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Abstract—In order to provide reliable electric power, the in-
terfacing voltage source inverters in distributed generation often
rely on autonomous droop control method integrated with virtual
impedance and inner voltage and current control loops. In general,
the droop-controlled inverters can be modeled as a controllable
voltage source in series with output impedance. However, stability,
dynamic performance, and load adaptability in islanding mode are
sensitive to the inverter output impedance. In this paper, the de-
tailed impacts of the inverter output impedance are investigated in
different operation modes. Furthermore, an inverter current feed-
forward control scheme is proposed to mitigate the effects. With the
implementation of the proposed control scheme, system reliability
and load adaptability in islanding mode are enhanced without ad-
ditional control complexity and extra sensors. Moreover, a voltage
magnitude control loop is added to improve the control accuracy of
reactive power flow in grid-connected mode. Finally, the proposed
strategy is validated with simulation and experiments based on a
15-KkVA prototype.

Index Terms—Distributed generation, droop control, inverter
current feedforward, inverter output impedance, voltage source
inverters (VSIs).

1. INTRODUCTION

ITH increasing concerns about environmental problems
W of conventional energy and security of the centralized
power generation, distributed generation (DG) and renewable
energy sources, e.g., wind and solar energy, are widely applied
recently [1]-[3]. By integrating the DG units, a power-
electronics-interfaced microgrid can be formed [2]-[4]. More-
over, voltage source inverters (VSI) are often applied as the
power electronics interface.

In order to offer reliable electrical power supply, the micro-
grid should be able to operate in both grid-connected (GC) mode
and islanding (IS) mode [4]-[6]. Therefore, the droop control
method has been widely applied for power sharing among paral-
lel inverters in IS mode and between DG and utility in GC mode
[5]-[12]. Seamless transition from GC mode to IS mode can be
realized while grid synchronization measures are necessary for
transition from IS mode to GC mode [10], [12], [13].
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The droop-controlled inverters can be modeled as a control-
lable voltage source in series with output impedance [5], [7],
[14]-[16]. Impedance-based stability criterion is proposed for
GClinverters in [ 14]. Nevertheless, the impacts of inverter output
impedance in both operation modes, especially upon stability
and dynamic performance, are seldom analyzed. Actually, vir-
tual impedance insertion can be efficient to enhance system
stability while the dynamic response is sacrificed [5], [7], [9],
[11], [12], [15]. Moreover, load adaptability (note that the tran-
sient during load switching and voltage quality under nonlinear
and unbalanced loads are named the load adaptability in this
paper) in IS mode may also be influenced by virtual impedance
[15]. In addition, inadequate accuracy of reactive power flow
control in GC mode is also a disadvantage for droop-controlled
inverters [5], [8], [11], [17]-[21]. Pure integrators can be applied
in the droop control method to improve the control accuracy of
power sharing in GC mode [11]. Nevertheless, total loads may
not coincide with the total injected power in IS mode. The volt-
age of point of common coupling (PCC) is introduced while
extra sensors are needed [8], [20]. Meanwhile, it may be not
practical to measure PCC voltage since DG units are distributed
in different locations.

When the VSI-based microgrid is disconnected from the
grid, severe voltage quality problems may be caused due to
the presence of nonlinear or unbalanced loads. Essentially, volt-
age quality problems in IS mode can be regarded as the dis-
turbance of load current which is introduced by the inverter
output impedance. Suppression of the harmonic distortion and
compensation of the voltage unbalance have been investigated
n [15], [17], [22]-[26]. Liu et al. [15] utilizes a proportional-
integral (PI) plus multiresonant controller and modified virtual
impedance to enhance the voltage quality in IS mode. In [23], the
direct change of the voltage reference is proposed to compensate
for voltage unbalance, which requires the positive- and negative-
sequence extraction in advance. The stability is also influenced
by the unbalance compensation gain. Harmonic droop control
strategy with one harmonic droop controller for each individual
harmonic component is developed in [24], while computational
burden is the restriction. [25] makes use of the proportional plus
multiresonant controller for inner voltage regulation loop in the
stationary abc-frame. However, the system stability is degraded,
and a lead-lag compensator is needed. In addition, load current
feedforward control is proposed to suppress harmonics while
extra sensors for load current are required [26].

The dynamic performance during load switching in IS mode
is mainly determined by the bandwidth of the voltage loop and
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Fig. 1. Schematic diagram of the three-phase VSI with LCL filter.

inverter output impedance. Particularly, during load switching
from full load to no load in IS mode, spike of the inverter’s out-
put voltage may induce saturation of the isolation transformer
and damage the critical loads. Unfortunately, the bandwidth of
the voltage loop is usually limited especially under high-power
circumstance with lower switching frequency, which fails to re-
spond rapidly to the load switching in IS mode. As a result,
inverter output impedance is the key factor to improve the dy-
namic performance during load switching.

