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Abstract—TIn islanded microgrids, the harmonic power of non-
linear loads is distributed among parallel voltage source inverters
(VSIs) according to the effective harmonic impedances, i.e., the
sums of VSI output impedances and grid impedances. Since grid
impedances are unknown and could be mismatched, VSI output
impedances are usually reshaped to ensure the harmonic power
sharing accuracy. However, as conventional techniques only reg-
ulate VSI output impedances in one dimension, only one degree
of freedom is provided for the impedance shaping. It is revealed
that such maneuvers can hardly fulfill the proper harmonic power
sharing requirement under complex grid impedance situations. As
a result, circulating harmonic currents will occur and produce ad-
ditional power losses even if the total harmonic power has been
accurately shared. To solve this problem, this paper proposes a
two-dimensional impedance-shaping control, which can adaptively
regulate VSI output resistances and inductances at the same time.
The proposed control strategy requires no prior grid impedance
knowledge and can eliminate the circulating harmonic currents for
arbitrary grid impedances. Simulation and experimental results
from an islanding microgrid prototype with three parallel VSIs
are provided to validate the effectiveness of the proposed method.

Index Terms—Distributed consensus control, droop control, har-
monic power sharing, impedance-shaping control, islanded micro-
grid, parallel inverters.

1. INTRODUCTION

ECENT advances in power electronics technologies have

facilitated the integration of distributed generations (DGs)
and made it possible for microgrids to run autonomously during
main grid faults. In the islanded operation mode, microgrid
power balances are usually maintained by multiple DGs through
interfaced voltage source inverters (VSIs) [1], [2]. An important
aspect is that the total load powers are expected to be properly
shared among parallel VSIs according to their power ratings. To
achieve this target, the real power—frequency (P—f) droop and
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the reactive power—voltage magnitude (Q—V) droop are widely
implemented in the power-control loop of a VSI [3]-[7].

Although conventional P—f and Q—V droops can always en-
sure the real power sharing accuracy, the reactive power sharing
inaccuracy inevitably exists due to mismatched grid impedances
and voltage sensor errors [8]. An intuitive solution is to reshape
VSI output impedances through the virtual impedance concept
[9], [10]. In [11], the grid impedance mismatch is ameliorated
by tuning the virtual impedance value inversely proportional
to the VSI power rating. However, such a passive compensa-
tion requires the virtual impedances to be much larger than grid
impedances. Therefore, a compromise has to be made between
the reactive power sharing accuracy and the voltage magnitude
deviation. Alternatively, the reactive power sharing accuracy can
be enhanced by adaptively regulating VSI output impedances
through centralized or distributed control algorithms [12]-[16].
With the assistance of low-bandwidth communications, the fun-
damental power sharing error can be readily eliminated through
proportional-integral (PI) controllers.

On the other hand, the extensive use of nonlinear loads also
introduces harmonic currents. Such harmonic currents may trig-
ger the current protection or lead to overloads of VSIs if they are
poorly shared. It has been widely accepted that the conventional
droop control only takes effect at the fundamental frequency and
has little influence on the harmonic power sharing performance.
According to the analysis in [17], the harmonic currents are dis-
tributed among parallel VSIs according to the effective harmonic
impedances, i.e., the sums of VSI output impedances and grid
impedances. Therefore, the harmonic power sharing issue can be
similarly addressed by reshaping VSI output impedances at se-
lective harmonic frequencies. In [18]-[20], large VSI harmonic
impedances are implemented to attenuate grid impedance mis-
matches. However, the point of common coupling (PCC) voltage
is highly distorted due to considerable harmonic voltage drops
across VSI output impedances. On the contrary, negative vir-
tual impedances are also utilized to share the harmonic power
while maintaining a good PCC voltage quality in [17], [21]-[23],
whereas prior grid impedance knowledge is normally required.
To further enhance the harmonic power sharing performance,
VSI output impedances are adaptively regulated according to
the delivered harmonic power in [24]-[28]. In specific, a har-
monic conductance-harmonic var (G—H) droop is developed in
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[24] to link the VSI harmonic impedance with the delivered
harmonic power, while similar effects are achieved either by the
harmonic impedance controller (HIC) in [27] or by the current-
feedforward control in [28].

Although the above-mentioned techniques are employed in a
fully decentralized manner, the harmonic power sharing error
cannot be eliminated. To overcome this drawback, a disturbance
term associated with the harmonic power is added to the conven-
tional P—f droop in [29], and VSI output impedances are period-
ically updated based on the transient real power variation. Such
an online impedance-shaping strategy can ensure the harmonic
power accuracy without acquiring prior grid impedance knowl-
edge. Additionally, harmonic sharing and filtering functionali-
ties are simultaneously achieved by feeding the PCC harmonic
voltage to local VSI controllers in [30], [31]. Since the PCC
harmonic voltage can be modulated to corresponding dc com-
ponents through the Park transformation, only low-bandwidth
communications are required for the signal transmission. Con-
sidering that the phase angles used for the Park transmission may
vary for different VSIs, an additional GPS synchronization unit
is adopted in [32] to further improve the controller accuracy.
Moreover, a centralized harmonic power sharing algorithm is
reported in [33], where VSI harmonics impedances are dynam-
ically shaped based on the information provided by a microgrid
central controller (MGCC). To avoid a centralized structure and
improve the system reliability, a distributed consensus control
protocol is also developed in [34], and the harmonic power
sharing issue has been well addressed.

Nevertheless, problems arise for low-voltage (LV) microgrids
with complex grid impedances. As the previous impedance-
shaping techniques solely regulate the resistive or inductive part
of VSI output impedances, only one control degree of freedom
(DOF) is provided for the impedance shaping. Such maneuvers
can hardly fulfill the proper harmonic power sharing require-
ment that the effective harmonic impedances should have the
unified impedance angle and magnitude. Failure of meeting such
arequirement would generate addition circulating harmonic cur-
rents among parallel VSIs, even if the harmonic power has been
accurately shared.

To fill in the research gap, this paper proposes a two-
dimensional impedance-shaping control to enhance the har-
monic power sharing performance under complex grid
impedances situations. In specific, both the resistive and the in-
ductive parts of VSI impedances are adaptively shaped through
a distributed consensus control algorithm. As a result, the har-
monic power sharing accuracy is ensured, and circulating har-
monic currents are also eliminated. Compared with the existing
techniques, the proposed control strategy is widely applicable
to any grid impedance situations, even for the worst case that
grid impedances are mismatched both in the magnitude and in
the impedance angle [35], [36].

