Effect of Active Damping on Output Impedance
of Three-Phase Grid-Connected Converter

Abstract—LCL-filter is commonly used to attenuate the
switching harmonics of grid-connected converters. LCL-
filter creates resonances in the converter dynamics which
shall be damped for ensuring robust performance of the
converter. Active damping methods can be used to at-
tenuate the resonant behavior effectively. Accordingly, the
output impedance is affected and the grid-interaction sen-
sitivity of the converter varies with the active damping
design. In order to carry out impedance-based stability
analysis or assessment of the harmonic rejection capa-
bility, an accurate analytical model to predict the output
impedance is necessary. This paper investigates the output
impedance properties of capacitor-current-feedback active
damping, which are so far not considered thoroughly in
the literature. The output impedance modification with the
active damping design is explained, thus, the stability and
harmonic rejection capability of the converter can be im-
proved. Furthermore, in order to validate the model, experi-
mental measurements of the output impedance with active
damping are presented for the first time in literature.

Index Terms—Active damping, control
impedance modeling, power system stability

design,

[. INTRODUCTION

RID-CONNECTED inverters are widely used to transfer

energy from renewable energy sources to the utility
grids. LCL-filter is superior in attenuating the output current
harmonics caused by the switching actions compared to simple
L-type filter and is therefore commonly utilized [1]. However,
the resonant peaking caused by the LCL-filter must be attenu-
ated properly to preserve stability of the system and to prevent
harmonic resonances from affecting the grid current.

Active damping (AD) is commonly used to mitigate the
resonant behavior of the LCL-filter as it does not produce
additional power losses [2]. However, extra system cost may
appear due to the need of additional measurement circuitry.
Multi-loop active damping methods involve a feedback from
a system state variable, which is usually the filter-capacitor
current [2]-[8] and it is employed in this paper.

Considering active damping, the condition where the res-
onant frequency of the LCL-filter (f,cs) equals one-sixth of
the sampling frequency (fs) has been noticed to be criti-
cal for stability of a grid-connected converter [4], [6], [9],
[10]. Accordingly, active damping design is dependent on
the resonant-to-sampling-frequency-ratio and poorly designed
active damping may create right half-plane (RHP) poles into
the current control loop causing instability [3]-[5], [9]-[12].
Moreover, considerably different stability characteristics can
be obtained for inverter-current-controlled and grid-current-
controlled converters. It is shown that the inverter-current feed-
back (ICF) and grid-current feedback (GCF) converters have
opposite stability characteristics regarding the system delay

[10], [13]. Consequently, active damping is not necessary for
ICF converter when f,s < fs/6 but required for stability when
fres > fs/6. For the GCF converter, these are reversed.

The output impedance of a power electronics-based con-
verter dictates its external stability. The instability sensitivity
of the converter changes due to arbitrary behavior of the grid
impedance, that is, the grid usually behaves as an inductance
at higher frequencies but can also contain resonances near
the fundamental grid frequency [14]. The instability sensitivity
can be decreased, for a grid-feeding converter, by ensuring as
high output impedance as possible which should also behave
passively, i.e. the phase is restricted between —90°...4+90° [15],
[16]. The analysis of impedance-based stability has gained in-
creasing attention in recent publications [15], [17]-[25]. It has
been observed that the phase-locked loop (PLL) induces non-
passivity to the impedance below the fundamental frequency
which cannot be eliminated [19], [21], [23], [26]. Grid-voltage
feed-forward methods have been widely used to increase the
magnitude of the output impedance, thus decreasing the risk
for the impedance-based interactions [18], [22].

Even though the active damping is widely used technique in
grid-connected applications, its effect on the output impedance
has been so far overlooked in the literature. For example,
active damping was utilized in [18], [22], [27], but neither its
parametric influence on the output impedance was analyzed
nor experimental measurements of the impedance were pre-
sented. Output impedance analysis with active damping was
presented briefly in [28], however, the effect of the delay
was neglected which hides important information regarding
the ratio of the LCL-filter resonant and sampling frequency.
Furthermore, the impedances were not verified experimentally
in aforementioned paper. Lastly, active damping of DC-DC
converter and its impedance properties were analyzed in [29],
but the results are not applicable for DC-AC grid-connected
converters with LCL-filters.