Considering the significant influence of inverter output
impedance, the impacts of the inverter output impedance on sta-
bility, dynamic performance, and load adaptability in IS mode
are further investigated in this paper through the small-signal
analysis in different operation modes. Furthermore, the inverter
current feedforward control (ICFC) scheme is proposed to mit-
igate the impacts of inverter output impedance. The proposed
ICFC scheme is integrated into the conventional control strat-
egy which includes the droop controller, virtual impedance, and
inner voltage and current loop. With the implementation of the
proposed control scheme, system reliability and load adaptabil-
ity in IS mode are enhanced without additional control complex-
ity and extra current sensors. Meanwhile, a voltage magnitude
control loop is added to improve the accuracy of reactive power
sharing in GC mode. Finally, the proposed strategy is validated
with simulation and experiments based on a 15-kVA prototype.

This paper is organized as follows. Modeling of the conven-
tional control strategy is introduced in Section II. Impacts of
inverter output impedance are analyzed with the small-signal
models in Section III. The ICFC scheme is introduced to miti-
gate the impacts of inverter output impedance, and the detailed
performance analysis is presented in Section I'V. Validation of
simulation and experiment results is given in Section V. The last
section summarizes the investigation.

II. MODELING OF CONVENTIONAL CONTROL STRATEGY

In general, VSIs are applied as the interface to connect DG
units to the grid. Fig. 1 shows the three-phase VSI with LCL filter
considered as the interface in this paper. L. is the inverter-side
filter inductor, and R, is the equivalent series resistor (ESR). C'y
is the filter capacitor. L, consists of the grid-side inductor of the
LCL filter, the leakage inductor of the isolation transformer and
the feeder inductance, and R, is the ESR. i7,4p¢, Ucabes tgabes
and w4,y are the inverter-side current, the voltage of the filter
capacitor, the grid-side current, and the grid voltage in GC mode
or load voltage in IS mode. Transition between GC mode and IS
mode is realized through the static transfer switch. In addition,
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different load conditions, e.g., unbalanced loads and nonlinear
loads, may be dealt with in IS mode.

As shown in Fig. 2, conventional control strategy [5] is dis-
cussed in the synchronous reference frame (SRF), and the main
control loops are explained as follows.

A. Droop Control Loops

In order to avoid communication wires while obtaining good
power sharing, the droop control method is often utilized.
The conventional active power—frequency and reactive power—
voltage magnitude droop control are shown in Fig. 2 as

w

E

wo + kp(Py — P) (1)
Eo + kg (Qo — Q) (@)

where w and E are the frequency and amplitude of the output
voltage reference, wy and E are the nominal frequency and
amplitude, P and Q are the active and reactive power, I and
Qo are their references, and £, and k, are the droop coefficients,
respectively. Note that compensation networks in droop loops
may be needed to guarantee the system stability, which may
damp the system dynamic response simultaneously [11].

In addition, the instantaneous fundamental positive sequence
power can be calculated as

Wy . .
P = . c 3
P (Ueqlipg + Ueqing) (3)

wy . .
Q = m(umﬂld - UmﬂLq) 4)

where w; is the cutoff frequency of the first-order low-pass
filter (LPF), and u.q, and i, 4, are the three-phase instantaneous
output voltage and inverter current when transformed to the SRF,
respectively.

B. Virtual Impedance Loop

The system oscillation is damped, and stability is enhanced
with the addition of virtual resistance. Furthermore, virtual in-
ductance is considered to make the output impedance more
inductive to improve the decoupling of the active and reactive
power [5], [9], [23]. However, even though the system is well
damped with virtual impedance, the dynamic response is de-
graded.

The voltage drops across the virtual impedance in SRF shown
in Fig. 2 can be expressed as

Uyq = (RW + SL?’)igd - WL'”igfI (5)
Ung = (Ry + SLy)igg + wLyiga (6)

where R, and L, are the virtual resistance and inductance, and
igdq 1 the injected grid current when in GC mode or the load
current when in IS mode in SRF, respectively. Considering about
the low bandwidth of droop controller, the derivative term sL,
has a little impact on stability and dynamic performance. More-
over, the impacts of the derivative term sL, on low-frequency
performance can also be ignored. In this paper, when imple-
mented in simulation and experiments, the derivative term sL,
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Fig. 2. Block diagram of conventional control strategy [5].
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where G’i,(:(s) = kpi + kii/sa GU(:(S) = kp’u + kiv/s, Urdg is
the output voltage reference, Z,(s) is the inverter output
impedance, Z, (s) is the virtual impedance, and

1

sC
Zy(s) = L
. ) =17 & Gue(5)Gii(s)

(10)

Fig.3. Inner voltage and current control loops: (a) model of the VSI with LCL Zy(8) = Geru (8) (R, + sLy). (11D
filter in SRE, (b) simplified model of the inner loops.

In addition, (12) can be obtained from Fig. 3(a) as

Uga | _ ucd_i Zy(s) —ng} {igd} 12
{uqq] {ucq_ L’Lg Zy(s) | Ligq |” (12)

is neglected to avoid introducing high-frequency noise. How- Substituting (12) into (9), it can be manipulated that

ever, it is included in theoretical analysis to thoroughly research

the impacts. Ut | G (s) [yq
ugq clu _urq
Zy(8)+ Zy(s)+ Zy(s) —wLyGey(s) —wL,
C. Inner Voltage and Current Control Loops T WLy G (s) + wL, Zo(5) + Zy(s) + Zy(s)
According to the inner voltage and current loops with PI i
controller in Fig. 2 and the model of the VSI in Fig. 3(a), the X [igd} (13)
99

simplified model of the inner loops is derived in Fig. 3(b) [15].
The closed-loop transfer function of the current loop and where Z,(s) = Ry, + sL, and w4, is the grid voltage in SRF
voltage loop in Fig. 3(b) can be derived as when in GC mode or the load voltage in SRF when in IS mode.
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Fig. 4. Bode diagram of the total output impedance.
In addition, the total output impedance including inverter

output impedance, virtual impedance, and feeder impedance is
defined as

Zp(s) = Z,(8) + Zy(s) + Zy(s).

