equation in the
ACC is given in (11), where m is the modulation index, %,cf 18
the input reference. i11, ¢c, and ve are measured currents and
voltage in the LC'L filter. G 5 represents the control matrix of

the ACC with a PI controller Fycc = KACC 4 KE%° grace,
Ggec represents the decoupling transfer matrix, where w, is
the grid frequency. Gyrr is the transfer matrix of VFF, where
wyrr = 27 fyEF is the bandwidth of VFF. Gap is the transfer
matrix of AD, where K ap is the damping factor. G 4. model
the system delay with Pade approximation, where T4, includes

a computational delay in the digital control (7;,) and a ZOH
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effect (0.5 75,) caused by the PWM

d,c -d,c .d,c
m*»€| vqe o i
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me ref ‘L1
ie
+ GaeGvrr | 4| = GaeaGap | g0 (1D
c o
I3 0
Gacc = | ¢ (12)
| 0 Facc
) L
Gaee = Ko (13)
__Wng 0
Gypp = | Trover 0 ] (14)
0 WVEE
L SHWVFF
'K 0
Gap= | 2P (15)
| 0 Kap
[2—sTyel 0
Gdel - 2+80Tdel 2—5Tqe1 (16)
L 2+5Tqel

2) Phase-Locked Loop: If a PLL is considered, the system will
become nonlinear. A linearized small-signal model of the PLL
can be derived by considering perturbation quantities. Consider
an SRF-based PLL, the transfer function of the PLL small-signal

L pLL . KPLL .
model is given in (17), where Fpry, = K, + —4— is the PI
controller in the PLL. Influenced by the PLL, variables such as
i1, ¢, Vo are supposed to be converted from the system to
control frame when feeding back to control loops, while vyef
is required to be converted to the system frame for the PWM
modulation. The small-signal relationship between control and

system frames are given in (18)—(21)

Fpry
Hppp = —TEL (17)
s+ Vo Fpry

[2d,c] [d,s] i ,S ] ~d,s
ri| _ |1 0 IjyHpuL Vo 18
2g.c| T | 5ass + JEaRd s ~q,8 (18)
I ‘L1 0 —I;yHprL| |00
L"L1 ] L"L1 ] L 1 L7C |

G715LL
2d,c [d,s] I ,5 7 [~d,s
[l I 0 I&°Hpry | |0g 19
cge | T |rg,s + Id’SH ~q,8 (19)
Lo Lo 0 —Ig"HprL| |0¢
L°C ] L°C ] L 1 L7C |

C;i:?LL
~d,c [~d,s q,8 ~d,s
Vo - Ve 0 VC HpLL Vo 20
qe| = |aas| T 0 Vs i A0, 20)
Vo V& —Vo HpLL| |Vo

C;gLL
~ds] S ~d
mds B mde N 0 —M®Hpry,| |05° 21
ms mac 0 Md’sHpLL f)gs ’

CJgLLL
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3) Direct-Voltage Control: The dynamic equation of the DVC

is given in (22), which serves as an input of (11), where Fpyc =
VC

K 1])3 Ve 4 % is the PI controller in the DVC. The small-signal
variable 4. is influenced by both the modulation index m and
ac-side current i1 as given in (24) after linearization, where
Yae = sCyc is the admittance of the dc-link capacitor. Steady-
state values of the modulation index are defined in GGp;. The
steady-state relation of the power balance between the dc and ac
sides is given in (25)

i I'vve
.ref = (Uchref - Udc) (22)
i®e 0 '
ref
———
Gpvc
T
Gy = [Md Mﬂ (23)

bao= S ] ) 3
de = 7 | Vae Vac i, 4 [ Yae  Yacl |pas
—_—— —_——

Ghve GBve

(24)
3
Vaclpy = EV(L}I&. (25)

4) Filter and Grid: The impedance and admittance of the
LC'L filter and grid parameters are represented with following
matrices

[sL —w,L
i = shi + 1 Yol (26)
L ngl 8L1 + Rl
Yo = sC —w,C @7
_wgC’ sC
[sLo+ Ry  —w,L
Zpp= |2 T el (28)
i ngg sLo + Ry
Z, - sLg+ Ry —wgLg ' 29)
wgLg sLy+ R,

5) Inverter IM: According to the small-signal relationship, the
IM considering the complete system dynamics is given in the
following equation

Z - (% o G}\{gg\/c) GAIGB _ GMC;%DVC _ ZL]_
inv — (% . GMC;ch> GzlGC 71
(30)
with
Vacl Gy GE
Ga= d; L QDVC — Gae1GaccGpveGhve 3D
Gp = GaaGaccGpveGhye — Gaa (Gace + Gaee)
Gy Gl
MGpve 32)
2
VG

Ge Pk 4+ Gael Gvrr G —GaaGap (G + Ye)

2

- Gdel (GACC + Gdec) G%LL- (33)
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