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ABSTRACT The impedance interactions between weak grid and LCL-filtered converter can bring severe
harmonic resonance. Recently, frequency domain passivity theory has been applied to converter damping
design. However, it is usually not easy to achieve full frequency passivity. What’s more, traditional passivity
based damping design is not enough for system robustness. This paper first proposes a relaxed passivity
based active damping design for capacitor current feedback. Then the system stability under grid impedance
variation is also analyzed. It has been found that the wide variation of grid impedance can decrease system
stability margin. As a result, critical oscillation can even happen in the passive region of converter output
admittance, causing power quality problems. In order to further improve system stability, this paper proposes
an enhanced passivity based impedance shaping method, which is based on hybrid damping and combined
active damping. Effects of damping methods and damping parameters are also investigated. A step by step
damping design procedure is formulated, which is easy to implement. Simulation and experimental results

validate the effectiveness of proposed method.

INDEX TERMS LCL filter, frequency domain passivity, hybrid damping, active damping.

I. INTRODUCTION

With the development of renewable energy system (RES),
voltage source converters have been greatly accepted as the
connection between RES and traditional power grid [1]-[5].
Grid-connected converters bring improved efficiency, but
also cause unexpected problems [5]-[8].

Unlike traditional equipment, grid-connected converters
utilize controllable high frequency semiconductor devices,
which may inject plenty of switching harmonics to the power
grid. Hence, filters are usually inserted between convert-
ers and grid to attenuate high order harmonics. Unlike the
traditional simplest L filter, LCL filter can get better high
frequency harmonic attenuation with a smaller inductance,
reducing system weight and volume. However, LCL filter is
a high order system. The resonance characteristics of LCL
filter need to be solved for system stability [9]-[12].
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Precious studies have been made in LCL filter stability
analysis and resonance damping [12], but the effect of dig-
ital control delay is ignored [13], [14]. In addition, with
the increase of RES, weak grid has become key factor to
system stability. The grid impedance is non-negligible, which
may interact with converter control loop, causing harmonic
instability. What’s worse, multiparallel converters may be
interconnected though the point of common coupling (PCC).
There also exist interactions among different converters. Even
though single converter is stable, parallel converters system
may also have harmonic resonance [5], [8]-[11], [15]-[17].
Hence, a practical tool is urgently needed for system analysis.

The impedance-based method was first applied in the
design of DC-DC converters. Nowadays it has been extended
to study the stability of grid connected converter system
(DC-AC system). Converter and grid are modeled as the
subsystems, and the system stability is determined by the
impedance ratio of subsystems [5], [8]-[11], [15]-[19]. Com-
pared with traditional state-space method, impedance-based
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method does not need to build high order matrix. The mod-
ification in one subsystem does not affect the impedance
model of other parts. The complex eigenproperties analysis
of state matrix is also avoided, which simplifies process of
system analysis. What’s more, the impedance-based method
can be treated as a design-oriented tool. System stability can
be effectively achieved by impedance shaping [8], [18]-[20].

According to impedance-based method, frequency domain
passivity can also be employed to guide the current controller
and damping design [21]-[23]. Grid connected converter
is passive if the output impedance has a non-negative real
part, which means that the phase of impedance is limited to
[-90°, 90°]. It is obvious that the grid impedance always has
a non-negative real part. If the converter impedance is also
passive, the impedance ratio would satisfy Nyquist stability
criterion and system can keep stable [16], [21]. Passivity is a
sufficient and unnecessary condition for stability [9], [23].

Several studies have been reported for passivity based res-
onance damping. Reference [11] proposes a passivity based
design of passive damping for LCL filtered converter, how-
ever pure passive damping is often limited in application due
to its damping loss and efficiency. Additional active damper
is also considered to eliminate the non-passive region of
converter output admittance [9]. The external active damper
can behave as a virtual resistor in harmonic resonance fre-
quency [5], [9]. Furthermore, a series LC filter can be used
to reduce the power and voltage level [9]. Active damper
can be plug-and-play and is not limited by grid connected
converter controller bandwidth, but the expensive hardware
cost may also not be acceptable. What’s more, active damper
is also affected by its own control delay and bandwidth [9].
A discrete derivative controller is proposed to reduce the
non-passive region in [21], but this method cannot totally
eliminate the non-passive region.

