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Abstract—The coupling between the active and the reactive
power of the droop-controlled inverter is critical in the low-voltage
microgrid. The conventional virtual power-based control strategy
can decouple the active and the reactive power of the inverter,
whereas the active power of the load is probably not equally
shared among the parallel inverters in the microgrid. To tackle
this issue, this paper proposes an improved virtual power-based
control method for the droop-controlled parallel inverters with a
unified rotation angle in the power transformation. Meanwhile,
the optimal value of the unified rotation angle is rigorously de-
rived through investigating the relative stability of the system by
innovatively adopting Routh Stability Criterion. Moreover, the
proposed method is enhanced by introducing low-pass filters in
the coupling path for further mitigating the coupling between the
active and the reactive power of the inverter. Additionally, the
stability analysis and parameter design for the proposed method
are comprehensively presented. Finally, the effectiveness of the
proposed method is validated by the simulation and experimental
results.

Index Terms—Droop control, microgrid, parallel inverters,
power decoupling, virtual power.

1. INTRODUCTION

ICROGRID is an integrated energy system consisting of
M interconnected loads and distributed generations (DGs)
[1]-[6], which are usually linked to a common bus through
power electronic interfaces like inverters [2], [7], [8]. The invert-
ers are controlled coordinately to realize power sharing among
DGs. In a microgrid where communication lines are not suit-
able for information exchanges due to the distributed physi-
cal locations or to the noises along the lines, a better choice
for the coordinative control of parallel inverters is usually the
frequency- and voltage-droop control method, which is based
on the condition of the line impedance being mainly inductive
[9], [10]. Generally, this condition is available in a high- or
medium-voltage microgrid where the line impedance ratio R/X
is small enough that the line impedance could be regarded as
mainly inductive [11], [12], [25]. However, in a low-voltage
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microgrid, the condition for the conventional droop control is
no longer available due to the high R/X ratio of line impedance,
which could result in coupling between the active and the reac-
tive power and, thus, deteriorates dynamic response and system
stability [11], [13].

In order to deal with the above problem in the low-voltage
microgrid, a number of improved droop control methods were
proposed to decouple the active and the reactive power of
the inverter, which can mainly be divided into three categories:
virtual impedance-based [14]-[18], [26], virtual power-based
[19], [27], and virtual frequency- and voltage-based decoupling
method [11]. The virtual impedance-based control method is
widely used for dealing with the above problem in the low-
voltage microgrid [14]-[18], [26]. In this method, a virtual
impedance loop is implemented to modify the equivalent output
impedance of the inverter to be predominantly inductive. How-
ever, it is a challenging issue to design the virtual impedance
value with a least possible complexity which can effectively
decouple the power flows and at the same time, can maintain
good system dynamics and stability [19]. The virtual power-
based control scheme is also widely recognized, which could
decouple the power flows by rotating the power vectors with
the impedance angle [19], [27]. The virtual active and reactive
power is respectively related to the frequency and voltage am-
plitude without coupling each other. Droop control is adopted in
the virtual frame to ensure the virtual power being shared. How-
ever, this method cannot guarantee the sharing of actual power if
the distribution line impedance angles of each DG are different.
The virtual frequency- and voltage-based decoupling method is
an analog of the virtual power-based decoupling method [11].
The frequency and the voltage amplitude are transformed
into the virtual frame to build a new relationship with, respec-
tively, the active and the reactive power. However, this paper
does not provide a mathematical derivation to prove that the
power flows are decoupled in the virtual frequency and voltage
frame.

Among these three existing types of decoupling method for
parallel inverters in microgrid, the virtual power-based method
is attractive because of simple design process and clear physical
meaning. In this method, the virtual power is adopted directly in
the droop control, which can be shared among parallel inverters.
The transformation from the virtual power to the actual power
depends on the impedance angle of the inverter transmission
line which could be different among the inverters, and the actual
power may not be shared equally. Therefore, the main issue of
the virtual power-based method is that the actual power sharing
performance heavily relies on the consistence of line impedance
angles of the inverters.
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Fig. 1. Equivalent circuit of an inverter connected to the ac bus of the micro-
grid.