The main contribution of this paper is to present an accurate
impedance model for a three-phase grid-connected inverter
with active damping, valid for analysis in both frequency
regions of fies < fs/6 and fres > fs/6. The model can be used
to predict the impedance-based instability when connecting the
converter to a grid with arbitrary impedance characteristics.
Moreover, the harmonic-rejection capability can be accurately
predicted by the model. The output impedance analysis pro-
vides a new aspect for the active damping design, which
normally concentrates on the stability evaluation of the output
current control loop. As the active damping design has a
significant effect on the output impedance, the impedance
analysis should be utilized in the control design for improved
robustness.

The rest of the paper is organized as follows: small-signal



Fig. 1. Circuit diagram of a three-phase grid-connected VSI-based
inverter.
TABLE |
OPERATING POINT AND COMPONENT VALUES.
Parameter Value Parameter Value
U; 415V Cin 1.9 mF
I 6.6 A L 2.5 mH
Ugrid,rms 120 vV TL2 65 mQ
Werid , Ws 2760 rad/s C[ 10 p,F
s 6-8-20 kHz ref 10 m§2
Jres 2.29 kHz Ly 0.6 mH
fs/ fres 2.6-3.5-8.7 L 22 mQ
Tsw 10 mQ

modeling and stability analysis of a three-phase PV inverter
with active damping is shortly presented in Section II. Section
III presents the output impedance analysis with different active
damping feedback implementations. The analysis is verified
by measurements from a 3-kW prototype in Section IV.
Conclusions are drawn in Section V.

Il. SMALL-SIGNAL MODELING WITH ACTIVE DAMPING
A. Overview

Fig. 1 shows the power-stage of the three-phase grid-
connected inverter. According to Fig. 1 and small-signal
modeling principles, the average-valued equations are derived
and then linearized at a predefined operating point. The model
is derived in the synchronous reference frame (i.e., in the dg-
domain).

The system state-space can be generally presented as

sX(s) = AX(s) +BU(s)
Y(s) = CX(s) +DU(s). (1)

The state-space matrices A, B, C and D are obtained from the
linearized model and presented in Appendix A. Corresponding
operating point and power-stage component values used in the
forthcoming analysis are given in Table L.

From (1) the transfer function matrix between the input and
the output variables can be solved as

Y(s) = [C(sl ~A) B+ D} U(s) = GuU(s), 2)

where the vectors for linearized state, input and output vari-
ables are as given in (3) - (5), respectively.

~ . R R T
X(s) = [Zmd,lqudeJqu,Ucmucqyucm}
SO T
= [ZLpZLQa@caUCin} 3)
. W 9T . AT
U(S) = |:7’in7u0d7uoq7ddadqj| = {Zinaﬂoad} 4)

. N “ . T n N “ T
Y(S) = |:uin7 1L1d, Zqua 11.2d, ZLQq] = |:Zina 1.1 ZL2:| (5)

The system transfer function matrix Gy in (2) can be
simplified and presented by using transfer matrices due to the
inherent multivariable nature of the inverter [21], [30], [31]. By
combining the d and g-components and their cross-coupling
terms into two-by-two matrices, the transfer function matrix
Gy in (2) can be expressed by

Zi Toi Gci
Gu=| Gio. Gor G |- (6)
Gio Yo Gco

Note that according to topological properties of the inverter in
Fig. 1, the input voltage u;, and the input current iin are scalar
variables, hence, the input impedance Z;,, in (6) is not a matrix.
Explicit forms for transfer functions in (6) can be derived
according to linear algebra with (2) and matrices (A.17) -
(A.20).