It can be found that full frequency passivity is usually not
easy to be achieved in a relaxed and effective way [22], [23].
Complex damping design procedures are often needed.
What’s more, passivity is not enough to guarantee system
robustness. Tradition passivity based damping design does
not consider enough stability margin. Grid impedance wide
variation can change the intersection point of grid impedance
and converter output impedance, decreasing system phase
margin, thus critical oscillation would still happen in passive
region. So, in order to ensure the system stability under
weak grid, traditional passivity damping method should be
improved to get a satisfactory phase margin [18].

This paper mainly proposes an enhanced step by step
damping method to ensure system stability margin under
grid impedance variation. The impedance model of grid con-
nected converter system is derived first. A simple capacitor
current feedback active damping is also designed to mini-
mize the non-passive region. Then this paper analyzes that
grid impedance wide variation can greatly decrease stabil-
ity margin, thus critical oscillation can also happen in the
passive region, which is usually considered safe enough in
the previous studies. The enhanced passivity based damping
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method is thus proposed to improve system stability, which
is based on hybrid damping and combined active damping.
A step by step design procedure is also formulated for easy
implement.

The following part of this paper is organized as follows.
Section II introduces system configuration and impedance
modeling. Section IIl analyzes the converter non-passive
region and discusses the passivity based active damping
design. The performance under grid impedance variation is
also investigated. The proposed enhanced damping design
method are studied in Section IV. The simulation and exper-
iment validations are shown in Section V. Section VI con-
cludes this paper in the end.

Il. IMPEDANCE MODELING OF GRID-CONNECTED
CONVERTER
A. SYSTEM DESCRIPTION
The structure of LCL-filtered grid-connected converter sys-
tem is shown in Fig. 1. LCL filter consists of L1, L, and C. Z,
is the grid impedance. i, is the grid current employed for the
single loop current controller (shown as Fig. 2). The DC volt-
age is assumed as constant. Proportional plus resonant (PR)
compensators in the stationary o8 frame is used for current
controller [24], [25]. Digital control can bring a computation
delay and a ZOH delay. The total delay can be approximate
to 1.5 sampling periods (1.5T%) [5], [26]. The voltage source
converter is interlinked to the weak grid through PCC.
Generally, converter has multi control loops and dif-
ferent loops may bring oscillations in different frequency
ranges [15]. The grid synchronization (such as PLL) may
bring negative resistor in low frequency. It has been proven
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FIGURE 1. The structure of three phase LCL-filtered grid-connected
converter.
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FIGURE 2. Block diagram of single current control loop for converter.
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in [27] that the frequency range of negative resistor is only
affected by PLL bandwidth. It has also been noted that
reducing PLL bandwidth can reduce the potential unsta-
ble frequency range, eliminating the low frequency oscilla-
tions [27]. In order to simplify the system model, the PLL
bandwidth is designed much lower than the current loop
bandwidth and filter resonance frequency, therefore its effect
on system stability can be ignored [5], [27], [28].

B. IMPEDANCE MODELING OF GRID-CONNECTED
CONVERTER SYSTEM

Impedance model for LCL-filtered grid-connected converter
system would be derived here first. For the voltage source
converter shown in Fig. 1 and Fig. 2, it can be equivalent to an
ideal current source and a parallel output impedance (shown
in Fig. 3, admittance expression is used for convenience) [5].
By using equivalent transformation, the simplified equivalent
block diagram is illustrated in Fig. 4 [24]. The expressions
of G,1 and Gy; are shown in (1) and (2). It should be noted
that Gy and Gy, are just the equivalent result of the sys-
tem transformation, there is no accurate physical meaning in
practice. G, represents the current controller and G, is the
1.5 period delay.
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FIGURE 3. Norton equivalent circuit of converter with single current
control loop.