Therefore, it can be illustrated with (13) that:

1) When in IS mode, the impacts of loads on the output volt-
age can be seen as the perturbation of load current. The dis-
turbance is introduced through the total output impedance.
Therefore, the voltage quality in IS mode can be improved
with proper design of the total output impedance [15].

2) The load voltage swell or sag happens during load switch-
ing, which may lead to saturation of the isolation trans-
former and damage the critical loads. Since u,qq is
determined by the droop loop which is too slow to track
the load transient and the bandwidth of the inner volt-
age loop is limited by the bandwidth of current loop and
switching frequency, the total output impedance is the key
factor to suppress the voltage swell and sag.

3) Since inverter output impedance is the main part of the
total output impedance as verified later in Section III,
load adaptability in IS mode is significantly influenced by
inverter output impedance.

In addition, as verified later in Section III, stability and dy-
namic performance are also influenced by the inverter output
impedance, and conventional control strategy presents poor re-
liability which confines the adjustable range in energy manage-
ment [27].

(14)

III. ANALYSIS OF THE INVERTER OUTPUT IMPEDANCE IMPACTS

As it can be seen in (14), the total output impedance consists
of the virtual impedance Z,, (s), feeder impedance Z, (s), and the
inverter output impedance Z, (s). In order to explicitly illustrate
the relationship among the above impedances, bode diagram of
the total output impedance is shown in Fig. 4 with the parameters
listed in Tables I and II.

As shown in Fig. 4, the inverter output impedance Z, (s) ap-
proaches to zero in low frequency while close to Zp (s) in the
frequency range from 3 to 1 kHz. Therefore, the dynamic per-
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TABLE I
POWER STAGE PARAMETERS

Parameter Symbol Value

DC Voltage Vde 650V
Grid Frequency wo 2 7-50 rad/s
Grid Voltage (Line-Line RMS) Ey 380V
Initial phase angle 0 0.087 rad/s
Inverter-side Filter Inductor L.,R. 1.6 mH, 0.06 Q2
Filter Capacitor Cy 20 uF
Grid-side Inductor Ly, Ry 0.1 mH, 0.104 Q
Switching Frequency fs 10 kHz

formance is significantly influenced by Z,, (s), while the steady-
state performance at fundamental frequency hardly depends on
Z,(s). As analyzed in [15] in IS mode, voltage harmonics are
mainly influenced by the impedance at 300 and 600 Hz, and
voltage unbalance is primarily determined by the impedance at
100 Hz. In addition, the disturbance of load switching is also
introduced by Zp (s). Since Z,(s) is the main part of Zp (s)
from 3 Hz to 1 kHz, load adaptability in IS mode is significantly
influenced by the inverter output impedance Z, (s).

In order to investigate the impacts of Z,(s) on stability and
dynamic performance, small-signal analysis in both GC mode
and IS mode is further researched.

A. Stability and Dynamic Performance in GC Mode

From Fig. 2, we obtain

1
5:g[wo+kp(Po—P)] (15)
urd:E:E0+kq(Q0_Q) (]6)
g = 0 a7

where ¢ is the phase angle between reference voltage u, 4, and
grid voltage ugqq.

According to the small-signal model in Appendix A, the ac-
tive power—frequency droop and reactive power—voltage mag-
nitude droop closed-loop transfer functions can be manipulated
as

AP

Gpe(s) =
AP, Aoy

B k, By Ey + kpk,FEo(B3 + B})
(1+ kyBo)s + kyBo Ey + kykyEo (B3 + B})
(18)

AQ

Gye(s) =

! AQo [ap,—0

]{?qBQS + kpk?qE()(B% + B%)
(1 + quz)S + :ZCPBQEO + kpk'qu(Bg + B%) ’
19)

As shown in Fig. 5, a resonance peak appears in the closed-
loop transfer functions of conventional control strategy, which
possibly causes instability. To mitigate the resonance peak,
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TABLE II
CONTROL PARAMETERS

Parameter Symbol Value

Droop Coefficients kp, kg 2.09 x 10~*rad/(W-s), 0.0076 V/Var
Voltage Magnitude Control Integral Gain ky 4

Cutoff Frequency of Power Calculation LPF wy 2 7-10 rad/s

Cutoff Frequency of LPF,; We 2 7-1000 rad/s
Feedforward Gain k. 1

Voltage Loop PI kposKiv 0.09, 20

Current Loop PI kpiskii 14, 400

Virtual Impedance R,,L, 0.6 2,4 mH
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Fig. 5. Bode diagrams of closed-loop transfer function of the droop loops for
conventional control strategy in GC mode: (a) frequency droop loop, (b) voltage
magnitude droop loop.

compensation networks can be added to the droop loop. How-
ever, the dynamic performance is thus degraded. In addi-
tion, Gqc(s) is a little lower than 1 in low frequency, which
means inaccuracy during the control of the reactive power
flow.