This paper tries to solve this problem by utilizing a unified
transformation from the virtual power to the actual power for
parallel inverters in the microgrid. Compared with the existing
decoupling methods, the contribution of this paper can be con-
cluded into three points. First, the virtual power-based control
utilizing a unified power transformation is proposed, and the
value of the unified rotation angle in the power transformation
is optimized. Therefore, the actual power will be shared equally
as long as the virtual power is evenly shared among parallel
inverters, while the coupling between the active and the reac-
tive power of the inverter can be mitigated for a better system
dynamic and stability performance, and thus, the limitation of
the conventional virtual power-based control can be overcome.
Meanwhile, the optimal value of the unified rotation angle is
rigorously derived through investigating the relative stability of
the system by innovatively adopting Routh Stability Criterion,
and this is seldom mentioned in [11]. Second, the proposed
control method is enhanced by introducing the low-pass filters
(LPFs) in the coupling path of the system, which can further
mitigate the coupling between the active and the reactive power,
while the power sharing performance will not be influenced.
Third, the stability of the system is comprehensively analyzed,
which is significant for the design of essential parameters in the
proposed control scheme.

The rest of this paper is organized as follows. The conven-
tional virtual power-based control method is briefly reviewed in
Section II. The small-signal model and the determination of the
optimal rotation angle are presented in Section I1I. Subsequently,
the proposed unified virtual power method is further improved in
Section IV. Furthermore, Section V provides the stability anal-
ysis and parameter design for the proposed method. Simulation
and experimental results are presented respectively in Sections
VI and VII to verify the effectiveness of the proposed method.
Finally, the concluding remarks are given in Section VIII.

II. CONVENTIONAL VIRTUAL POWER-BASED
CONTROL METHOD

For an ac system with a given distribution line impedance, the
active and the reactive power flows between two voltages E/¢
and Uy, Z0 shown in Fig. 1 obey the following relationship:

P U, bm(ﬁSine + ( Uy cosg) cosf) (1)
7 7
Q= B gy EEZVieosd) gy )

where E and Uy, are, respectively, the DG’s output terminal volt-
age and the PCC voltage, and ¢ is the phase angle difference
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Fig. 3. Conventional virtual power-based decoupling.

between E and U, and ZZ6 denotes the distribution line
impedance.

In an HV or MV microgrid, the line impedance is consid-
ered to be inductive (6§ = 90°) due to the typically high induc-
tive components of the line and the inductor filter. In addition,
the phase angle difference ¢ is usually quite small. Therefore,
(1) and (2) can be simplified by regarding that sing ~ ¢ and
cos¢ ~ 1 [3], [10], [21]

_EUL9
P = 7 3
FE(E-U
Q QM )

Z

Such relationships in (3) and (4) lay the foundation of the
active power-frequency and the reactive power-voltage ampli-
tude droop characteristics [3], [10], [21], which are illustrated
in Fig. 2 and mathematically expressed as

w'= wy—m(P—F) 5)
E* = FEy—n(Q— Q) (6)

where w* and E* are the generated reference of frequency
and voltage amplitude. P and Q are the measured output
active and reactive power. wy and E are the rated voltage fre-
quency and amplitude, while Py and Qy are, respectively, the
dispatched active and reactive power at the frequency w, and
voltage amplitude E. m and n (defined as positive) are the slopes
of the P-w and Q-E droop characteristics.

However, in an LV microgrid, the conventional droop method
suffers from the active and reactive power coupling, which could
lead to system stability concerns. To achieve power decoupling,
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a control strategy based on virtual power was proposed in [19].
The virtual active and reactive power (P’ and Q) are obtained by
using an orthogonal rotating transformation matrix T to rotate
the active and the reactive power vectors by the impedance angle
0, which is shown in Fig. 3 and expressed in (7). The block
diagram of the conventional virtual power decoupling method
is illustrated in Fig. 4, where the power stage model is put in
the left and the control part in the right for a better illustration
of the transformation

P P sinfd  —cosf P
=7-| |= A @
Q' Q cosf  sinf Q

Combining (1), (2), and (7), the virtual active and reactive
power flows could be derived following the relationships:

,  EUp¢

P= Z ®)
E(E-U

o= EE-U) 7 23 )

As a result, the virtual active and reactive power can be
uniquely controlled by controlling respectively the frequency
and voltage amplitude, which means that power decoupling in
the virtual frame is achieved. Fig. 5 presents the decoupled
system, which is equivalent to Fig. 4.

However, even though this method could totally decouple the
power flows, it cannot guarantee accurate sharing of the actual
power, including the active power. When the DGs have different
line impedance angles, which is a quite common case, even if
the virtual power is perfectly shared, neither the actual active
power nor the actual reactive power will be shared [11].

Block diagram of the conventional virtual power-based decoupling method.
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Fig. 6. Power sharing error under different decoupling methods in various
cases of line impedance imbalance.