Converter Admittance Y(s)

FIGURE 4. Simplified equivalent diagram of single current control loop
in Fig. 2.

The transfer function for G, and G; are shown in (3),
K, and K, are the current controller gain and wy is the
fundamental frequency. In fact, since the resonant controller
mainly affects the fundamental frequency, the current con-
troller can be simplified as a proportional part in stability
analysis [16].

In fact, the whole system is not just an ideal scalar
system. There also exists coupling interaction in converter
impedance model. Therefore, the whole system is a multi-
in-multi-out (MIMO) system. For the PR current controller
in the stationary frame, if PLL is neglected, the system
can be considered as decoupled single-in-single-out (SISO)
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Converter

FIGURE 5. Impedance model of grid connected converter system.

systems [5], [16], [24]. For the PI current controller in dq
frame, if the grid connected converter works in the high power
factor, the system can also be considered as decoupled SISO
systems [29].

G.GZc
Gy = ————— (1
Zin+Zc
Zin+Zc
Gy = ()
ZiZiy + (Zpy +Z12)Zc
K,s
Ge=K,+5—— Ga=e 1 A3)
Ky —l—a)f

The converter output admittance Yy can be derived as (4)
and (5). The grid current i; in Fig. 3 can be shown as (6).
Furthermore, Fig. 5 illustrates the whole impedance model of
grid-connected converter system, in which weak grid is mod-
eled as a voltage source V, in series with the grid admittance
Y.

Yo = G . Zi+Zc
1+GaGx  ZiiZipy+ Zpy +Z12)Zc + GaGeZce
4
1 +s*L,C
Yo = ©)
L1 L C + sLy + sLy + G4 G,
GG
ig = iy — YoVpce s a7 6)

= —1
1 + Gx1Gx2 §

For Fig. 5, the grid current can be expressed as (7). It can
be seen that, if the converter is designed to be stable in ideal
grid, system stability of (7) would be determined by the right
part. The open loop transfer function for the right part can
be shown in (8), which is the admittance ration between
converter and grid [30].

Y YoY, 1
fg=—*i— —2E Y = (iy — YoV)——— (7
Y()—I—Yg Y0+Yg 1+Y0/Yg
T = 20 ®)

IIl. PASSIVITY BASED DAMPING DESIGN

A. NON-PASSIVE REGION FOR CONVERTER

Frequency domain passivity concept has been mentioned
in [16], [18]. Admittance Y is defined passive only if it
has a non-negative real part. The phase angle of a passive
admittance is between [-90°, 90°] (shown in Fig. 6). Since
grid admittance consists of passive components, its real part
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FIGURE 6. Frequency domain passivity theory.

is usually non-negative. In other words, the grid always has
a passive admittance. If the converter output admittance is
also passive, the phase difference at the grid and converter
admittance intersection point will be less than 180°. That is,
there is a positive phase margin and system would be stable.
Passivity can be defined as a grid code in RES [18].

In order to derive the converter non-passive region, the real
part of (4) and (5) should be derived first [9], [16], which
is shown in (9)—(11). According to (9), it can be found that
the non-passive region is between [f7c, fs/6], and f7c is reso-
nance frequency for L; and C. System parameters are shown
in Table 1. The Bode plots in Fig. 7 validate the derivation.

In weak grid, if the intersection point of converter and grid
admittance is located in the non-passive region (shown as
Fig. 7), the phase difference would beyond 180°. According
to stability criterion, the phase margin is negative, and the

TABLE 1. System parameters.

Symbol Name of parameters Value
Z, Grid impedance 7.2mH
L, Grid-side inductor 1.8mH
C Filter capacitor 6uF
L; Converter-side inductor 2.7mH
K, Proportional gain 12
K, Resonant gain 900
T, Sampling Time le-4s
f Switching Frequency 10K
wy Fundamental frequency 50Hz
: —+ Converter
oF : B Tt —+Grid

Magnitude (dB)

Non-passive

Phase (deg)

10}
Frequency (Hz)

FIGURE 7. Passive and non-passive regions for converter output
admittance without damping (Zg = 7.2mH).
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Delay

Active Damping

FIGURE 8. Control block diagram of capacitor-current-feedback active
damping for converter.

impedance interaction between converter and grid makes the
whole system unstable.