As shown, the resonance peak appears between 1 and 10 Hz,
and Z,(s) is the main part of Zp (s) in this frequency range.
Therefore, it can be deduced that stability and dynamic perfor-
mance are mainly influenced by the inverter output impedance.
In order to consider the impacts of inverter output impedance
in detail, the closed-loop characteristics under different inverter
output impedance are also given in Fig. 5. Note that the different
inverter output impedances are obtained by changing the item
Z,(s) in (13). In practice, the inverter output impedance can
be modified through changing the feedforward gain when in-
troducing output current feedforward [26], [28]. As shown, the
resonance peak is mitigated when inverter output impedance
decreases. In addition, the root locus of conventional control
strategy with different inverter output impedance in GC mode is
shown in Fig. 6. As shown, dominant low frequency eigenval-
ues move from right to left which represents enhanced stability
and dynamic performance. However, too small inverter output
impedance may also degrade the dynamic performance as seen
that the conjugate poles move from left to right when the inverter
output impedance continues to decrease.

Consequently, stability and dynamic performance in GC
mode is improved with reduced inverter output impedance,
and low frequency part of the inverter output impedance is
the dominating factor that influences stability and dynamic
performance.

Imaginary Axis

1 L i i

-60

1 A i i i 1
480 -160 140 120 -100 80
Real Axis

Fig. 6. Root locus diagram of dominant eigenvalues when inverter output
impedance decreases from Z, (s) to 0 in GC mode.
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Fig. 7. Simplified circuit for parallel inverters in IS mode.

B. Stability and Dynamic Performance in IS Mode

The dynamic model of the conventional droop-controlled sys-
tem in IS mode has been extensively discussed in [28]-[30]. In
this paper, the small-signal dynamic model is derived for the
conventional control strategy according to [28]. According to
the small-signal model in IS mode provided in Appendix B, the
complete system model can be obtained as

AX,'”“ AXinvl
AXinvZ = Asys AX‘I:TL’UQ (20)
AiLoad DQ AiLoad DQ

According to the model, the root locus of dominant eigenval-
ues with different inverter output impedance in IS mode can be
obtained as shown in Fig. 8. Similar to the root locus in GC mode
as shown in Fig. 6, dominant low frequency eigenvalues move
from right to left, and stability and dynamic performance in
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Fig. 8. Root locus diagram of dominant eigenvalues when inverter output
impedance decreases from Z,, (s) to 0 in IS mode.

IS mode are improved with reduced inverter output impedance.
However, too low inverter output impedance may also degrade
the dynamic performance.

IV. PROPOSED ICFC SCHEME

According to the analysis in Section III, inverter output
impedance has a significant impact on the performance of in-
verter. Therefore, measures need to be taken to mitigate the
effects. As presented in [26], inverter output impedance is elim-
inated when load current feedforward scheme is introduced in
IS mode. Similarly, grid current feedforward control scheme
can be applied in this paper. Nevertheless, extra sensors for grid
current 444, are necessary. Meanwhile, grid current is usually
not sensed in small power inverter applications. In addition, the
control accuracy of reactive power and voltage magnitude in GC
mode cannot be guaranteed with conventional control strategy.

In order to mitigate the impacts of inverter output impedance
and improve the control accuracy of reactive power and voltage
magnitude in GC mode, the ICFC scheme without additional
control complexity and extra sensors as presented in Fig. 9 is
proposed in this section. The difference between conventional
control strategy in Fig. 2 and ICFC scheme in Fig. 9 is the
modified droop loops and the enhanced inner loops with inverter
current feedforward.

As shown in Fig. 9, a voltage magnitude control is added to
the droop loops to enhance the control accuracy of the voltage
magnitude and reactive power flow in GC mode. Thus, (2) is
modified as

E:Eo—‘r? EO“V‘kq(QO_Q)_\/M} @n

where k, is integral gain of the voltage magnitude control. In
GC mode, the voltage magnitude is precisely controlled to track
with the grid voltage with voltage magnitude control loop in
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a less fluctuating grid according to (21). Nevertheless, steady-
state errors exist in voltage magnitude control with conventional
control strategy, and accurate tracking of )y cannot be guaran-
teed. Additionally, in IS mode, the sharing of reactive power
is mainly influenced by the line impedance. Therefore, the im-
pacts of voltage magnitude control loop on the control accuracy
of reactive power sharing are not obvious in IS mode.

In addition, the inverter current 7,4, with a first-order low-
pass filter LPF; is added in inner loops as the feedforward
element, and k. is the feedforward gain. Meanwhile, virtual
impedance is also introduced through iz 4, with a first-order
low-pass filter LPF;.

The detailed performance analysis of the proposed ICFC
scheme is introduced as follows.