III. PROPOSED CONTROL STRATEGY
A. Basic Idea

The power sharing problem of the conventional virtual power
control is due to the difference of rotation angles. Thus, if the
rotation angle is set to be a unified value § as expressed in
(10), the relationship between the actual power P and Q and
the virtual power P and @ will have nothing to do with the
impedance angle of transmission line, and thus will be identical
for parallel inverters. Therefore, as long as the virtual power P
and Q are shared, both the actual active power and the actual
reactive power will be accurately shared despite the difference
of line impedance

P [P
=T =
Q Q

Fig. 6 shows the power sharing error under different decou-
pling methods in various cases of line impedance imbalance
of two parallel inverters. For both methods, the virtual power
is already equally shared. Nevertheless, it can be seen that the
conventional virtual power-based method cannot share the ac-
tual power in the case of line impedance imbalance, whereas the
proposed method can in any case of line impedance imbalance.

In the unified virtual frame, the virtual power can be shared by
controlling independently the frequency and voltage amplitude.
The droop relationships are modified as

w* = wo—kp(P—Po)
E* = Ey—k, (Q — Qo)

sind  —cosd P
: (10)

cosd  sind

Y
(12)
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Fig. 7. Block diagram of the virtual power-based decoupling method with a fixed rotation angle.

where %, and k, (defined as positive) are the slopes of the
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P —w and Q — E droop characteristics. The block diagram
of the unified virtual power decoupling method with a fixed
rotation angle ¢ is illustrated in Fig. 7.

Note that in order to share the load power demand among the
paralleled DGs, their output virtual power P and @ have to be
shared, which cannot be realized by the decoupling only. There-
fore, a proper power sharing strategy is dispensable, which is
the limitation of the proposed method compared with the con-
ventional droop control. The accuracy of actual power sharing,
including active power, will be affected if the virtual power
is poorly shared, whereas the active power is always equally
shared under the conventional droop control. Moreover, the ac-
tive power sharing and the reactive power sharing in this method
depend on each other, and it is difficult to share uniquely the ac-
tive power or the reactive power, while the other kind of power
is unshared.

For the simulation and experiments in this paper, in order
to achieve a good sharing of virtual power, a ) — Vpcc-based
indirect voltage control proposed in [20] is selected to be imple-
mented into the unified virtual power-based decoupling method.
The power sharing strategy in [20] uses the PCC voltage Vpcc
to indirectly control the reactive power Q. Differently, in order
to combine this power sharing strategy with the proposed decou-
pling method, the PCC voltage is used here to share the virtual
reactive power (. In other words, the Q — Vp ¢ ¢ relationship in
[20] is modified to be Q — Vpccrelationship. By adopting the
modified power sharing strategy, the effect of line impedance
imbalance could be overcome and the virtual reactive power
could be shared. As the virtual active power is always shared,
the sharing of both actual active and reactive power could be
realized.

The following parts of this section are aimed at obtaining
the optimal value of the unified rotation angle §. The optimal
angle should be able to guarantee the highest stability. Therefore,
the small-signal model of the system is first derived to investigate
the system stability.

B. Small-Signal Modeling of the System Studied

In an LV microgrid, the distribution lines are not typically in-
ductive. The power flows from each DG to the load are expressed
as

EUL¢sin9 + E(E-U)

P =
Z Z

cosf (13)

_ Combining (13) and (14) with the transformation (10), P and
@ can be expressed as

p— EUL9 o 0 —6)— wsm (0 —36) (15)
Q= E[;Ld)sin (0—9)+ MCOS (0 —96). (16)

The small-signal dynamics are obtained by linearizing (15)
and (16), and modeling the lower pass filters for power mea-
surement. In addition, further simplification can be done by
considering EU;, /Z >> Uy ¢/Z. The simplified small-signal
model of the unified virtual power is expressed as
wyEUcos (0 —0)

Z(s+wy)
wy (2B —Up)sin (6 —9)
Z (s + wy)
wyEUrsin (0 — 9)
Z (s +wy)
wy (2E —Up)cos (6 —9)
Z(s+wy)

AP = A

AE (17)

AQ = A¢

CAE  (18)

where § denotes the small deviation of relevant variable from
the equilibrium point.

