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ABSTRACT

This paper presents a new load sharing
control between paralleled three-phase inverters
in an islanded-microgrid based on the line
impedance estimation online by the use of the
Kalman filter. We can solve the mismatch of
power sharing when the line impedance changes
due to the temperature and frequency,
significant differences of line parameters and
requirements of Plug-and-Play mode of
inverters connected to the microgrid. Moreover,
the paper also presents a new Droop control
method working with the line impedance which
is different from the Droop traditional algorithm
when the line impedance is assumed pure
resistance R or pure inductance X. In the paper,
the line impedance estimation for parallel
inverters uses the least squares method

combined with Kalman filter. In addition,
secondary control loops are designed to restore
the voltage amplitude and frequency of the
microgrid by using a combined nominal value
SOGI-PLL with generalized integral block and
phase lock loop to exactly monitor the voltage
magnitude and frequency phase at common
PCC. Control model has been simulated in
Matlab/Simulink with three voltage source
inverters connected in parallel for different
ratios of the power sharing. The simulation
results have shown the accuracy of the proposed
control method. Therefore, the proposed
adaptive droop control method based on line
impedance estimation can be an alternative one
for load sharing control in islanded microgrids.

Keywords: Droop control, microgrid, impedance estimation, Kalman filter.

1. INTRODUCTION

With the expansion of the electrical power
grid, the conventional power system has become
increasingly vulnerable to cope with the

reliability requirements and the diverse demand
of power users. distributed
generation (DG) has appeared to advantages
such as pollution reduction, high-energy

Moreover,
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utilization rate, flexible installation location, and
low-power transmission losses [1]-[2]. DG units
have also a higher degree of controllability and
operability compared to the conventional
generators which will allow microgrids to play a
major and critical role in maintaining the
reliability and stability of electric networks [3]-
[6]. Therefore, microgrids will gradually
become a strong and effective support for the
main power grid and a potential one for the
future trends of power systems [7].

In fact, the renewable energy resources
such as the wind, solar and tidal energy are
connected to the conventional grid through the
converter today and the microgrids are formed
before they are connected to the grid [8]-[12]. In
the grid-connected mode, the DG units are often
controlled as grid-following. The most adopted
control strategies for grid-following inverters
are discussed in [4], [7], [13]-[14]. When a
microgrid is operating in the islanded mode,
each DG unit should be able to supply its share
of the total load in proportion to its rating. The
control strategies for this mode are usually
divided into two main types [11], [15] as
follows. The first type is communication-based
control  techniques including concentrated
control, master/slave control, and distributed
control. These techniques can achieve an
excellent voltage regulation and proper power
sharing. However, these control strategies which
require communication lines between the
modules may result in the increased cost of the
system. Long distance communication lines will
be easier to get interfered, thus reducing the
system reliability and expandability. The second
type is based on the droop control technique
without requiring communications and it is
widely used in conventional power systems [2]-

[31, [8]. [16]-[22]. The reason for the popularity
of this droop control technique is that it provides
a decentralized control capability that does not
depend on external communication links in the
control strategy. This technique enables the
“plug-and-play” interface and enhances the
reliability of the system. However, the
communication can be used in addition to the
droop control method to enhance the system
performance without reducing the reliability
[23]-[30].

Traditional droop control techniques have
some disadvantages such as slow response to
changes of load, inaccuracy in power sharing,
unbalanced harmonic current, and dependent on
the line impedance of inverters [11]. In addition,
difficulties in the power sharing also are due to
the reasons as follows:

— The line impedances are not available
and different to each others. This affects a lot to
the power-sharing due to the different voltage
drop. When impedances of the lines connecting
inverters to the common connection point are
different, the current imbalance will appear as
the load sharing error increases [1].

— The heterogeneous line impedance
including resistor and capacitance is not suitable
for the conventional droop control with pure
resistors or pure capacitance applying for the
low voltage distribution [1], [22]. Moreover,
with the heterogeneous line impedance, the
active and reactive power will relate and interact
with each other, leading to difficulty for separate
control [1].