This paper starts with a brief introduction of the harmonic
power sharing principle. The problem of improper harmonic
power sharing under complex grid impedance situations is then
formed by analyzing the VSI effective impedances in the com-
plex impedance plane, and the proposed control strategy will
also be elaborated in detail. Finally, the effectiveness of the
proposed control strategy is validated through simulation and
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Fig. 1. Schematic of an inverter-based islanded microgrid with multiple
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Fig. 2. Equivalent model of an islanded microgrid at the hth-order harmonic
frequency.

experimental results from an islanded microgrid prototype with
three parallel VSIs.

II. PRINCIPLE OF HARMONIC POWER SHARING

Fig. 1 shows a typical islanded microgrid with n parallel VSI
units cooperatively supply power to the PCC loads. L; and
Cy are the filter inductor and capacitor, which are normally
adopted to attenuate high-frequency switching harmonics. L,
and R, are the grid inductance and resistance, respectively, and
their values vary with the system voltage level, the transmission
line length, and the type of electrical wires. In the steady state,
the real, reactive, and harmonic power consumed by the PCC
loads are expected to be proportionally shared among multiple
VSIs according to their power ratings.

To analyze the harmonic power sharing principle, the system
equivalent model is established at the Ath-order harmonic fre-
quency (w = hwy, where w is the fundamental frequency).
Fig. 2 shows the system equivalent model, where the non-
linear load is represented by a harmonic current source i”,
while the VST is modeled as a harmonic impedance Z, (hwy) =
R, + jX,(hwy) in its Thevenin’s form [28]. The magnitude
and impedance angle of Z, (hwy ) is mainly determined by filter
parameters as well as the controller design.

According to Kirchhoff’s voltage law, harmonic currents of
the nonlinear load are distributed among parallel VSIs according
to grid impedances and VSI harmonic impedances

’Uh'

it = . (1)
Rgi + Roi +.7Xgi(hWO) +]ij(th)
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where R,; and X,; (hwg) are, respectively, the resistance and
reactance (when w = hwo) of VSIi, zfl is the hth-order harmonic
current of VSIi, and vp( . 1s the hth-order PCC harmonic voltage.
The VSI effective impedance is defined as the sum of the grid

impedance and the VSI output impedance [17]
Zei(hw()) = Rgi + Roi, +.7Xq1 (th) + oni (hWO) . (2)
N——
Re; JXei

Combining (1) and (2) yields

ol

-h pcc
i = —————F—. 3
" Rei + jXei(hwo) ©)
According to the IEEE Std. 1459-2010, the ith-order apparent
harmonic power H h"can be calculated as [37]

1

where Vof is the fundamental voltage magnitude, and I” is the

hth-order harmonic current magnitude. From (3) and (4), the

hth-harmonic power of VSIi is expressed as
v ot ‘

H-h _ 0 . pcc )
" 24| R 4 j Xei(hwo)]

®)

In order to proportionally share the harmonic power according
to VSI power ratings, the following condition needs to be met

SiN . ‘Rs’z +.lei (th)|
= OjN - |R5j +jX€j(th)| VZ,] S (1,2, - ,Tl) (6)

where Sy is the rated power of the VSI. However, even if (6)
has been satisfied, there may still exist circulating harmonic cur-
rents among VSIs. The hth-order circulating harmonic current

Analysis of the improper harmonic power sharing caused by mismatched effective harmonic impedances.

between VSIi and VSIj is given by

h ih
-h 2 Zj
ZZ] SZN SJN ( )
h h
’Lh _ Upce - Upee .
Y Sin  [Rei + i Xei(hwo)]  Sjn - [Rej 4 5 Xej (hwo)]

®)

From (8), the circulating harmonic currents can be eliminated
under the condition that

Sin - [Rei + 7 Xei(hwo)] = Sjn - [Rej + 7 Xej(hwo)].  (9)

A comparison indicates that the condition in (9) is more strin-
gent than that in (6), since it not only ensures the harmonic
power sharing accuracy, but also guarantees that VSI harmonic
currents are exactly in phase with each other. Nevertheless, such
a condition can hardly be satisfied in practical situations due to
grid impedance mismatches.

Fig. 3 analyzes the improper harmonic power sharing re-
sults caused by mismatched effective harmonic impedances.
For simplicity, two parallel VSIs (namely VSIi and VSIj) with
equal power ratings are considered. The conclusions, however,
can also be extended to multiple parallel VSIs with different
power ratings. Initially, effective harmonic impedances Z.; and
Z.; have the same impedance angle but different magnitudes in
case 1 (8, = 0;, |Zi| # | Zc;).

i" is unequally distributed between VSIi and VSIj. For case 2,
Z; and Z.; have the same magnitude but different impedance
angles. Consequently, harmonic current 7/ is lagging behind z?
since Z,; has a higher X/R ratio as compared to Z, ;. In addition,
the circulating harmonic current is not eliminated (i —zh #0),
although the harmonic power has been equally shared between
the two VSIs. Such improper harmonic power sharing can
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Fig. 4. Conventional impedance-shaping controls with only one DOF.
(a) Inductance shaping. (b) Resistive shaping.

produce additional harmonic power, as the sum of |i”| and |i
is even larger than | |. Finally, a more generalized scenario is
considered in case 3, where the effective impedances Z.; and
Z.; are mismatched both in the magnitude and in the impedance
angle. The harmonic power sharing performance is poor not only
because the total harmonic current is unevenly distributed, but
also additional harmonic power has been produced.