The open-loop transfer functions in (6) can be used to form
a control block diagram of the system by adding the necessary
control functions, i.e., controllers, active damping feedback,
delays and measurement gains. Accordingly, Fig. 2 shows
the control block diagram of the output current and input
voltage dynamics of a three-phase grid-connected inverter with
active damping. Considering the block diagram and its transfer
functions, ‘VC’ denotes the voltage control structure, ‘CC’
denotes the current control structure, ‘AD’ denotes the active
damping and ‘PLL’ denotes the phase-locked loop. Note that
the ’-c’ extension in variable ich denotes the inverter current
which is affected by the PLL. The PLL modeling has been
done extensively e.g. in [19], [21], [26] regarding its effect
on the system dynamics and, therefore, it is not considered
further in this paper.

The system delay matrix Gy, and active damping feedback
gain matrix G, in Fig. 2 are as follows:

1—kis+kos? 0
_ 1+k1s+kos?
Gdel - 0 17k18+k282 (7)
1+k1s+kos?
R
U.d 0
Gao= | T g, ®)
Uin

In (7), a second order Padé approximation is used to replace
ideal delay, i.e. e~ Taclav with ky = 1/2Ty and ko = 1/12T3.
The system delay is chosen as Ty = 1.575 where T is the
sampling interval. This consists of PWM, AD sampling and



Fig. 2. Closed-loop block-diagram of output current dynamics with active
damping in the dg-domain.
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Fig. 3. Frequency-domain comparison of different Padé approximations.

processing delays and is commonly considered as an appro-
priate delay for DSP-based control systems [32]. It is worth
noting that the Padé approximation is prone to inaccuracy
depending on the order. However, as shown in Fig. 3 for
fs = 6 kHz, the second-order approximation is accurate for
up to half of the switching frequency which ensures sufficient
accuracy of the model as can be verified from the experimental
measurements.

B. Current Control Stability with Active Damping

Active damping feedback gain optimization has been pre-
sented for GCF converters in [3] with proportional capacitor
current feedback. Furthermore, root locus methods have been
popular for ICF converters when analyzing the stability with
capacitor current or voltage feedback active damping [6], [7],
[33]. In order to improve the system stability and robustness,
high-pass-filtered (HPF) capacitor current feedback method
has been proposed for GCF converters in [34] to compensate
the phase-lag induced by the delay.

However, due to lack of explicit damping gain determination
methods for three-phase ICF converters with both fres < f5/6
and fres > fs/6, root trajectories in the s-plane are used in this
paper to determine boundaries for stable active damping feed-
back gains. Furthermore, they are subsequently used to analyze

the effect of root locations on the shape of output impedance.
Here, the root trajectories are obtained by investigating the
closed-loop transfer function matrix from the current reference
to the output current, which is given by

G = GAP(I+ Low) Lo (GAP) . )

The active-damping-affected control-to-inductor-current

transfer function matrix GCALD can be derived from Fig. 2 as

given in (10). The current control loop gain matrix Ly, and

PI-based current controller matrix G, are given in (11) and
(12), respectively.

G?LD = GCL [I + GdelGAD (GCL - (}co)]_1 (10)
Lout = Gec G (11)

[ Ko+ & 0
G = 0 K, + 5 (12)

where K, = 0.018 and K; = 22.4.

As the high-frequency behavior between the d and g¢-
component transfer functions regarding (9) is similar, only the
former is used in the analysis for simplicity. Fig. 4 presents
the root trajectories of (9) with varying virtual resistor value
R4 and different active damping feedback implementations for
both aforementioned resonant-to-sampling frequency ratios. It
is shown that the HPF (Fig. 4(b)) clearly improves stability
margins when fres < f5/6 (fs = 20 kHz) compared with the
proportional feedback in Fig. 4(a) as the roots are shifted far-
ther to the left-half plane (LHP). When the sampling frequency
is changed as f/6 < fres < fs/3 (fs = 8 kHz), the system is
unstable with the used parameters by using a HPF as shown in
Fig. 4(d), i.e. the poles are constantly in the RHP. By lowering
the HPF cutoff frequency (Weutoff = Wres — Weutott = 0-5wyes) in
Fig. 4(e), the stability can be recovered. However, the stability
margins are still inferior compared to the proportional active
damping feedback shown in Fig. 4(c).