— As the line impedance changes due to
the temperature, the installation position is no
longer making the system more accurate
response.
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Although the frequency droop technique
can achieve an accurate real power sharing, the
voltage droop technique typically results in poor
reactive power sharing due to the mismatch in
the impedances of the DG unit feeders and the
different ratings of the DG units [22]-[24].
Consequently, the problem of the reactive power
sharing in islanded microgrids has received
considerable attention in the literature and many
control techniques have been developed to
address this issue [31]-[32]. A comprehensive
treatment of the concept of virtual impedance to
mitigate errors in the reactive power sharing is
presented in [23]-[30]. The treatment has
focused on the mismatch at the output
impedances of the closed-loop controlled
inverters that are used to interface the DG units.
With a proper design of the voltage controller,
the closed-loop output impedances must be
negligible at the steady state around the nominal
operating frequency. Therefore, the virtual
impedance can result in the accurate reactive
power sharing. However, the analyses in [23]-
[30] did not consider the mismatch in the
physical impedance of the feeders, including
transformers, cables, and the interface inductors
associated with each DG unit.

An interesting droop control strategy has
been proposed in [21]. The control strategy is
composed of two stages including an initial
conventional droop-based control stage and a
synchronized  compensation  stage.  The
frequency droop is used to control the reactive
power sharing and an integral control term is
added to the voltage droop to maintain the
accuracy of the real power sharing. However,
load changes during the compensation period or
between the compensation periods may result in
a poor power sharing. On the other hand, the

analysis and the control strategy introduced in
[33] requires that the feeder impedances are
resistive. The obtained results from the analysis
and control strategy reflect an accurate power
sharing if this condition is satisfied. In practice,
however, the feeders may have both
nonnegligible inductive and
components.Therefore, each DG unit should be
able to supply in the same rating as analyzed in
[34]. If they have different ratings, the strategy
will not work. Therefore, the communication
network is used as in [35]-[36] to facilitate the
estimation of the feeder impedances which are
then used to set the virtual impedances to ensure
the accurate reactive power sharing. The feeder
impedance is estimated at the local DG
controller by utilizing the point of common
coupling (PCC) where the voltage harmonic
data is transferred via a communication link.
This is based on the assumption that the phase
angle difference between the voltages at the
PCC and the inverter output is negligible. This
assumption may not hold for long feeders or for
higher power levels.

resistive

This paper proposes a new method of
droop control allowing an accurate load sharing
ratio between the paralleled inverters in the
islanded microgrids with line impedance
estimated online in terms of the conventional
resistor. Moreover, the line impedance may vary
according to the temperature or frequency at the
same time with significant differences between
the inverters. The estimation blocks provide the
line impedance parameters in the real time line
for the proposed droop controller which was
built based on the least squares method
combined with the Kalman filter. In addition,
secondary control loops are designed to restore
the voltage amplitude and frequency of the
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microgrid by using a combined nominal value
SOGI-PLL with generalized integral block and
phase lock loop to exactly monitor the voltage
magnitude and frequency phase at common
PCC. Therefore, the proposed adaptive droop
control method can be an alternative one for
load sharing control in islanded microgrids.

2. ISLANDED MICROGRID STRUCTURE

Microgrid Structure in Islanded Mode

The structure of an islanded microgrid
composes of many inverters connected in
parallel. In Figure 1, a block diagram for two
inverters is provided.

Each inverter is connected to a common

are also connected to the common bus. The
droop controller contains two control loops
where the outer loop power control divides the
capacity of each inverter and the inner loop
control makes the voltage and current output of
inverter similar to references.The parameter
estimation block provides line impedance
parameters in real time. The voltage and current
signals from the PCC are provided by a low-
bandwidth connection. The inner loops are the
current and voltage control to adjust the current
and voltage at the inverter output. The SOGI-
PLL (Second Order Generalized Integrator -
Phase Locked Loop) block is to determine the
amplitude and phase angle of the voltage at PCC

. . and support the information for adaptive
bus at the PCC point through the line PP P
. . . . controller droop.
impedance, In addition, loads of the microgrid P
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Figure 1. Block diagram of an islanded microgrid.