To enhance the harmonic power sharing accuracy, impedance-
shaping controls can be utilized to modify the VSI effective
impedances at selective harmonic frequencies. However, as con-
ventional techniques only regulate VSI output impedances in
one dimension, the requirement for proper harmonic power
sharing can hardly be fulfilled if grid impedances are complex.
Fig. 4 illustrates the principles of one-dimensional impedance-
shaping controls. In Fig. 4(a), the inductive parts of VSI out-
put impedances are reshaped to enhance the harmonic power
sharing performance. In the steady state, the harmonic power is
accurately shared as the rated effective impedances S; y Z.1 and
Son Zeo are located on the orbit of a quarter circle. However,
the impedance angle difference A# still exists, and hence leads
to circulating harmonic currents. A similar result can be found
in Fig. 4(b), where the resistive parts of VSI output impedances
are reshaped. The reason for such improper harmonic power
sharing is that the effective impedances of VSIs, which are two-
dimensional phasors in the complex impedance plane, cannot be
equalized if only one control DOF is provided for the impedance
shaping.

h
i

III. PROPOSED CONTROL STRATEGY

To solve this issue, a two-dimensional impedance-shaping
control is proposed in this paper, and the control block diagram
is depicted in Fig. 5.

As shown in Fig. 5, the overall controller contains an inner-
loop voltage controller and outer-loop impedance-shaping
controllers. The outer-loop impedance-shaping controllers
are designed to ensure the harmonic power sharing accuracy
by adaptively regulating the VSI resistance value R; and the
inductance value L;, while the inner-loop voltage controller is
adopted to eliminate the reference voltage tracking error. Gy (s)
consists of multiple band-pass filters, which can be expressed as

Z khQOJ(Q)

) 2, 2"
s khwy - s + h2w,
h=1,3,5,7... + 05+ 0

Gy(s) = hwy (10)
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Fig. 6. System and control block diagram of the inner-loop voltage controller.
At selective harmonic frequencies (s = jhwy), the reference
voltage vyor (jhwy) can be written as

Vret (Jhwo) = o (jhwo) - Gf(jhwo) Ly —io(jhwo) - R;.
(11)
Given that the voltage controller is well designed and
can accurately track wv.. (jhwo) at selective harmonic

frequencies, i.e.,
Vo (jhwo) = Vret (jhwy). (12)

According to (11) and (12), the VSI output harmonic
impedance can be expressed as

. v, (jhwo) .
Zy(jh =———> =—-G¢(jh L+ R; 13
(] WO) _io(jhwo) f(j w()) + ( )
kh?w?
Zy(jhwy) = —hwy - ———>— . L; + R; 14
(Jhwo) “0 T gjhan T (14)
Zo(jth) = jth . L,‘ + R, (15)

The above-mentioned analysis indicates that a properly de-
signed voltage controller can ensure that the VSI inductance
and resistance are regulated as the desired values L; and R;,
respectively.

A. Design of the Inner-loop Voltage Controller

As mentioned previously, the inner-loop voltage controller
should be properly designed so that v,.s can be accurately
tracked at selective harmonic frequencies. To achieve this target,
a repetitive-based voltage controller is designed and shown in
Fig. 6.

In Fig. 6, 2~V is the time delay unit, where N is the number
of samples in one fundamental period. Q(z) is a low-pass filter,
which is normally employed to improve the repetitive control
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system robustness. z* is the time advance unit. k, is the repetitive
controller gain and k. is the current controller gain. Notice that
the voltage controller design for single-phases VSI is discussed
in the following, whereas the voltage controller design for three-
phase VSIs can be found in [38] and [39].

The first step is to design the current controller gain k.. By ap-
plying the capacitor current-feedback control, the compensated
LC filter plant transfer function and the corresponding damping
ratio can be approximated as [40]

ke
Gl = L o kst (16)
_ ke G
£=3 I (17)

From (17), gain k. is tuned so that the damping factor &
equals 0.707 (a very typical value for second-order systems).
Note that the system delay z'! is not considered in (16) for sim-
plicity, but cannot be ignored when analyzing the closed-loop
system stability. Taking the digital delay into account, the dis-
crete closed-loop transfer function from 7., to v, is derived as

1 1
“Zzoh (m)
G,(2) = L :
(%) ) Crs
1 + k‘CZ . Zzoh 7[/}’0]’52"’1

Based on (18), the closed-loop transfer function from v, to
v, can be obtained as

kez™

(18)

k. G,(2)2"
N —Q2) + k. Gy(2)24
According to (19), the voltage control loop is stable if all roots
of the denominator are placed inside the unit circle centered

at the origin of the z-plane. Usually, a sufficient condition is
employed for evaluating the stability [41], which is written as

|Q(z) - ker(z)zk| <1 Vz=e“l 0<uwl, <7 (20)

Gey(2) =

19)

where 75 is the sampling frequency. It is clear that the inequality
in (20) is solvable only if the condition

L= Q)] < ke Gy (eT)

<1+1[Q(e™)],

holds. In order to satisfy the above-mentioned condition, the
value of k, should be within a certain range

1+ |Q(ej“'T‘)
Gy (eT)

In this paper, the low-pass filter Q(z) is designed as Q(z) =
0.25z+ 0.5 + 0.25/z with a cutoff frequency of 3.63 kHz, and the
detailed inner-loop control parameters are provided in Table I.

Taking both the stability and the dynamic response into ac-
count, the repetitive control gain k, is selected as 0.2 in order
to reach a good compromise between the two aspects. The last
step is to ensure the system stability by properly designing
the time advance unit z*. Fig. 7 shows the Nyquist locus of
Q(2)-k,G,(2)2z* with different k. It can be observed that the

0<wIy <m (2D

0<k < ; 0 SwTy <. (22)
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TABLE I
PARAMETERS FOR THE INNER-LOOP VOLTAGE CONTROLLER

Parameters Symbols Values
DC-link voltage Uy 140 V
AC voltage magnitude Ey 100 V
Nominal frequency Jfo 50 Hz
Filter inductance Ly 0.5 mH
Filter capacitance Cr 40 uF
Switching frequency [ 20 kHz
Sampling frequency f 20 kHz
Number of delay units N 400
Current control gain ke 5
Repetitive control gain k, 0.2
Number of advance units k 4
1 =
-~
0.8 P 7
) 0.6 P
" 0.4}/ —_—k=2
<02 —k=3
§ 0 k=4
2 k=5
<—0.2 — k=6
= 04\
0. —_—k=17
\
—0.6] \
-0.8 N
-1 ~ — _
-1 —0.5 0 0.5 1 1.5
Real Axis
Fig. 7. Nyquist plot of Q(z)—k, G ()" with different k.

stability condition is satisfied when 3 < k < 6, as all roots are al-
ways located inside the unit circle. In order to obtain the largest
stability margin, the time advance integer k is selected as 4.