Conversely, it was observed that low-pass filtering (LPF) the
capacitor current improves the stability when fs/6 < fies <
fs/3 (fs = 8 kHz) as is demonstrated in Fig. 4(f). Accordingly,
the system poles are shifted farther to the LHP, which yields
more stable dynamics. Aforementioned behavior is caused by
the system delay (e *7:%) as it affects the active damping
feedback, which can be presented according to the Euler’s
formula by

Gap = R4 /Uiy [cos (kTyw) — jsin (kTsw)] (13)

where k = 1.5 in this case. Accordingly, the real part changes
sign when f,.s = f5/6, and the active damping gain has to
be inverted in order to preserve stability [4]. The imaginary
part, on the other hand, changes its sign when fi.s = fs/3
and, therefore, it can be considered to induce either phase-
lag or phase-boost depending on its sign. Consequently, the
HPF is effective when fres < fs/6 or fs/3 < fres < fs/2
when imaginary part is negative, i.e., phase-boost is required.
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Fig. 4. Root trajectories of current control loop for different cases: (a) fres < fs/6 and proportional AD, (b) fres < fs/6 and HPF AD, (C) fres > fs/6
and proportional AD, (d) fres > fs/6 and high cutoff HPF AD, (e) fres > fs/6 and low cutoff HPF AD, (f) fres > fs/6 and LPF AD.
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Fig. 5. Small-signal illustration of the grid-connected converter.

Conversely, the LPF should be utilized to induce phase-lag
when f;/6 < fres < fs/3 for improved stability characteristics
as shown in Fig. 4(f).

[1l. OUTPUT IMPEDANCE ANALYSIS

For the stability analysis of the grid-interface, the output
impedance of the converter and the grid impedance are consid-
ered. The interconnection can be represented as a small-signal
impedance model as shown in Fig. 5.

Based on the small-signal equivalent circuit shown in Fig.
5, the output current vector iLQ can be expressed as given in
(14).

io = M4 YoZg] i, — 1+ YoZg] ' Yo, (14)

Stability can be evaluated by applying the generalized Nyquist
stability criterion to the return-ratio matrix Y,Zg [35].

For the impedance-based analysis, the closed-loop output
admittance of the grid connected inverter can be given by

YO = YOU  GOUGoGee (T + Lin) ' TN (15)

where G, is the PI-based voltage controller matrix given by

_ [ K+ 0
Gy = { 0 1 ] . (16)
For the voltage controller, K, = 0.36 and K; = 4.47. The DC-
link control loop gain is given as Ly, = G%*G.Gg. and I is
a unity matrix. G is the voltage sensing gain which is pre-
sumed to be unity. The transfer function matrices Y2"*, G2,
G2 and T2 can be found in Appendix B. The superscript
’tot” denotes that the DC-link voltage control loop is closed.
The admittance matrix in (15) yields the direct and quadrature
components as well as the cross-coupling admittances. Note
that in the forthcoming analysis, the admittance is expressed

as impedance by Z = 1/Y.

A. Output Impedance for f..s < fs/6

Fig. 6 presents the predicted d-component of the output
impedance when fios < f5/6 and Rq = [5,15,27]. Note that
only the d-component is shown in Figs. 6 - 11 for simplicity
since the active damping affects the high frequency (>100 Hz)
behavior which is identical between the d and g-components.