G, cos(1.5wT)(1 — w*L,C)

Re = YOS 9
A = G, sin(1.50T,) + 0(@*LiLoC — L — L) (10)
B = G.cos(1.50T,) 11

B. PASSIVITY BASED ACTIVE DAMPING DESIGN

Since unexpected harmonic resonance would happen in weak
grid, additional damping should be added to increase system
freedom and improve system stability. It is noted that non-
passive region is the potential stability threat to system oper-
ation, thus the main designing objective for damping is to
minimize the non-passive region.

Active damping method is often preferred for a bet-
ter efficiency [12], [31]. Since capacitor current feedback
is one of the most popular active damping, it is chosen
here as the relaxed method to achieve passivity. It can
be equivalent to an impedance in parallel with the fil-
ter capacitor [13]. The equivalent damping impedance can
help to reduce the converter non-passive region. Control
block diagram of capacitor current feedback active damp-
ing is shown in Fig. 8, and K,; is the feedback gain. The
equivalent transformation for converter with active damp-
ing is the same as Fig. 4. The output admittance of con-
verter with capacitor current feedback active damping can be
derived in (4) and (12)-(15).

The passivity based active damping design can be achieved
by tuning the feedback gain K,;. The Bode plots are shown
in Fig. 9 (not all of the Bode plots are shown here for
simplicity). According to Fig. 9, it can be found that K,
can be chosen as 5 for a negligible non-passive region. After
applying passivity based active damping, the system would
recover stable.

GaGeZc

Gy = 12
“ Ziy +Zc + Kua Gy (12
Z Z K,..G,
Gy = 11+ Zc + KuaGa (13)
Zi1Z12 + (Zpy + Z12)Zc + KaaGaZro

Ziy +Zc + KuaGy

Yo =
ZiZpr + (Zpy +Z12)2c + KuaGaZrr + GaGeZce
(14)
vo — 1 4+ 5°L1C + sCKaaGa
07 SLiLyC + 5Ly + sLa + GaGe + KaaGas?L,C
(15)
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Magnitude (dB)

Phase (deg)

10
Frequency (Hz)

FIGURE 9. Converter output admittance with the tuning of capacitor
current feedback gain K4 = 3,5, 7.

— Converter
= Grid:72mH
— Grid:1.22mH
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FIGURE 10. (a) Bode plots for converter and grid under grid impedance
variation. K;4 = 5 (b) Zoomed view for stability margin.

C. PERFORMANCE UNDER GRID

IMPEDANCE VARIATION

For the grid-connected converter shown in Fig. 5 and Fig. 10,
even though converter output admittance is passive, critical
oscillation may still happen if there is not enough phase
margin. This phenomenon is caused by the wide variation of
grid impedance.

For example, if grid impedance decreases to 1.2mH,
although the intersection point falls into passive region
(shown as Fig. 10), phase margin is very small (only 0.5°).
There would be underdamped harmonic distortion in grid
current (will be shown in Section V) [18]. What’s more,
considering the converter parameter variation, situation can
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FIGURE 11. Restricted phase limit for stability improvement.
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FIGURE 12. Enhanced passivity based damping method with improved
stability.

be even worse. It can be seen that passivity is not enough
to system robustness. Stability margin must be improved to
guarantee the output power quality, which can be achieved
by additional damping method.

IV. ENHANCED PASSIVITY BASED

DAMPING DESIGN METHOD

In order to improve the system stability, traditional passiv-
ity based damping method should be modified to guarantee
enough phase margin. A more restricted phase limit should be
required, which can be set as [6,, 8,,], shown in Fig. 11. Since
most of the grid impedances are inductive, the minimum
phase for converter output admittance can be set to -90°
(shown in Fig. 12). A phase margin of at least 90°-8,, can
be obtained in full frequency even with the wide variation of
grid impedance [18]. The enhanced passivity based damping
design method and its performance under grid impedance
variations would be discussed later.