B. Principle of the Impedance-Shaping Controllers

To guarantee the harmonic power sharing accuracy and
eliminate the circulating harmonic currents, a two-dimensional
impedance-shaping control is adopted to adaptively regulate the
VSI resistance and inductance. As shown in Fig. 5, the R-axis
impedance-shaping control is implemented to ensure the low-
est order harmonic power sharing accuracy (in this paper, the
third-order harmonic power is considered as the lowest order
harmonic power), and the value of R; is determined by the
distributed consensus control algorithm

if
Sin

ki < H?
Jj=1
where a;; is the element of the communication matrix. a;; = 1
means VSIi is communicating with VSI j, while a;; = 0 indi-
cates that no information is exchanged between VSIi and VSIj.
H} and H? are the third-order harmonic powers of VSIi and
VSIj, respectively. kq is the integral gain, and it determines
the convergence rate of the harmonic power sharing. In the
meanwhile, the L-axis impedance-shaping control is also im-
plemented to provide an additional DOF for the impedance

(23)
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Fig. 8.  Principle of the R-axis impedance-shaping control. (a) Original case.
(b) Transient performance. (c) Steady-state performance.

shaping, and the value of L; is determined as

k n I total [ total
L,L' = 4. Q; i L — J 24
Htotal _ Z H}z (25)
h=3,5,7,...

where H{°**! and H{°**! are the total harmonic powers of VSIi
and VSIj, respectively. To avoid the control conflict and de-
couple the R-axis and L-axis impedance-shaping controls, the
integral gain k, should be tuned much smaller than the integral
gain k, so that the dynamic response of the R-axis impedance-
shaping control is much faster than that of the L-axis impedance-
shaping control.

The principle of the proposed control strategy is briefly
illustrated by plotting VSI effective impedance trajectories in
the complex impedance plane. Fig. 8 shows the VSI resistance
regulation process, during which the influence of the L-axis
impedance-shaping control is not considered due to its slow
dynamic response. For the original case shown in Fig. 8(a),
the third-order harmonic power is not proportionally shared
among VSIs due to the effective impedance mismatch. When
the R-axis impedance-shaping controller is implemented in
Fig. 8(b), the resistance of a VSI will increase if its rated
third-order harmonic power is larger than the neighboring
average value, and will decrease in the opposite scenario. A
consensus will be finally reached and makes the third-order
harmonic power proportionally shared among parallel VSIs
according to their power ratings. In the steady state, the VSI
effective inductances and resistances shall satisfy the following
condition

|Si1\’Rei +jSiN3w0Lei| =C (VZ € 1727...711) (26)
where C is a constant for all VSIs. The constraint in (26) is also
illustrated in Fig. 8(c), where all the VSI effective impedances
(for the third-order harmonic) are located on the orbit of a
quarter circle.

From (26), the relationship between the effective resistances
and the effective inductances can be expressed as

Siv Res = \/C? — (3Sinwn i)’ @7)

b Sin - SLL’I AOiN- SLL’I 45 SLzl
\14'7(»(1 Sael Sz J70
N
.\‘éiwu Q 57500 %y 57500 R
O
Q o)
S=73m0 s =730 % S =730
2 Loy ¥
VSIl "o \ VSIT ~ogq KO @,
VSE2 7NN VS
Q o
] VSIn
VSin VSiIn
0 Sl:\" R; 0 S,N R; 0 Sl/’\" 'Rel
(a) (b) ©
Fig. 9. Principle of the L-axis impedance-shaping control. (a) Original case.

(b) Transient performance. (c) Steady-state performance.

For higher order harmonics, the magnitude of the VSI rated
effective impedance can be calculated as

Sin - | Zei(Jhwo)| = \/(SiNR(ii)z + (SinhwoLe; ) (28)

Sin | Zei(jhwo)| = \/O2 + (h? = 32) - (SinwoLei ). (29)

From (5) and (25), the rated total harmonic power of VSIi is
calculated as

H.tm"‘ﬂ Vf . U})’.

5-7 - Z 2.8 ‘0 Z‘ I)(;C)Lw )| 0
' h=3,5,7,9,... iN el 0

H,total Vf ' |Uh |
v — Z 0 bee .
Sin ) ; — :

h=35.7.9.... 21/ C?* + (h* — 32) - (Sinwo Lei)
(31)

Equation (31) indicates that the rated total harmonic power
H}"tal /Sin is a monotonic decreasing function of S;y L;.
In other words, the rated total harmonic power of a VSI will
decrease if its rated effective inductance increases, and vice
versa. With this principle, the L-axis impedance-shaping con-
trol can be used to equalize the rated effective inductances for
all VSIs.

Fig. 9 shows the VSI inductance regulation process, during
which the fast R-axis impedance-shaping control always en-
sures the third-order harmonic power sharing accuracy. In Fig.
9(a), although the third-order harmonic power has been propor-
tionally shared among multiple VSIs according to their power
ratings, the VSI effective impedances are still not equalized.
Based on the previous analysis, the L-axis impedance-shaping
control will properly regulate VSI inductance values according
to the rated total harmonic power, and the transient performance
is illustrated in Fig. 9(b). Finally, a consensus will be reached in
Fig. 9(c), and all the VSI effective impedances converge to the
unified equilibrium point.



QI et al.: 2-D IMPEDANCE-SHAPING CONTROL WITH ENHANCED HARMONIC POWER SHARING FOR INVERTER-BASED MICROGRIDS
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Fig. 10.  System equivalent circuit at selective harmonic frequencies.

In the steady state, VSI effective resistances and inductances
will be inversely proportional to their power ratings.

SINRel = SQNREQ == nNRen (32)

SINLel = SQNLGZ == nNLen~ (33)

Fig. 10 shows the system equivalent circuit at selective har-
monic frequencies. Without loss of generality, nonlinear loads
can be lumped together and equivalently modeled by multiple
parallel harmonic current sources (i3 , i7, 17 ...) [33].