A. Inverter Output Impedance

According to Fig. 9, voltage drop of the virtual impedance is
changed as

|:uvd:| _ |:Rl/ +sL,

Uygq WL?;

—wkl, We iLd
Rw + SL?} S + we Z'Lq

} . Q2

The closed-loop characteristics of inner loops can be ex-
pressed as

] =can [ie] « [Py S
fin]-=ali)

The detailed expressions of Zprqq(s) and Zppq,(s) are
shown as follows:

1 We

sC; S+ w k(:Gcli(s)
Zprad(s) = s 7 — Geru(s)(Ry + sLy)

1 Guc Gc i -~

G ()G9

We
24
X ST, (24)
We

Zprde(s) = Geu (3)(“’1/1))5 Tw (25)

According to the inverter model in Fig. 3(a), it can be derived

that
—(UCf Ued Z.,r]d
sCy ] L‘eq } - [iyq } .
Substituting (12) and (26) into (23), it can be derived as

] = Gt ] - | ) )

'iLd:| _ [sCf 26)

_iLq wC'f

the proposed ICFC scheme. Therefore, the accuracy of tracking lgd
. . . . x |9 27)
the instruction of reactive power )y can be improved under lgq
Y(s) _ 1-— wa ZDqu (S) —wa ZDde(S) (28)
1 —wCiZprig(s)? + [wCiZprai(s))? |wCiZprdaa(s) 1 —wC¢Zpraq(s)
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Fig. 9. Block diagram of the proposed ICFC scheme.
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Fig. 10. Bode diagram of the total output impedance.

where Y(s), Zpi(s), and Z¢;(s) are as equation (28) shown at
the bottom of the previous page, and, (29) and (30) as shown at
the bottom of the this page.

As shown in Fig. 10, below 30 Hz, the total output impedance
Zpi(s) when k. =1 basically coincides with Zp(s) when
Z,(s) = 0. As shown in Fig. 5, the resonance peak in the closed-
loop transfer functions of droop loops appears between 1 and
10 Hz. Moreover, stability and dynamic performance are influ-
enced by the resonance peak. Therefore, stability and dynamic
performance are mainly determined by the impedance between
1 and 10 Hz. Since inverter output impedance is the main part
of total output impedance from 3 to 100 Hz as displayed in

Fig. 4, the impacts of inverter output impedance on stability and
dynamic performance are mitigated with the proposed ICFC
scheme.

Meanwhile, compared with the conventional strategy, the
value of Zp;(s) when k. =1 at 100 Hz is greatly reduced,
which means that voltage unbalance in IS mode can be effec-
tively compensated with the ICFC scheme. Moreover, Zp;(s)
at 300 Hz (which represents fifth and seventh harmonic in SRF)
is also diminished, while Zp;(s) is close to Zp (s) in high fre-
quency. Therefore, harmonic impedance is reduced to enhance
harmonic compensation with proposed ICFC scheme. Since the
total output impedance is diminished, voltage swell or sag dur-
ing load switching in IS mode is also mitigated. Nevertheless,
the grid current in GC mode has more harmonic distortions
with a slightly distorted grid voltage. Therefore, the impacts of
inverter output impedance on load adaptability in IS mode are
suppressed with the ICFC scheme.

In addition, taking into account the impacts of inverter output
impedance, k. is set to lin this paper.

B. Stability and Dynamic Performance

According to the modeling method introduced in Section III,
the small-signal model of the proposed ICFC scheme can be
obtained. The comparison of closed-loop characteristics in GC
mode between conventional control strategy and the proposed
ICFC scheme is shown in Fig. 11. As shown, the resonance
peakin G (s) and Gy, (s) is efficiently mitigated in G,; (s) and

ZDq(S) =

[Zo(s) = Zpraa(s)][1 —wCiZprag(s)] —wCsZpraa(s)Zprae(s)

[1 — waZDqu (S)]2 + [WCfZDde(S)P

+ Zy(s) (29)

ZCi (S) =

wCtZprad(s)[Zo(s) — Zprada(s)] + Zprag(s)[l —wCrZprag(s)]

[1 — waZDqu (S)P + [waZDde(S)]Q

+wl, (30)
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Fig. 12.  Root locus diagrams of the low-frequency dominant eigenvalues for
1.045 x 107% < ky <4.18 x 103, while the other control parameters keep
the same as Table II in GC mode: (a) conventional control strategy, (b) proposed
ICFC scheme.
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Fig. 13.  Root locus diagrams of the low-frequency dominant eigenvalues for

1.045 x 1074 < ky <4.18 x 1073, while the other control parameters keep
the same as Table II in IS mode: (a) conventional control strategy, (b) proposed
ICFC scheme.

Gyi(s) when k. = 1, respectively. Hence, stability and dynamic
performance in GC mode is enhanced with the proposed ICFC
scheme. In addition, the control accuracy of reactive power flow
is also improved since the low frequency gain of G;(s) is 1.
Nevertheless, bandwidth of G ; (s) is reduced when increasing
feedforward gain k. from 0.5 to 1. It means that dynamic per-
formance of reactive power flow is reduced when increasing k..

In order to better understand the stability and dynamic per-
formance with the proposed ICFC scheme in different modes,
the trajectory of the low-frequency dominant eigenvalues for
variation of %, is shown in Figs. 12 and 13. It can be obtained
that:
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Fig. 15. Trajectory of the low-frequency dominant eigenvalues for 27 -

200 rad/s < w, < 2 - 2000 rad/s with the proposed ICFC scheme.