A. STABILITY MARGIN IMPROVEMENT

BY HYBRID DAMPING

The enhanced passivity based damping can be realized by
employing additional series resistor, which is also called
hybrid damping method, shown as Fig. 13. The control
block diagram of hybrid damping is shown in Fig. 14.
Compared with pure passive damping, the required damping
resistor can be reduced by active damping [32]. The con-
verter output admittance for hybrid damping is also derived
as (12)-(14), but the impedance of capacitor should be
considered as (16).

1
Ze=Rg+ — 16
c d sC ( )
By tuning damping resistor, Bode plots for hybrid damping
are shown in Fig. 15. From Fig. 15, it can be found the phase
margin is improved with the larger damping resistor, but the
damping loss is also increased [11], [32]. This is because the
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FIGURE 13. The structure of grid connected converter with hybrid
damping.

Delay

Hybrid Damping

FIGURE 14. Control block diagram of grid connected converter with
hybrid damping.

R~0.5Q
- R=1.3Q
—— R~21Q

Magnitude (dB)

Phase (deg)

100
Frequency (Hz)

FIGURE 15. Bode plots for converter output admittance with tuning of
damping resistor Ry = 0.5, 1.3,2.12.

damping loss mainly consists of low frequency loss and high
frequency loss [33]. According to [33], in the low frequency,
the current through damping resistor is mainly determined
by the filter capacitor while in high frequency the current is
mainly determined by the filter inductor. Reference [33] also
proves that the damping loss is proportional to the damping
resistor.

About 1.3Q2 damping resistor is needed for 30° phase
margin and more than 22 damping resistor is needed for 45°
phase margin. It should be noted that the additional damping
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Active Damping

FIGURE 16. Control block diagram of grid voltage feedforward and
capacitor current feedback active damping.

FIGURE 17. Equivalent transformation of grid voltage feedforward active
damping.

resistor is not affected by control delay, which means that no
additional non-passive region would be brought.

B. STABILITY MARGIN IMPROVEMENT BY COMBINED
ACTIVE DAMPING

Even though Hybrid damping does not introduce non-passive
region, the damping loss is not expected in most cases. The
enhanced passivity based damping can also be achieved by
combined active damping method.

Grid voltage feedforward can be first employed in com-
bined active damping to bring additional control freedom
and enhance damping effect. Since PCC voltage is usually
sampled for phase lock loop, no additional sensor is required.
The control block diagram and equivalent transformation
block for grid voltage feedforward is shown in Fig 16 and
Fig 17, while Ky is feedforward gain. According to Fig 17,
it can be equivalent to a virtual admittance Y, in parallel
with original converter admittance Y (shown in Fig. 17) [34].
Thus, the whole output admittance ¥ will be reshaped. Yo,
can be derived as (17) and Y can be derived as (18) — (20).

By tuning the voltage feedforward parameter, the Bode
plots for converter output admittance is shown in Fig. 18.
It can be seen that, in order to ensure enough phase margin,
a larger feedforward gain is usually needed. However, with
the increase of Ky, a non-passive region beyond -90° is also
appears in mid-frequency. So Ky is set to 0.35 for a phase
margin of 30° as a trade-off.

G
Yop = —Kp—+ ¥y (17)
G,

YI =Yp+ Yo (18)
Y G

Lok (19)
Yo T Ge

y Zi, +Zc + GyKaqg — KrGaZc

l =

- GeGaZc +Z1,Z1, + (Z1, + Z1,)Zc + GeKaaZi,
(20)
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FIGURE 18. (a) Bode plots for converter output admittance with tuning of
feedforward gain Ky = 0.15, 0.35, 0.55. (b) Zoomed view for non-passive
region.

Active Damping

FIGURE 19. Control block diagram of combined active damping for
converter.