According to the Superposition theorem, the Ath-order (h =
3,5,7,...) harmonic current of a VSI is derived as

Zs(jth)
(Rgi + Roi) + jhwo(Lgi + Lo;)

h _ -h
li —ZL *

(34)

where Z(jhwy) is the total harmonic impedance of parallel
VSIs. From (32) to (34), it can be obtained that

h -h -h

i 9 n
= = . 35
SnN ( )

Sin  Sav

Therefore, the hth-order load harmonic power can be ac-
curately shared among parallel VSIs according to their power
ratings. From the above-mentioned analysis, it is clear that the
power sharing is accurate at all harmonic frequencies (as long as
the inner-loop voltage control can provide the harmonic com-
pensation ability). In addition, the power sharing accuracy is
also independent of the number or the type of nonlinear loads.

C. Design of the Impedance-Shaping Controller

To properly design the impedance-shaping control gains k4
and k,, the system is linearized at the equilibrium point fol-
lowing the method in [13]. It should be mentioned that the
dynamic response of the voltage controller is not considered
for simplicity. This assumption is reasonable as the response
time of the voltage controller is much faster than that of the
impedance-shaping controllers. With this assumption, the small-
signal model of the impedance-shaping control can be estab-
lished as

. " AH3  AH?
ARZ =k - Qjj L— J 36
d ; J ( Si]\“' S/N ) ( )
. n A total A Ftotal
ALZ' =k, - Qi L — J . 37
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The plant model can also be derived as

OH} OH?
AH? = L AR, L.AL;
T2 GR AR DL Gpab
j=12,....n j=12,....n
(38)
aH_total 6H_total
total __ E i ) § : ) . )
AHi B . aR] ARJ+ 8LJ ALJ
j=12,...n j=12,..n
(39)

Combing the controller model and the plant model together,
the linearized system state-space model can be derived as

&(t) = Ajno - z(t). (40)

where the state variables are x = [AR;, ARs,..., AR,,
ALy, ALy, ..., AL,]. The detailed expression of the matrix
A, is provided in the appendix for reference. It has been
widely accepted that the system dynamic and stability can be
reflected by the dominant eigenvalues of the matrix Aj;,,. Fig.
11 shows the dominant eigenvalue loci when k, = 0.01, and &,
increases from 50 to 150.

In Fig. 11, it can be observed that the increase of k; mainly
influences the eigenvalues A3 and X4, which are related to the
fast R-axis impedance-shaping control. In order to guarantee a
satisfactory control performance, the communication sampling
rate (20 Hz in this paper) should be at least 5—10 times higher
than the bandwidth of the R-axis impedance-shaping control.
Therefore, k,; is selected as 100.

Fig. 12 shows the loci of dominant eigenvalues when kg =
100, and £k, increases from 0.005 to 0.015. It is clear that the
increase of kK, mainly influences the eigenvalues A; and Ao,
which are related to the slow L-axis impedance-shaping con-
trol. The value of &, should be properly designed so that the dy-
namic response of the R-axis impedance-shaping control is well
decoupled with that of the L-axis impedance-shaping control.
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Fig. 13.

Circuit configuration for the experimental verification.

Fig. 14.  Laboratory setup for the experimental verification.

In other words, A3 needs to be at least 5-10 times larger than
A2. With this consideration, the value of k, is selected as 0.01
in this paper.

IV. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed control
strategy, an islanded microgrid prototype was also constructed
in the laboratory. Fig. 13 shows the circuit configuration, where
three parallel H-bridge single-phase VSIs are connected to
the PCC through grid impedances. To guarantee the system
reliability, each of the VSI can communicate with both
neighbors through low-bandwidth communication links (20 Hz
bandwidth).

Fig. 14 shows the photo of the laboratory setup, and all the
digital controls and samplings are processed by a PLECS RT
box. In this paper, five different cases have been studied and
tested, i.e., case A equal power sharing, case B proportional
power sharing, case C line impedance change, case D multiple
nonlinear loads, and case E loss of communication links.

A. VSIs With Equal Power Ratings

In the first case, all the three VSIs have the same power ratings
(S1n = Sony = S3y = 1000 VA), and the experimental result
is shown in Fig. 15. Initially, the harmonic load power sharing
is poor when the proposed control strategy is not implemented.
As a result, VSI output currents are quite different from each
other. At #1, the proposed impedance-shaping control is enabled,
and VSI output currents are gradually equalized in the steady
state. Table II shows the current fast Fourier analysis result.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 11, NOVEMBER 2019

h
Ali "

Vpee [100V/div] |
— ol [2A/diV]

1—  io2 [2A/div]
— o3 [2A/div]

TELEDYNE LECROY

| I ] [2s/div]
{ Zoom-in \ Zoom-in

N RA/V] 7 i3 [2A/div] A lol, 102, 103 [2A/div]
. A VA '
02 [2A/div] [Sms/div] [Sms/div]

Fig. 15.  Experimental result when all three VSIs have the same power ratings.

When the proposed control strategy is not implemented, the
sum of VSI harmonic current magnitudes is even larger than the
total load harmonic current magnitude, indicating that additional
harmonic power has been produced. In contrast, the proposed
control strategy can effectively enhance the harmonic power
sharing performance. Moreover, as the VSI effective resistances
and inductances are reshaped to be inversely proportional to their
power ratings, the fundamental power sharing performance is
also improved.

B. VSIs With Different Power Ratings

In this case, the power ratings of the three VSIs are not the
same (Soy = 2571y = 2535 = 2000 VA). Therefore, the total
load power is expected to be proportionally shared among paral-
lel VSIs. Fig. 16 shows the experimental result, and the proposed
control strategy is enabled at #,. In the steady state, all the VSI
output currents are exactly in phase with each other, but the
magnitude of 7,5 is twice as much as that of 4,7 and 7,3.

Table III shows the current fast Fourier analysis result with
and without the proposed control strategy. It is clear that the
harmonic power can be proportionally shared according to the
power ratings. Notice that a small fundamental power sharing
error may still exist, which is mainly caused by the voltage
Sensor measurement errors.