It is shown in Fig. 6 that the impedance magnitude and
shape at the resonant frequency vary as the virtual resistor
value is modified. First, by increasing the virtual resistor from
R4 = 5 (solid line) to R4 = 15 (dashed line), the magnitude
of the impedance at the resonant frequency increases from 4
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Fig. 6. Predicted d-component of the output impedance with Rq= 5
(solid line), Rq= 15 (dashed line) and R4= 27 (dash-dotted line).
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Fig. 7. Predicted d-component of the output impedance with HPF R4=
5 (solid line), Rq= 15 (dashed line) and Ry= 27 (dash-dotted line),

Weutoff = Wres:-

dB to 8 dB. However, the output impedance is impaired and
decreases below the O dB line if the active damping feedback
gain is set to Rq = 27, which is near the maximum limit as
shown in Fig. 4(a). Moreover, the output impedance loses its
passive characteristics, i.e. the phase 6 ¢ [—90°, +90°].

The current control stability can be improved by applying
a high-pass filter along the feedback path of the capacitor
current measurement [34]. Accordingly, Fig. 7 presents the
d-component of the output impedance when fr.s < fs/6 with
R4 = [5,15,27]. The HPF cutoff frequency was chosen as
Weutoff = Wres- AS shown, the output impedance magnitude
at the resonant frequency is significantly increased compared
to the case with proportional capacitor current feedback. As
a result, grid-voltage harmonics at the resonant frequency
are mitigated more effectively. Additionally, the phase of the
output impedance is passive even with larger virtual resistor
values.

Considering root trajectories presented in Fig. 4, the output
impedance magnitude at the resonant frequency is highest
when the roots are farthest in the LHP from the imaginary-
axis. This should be taken into account when determining
the proper AD feedback gain for optimum output impedance
magnitude at the resonant frequency.

Magnitude (dB)
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1
Frequency (Hz)

Fig. 8. Predicted d-component of the output impedance with Ry4= -5
(solid line), Rq=-10 (dashed line) and R4= -14 (dash-dotted line).
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Fig. 9. Predicted d-component of the output impedance with HPF, Rq=
-5 (solid line), Rq= -10 (dashed line) and R4= -14 (dash-dotted line),
Weutoff = 0-5wres.

B. Output Impedance for fies > fs/6

Fig. 8 presents the predicted output impedance using
proportional AD feedback when fios > fs/6 and Rq =
[-5,—10,—14]. Note that when operating under fos > f5/6
the active damping feedback gain has to be negative [7]. The
magnitude of the impedance at the resonant frequency changes
similarly as in Fig. 6 for f.s < fs/6. However, the output
impedance is not passive in aforementioned frequency range
and, therefore, possibility for high-frequency impedance-based
interactions is present [15].

Fig. 9 presents the output impedance with HPF AD using
Wentoff = 0.Buwres and Rq = [—5,—10,—14]. Comparing
Figs. 8 and 9, it is evident that the HPF impairs the output
impedance at the resonant frequency as the magnitude remains
below the 0 dB line with all virtual resistor values and,
therefore, voltage harmonics at the resonant frequency will
easily affect the grid current. Moreover, the phase behavior
remains non-passive and makes the grid-interface prone to
impedance-based interactions.

In contrast, the output impedance can be improved by low-
pass-filtering the capacitor current since the resonant frequency
lies within f;/6 < fres < fs/3. Generally, the low-pass filter
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Fig. 10. Predicted d-component of the output impedance with LPF, Rq=
-5 (solid line), Rq= -10 (dashed line) and R4= -14 (dash-dotted line),
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Fig. 11. Predicted d-component of the output impedance with HPF, Rq=
-10 (solid line), Rq= -15 (dashed line) and R4= -20 (dash-dotted line),
Wautoff = 0.5wres.

can be presented in s-domain as Grpr = Weurott/ (S + Weutoff )
where weyofr 18 the desired cutoff frequency. Fig. 10 shows the
output impedance with Ry = [—5, —10, —14] and weyorr =
2wyes. Clearly, the impedance magnitude is higher compared
to impedances in Fig. 8 as the corresponding root trajectory
in Fig. 4(f) also suggests. Moreover, the impedance behaves
passively with low virtual resistor values and, therefore, the
risk for impedance-based instability is decreased in that case.