In order to further mitigate the non-passive region brought
by PCC voltage feedforward. High pass filter (HPF) can
be added in capacitor feedback active damping [13]. The
transfer function of high pass filter can be shown in (21).
The whole control block of combined active damping is
shown as Fig. 19. The cutoff frequency wy is chosen as
7500rad/s, Bode plot after applying high pass filter is shown
in Fig. 20. It can be found that after applying the high pass
filter, not only the additional non-passive region is eliminated,
but the stability margin is also improved greatly.

s

Gupr = 2D

s+ or

C. STEP BY STEP DAMPING DESIGN FOR

ENHANCED PASSIVITY

A step by step damping design procedure can be formulated
as fellows. (1) Design the capacitor feedback parameter K4
to achieve frequency passivity. (2) Design the damping resis-
tor Ry (hybrid damping) or voltage feedforward parameter

185174
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FIGURE 20. Bode plot for converter output admittance with combined
active damping.

Non-passive

Pssivity
Design Kua

Stability
Stability Improvement
Improvement

Non-passivity
Region
Elimination

Add HPF

FIGURE 21. Step by step design procedure for enhanced passivity (hybrid
damping in the left and combined active damping in the right).

80

Im

Current (A)
e 5
e T

A
s
T

-80 L L L L 1
1.62 1.64 1.66 1.68 1.70

Time (s)

FIGURE 22. Simulated grid current without damping in weak grid,
Zg =7.2mH.

Ky (combined active damping) to improve stability mar-
gin (3) Add high pass filter in capacitor current feedback to
eliminate the additional non-passive region bought by PCC
voltage feedforward (combined active damping). Since only
one parameter is considered in every step, it is quite easy to
implement. The formulated damping design procedure can be
shown in Fig. 21.
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FIGURE 23. Simulated grid current with passivity based damping in weak
grid, (a) Zg = 7.2mH (b) Zg = 1.2mH.

Mag (% of Fundamental)
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| . 0 L TR S O SN S NS O 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Frequency (Hz)

FIGURE 24. FFT analysis for simulated grid current with passivity based
damping in weak grid, Zg = 1.2mH (critical oscillation).

V. SIMULATION AND EXPERIMENT RESULTS

In order to validate the stability analysis and proposed
impedance shaping method in Section III and IV, a time
domain simulation model for grid connected converter sys-
tem is built in Matlab/Simulink. The system configuration
and parameters have been shown in Section II and III. A two
level LCL filtered voltage source converter platform is also
built for experimental verification.

A. SIMULATION RESULTS

The simulated grid current for converter without any damping
in weak grid (Z; = 7.2mH) is shown in Fig. 22, for the
sake of a clear view, only single phase resonance current
is given (since the current cannot amplify unlimitedly in
practice, a very small damping resistance is added in simula-
tion). According to Fig. 7, since the intersection point falls in

VOLUME 7, 2019
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FIGURE 25. Simulated grid current with enhanced passivity based
damping design (a) hybrid damping in weak grid, Zg = 1.2mH (b) with
combined active damping in weak grid, Zg = 1.2mH.
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FIGURE 26. The photograph of experimental prototype.

non-passive region, the phase margin is negative and system
is unstable. The simulation result agrees with the Bode plot
analysis.

Fig. 23(a) shows the simulated grid currents with capacitor
current feedback active damping (Z, = 7.2mH). With the
help of passivity based damping design, non-passive region
has been eliminated. The stable simulated current verifies the
analysis in Section III B and C.

Corresponding to the grid currents in Fig 23(b), it has
been found that, after the grid impedance varies to 1.2mH,
the reduced phase margin deteriorates system stability.
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FIGURE 27. Experimental grid current without damping in weak grid,
1g = 7.2mH.
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Critical Oscillation
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VR

FIGURE 28. Experimental grid current with passivity based active
damping in weak grid, (a) Zg = 7.2mH (b) Zg = 1.2mH.

SA/div

A critical oscillation could be found in the grid current,
which validates the analysis in Section III C. From the Bode
plots in Fig. 10(b), the critical oscillation frequency is near
1690Hz. The FFT analysis for simulated current in Fig. 23(b)
is shown as Fig. 24. It can be found that the simulated critical
oscillation frequency is about 1700Hz, which matches the
frequency domain analysis.