C. Change of the Line Impedance

The effectiveness of the proposed control strategy under vari-
able line impedances has been verified in this section, and Fig.
17 shows the experimental result. The line resistance of VSI1
gradually changes from 1.3 to 2.3 Q right after #;. As a re-
sult, the instantaneous power sharing is not accurate, as 7,1 is
less than 7,5 and i,3. Nevertheless, the influence of the line
impedance change has been gradually ameliorated by the pro-
posed impedance-shaping controller. In the steady state, it can
be observed that all the VSI output currents are equalized again.
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TABLE II
CURRENT FFT ANALYSIS RESULT
Without the proposed control (A) With the proposed control (A)
Harmonic order st 3rd S5th 7th 9th 1st 3rd Sth 7th 9th
Vsl 0.86 0.43 0.31 0.18 0.09 1.14 0.42 0.29 0.15 0.07
vsi2 1.46 0.60 0.44 0.23 0.06 1.25 0.42 0.28 0.16 0.06
VSI3 1.38 0.33 0.17 0.08 0.02 1.29 0.42 0.29 0.15 0.05
Total load current 3.69 1.27 0.86 0.46 0.17 3.68 1.26 0.86 0.45 0.18
TABLE III
CURRENT FFT ANALYSIS RESULT
Without the proposed control (A) With the proposed control (A)
Harmonic order Ist 3rd 5th 7th 9th Ist 3rd Sth 7th 9th
vsi 091 0.43 0.31 0.18 0.09 0.82 0.32 0.23 0.12 0.05
VSI12 1.36 0.60 0.44 0.23 0.06 1.88 0.64 0.44 0.22 0.08
VSI3 1.42 0.33 0.17 0.08 0.02 0.98 0.32 0.22 0.11 0.04
Total load current 3.69 1.27 0.86 0.46 0.17 3.68 1.27 0.88 0.45 0.16
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Fig. 16.  Experimental result when VSIs have different power ratings.
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Fig. 18.  Experimental result for multiple nonlinear loads.

D. Multiple Nonlinear Loads

Next, the experimental result in the presence of multiple
nonlinear loads is also provided and shown in Fig. 18.
Originally, only the first nonlinear load (NL1) is connected at
the PCC. At 1, the second nonlinear load (NL2) is also added
and the total harmonic currents increase. For both cases, the
proposed impedance-shaping control can ensure the harmonic
power sharing accuracy, and VSI output currents are equalized
in the steady state.

E. Loss of Communication Links

The reliability of the proposed control strategy has also been
verified under the case of communication failures. First, a single
communication link failure is considered, and the experimental
result is shown in Fig. 19.

In Fig. 19, the communication link between VSI2 and VSI3
is lost at ;. The second nonlinear load is added at 2 and then
removed at £3. Clearly, the power sharing effectiveness is not
influenced by the communication link failure between VSI2 and
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Fig. 20.  Experimental result under multiple communication link failures.

VSI3, since the overall communication topology still maintains
a spanning-tree configuration. Therefore, VSI output currents
are equalized in the steady state.

Next, the worst case has been considered that multiple com-
munication failures occur simultaneously. Fig. 20 shows the
corresponding experimental result. At #;, the communication
link between VSII and VSI3 is also lost. The second nonlinear
load is added at #» and then removed at 3. It can be found out that
the power sharing effectiveness is still maintained even for the
worst case. Although multiple communication failures have iso-
lated VSI3 in the communication graph, the impedance-shaping
process has already been finished before #;. As a result, the har-
monic power sharing accuracy will not be influenced unless the
microgrid configuration is changed.

V. CONCLUSION

In this paper, the improper harmonic power sharing issue
caused by mismatched grid impedances is analyzed. To enhance
the harmonic power sharing accuracy and eliminate circulat-
ing harmonic currents, a two-dimensional impedance-shaping
control has been developed. The proposed control strategy is
based on the distributed consensus control algorithm and can
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provide an additional DOF for the impedance shaping. As a
result, the proper harmonic power sharing result is guaranteed,
and immunes from complex and mismatched grid impedances.
The feasibility of the proposed control strategy has been verified
by a typical islanded microgrid with three parallel VSIs and can
be further extended for multiple-VSI scenarios.

APPENDIX

The detailed expression of matrix A;,,,, in (40) is given by

A, _ [AB1 AB;
e A2B3 A2B4
where
r Qjj —Qip T
j=12,....n SIN SnN
Al =k
—ap1 Anj
L SnN j=1.2,..n SnN_
B Z Qj —dain
jotan SN Sny
Ay =k, -
—ap1 Anj
L SnN j=1.2,....n SnN_
[OH]} OH;} OH;} OH}
ORy R, 0L, oL,
B, =| . By, = ...
OH} OH} OH? OH}
LOR, R, 0L, oL,
-aHfotal 8H{Otal ]
ORy OR,
B; =
aHtotal 8Htotal
L ORy OR,
-aHfotal aH{otal ]
0L, oL,
B, =
6Htotal 8Htotal
L 0Ly oL,
REFERENCES

[1] J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of power
converters in AC microgrids,” IEEE Trans. Power Electron., vol. 27,
no. 11, pp. 4734-4749, Nov. 2012.

J. C. Vasquez, J. M. Guerrero, A. Luna, P. Rodriguez, and R. Teodorescu,
“Adaptive droop control applied to voltage-source inverters operating in
grid-connected and islanded modes,” IEEE Trans. Ind. Electron., vol. 56,
no. 10, pp. 4088-4096, Oct. 2009.

Q. C. Zhong, “Robust droop controller for accurate proportional load
sharing among inverters operated in parallel,” IEEE Trans. Ind. Electron.,
vol. 60, no. 4, pp. 1281-1290, Apr. 2013.

(2]

[3]



QI et al.: 2-D IMPEDANCE-SHAPING CONTROL WITH ENHANCED HARMONIC POWER SHARING FOR INVERTER-BASED MICROGRIDS

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. M. Alcala, L. G. De Vicuna, J. Miret, and J. C. Vasquez, “Virtual
impedance loop for droop-controlled single-phase parallel inverters using
a second-order general-integrator scheme,” IEEE Trans. Power Electron.,
vol. 25, no. 4, pp. 2993-3002, Jan. 2011.

J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. De Vicuiia, and M. Castilla,
“Hierarchical control of droop-controlled AC and DC microgrids—A gen-
eral approach toward standardization,” IEEE Trans. Ind. Electron., vol. 58,
no. 1, pp. 158-172, Jan. 2011.

Y. Han, H. Li, P. Shen, E. A. A. Coelho, and J. M. Guerrero, ‘“Review
of active and reactive power sharing strategies in hierarchical controlled
microgrids,” IEEE Trans. Power Electron., vol. 32, no. 3, pp. 2427-2451,
Mar. 2017.