Furthermore, since the bandwidth of the inner voltage loop
is much wider than the outer power sharing loop, the output
voltage E and frequency w can be regarded tracking their own
reference E* and w* perfectly [22], [23]. Therefore, small-signal
dynamics of the droop controller are derived by linearizing (11)
and (12) in the condition of w = w* and E = E*

Aw = —k, (AP - AR) (19)
AE = k- (AQ — AQp) (20)

and obviously, the phase angle is the integration of the radian
frequency
A
Ap =22 @1
s
Combining (17)-(21), the small-signal model can be even-
tually described as (22) and (23). The block diagram of the
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Fig. 8. Block diagrams of the small-signal model of the system.

small-signal model is illustrated in Fig. 8

k’p(UfEUL (APQ — AP)

AP = Zs (s T ;) -cos (0 — 9)
kgwr (2E —Up) (AQy — AQ)
— 70+ o)) -sin (6 — 9)
(22)
A kp(.deUL (A]B[) - AP) .
AQ = Zs(s + o)) -sin (6 — 0)
kqwf (2E — UL) (AQO — AQ)
+ AT -cos (0 —9).
(23)

C. Optimization of Unified Rotation Angle Based
on Stability Investigation

A standard coupled system with two inputs and two outputs
is analyzed in the appendix, based on which the common char-
acteristic polynomial C of the studied system in Fig. 8 can be
derived

= — . [s BY + 2 2
C(s) Gt [s* 4+ ( + 2wy) s
+ (AY +wBY 4 w}) s + wpAY + AB] (24
where
- kpwaUL
A= 7 (25)
o quf(2E— UL)
B = ~Z (26)
Y = cos(0—9). 27)

Routh Stability Criterion [24] is applied to investigate the
relative stability of the system with different rotation angles. Let
z = s — 0, where o represents the offset between the imaginary
axis of the original s frame and that of the newly defined z frame.
The Routh array based on the characteristic equation C' (z) = 0
is shown in Table I, where

Go (0,0,0) = —0® + 0% (BY + 2wy)
—0 (wyBY + AY 4+ w}) + wsAY + AB
(28)
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Fig. 9. Variation of oy, o With impedance angle ¢ changed from 90° to 0° for
a given rotation angle 4.

G1(0,0,6) = 30% — 20 (2wy + BY ) + wyBY + AY +wj}
(29)
Gs(0,0,0) = —30 + BY + 2w;. (30)

According to Routh Stability Criterion, the system is stable if
and only if all terms in the first column of the constructed Routh
array are positive. In addition, a larger o indicates a higher
relative stability.

Therefore, the problem can be regarded as a problem of non-
linear programming, whose object is to find the maximum value
of o within the constrains

Gy >0

G1Gy —Gy) /Gy >0

(1 2 U)/ 2 (31)
Gy >0

0° < 6,8 < 90°.

The maximum value of o varies with the unified rotation
angle ¢ and the impedance angle 6. As illustrated in Fig. 9, for
a given rotation angle ¢, the oy,,, which is the distance from
a certain point along the locus to the imaginary axis, will be
varied with the impedance angle ¢ changed from 90° to 0°. The
shortest distance indicates the stability margin of the system
under the given rotation angle 9.

If the rotation angle ¢ is also changed, the characteristic of
Omax — 0 is shown in Fig. 10. The solid lines stand for different
impedance angles, while the bold dashed line is the locus via
all the lowest points of oy, for each d. From Fig. 10, we can
see that when ¢ is set to be 45°, the minimum value of oy,
reaches its peak value, which means that the system has the



5592 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 8, AUGUST 2016
10 I I L 1 1 1 I i
0 10 20 30 40 45 50 60 70 20 90
The rotation angle &
Fig. 10.  Characteristic of o, 4x — ¢ Where the rotation angle J is changed from 0° to 90°.
6 T T T T T 1
- = 0° )
g A p=15°
——g=30°|
2 ——0=45° |
—+—a=60° )
0 -8 0=75° |
g 5 ——6=90° |
DE | .
4
-6F
-8
.10 : 1 1 1 1
0 10 20 30 40 45 50 60 70 80 90
The rotation angle &
(a)
6 T T T T T
—~4—-0=0° >
4 —&— g=15°
——g=30° }
2t —— 0=45°
——6=60°,
0 =
—8-§=75°
] G
E 2 —&— 9=90
© I
4 i
-6 B
A
1. E
10 1 L 1 L | | 1 1 i 3
10 20 30 40 45 50 60 70 80 90
The rotation angle &
(b)
Fig. 11.  Characteristics of oy, . — ¢ with altered parameters. (a) Uy, is lowered by 5%. (b) k), is increased by 50%.

largest stability margin, and thus, it is relatively the most stable
when the rotation angel is 45°.