For comparison, Fig. 11 shows the output impedance for
fs/3 < fres < fs/2 (fs = 6 kHz) with high-pass-filtered
capacitor current. As can be seen, the output impedance
exhibits higher magnitude at the resonant frequency compared
with the case in Fig. 9 for f5/6 < fres < fs/3.

It can be, therefore, concluded that the HPF is unnecessary
when fs/6 < fres < fs/3 and should be omitted considering
the output impedance magnitude as well as the overall
converter stability. Instead, a low-pass filter in the capacitor
current feedback should be used to increase the magnitude of
the output impedance at the resonant frequency. Conversely,
the HPF is recommended regarding the output impedance
characteristics when fies < f5/6 and f5/3 < fres < fs/2.

Measured converter

Three-phase
grid emulator

Spectrum Analyzer
and PRBS
NI-DAQ

Fig. 12. Overview of the device under test (DUT).

.

Fig. 13. The measurement setup.
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Fig. 14. Bode plots (upper figure) for Zyqq, Zg and Nyquist diagram
(lower figure) for the ratio of Zg/Zo4qd, fres > fs/6.

IV. EXPERIMENTAL RESULTS

The converter is susceptible to impedance-based instability
if the phase of the output impedance is not passive. Further-
more, low output impedance at the resonant frequency enables
the grid voltage harmonics to interact with the converter
and cause harmonic currents proportional to the impedance
magnitude at the corresponding frequency. These two factors
may degrade the power quality to inadequate level. Therefore,
it is important to address the aforementioned risks and include
the output impedance analysis as a part of the active damping
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design. This section will verify the power quality issues
induced by the impedance-based instability and low impedance
magnitude. Moreover, the output impedances are measured
for different active damping implementations to verify the
accuracy of the model.

The measurement setup shown in Figs. 12 and 13 was im-
plemented. Photovoltaic (PV) simulator PVS7000 and three-
phase grid-emulator PAS15000 manufactured by Spitzenberger

& Spies are used as the power source and load, respectively.
For power conversion, a SiC-based inverter MWINV-1044-
SIC manufactured by MyWay is utilized. Converter control,
omitted from Fig. 12 for simplicity, was implemented using a
dSPACE DS1130 platform. Furthermore, the output impedance
was measured with National Instruments Data Acquisition
(DAQ) board using PRBS method [36].

Considering the impedance-based stability, Fig. 14 shows
the bode plots for inductive grid impedance Z, and non-
passive output impedance Z,qg with LPF AD when fos =
8 kHz > fs/6. Moreover, Nyquist plot of the impedance
ratio Zy/Zqa is shown. The d and g-component impedances
are assumed to be decoupled in this case. A weak (high
impedance) grid was demonstrated here with resistive and
inductive values of R = 0.5Q2 and L = 1mH, respectively.
Accordingly, the Nyquist plot encircles the (—1, 0) point when
the virtual resistor value is decreased from R3y = —18 to
R4 = —21, which leads to harmonic instability (Fig. 15). This
can be correspondingly seen from the Bode plots as the phase
difference exceeds 180 degrees when |Zy| > [Zogq|. Afore-
mentioned impedance-based interaction sensitivity should be
analyzed carefully when fios > fs/6 since the phase of the
output impedance is naturally non-passive due to the delay.

In multi-parallel inverter systems, the voltage at the point-
of-common-coupling (PCC) can be distorted due to reso-
nant interaction between converters [27]. Therefore, the PCC
voltage may contain harmonics near the LCL-filter resonant
frequency, which can cause oscillation in the grid current.
In order to analyze the harmonic rejection capability of the
converter, high frequency harmonic injection (5 V ampli-
tude, fhamonic = 1378 Hz) was added to the grid-voltage
reference which was then fed to the grid-emulator. This
setup demonstrates a grid with elevated harmonic content.
For the measurements, the output impedance magnitude of
the converter was modified by adjusting the active damping
gain in order to present two different cases. Accordingly,
the lowest magnitude of the output impedance was set to
10 dB ~ 3.2  and the highest to 18 dB ~ 7.9 Q. A grid
current spectrum was measured from an online system by
using an oscilloscope and is presented in Fig. 16. Evidently,
the grid-voltage harmonic causes large harmonic current if
the impedance is low. However, by increasing the output
impedance, the amplitude of the harmonic current is effectively
decreased. Time-domain measurements of the corresponding
case are shown in Fig. 17.