After applying the proposed enhanced damping design,
the grid current is shown as Fig 25 (a) and (b), while (a) uses
hybrid damping and (b) uses combined active damping. Com-
pared with Fig 23(b), the simulation results show that the
proposed enhanced damping method can improve stability
margin effectively.

B. EXPERIMENT RESULT

A two level LCL filtered voltage source converter has been
built to further verify the proposed damping method. The con-
trol algorithms are implemented in a Digital Signal Processor
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FIGURE 29. FFT analysis for experimental grid current with passivity
based damping in weak grid, Zg = 1.2mH (critical oscillation).
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FIGURE 30. Experimental grid current (a) with enhanced passivity based
damping (hybrid damping) in weak grid, Zg = 1.2mH (b) with enhanced
passivity based damping (combined active damping) in weak grid,

Zg = 1.2mH.

(TMS320F28335). The weak grid is emulated by AC pro-
grammable source and grid impedance inductance. The pho-
tograph of experimental prototype is shown in Fig. 26. The
grid current is recorded by scope Yokogawa DL850E.

The experimental grid current in weak grid (Z, = 7.2mH)
without any damping is shown in Fig. 27 (for the sake of
a clear view, only single phase resonance current is given
here), it can be found that since the phase margin is negative,
the system is unstable, an obvious resonance occurs.

After applying the passivity based capacitor current feed-
back active damping, the system recover stable (shown
in Fig. 28(a)), which validates the Bode plots in Section III
B and the simulation results in Fig. 23(a). It can be found
that the passivity based damping can eliminate the harmonic
resonance effectively.

The experimental grid current for passivity based damping
design under 1.2mH grid impedance is shown in Fig. 28(b).
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FIGURE 31. Transitions for introducing additional damping, Zg = 1.2mH
(a) enhanced passivity based damping (b) traditional passivity based
active damping.

A critical oscillation can be observed. The experiment results
agree to the Bode plots in Section III C and simulation result
in Fig. 23(b). It can be found that, grid impedance variation
can decrease system stability margin and passivity is not
enough for system robustness.

The FFT analysis result for experimental current
in Fig. 28(b) is shown as Fig. 29. It can be found that the
experimental oscillation frequency is about 1600-1700Hz,
which also validates the theoretical analysis.

The grid currents after applying hybrid damping and
combined active damping are illustrated in Fig. 30(a) and
Fig. 30(b). Compared with Fig. 28(b), it can be found that the
critical oscillation is well damped. The experimental results
prove the effectiveness of enhanced passivity based damping
method.

The transitions after introducing additional damping are
shown as Fig. 31. The dynamic experimental result for pro-
posed enhanced passivity based damping (Combined active
damping is chosen here for example) method is given
in Fig. 31 (a), the additional damping is introduced in t{, and
system recover stable in ty. The dynamic experimental result
for traditional passivity based damping is given in Fig. 31(b).
The damping is implemented in t3 and system recover critical
stable in t4. It can be found that since the proposed damping
method has improved stability margin, system can recover
stable in a faster way. Except for the critical oscillation,
the traditional passivity based damping method also needs
a slower transition. The dynamic experimental results also
validate the effectiveness of proposed method.
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VI. CONCLUSION

The non-passive region of converter output impedance can
cause harmonic instability in weak grid. In this paper,
the impedance model of grid connected converter system
is derived first. The damping parameter of capacitor cur-
rent feedback is then designed to achieve a passive output
impedance. However, passivity is not enough for system
stability. This paper analyzes the relationship between stabil-
ity margin and power quality, pointing that grid impedance
variation can decrease phase margin, causing harmonic dis-
tortion of output current. In this paper, an enhanced passiv-
ity based damping method is proposed to improve system
stability. Hybrid damping and combined active damping are
employed. High pass filter is also added to eliminate the
non-passive region brought by grid voltage feedforward in
combined active damping. A step by step design procedure
is also formulated. The proposed method can ensure a phase
margin under grid impedance variation and converter paral-
lel. Simulation and experiment results show the validation
and effectiveness of proposed damping method under grid
impedance variation.
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