Note that other parameters of the power stage or control
variables will also influence the shape of the characteristics
Omax — 0. Fortunately, the optimal value of the rotation angle

remains the same. Fig. 11 displays two characteristics with al-
tered parameters as examples. Fig. 11(a) is drawn after lowering
U, by 5%. Nevertheless, the curves’ shape turns out to be al-
most the same with that in Fig. 10. Fig. 11(b) is drawn after
increasing k, by 50%. It can be foundthat although the bold
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Block diagrams for introducing decoupling LPFs. (a) Equivalent diagram of the unified virtual power decoupling method. (b) Unified virtual power

decoupling with decoupling LPFs. (c) Equivalent diagram of the unified virtual power decoupling method with decoupling LPFs.

dashed curve in Fig. 11(b) is lowered compared with Fig. 10,
the optimal rotation angle is still 45°. Therefore, the optimal
rotation angle is always 45° despite the change of parameters.

Based on the determined rotation angle, the unified virtual
power-based decoupling method is preliminarily established.
The unified rotation angle can provide the highest system sta-
bility and achieve accurate power sharing in any case of line
impedance imbalance as long as the virtual power is equally
shared.

IV. FURTHER IMPROVEMENT WITH DECOUPLING LPFS

The control block diagram of the unified virtual power-based
decoupling method shown in Fig. 6, where § = 45°, can be
transformed equivalently into Fig. 12(a). It can be seen from
the equivalent control diagram that when 6 changes in the
range 0—m/2, the coefficient (absolute value) of the coupling
path, sin(6—45°), is always no larger than that of the noncou-
pling path, cos(/—45°). Such an observation shows that in this
control scheme, the coupling effect is always feebler than the
decoupling effect.

In order to further decouple the power control and to guarantee
better system stability, LPFs, which serve as a barricade to block
the coupling path within the control loop, can be introduced in

the coupling paths as shown in Fig. 12(b). With the LPFs, the
high-frequency disturbance from the coupling part can hardly
affect the relevant control variable, while the low-frequency
signals are remained to maintain the steady-state operating point
in order to preserve the power sharing ability. Through this way,
the control relationships become cleaner and simpler.

In Fig. 12(b), the power stage part and the control part
are partly overlapped, which makes it a little turbid for the
implementation of the decoupling LPFs. In order to separate the
power stage model and the control block diagram, Fig. 12(b)
can be equivalently redrawn as (c), from where it can be seen
that for the purpose of implementing the decoupling LPFs, the
conventional virtual power P’ and @)’ are still necessary to be
employed.

Note that the cutoff radian frequency of the LPFs w; could
influence the stability of the system. It needs to be designed with
care, which will be discussed in Section V-B.

V. STABILITY ANALYSIS AND PARAMETER DESIGN
A. Stability Analysis of the Proposed Method

In order to investigate the impact of the added LPFs on the
system stability, the small-signal model of the system is derived,
which is similar to the derivation process shown in Section III-B.
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Fig. 13.  Block diagrams of small-signal models of different systems. (a) Con-
ventional droop method in the case of inductive—resistive distribution lines. (b)
Unified virtual power decoupling method. (c) Unified virtual power decoupling
method with decoupling LPFs.

Fig. 13 illustrates the block diagrams of small-signal models of
the systems on study, based on which the root loci of the systems
can be plotted to show the evolution of root positions with the
change of line impedance angle.

Fig. 14(a) shows the root locus of system adopting the con-
ventional droop method. It can be seen that the pair of con-
jugate poles A; and Ay move toward the right-half plain as
line impedance angle becomes smaller, which means that the
system becomes unstable as the resistive component becomes
dominant along the distribution line. Fig. 14(b) gives the root
locus of system adopting the unified virtual power decoupling
method. All roots stay in the left-half plain despite the change of
the impedance angle, which indicates that the system is always
stable even though the distribution line has large resistive part.
Fig. 14(c) shows the root locus of system adopting the LPFs-
equipped unified virtual power method. It can be seen from the
root locus that compared with Fig. 14(b), an extra pair of conju-
gate poles A, and A is introduced due to the addition of LPFs.
The rightmost position of A4 and X5 are both at the left-half
plain. Therefore, A4 and A5 will not affect the system stabil-
ity substantially since they will never move into the right-half
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plain. Moreover, in contrast with the conjugate poles A; and X,
in Fig. 14(b), those in (c) move more slightly, which indicates
that the stability of the system with the LPFs is less sensitive to
the line impedance angle.