The output impedance predictions are verified with fre-
quency response measurements shown in Fig. 18. Cases for
both fies > f5/6 and fres < fs/6 are shown. The measured
impedances match well with the analytical predictions. Thus,
the model is suitable for accurately assessing the converter
robustness against the grid voltage harmonics as well as
evaluating the risk for impedance-based instability.

V. CONCLUSION

This paper presents an accurate small-signal impedance
model for a three-phase ICF converter with capacitor-current-
feedback active damping in the dg-domain. The effect of active
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Fig. 18. Predicted (dotted lines) and measured d-and g-components (blue solid and black dashed lines, respectively) of the output impedances
with different active damping implementations: (a) fres < fs/6, proportional AD feedback, Rq = 10; (b) fres < fs/6, HPF AD feedback, R4 = 15;
(€) fres > fs/6, proportional AD feedback, Rq = —10; (d) fres > fs/6, LPF AD feedback, Rq = —20.

damping on the output impedance is thoroughly addressed
which has not been done yet in literature. Accordingly, ac-
tive damping design guidelines for effective shaping of the
output impedance are presented considering the harmonic
rejection capability and impedance-based stability. Moreover,
it is shown that different active damping implementations
have to be used depending on the ratio of the LCL-filter
resonant and system sampling frequencies in order to improve
the system performance. The developed impedance model can
be used to intuitively address the stability of grid-interfaced
converter with active damping, thus, minimizing the risks
for high-frequency impedance-based instability and harmonic
resonances. The output impedance characteristics were veri-
fied with 3-kW prototype inverter. The measurement results
validate the accuracy of the impedance model.

APPENDIX A

The system state matrices presented in Section II in (1)
are given as follows. In A-D, r¢q is the combined inverter-
side inductor ESR and the switch on-time resistance, rc is the
LCL-filter capacitor ESR, 15 is the grid-inductor ESR, C}, is

the input filter capacitor, L; is the inverter-side inductance, Lo
is the grid-side inductance, Cf is the LCLfilter capacitance,
Uin is the steady-state input voltage, i, is the steady-state
input current, Dy is the d-component of the steady-state duty
ratio, D is the g-component of the steady-state duty ratio and
ws 1s the grid fundamental frequency.
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A= 0 i Wy —mete g 0| (17)
& 0 & 0 0 ws O
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B Tl Tl 00 0]
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1000000
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APPENDIX B

Transfer function matrices presented in Section III in (15)
can be derived from Fig. 2 and can be given as follows:

Tg}lt = Toi - Gci (I + Lout)i1 [LouthL_lGoL
~LowtGer, 'IL1Gpr, —DGprr] (21
Ggiut = Gci<I + Lout)_1]:‘outc"cL_1 (22)

Ygut = Yo - GCO(I + Lout)i1 [LouthL_lGoL
—LowtGer 'IL1GprLL —DGprr]  (23)
G(c)gt = GCO(I + Lout)_lLoutG"cL_1 (24)

Matrices D and Iy are gains for the steady state duty-ratio
and inductor current. Matrix Gpr,, contains the PLL transfer
functions which can be expressed as [26]

Grrr = [ 0 o } , (25)
GpLL = Uiodlfpﬁ’ (26)
Lpry, = _GPI—PLL%a (27)
Gpi-rrL = K, + % (28)

For the PLL PI-controller, K, = 0.67 and K; = 38.02.
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