H. Han, X. Hou, J. Yang, J. Wu, M. Su, and J. M. Guerrero, “Review of
power sharing control strategies for islanding operation of AC microgrids,”
IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, Jan. 2016.

H. Mahmood, D. Michaelson, and J. Jiang, “Reactive power sharing in
islanded microgrids using adaptive voltage droop control,” IEEE Trans.
Smart Grid, vol. 6, no. 6, pp. 3052-3060, Nov. 2015.

X. Wang, Y. W. Li, F. Blaabjerg, and P. C. Loh, “Virtual-impedance-based
control for voltage-source and current-source converters,” IEEE Trans.
Power Electron., vol. 30, no. 12, pp. 7019-7037, Dec. 2015.

J. He and Y. W. Li, “Analysis, design, and implementation of virtual
impedance for power electronics interfaced distributed generation,” IEEE
Trans. Ind. Appl., vol. 47, no. 6, pp. 2525-2538, Nov. 2011.

J. M. Guerrero, J. C. Vésquez, J. Matas, M. Castilla, and L. Garcia de
Vicuna, “Control strategy for flexible microgrid based on parallel line-
interactive UPS systems,” IEEE Trans. Ind. Electron., vol. 56, no. 3,
pp. 726-736, Mar. 2009.

H. Mahmood, D. Michaelson, and J. Jiang, “Accurate reactive power
sharing in an islanded microgrid using adaptive virtual impedances,” IEEE
Trans. Power Electron., vol. 30, no. 3, pp. 1605-1617, Mar. 2015.

L. Lin, H. Ma, and Z. Bai, “An improved proportional load-sharing strat-
egy for meshed parallel inverters system with complex impedances,” [EEE
Trans. Power Electron., vol. 32, no. 9, pp. 7338-7351, Sep. 2017.

H. Zhang, S. Kim, Q. Sun, and J. Zhou, “Distributed adaptive virtual
impedance control for accurate reactive power sharing based on con-
sensus control in microgrids,” IEEE Trans. Smart Grid, vol. 8, no. 4,
pp. 1749-1761, Jul. 2016.

Q. Shafiee, S. Member, J. M. Guerrero, S. Member, and J. C. Vasquez,
“Distributed secondary control for islanded microgrids—A novel ap-
proach,” IEEE Trans. Power Electron., vol. 29, no. 2, pp. 1018-1031,
Feb. 2014.

J. W. Simpson-Porco, Q. Shafiee, F. Dorfler, J. C. Vasquez, J. M. Guer-
rero, and F. Bullo, “Secondary frequency and voltage control of islanded
microgrids via distributed averaging,” IEEE Trans. Ind. Electron., vol. 62,
no. 11, pp. 7025-7038, Nov. 2015.

P. Sreekumar and V. Khadkikar, “A new virtual harmonic impedance
scheme for harmonic power sharing in an islanded microgrid,” IEEE Trans.
Power Deliv., vol. 31, no. 3, pp. 936-945, Jun. 2016.

J. M. Guerrero, L. G. De Vicuia, J. Matas, J. Miret, and M. Castilla,
“Output impedance design of parallel-connected UPS inverters,” IEEE
Int. Symp. Ind. Electron., vol. 2, no. 4, pp. 1123-1128, 2004.

D. De and V. Ramanarayanan, “Decentralized parallel operation of invert-
ers sharing unbalanced and nonlinear loads,” IEEE Trans. Power Electron.,
vol. 25, no. 12, pp. 3015-3025, Dec. 2010.

W. Yao, M. Chen, J. Matas, J. M. Guerrero, and Z. M. Qian, “Design and
analysis of the droop control method for parallel inverters considering the
impact of the complex impedance on the power sharing,” IEEE Trans. Ind.
Electron., vol. 58, no. 2, pp. 576-588, Feb. 2011.

A. Micallef, M. Apap, C. Spiteri-Staines, J. M. Guerrero, and J. C.
Vasquez, “Reactive power sharing and voltage harmonic distortion com-
pensation of droop controlled single phase islanded microgrids,” IEEE
Trans. Smart Grid, vol. 5, no. 3, pp. 1149-1158, May. 2014.

X. Wang, F. Blaabjerg, and Z. Chen, “Autonomous control of inverter-
interfaced distributed generation units for harmonic current filtering and
resonance damping in an islanded microgrid,” I[EEE Trans. Ind. Appl., vol.
50, no. 1, pp. 452-461, Jan. 2014.

A. Micallef, M. Apap, C. Spiteri-Staines, and J. M. Guerrero, “Mitiga-
tion of harmonics in grid-connected and islanded microgrids via virtual
admittances and impedances,” IEEE Trans. Smart Grid, vol. 8, no. 2,
pp. 651-661, Mar. 2017.

T. L. Lee and P. T. Cheng, “Design of a new cooperative harmonic filtering
strategy for distributed generation interface converters in an islanding
network,” IEEE Trans. Power Electron., vol. 22, no. 5, pp. 1919-1927,
Sep. 2007.

[25]

[26]

(27]

[28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

[36]

(37]

(38]

[39]

[40]

[41]

11417

T. Vandoorn, B. Meersman, J. De Kooning, and L. Vandevelde, “Con-
trollable harmonic current sharing in islanded microgrids: DG units with
programmable resistive behavior toward harmonics,” IEEE Trans. Power
Del., vol. 27, no. 2, pp. 831-841, Apr. 2012.

M. Hamzeh, H. Karimi, and H. Mokhtari, “Harmonic and negative-
sequence current control in an islanded multi-bus MV microgrid,” IEEE
Trans. Smart Grid, vol. 5, no. 1, pp. 167-176, Jan. 2014.

A. H. Yazdavar, M. A. Azzouz, and E. F. El-Saadany, “A novel decen-
tralized control scheme for enhanced nonlinear load sharing and power
quality in islanded microgrids,” IEEE Trans. Smart Grid, vol. 10, no. 1,
pp- 29-39, Jul. 2017.

P. Sreekumar and V. Khadkikar, “Direct control of the inverter impedance
to achieve controllable harmonic sharing in the Islanded Microgrid,” IEEE
Trans. Ind. Electron., vol. 64, no. 1, pp. 827-837, Jan. 2017.