B. Design of the Proposed LPFs Considering System Stability

As the cutoff frequency of the LPFs blocking the coupling
paths, wy is a critical parameter requiring careful design for
the decoupling of the system. Enlarging or lessening w,; too
much will both affect the system stability. LPFs with larger
wy are less capable at blocking efficiently the high-frequency
disturbance via the coupling paths, which will deteriorate the
stability. However, LPFs with smaller w,; will introduce longer
time delays into the power sharing loop, which is also harmful
for the stability.

In order to investigate the evolution of system stability with
the change of wy, the root loci of the system with w,; changing
from O to 40 rad/s are drawn in Fig. 15. It can be seen that after
wq reaching to a threshold value (around 16 rad/s), the conjugate
poles A; and Xy begin to move toward the right-hand side with
the increasing of wy, which indicates that the system stability

(a) (b)

Fig. 16.  Operation range of DG in the unified virtual frame. (a) Py, ax is larger
than Sy ax /v/2. (b) Py ax is not larger than Sy ax /+/2.

will be worsened if wy is designed too large, especially in the
case that the line impedance angle is near 0° or 90°. On the
other hand, if wy is designed too small, the poles 1, and A5 will
stay quite close to the right-half plain, which is also bad for the
system stability.
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TABLE II
CONTROL PARAMETERS FOR SIMULATION

Parameters Value Unit
Py 0.0 kW
Qo 3.0 kVar
ky 1.5x 107*  rad/s/'W
kq 5% 1073 V/Var
wy 10 rad/s
wy 5 rad/s
wo 1007 rad/s
Ey 310 \Y%

As aresult, a compromise must be taken into consideration in
the design of w,. In the simulations and experiments presented
in this paper, wy is set at 10 rad/s, which is half of the cutoff
frequency w; of the power measurement filters.

C. Droop Slope Design

The operation range of an inverter is determined by both the
maximum active power rating P, and the maximum appar-
ent power rating Sy, x. Puax 1S related to the DG prime mover,
while Sy, .« is related to the current rating limits [11]. When
designing droop slopes for parallel inverters, in order to en-
sure the inverter operating within the allowed operation range,
the power rating and the maximum allowed frequency and volt-
age deviation should be taken into consideration. The droop
slopes in the unified virtual frame are designed by using

Wmax — Wmin

k, = 32
v Pmax ( )
Fax — Eui
Lk — “max ~min (33)
! Qmax - Qmin

where wpa.x and wp;, are the maximum and minimum
allowable system frequency. E,,,x and F,,;, are the maximum

and minimum allowable voltage amplitude. P, ax is the maxi-
mum output virtual active power of the DG. Qumax and Quinare
respectively the maximum and minimum output virtual reac-
tive power of the DG. The determination of P,y and Qin
is different in two different cases divided by the relationship
between P« and v/2 /2 - Smax, as illustrated in Fig. 16, where
the shaded areas indicate the operation range of the DG.

In the case that P, .« is larger than \/5/ 2+ Shax, it can be
seen from Fig. 16(a) that

pmax = Pmax (34)
~ 2

Qmax - gsmax (35)
Qmin = _Smax~ (36)

Differently, in the case that P, . is no larger thany/2 /2
Smax, it can be seen from Fig. 16(b) that

- V52 — P2y + Prax
Poax = max max T (37)
V2

= 2

Qmax = ismax (38)
2

A \/m + Phax

Qmin = - - - . (39)

V2

The droop slopes obtained from (32) and (33) are the maxi-
mum values. In practice, the droop slopes can be reduced prop-
erly to get higher stability. Furthermore, when DGs of different
power rating are connected in parallel, the droop slopes have to
be adjusted according to the relationships (40) and (41) to make
sure that power is shared proportionally to the power rating of
DGs [10]

kpl Smaxl =
kql Smaxl

(40)
(41)

kaSmaxQ == pNSmaxN

= kqQSmaXQ == kq]\“' SmaXN
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where k,, and k;,, (n =1, 2, ..., N) are the droop slopes of
the nth inverter, and Sy, (n = 1,2, ..., N) is the maximum
apparent power rating of the nth inverter.

VI. SIMULATION RESULTS

The simulation is conducted with the software
PSCAD/EMTDC in various respects. The power stage and the
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Fig. 19.  Power waveforms of system with and without decoupling LPFs. (a)

Without decoupling LPFs. (b) With decoupling LPFs.

control scheme of one inverter are illustrated in Fig. 17. The
control parameters for the simulated inverters are listed in
Table II.

A. Verification of the Optimal Rotation Angle

The system configuration for the simulation of this part is
shown in Fig. 1. The unified rotation angle J is set to be
respectively 30°, 45°, and 60° in order to verify through com-
parison the determination of the optimal rotation angle.