1) Since the dominant eigenvalues are very close to the imag-
inary axis, stability margin of the conventional control
strategy is very low. Moreover, the system is even unsta-
ble when in a low droop gain £, as shown in Figs. 12(a)
and 13(a).

2) Stability and dynamic performance are obviously en-
hanced with the proposed ICFC scheme in both modes.
Even with a high droop gain k,, the system still keeps
stable as shown in Figs. 12(b) and 13(b).

3) Since the coefficient k, when dominant poles move to the
right plane in IS mode is much larger than in GC mode,
stability margin in IS mode is much better than in GC
mode with the ICFC scheme.

C. Impacts of LPF,

Referring to the derivation in Section IV-A, the performance
of the proposed ICFC scheme is also influenced by the low-pass
filter LPF;. As shown in Fig. 14, when w,. increases, the mag-
nitude of Zp;(s) below 600 Hz, which mainly determines the
capability of compensating voltage unbalance and suppressing
harmonics, decreases. Therefore, in the context of eliminating
the impacts of ripple in inverter current, a high cutoff frequency
w, 1s helpful to improve the voltage quality in IS mode. How-
ever, THD of grid current in GC mode is slightly increased.

In addition, stability of the proposed scheme is also influenced
by the low-pass filter LPF; of the inverter current. As shown
in Fig. 15, stability and dynamic performance are improved as
w, increases in both modes because the dominant poles move
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Fig. 16.  Closed-loop characteristics of droop loops for variation of k,, in GC
mode: (a) G);(s), (b) G4i(s), and dominant eigenvalues for 1 < k, < 20:
(c) in GC mode, (d) in IS mode.

from right to left. In this paper, the cutoff frequency w. is set to
1 kHz.

D. Effects of the Voltage Magnitude Control Loop

As shown in Fig. 11(b), control accuracy of reactive power
flow in GC mode is enhanced with voltage magnitude con-
trol loop in the proposed ICFC scheme. However, the dynamic
response of the reactive power flow is also influenced. The
closed-loop characteristics of droop loops for variation of &, in
GC mode are given in Fig. 16(a)—(b). When k, increases, the
crossover frequency of Gy, (s) is enhanced while G,; (s) hardly
alters. Consequently, the dynamic response of reactive power
flow is improved when k, increases. Moreover, performance of
active power flow is independent of k,,. In addition, because the
dominant poles keep in the left plane, stability is independent
of k, in different operation modes as shown in Fig. 16(c)—(d).
However, dynamic response is enhanced as k, increases since
the dominant poles move from right to left. In this paper, k&, is
set as 4.

E. Influence of LCL Filter Parameter Variations

In practice, due to the tolerance and aging of the filter compo-
nents and the parasitic parameters of the system, the LCL filter
parameter mismatch might happen. To investigate the impacts
of LCL filter parameter variations on the proposed algorithm,
bode diagram of Zp;(s) with different LCL filter parameters is
presented in Fig. 17. As shown, the impedance below 600 Hz
is immune to the LCL filter parameter variations, and the effect
on the impedance at high frequency is also limited. Therefore,
under the LCL filter parameter variations, the proposed ICFC
scheme is still feasible and effective.
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V. SIMULATION AND EXPERIMENTAL VALIDATION

In order to verify the correctness of the analysis above, sim-
ulation and experiment results with both conventional strategy
and proposed ICFC scheme are obtained based on a 15-kVA
VSI prototype. The algorithms are implemented with a TI DSP
TMS320F28335 in the experiments. Therefore, the computation
delay is inevitably introduced with digital control, which may
degrade the stability margin. In this paper, control frequency is
increased to twice the switching frequency when implemented in
experiments, and the delay can be largely reduced (note that the
computation is implemented twice per switching period with
sampling frequency ten times higher than the switching fre-
quency). In addition, the effects of the delay are mainly at high
frequency [31]. Since inner loops are designed with high phase
margin, high frequency stability is guaranteed. Consequently,
the effects of time discretization of digital control are well re-
stricted. The power stage parameters and control parameters of
the prototype are listed in Tables I and II, respectively.

A. Stability and Dynamic Performance

In order to validate the impacts of inverter output impedance
on stability and dynamic performance, simulation and experi-
ments in both GC mode and IS mode are implemented.

1) Simulation Results: As shown in Fig. 18(a)—(b), when a
step of the power instructions Py or )y happens at ¢ = 0.1 s
in GC mode, the proposed ICFC scheme presents better dy-
namic performance than conventional control strategy. Mean-
while, control accuracy of reactive power is also enhanced with
the ICFC scheme, while tracking error exists on the reactive
power control with conventional control strategy as displayed
in Fig. 18(b). In addition, the system turns to be unstable
with conventional strategy when k, increases to 2.09 x 104
in Fig. 18(c). However, the system keeps stable with the pro-
posed ICFC scheme even though k, increases to 2.09 x 1073
as presented in Fig. 18(d). Therefore, stability, dynamic perfor-
mance, and control accuracy of reactive power in GC mode are
improved with the proposed ICFC scheme.
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Fig. 19. Simulation waveforms of active power and reactive power in IS
mode, respectively, when 10-kW load is put into operation at ¢ = 0.1: (a) and
() ky =2.09 x 107, () k;p = 2.926 x 10*, and (d) k), = 2.09 x 1073,