J. He, Y. W. Li, and F. Blaabjerg, “An enhanced islanding microgrid
reactive power, imbalance power, and harmonic power sharing scheme,”
IEEE Trans. Power Electron., vol. 30, no. 6, pp. 3389-3401, Jun. 2015.
H. Moussa, A. Shahin, J.-P. Martin, B. Nahid-Mobarakeh, S. Pierfederici,
and N. Nazih Moubayed, “Harmonic power sharing with voltage distor-
tion compensation of droop controlled islanded microgrids,” IEEE Trans.
Smart Grid, vol. 9, no. 5, pp. 5335-5347, Sep. 2018.

X. Zhao, L. Meng, C. Xie, J. M. Guerrero, and X. Wu, “A unified volt-
age harmonic control strategy for coordinated compensation with VCM
and CCM converters,” IEEE Trans. Power Electron., vol. 33, no. 8,
pp. 7132-7147, Aug. 2018.

M. S. Golsorkhi, M. Savaghebi, D. D. C. Lu, J. M. Guerrero, and J. C.
Vasquez, “A GPS-based control framework for accurate current sharing
and power quality improvement in microgrids,” IEEE Trans. Power Elec-
tron., vol. 32, no. 7, pp. 5675-5687, Jul. 2017.

T. V.Hoang and H. H. Lee, “Accurate power sharing with harmonic power
for islanded multibus microgrids,” IEEE J. Emerg. Sel. Topics Power
Electron., Aug. 2018, doi: 10.1109/JESTPE.2018.2865207.

J. Zhou, S. Kim, H. Zhang, Q. Sun, and R. Han, “Consensus-based
distributed control for accurate reactive, harmonic, and imbalance
power sharing in microgrids,” IEEE Trans. Smart Grid, vol. 9, no. 4,
pp. 2453-2467, Jul. 2018.

T. Wu, Z. Liu, J. Liu, S. Wang, and Z. You, “A unified virtual power
decoupling method for droop-controlled parallel inverters in microgrids,”
IEEE Trans. Power Electron., vol. 31, no. 8, pp. 5587-5603, Aug. 2016.
J. He, Y. W. Li, J. M. Guerrero, F. Blaabjerg, and J. C. Vasquez,
“An islanding microgrid power sharing approach using enhanced virtual
impedance control scheme,” IEEE Trans. Power Electron., vol. 28, no. 11,
pp. 5272-5282, Nov. 2013.

IEEE Standard Definitions for the Measurement of Electric Power Quan-
tities Under Sinusoidal, Nonsinusoidal, Balanced, or Unbalanced Condi-
tions, IEEE Standard 1459-2010, 2010.

J. C. Vasquez, J. M. Guerrero, M. Savaghebi, J. Eloy-Garcia, and R.
Teodorescu, “Modeling, analysis, and design of stationary-reference-
frame droop-controlled parallel three-phase voltage source inverters,”
IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1271-1280, Apr. 2013.

M. Liserre, R. Teodorescu, and F. Blaabjerg, “Multiple harmonics control
for three-phase grid converter systems with the use of PI-RES current
controller in a rotating frame,” IEEE Trans. Power Electron., vol. 21,
no. 3, pp. 836-841, May. 2006.

S. Jiang, D. Cao, Y. Li, J. Liu, and F. Z. Peng, “Low-THD, fast-
transient, and cost-effective synchronous-frame repetitive controller for
three-phase UPS inverters,” IEEE Trans. Power Electron., vol. 27, no. 6,
pp- 2994-3005, Jun. 2012.

S. Yang, P. Wang, Y. Tang, and L. Zhang, “Explicit phase lead filter design
in repetitive control for voltage harmonic mitigation of VSI-based islanded
microgrids,” IEEE Trans. Ind. Electron., vol. 64, no. 1, pp. 817-826,
Jan. 2017.

Yang Qi (S’17) received the B.Sc. degree in elec-
trical engineering from Xi’an Jiaotong University,
Xi’an, China, in 2016. He is currently working toward
Ph.D. degree at Interdisciplinary Graduate School,
Nanyang Technological University, Singapore.

His research interests include control and integra-
tion of energy storage systems, and microgrid control.


https://dx.doi.org/10.1109/JESTPE.2018.2865207

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 11, NOVEMBER 2019

Pengfeng Lin (S’16) received the B.Sc. and M.Sc.
degrees in electrical engineering from Southwest
Jiaotong University, Chengdu, China, in 2013 and
2015, respectively. He is currently working to-
ward Ph.D. degree at Interdisciplinary Graduate
School, Eri@n, Nanyang Technological University,
Singapore.

His research interests include energy storage sys-
tems, hybrid ac—dc microgrids, and electrical power
system stability analyses.

Yu Wang (S’12-M’16) received the B.Eng. degree
from Wuhan University, Wuhan, China in 2011, and
the M.Sc. and Ph.D. degrees from Nanyang Tech-
nological University, Singapore, in 2012 and 2016,
respectively.

He is currently a Research Fellow with Nanyang
Technological University, Singapore. His research in-
terests include distributed control and optimization,
energy storage systems, and smart grids.

Yi Tang (S’10-M’14-SM’18) received the B.Eng.
degree in electrical engineering from Wuhan Uni-
versity, Wuhan, China, in 2007 and the M.Sc. and
Ph.D. degrees from the School of Electrical and Elec-
tronic Engineering, Nanyang Technological Univer-
sity, Singapore, in 2008 and 2011, respectively.

From 2011 to 2013, he was a Senior Application
Engineer with Infineon Technologies Asia Pacific,
Singapore. From 2013 to 2015, he was a Postdoc-
toral Research Fellow with Aalborg University, Aal-
borg, Denmark. Since March 2015, he has been with
Nanyang Technological University, Singapore, as an Assistant Professor. He is
the Cluster Director of the Advanced Power Electronics Research Program at
the Energy Research Institute, Nanyang Technological University.

Dr. Tang was a recipient of the Infineon Top Inventor Award in 2012, the
Early Career Teaching Excellence Award in 2017, and four IEEE Prize Paper
Awards. He is an Associate Editor for the IEEE JOURNAL OF EMERGING AND
SELECTED TOPICS IN POWER ELECTRONICS.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