At the end of the first second in the simulation, the PCC
voltage drops from 300 to 290 V. Fig. 18 gives the dynamic
performance of the system with different rotation angles. The
regulating period of the system with a rotation angle of 45°
shown in Fig. 18(b) is shorter than that in other cases, which
indicates that compared with system (a) and (c), the main roots
of system (b) locate farther from the imaginary axis. Therefore,
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Fig. 20.  Two-parallel-inverter system.
TABLE III

DIFFERENT GROUPS OF LINE IMPEDANCE ANGLES

Inverter No.1 Inverter No.2  Angle difference
45° 45° 0°
60° 30° 30°
75° 15° 60°
90° 0° 90°

system (b) is relatively more stable. The phenomenon accords
well with the analysis in Section III.

B. Evaluation of the Decoupling LPFs

This part investigates the impact of the decoupling LPFs on
the system stability. Fig. 19 shows the dynamic performance
of the system when PCC voltage drops from 300 to 290 V at 1 s.
The waveforms reveal that the regulating period of system (a)
is longer than that of system (b), which indicates that compared
with system (a), the main roots of system (b) locate farther from
the imaginary axis. Thus, system (b), which is equipped with
decoupling LPFs, is relatively more stable. The phenomenon
accords well with the analysis in Section V.

C. Comparison Between Different Decoupling Methods

In this part, a microgrid system with two DGs, as shown in
Fig. 20, is employed for the simulation.

In order to illustrate the advantage of the proposed decou-
pling method, comparison between different control methods is
made in this part. Fig. 21(a) shows the comparison between con-
ventional droop method and the proposed decoupling method.
At the beginning, both inverters adopt conventional droop con-
trol and their line impedances are both 3 mH. At 3 s, the line
impedance of inverter No.1 is changed from 3 mH to 1 €2. Conse-
quently, the system becomes unstable and the power waveforms
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droop method and unified virtual power method, (b) conventional virtual power
method and unified virtual power method.

begin to oscillate. The proposed method is activated at 4.5 s and
from then on, the system gradually returns to stable.

Fig. 21(b) shows the switching from the conventional vir-
tual power-based method to the proposed method. The line
impedance of inverter No.1 is 3 mH + 1 €2 while that of in-
verter No.2 is 3 mH. Both inverters adopt conventional virtual
power-based method before 4 s. It can be found that neither the
active nor the reactive power is shared. The proposed method
is activated at 4 s, and consequently, both the active and the
reactive power are shared accurately.

D. Proposed Decoupling Method With Various
Impedance Situations

This part investigates the power sharing performance of the
system with various impedance angle differences between paral-
lel inverters. The system simulated is still as Fig. 20. The various
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Fig. 22.  Performance of the proposed decoupling method in different cases
of line impedance. (a) Waveforms of the active power. (b) Waveforms of the
reactive power.

impedance angles are listed in Table III. Fig. 22 shows the dy-
namic response of both the active and the reactive power output
by inverter No.l. It can be seen that when the impedance an-
gles of the two inverters differ largely, the dynamic response
becomes slower and fluctuates more severely. However, the
system can always get stable and share power accurately. In
other words, the proposed method is highly adaptable to various
line impedance situations.

E. Proposed Decoupling Method With Different wgy

This part illustrates by simulation the tradeoff in the design of
wgq. The system configuration is the same with the previous part.
Various w, are adopted in this part to investigate the impact of
the decoupling LPFs on the dynamic performance of the system.
Fig. 23 shows the dynamic response of the output power of the
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proposed method. It can be seen that smaller w, leads to a longer
rising time due to the time delay brought on by the LPFs, while
larger w, results in more severe oscillations since the LPFs
in this case function feebly, and thus, the decoupling effect is
weaker. This well verifies the discussion in Section V-B.

VII. LABORATORY TEST RESULTS

The proposed decoupling strategy is verified in this section
with laboratory setups, configured as Fig. 20, which consists
of two paralleled three-phase inverters (MWINV-9R144) con-
trolled by a 32-bit floating-point 150 MHz digital signal proces-
sor TMS320F28335 from Texas Instruments. The power stage
and the control scheme of each inverter are illustrated in Fig. 17.
The essential parameters are listed in Table IV, where the sym-
bol — indicates the changing of the corresponding parameter
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TABLE IV
PARAMETERS FOR EXPERIMENTS

Parameters Value Unit
Py 2.0 kW
Q 3.0 kVar
ky 1.5 x 1074 rad/s/'W
kqy 5% 1073 V/Var
wy 10 rad/s
Wy 5 rad/s
wo 1007 rad/s
Ey 200~/2 \%
Z j0.94 Q
Zo in Part A 24094 —2 Q
Zo in Part B 2 Q

from one value to another. The voltage and current waveforms
are acquired by directly printing the screen of HIOKI Power
Analyzer 3390, while the active and the reactive power wave-
forms are drawn in OriginPro based on the recorded data of the
Power Analyzer 3390.