In IS mode, the prototype is shown in Fig. 7. The parameters
are the same as Tables I and II, except that 2,; = 0.164 €2 and
Ly = 0.45 mH. As shown in Fig. 19(b), when 10-kW load is
switched ON, stability and dynamic performance in IS mode are
guaranteed with the proposed ICFC scheme. Moreover, when k,,
increases to 2.09 x 1072, stability is still sustained, and better
dynamic response is achieved as displayed in Fig. 19(d). Nev-
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Fig. 20. Experimental waveforms of active power P and reactive power Q

in GC mode, respectively: (a) Py increases from 0 to 10 kW when k, =
1.672x1074, (b) Qg increases from 0 to 5 kVar when ky = 1.672 x 1074,
(c) Py increases from 0 to 10 W when k;, = 8.36 x 104,

ertheless, dynamic response with conventional control strategy
presents damped oscillation when k, = 2.09 x 10" as pre-
sented in Fig. 19(a), and the system becomes unstable when £,
increases to 2.926 x 10~ as displayed in Fig. 19(c).

2) Experiment Validation: As shown in Fig. 20, the stability
and dynamic performance in GC mode are enhanced with the
proposed scheme which coordinates with the simulation. When
k, = 8.36 x 1074, the system is still stable, and a fast dynamic
response is achieved as presented in Fig. 20(c). Unfortunately,
with the conventional control strategy, power oscillation hap-
pens, and stability is degraded even in a lower droop coefficient
k, as shown in Fig. 20(a). In addition, control accuracy of re-
active power flow is also enhanced with the proposed ICFC
scheme as displayed in Fig. 20(b).

In IS mode, damped power oscillation in a small k, with
conventional strategy is presented in Fig. 21(a) while power
oscillation happens when k, increases to 2.508 x 10, and
the system stays critical stable state as shown in Fig. 21(d).
Therefore, stability is greatly degraded when £, increases, and
stability margin is very limited with conventional control strat-
egy. However, compared with conventional strategy, dynamic
performance is enhanced with proposed ICFC scheme as shown
in Fig. 21(b). Moreover, stability and dynamic performance are
still guaranteed even when k,, increases to 8.36 x 10~ as dis-
played in Fig. 21(c).

B. Load Adaptability in IS Mode (Experiment Validation)

As analyzed previously, voltage quality under unbalanced
loads and nonlinear loads and dynamic response during load
switching in IS mode are significantly influenced by inverter
output impedance. In order to verify the analysis about load
adaptability in IS mode, experiments are carried out in IS mode.
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Fig. 21. Experiment waveforms of active and reactive power in IS mode,

respectively, when 6.7 kW load is switched ON: (a) and (b) k;, = 2.09 x 104
and (c) k) = 8.36 x 1074, (d) steady-state waveforms with 1.5-kW load when
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Fig. 22. Experimental results under nonlinear load (a three-phase rectifier
load 77 §2): (a) with conventional strategy, (b) with the proposed ICFC scheme,
and unbalanced load (16-€2 load in phase A and 16-2 load in phase B): (¢) with
conventional strategy, (d) with proposed ICFC scheme.

The rated phase voltage in IS mode is set to 180 V instead
of 220 V to avoid the saturation of isolation transformer during
load switching with the conventional control strategy. The other
parameters are the same as Tables I and II. The experiment
results under unbalanced and nonlinear loads and during load
switching are presented in Figs. 22 and 23.
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Fig. 23. Experimental results during switching from no load to 6.7 kW:
(a) with conventional strategy, (b) with the proposed ICFC scheme and from
6.7 kW to no load: (c) with conventional strategy, (d) with the proposed ICFC
scheme.

As shown in Fig. 22(a), under nonlinear load, the voltage
THD is up to 6.048% with the conventional control strategy.
Nevertheless, voltage THD is reduced to 4.002% with the pro-
posed scheme, which can be seen in Fig. 22(b). Hence, volt-
age harmonics are partly compensated with the proposed ICFC
scheme.

Voltage unbalance which can be calculated according to sym-
metrical components method [32], is effectively compensated
with the proposed ICFC scheme as displayed in Fig. 22(c)—(d).
As shown, voltage unbalance is reduced from 15.3% to 1.41%
with the proposed ICFC scheme. Note that the current in phase
C is not zero, because neutral line in the secondary side of the
transformer is connected with the neutral line in load.

As shown in Fig. 23(a)—(b), during load switching from no
load to 6.7 kW, the proposed scheme performs fast dynamic
response, and the voltage sag recovers instantly. Nevertheless,
conventional strategy presents slow dynamic response when the
load is switched ON.

The results during load switching from 6.7 kW to no load
are displayed in Fig. 23(c)—(d). As seen, the voltage swells
to 380 V during load switching in the conventional control
strategy, which possibly induces the saturation of the isolation
transformer. Nevertheless, with the proposed ICFC scheme, the
voltage spike is effectively mitigated.

Based on the experiment results, it can be concluded that
load adaptability in IS mode is effectively enhanced with pro-
posed ICFC scheme. Consequently, the impacts of inverter out-
put impedance on load adaptability in IS mode are mitigated
with proposed ICFC scheme since the problems are essentially
introduced through inverter output impedance.