A. Power Decoupling Effect

This part validates by experiments the power decoupling ef-
fect of the proposed method, and Fig. 24 shows the waveforms
of the active and the reactive power during the whole process. At
the beginning, both inverters adopt conventional droop control
method, and their line impedances are listed in Table I'V.

At the moment #;, the line impedance of inverter No.2 is
changed from resistive—inductive to purely resistive as shown in
Table I'V. The system begins to oscillate since #; and the voltage
and current waveforms of the parallel inverters are presented in
Fig. 25(a), where the phase difference between the current of
two inverters is changing, which indicates the fluctuation of the
output power due to the instability.

At the moment #5, the proposed decoupling method is acti-
vated. As a result, the oscillation is attenuated and the system
returns to stable, and it can be found in Fig. 25(b) that the
phase difference between the output current of parallel inverters
becomes invariable.

B. Power Sharing Performance

This part of experiments aims at investigating the power shar-
ing performance of the proposed control method, and the line
impedance of inverter No. 2 is set to be purely resistive as
listed in Table IV. Comparison between the proposed method
and the conventional virtual power-based method is presented,
and the waveforms of the active and the reactive power during
the whole process are shown in Fig. 26.

At the beginning, both inverters adopt conventional virtual
power-based method. It can be found that neither the active nor
reactive power is shared due to the line impedance imbalance.
The voltage and current waveforms of the parallel inverters are
presented in Fig. 27(a), and it can be seen that the voltage phase
difference is different from the current phase difference, which
indicates a poor power sharing performance of the conventional
virtual power-based method.
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the active power, (b) Waveforms of the reactive power.

At the moment #;, the proposed decoupling method is en-
abled and both the active power and the reactive power become
accurately shared since then. It can be seen in Fig. 27(b) that
the voltage phase difference is the same as the current phase
difference, which signifies a good power sharing performance
of the proposed method.

VIII. CONCLUSION

An improved decoupling method based on the unified virtual
power is proposed in this paper to achieve good system stability
and accurate power sharing among parallel DGs in microgrids.
The influence of the rotation angle on the system stability is
mathematically analyzed, based on which the optimal value of
the rotation angle is derived. By employing a unified power
transformation and implementing LPFs to further block the
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10ms/div

Fig. 25. Voltage and current waveforms of the parallel inverters with (a)
conventional droop control and (b) proposed control method.

coupling paths, the proposed method can effectively realize
power decoupling and, thus, ensure good system stability. Equal
power sharing among parallel DGs can also be realized by
equally sharing the virtual power. The impact of the proposed
method upon the system stability is analyzed in detail. The
design of the decoupling LPFs and of the droop slopes is also
presented. The effectiveness of the proposed decoupling method
is verified by both simulation and experiments.

APPENDIX

In this section, a more general system with similar structure
to the system analyzed in Section III is taken as example. Fig. 28
shows the configuration of the system, where G1; and Go are
the transfer functions along the noncoupling paths, while G2
and Go; are that along the coupling paths. G.; and G, are the
transfer functions of the common forward paths.

Based on the block diagram in Fig. 28, the following equations
can be easily derived:

(u1 — 1) G11Ger + (ug —y2) G12Ge2 =1 (ALD)
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(u1 — 1) Go1Ger + (uz — y2) G22Gea = 42. (A2)
Equations (A.1) and (A.2) can be transformed as
GG +GeGey (Gr11Gay — GiaGa) G12Ge2
= u + Uug
C C
(A.3)
GGy + G Geo (G11Gas — G12Gay) G12Gr
Y2= Uy + Uy
C C
(A4)
C= (1+G11G.1) (1 + G92G o) — G12G21G1 Ges. (A.5)

C is the common characteristic polynomial of the coupled
system and C' = 0 is the characteristic equation. According to
the automatic control theory, the system is stable if and only if
all roots of the characteristic equation have negative real parts,
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Fig. 27.
tional virtual power based method and (b) proposed control method.

+ =
U, —x) Ger
+
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Fig. 28.  Block diagram of the coupled system on study.

based on which Routh Stability Criterion can be applied to

investigate the system stability in Sections IIT and V.
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