3574

VI. CONCLUSION

In this paper, the impacts of inverter output impedance on sta-
bility, dynamic performance, and load adaptability are investi-
gated in detail. Moreover, small-signal models in both operation
modes are analyzed. The inverter output impedance causes lim-
ited stability margin, poor dynamic performance, and deficient
load adaptability in IS mode with conventional control strategy.
Therefore, the ICFC scheme is proposed to mitigate the effects
of the inverter output impedance. The ICFC scheme consists of
an inverter current feedforward scheme to mitigate the impacts
of inverter output impedance and a voltage magnitude control
loop to enhance the control accuracy of reactive power flow in
GC mode. The detailed performance analysis and comparison
with conventional control strategy are also discussed.

The proposed ICFC scheme has been validated through sim-
ulation and experiments. The obtained results show that by uti-
lizing the proposed ICFC scheme, stability and dynamic per-
formance are well improved in both operation modes, control
accuracy of reactive power flow in GC mode is raised, volt-
age unbalance and harmonics in IS mode are compensated, and
transient performance during load switching in IS mode is also
enhanced.

APPENDIX A
SMALL-SIGNAL MODEL IN GC MODE

In GC mode, since the grid-side impedance is very small,
Ucdq can be approximated 10 tyqq, and uyq, satisfies

Ugd | cosd
[ugq] = Eo [sin(S] '

To substitute 2,4, into (3) and (4), (13) is transformed to (A2)

(AD)

first
igd Gy Gy Uy d
: = G
[qu] 1u(8) [—Gg Gl} {urq]
Gy G ugd}
- A2
{_GQ Gl] [ugq (A2)
where
G, = ZD (8)
' [ZD (S)P + [le,‘Gclu (S) + CULQP
Gy = WLy Gepu(5) +wly 43

[ZD (S)]2 + [WL’uGclu (3) + WLKIP .

Instantaneous active power calculated with inverter current is
basically equal to the active power calculated with grid current.
However, reactive power calculated with inverter current is the
sum of reactive power calculated with grid current and reactive
power of filter capacitor. Therefore, by substituting (A1) and
(A2) into (3) and (4), and facilitating the result with w, = F
and u,, = 0, it can be obtained that

Pl  wy G1cosd + Gosind
{Q} o s+wa0 <G‘Zl“(s){—G1 siné—&—GQcosé}E

G 0
“ala]ml])

(A4)
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By linearizing (A4), (15), and (16), the following small-signal
representations are achieved:

AE| |k, 0 AQq AQ
)=l (57 -[52])
AP| |B1 ByE AFE
AQ|  |By —BiEy||AS
where A denotes the perturbed value, g is the initial phase
angle and B; and B, are

(AO6)

B = wr EyGep (8)(Gy cos by + Go sindy)
i (A7)
BQ = EUGclu (S)(*Gl sin 50 -+ Gg COS 5()).

S+ wy
Substituting (AS) into (A6), (A8) can be obtained:

1
[AP] _ | BeE0 kB ({APO} [APD
pr— 1 - .
AQ ~ky=BiEy KBy AG] |AQ
(A8)
Finally, the active power—frequency droop and reactive

power—voltage magnitude droop closed-loop transfer functions
can be manipulated as

AP
Gye(s) =
' APy AQo=0
_ k, By Ey + kyk,FEo(B3 + B})
(1 + quz)S + kpBQEO + kpquo(Bg + B%)
(A9)
AQ
Gye(s) =
! AQo APy=0

quQS + kpqu()(Bg -+ B%)
(1 + k?qBQ)S + kpBQEO + ]fpquo(Bg + B%) '

(A10)
APPENDIX B
SMALL-SIGNAL MODEL IN IS MODE
The state variables are defined as
Xinv = [5 P Q ¢d(1 Vdq iqu Uedg igdq ]T
(A11)
where i}, is the reference of inner current loop and
d(bdq o
dt = Urdq — Updq — Uecdgq
d . .
% = % 4y — iLda- (A12)

And according to [28], the state-space model for each inverter
can be obtained

A)(inv = Ainv A)(inv + BinVAugDQ + CinvAwPCC
(A13)
where Auyp¢ denotes the deviation of the PCC voltage in the
common reference frame, and Awpcc denotes the frequency
deviation of the common reference frame.
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The load model can be obtained as (A14) according to Fig. 7
(Note that the power stage parameters are basically the same as
Table I except that R;; = 0.164 2 and L, = 0.45 mH.)

AiLoadDQ = HILoadAiLoadDQ + FILoadAugDQ

+ ClLoad Awpcc (Al14)

where Air,.apq denotes deviation of the load current in the
common reference frame, I,po1 and I;pg2 denote the steady-
state value of grid-side current in inverter 1 and inverter 2, Ry oaq
and Ly,,,q are the load and

_ _RLOH(I /LLoad wo
o = |:—LU() _RLm\d /LLmul '
1 I I
Fliua = 770Load = |: 9?1 + 9?2 :| . (A15)
LLoad —1LgD1 — LgD2

Finally, following the modeling approach in [28], the com-
plete system model can be obtained:

—
—

]

[2]

[3]

[4]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

A)(invl A)(invl
AXinv? - Asys A)(inv2 (A16)
Air,0adDQ Air,6adDQ
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