Trang 48



TAP CHi PHAT TRIEN KH&CN, TAP 19, SO K7- 2016

3. ISLANDED MICROGRID CONTROL
3.1. The proposed droop control

The principle of the droop control method
is explained by considering an equivalent circuit
of an inverter connected to the AC bus. The
analysis method is based on the Thevenin
theorem as shown in Figure 2. The active and
reactive power supplied by the inverter is
calculated as follows:

P= Rz\fx - R(Vs =V, €0s8) + XV, sing | 1)
Q= ﬁ[—wsina + X (Vs —V,c0s5) | (2)

In general, both inductance X and resistor R
are considered. The use of an orthogonal linear
rotational transformation matrix T from the
active power P and reactive power Q to the
active power P’ and reactive power Q’ is
determined by:

R X

{p'}_mm_ Z7P+7Q H ®)
Q) el _xp, Ry 0
Z Z
J /- R+X=Z/0 PCC
Ved l ‘ ’/é | 4’4’ [ 1 I
I . —_— VLLIO
Inverter e PHQ AN

N 7
\].ua&l
(a) \

d}/-.'s.’_-:*:'_v
= . A " \*'
!_(p * Vi \,Te
/\\ (;\f;\\
(b)

Figure 2. (a) Equivalent schematic of the inverters
connected to the load, (b) Vector diagram of voltage
and current

When the power angle & is small, equations (1),
(2) and (3) can be rewritten as:
ZQ’ ZP’
5= Ve -V, =2— (4)
VSVL VS
From (4), the basis for the well-known
frequency and voltage droop regulation through
active and reactive power is calculated by:

@ = w, +mM,Q’ (5)
Vs =V, —m_ P’ (6)

where V,, g are the nominal voltage
amplitude voltage and frequency of inverter
respectively; Vs, o are the measured amplitude
voltage and frequency of inverter, respectively;
m, and m, are the active and reactive droop
coefficients calculated as follows:

max_min Vmax _Vmin
m=— ——m =—— @)

! Qmax P Pmax

In the case of impedance of the lines
connecting from the inverters to the common
PCC is significantly different, the load sharing
accuracy is difficult to achieve and the voltage
adjustment is also difficult because it depends
on the parameters of the system. From (5) and
(6), we will have:

mqul' = quQé =..= man,'] =Aw,,, (8)
mplPl' = mp2P2' =..=m, P=AV_ (9

Combine all equations (1), (2), (3), (5), (6),
(8) and (9), we have conditions for the
accurately rated power sharing as in (10):
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mg,, Mg,
Z, a Z,
Jor=2 (1)
Vs, =Vs,
m, mg,
Z, B Z,

To satisfy (10), we must choose the droop
coefficients that are proportional to the line
impedance. if we adjust the system to meet
requirements, the droop will affect the quality of
frequency and voltage. Therefore, we have
proposed an adaptive controller droop to ensure
the accurate power sharing of parallel inverters.

3.1.1 The proposed real
controller

power sharing

The proposed droop controller still uses the
equation in (6) and the voltage of the inverter
will be calculated as:

Vs = kpl (V31_ref ~Vece ) dt (11)

VSl_ ref :V01 - mpl Pl 12)

Where kpl is the gain of the integral,

Vpec is the voltage at PCC.
From (1), (2) and (3), we can write :

t_ V521 —VsVecc C05(51 —Opcc )

P
1 Zl

(13)

_VSlVPCC sin (51 —Opcc )

14
2 (14)

Q=

In equation (13), R; and X; are the output
form the line impedance estimation,

Voce @nd Opc are the output of SOGI-PLL

blocks, and &, is the output of the reactive

power sharing controller.

Linearize (11), (12) and (13) around

PV, ,Voce 10, Once » We will have:

AV, = kpl (AVSl_ref —AVpc )dt (15)

AVSl_ et = AV — mplAF?LI (16)
AP, = AAV,, + BAV, . 17
Where:

_ 2V51 _VPccCOS(51 - 5PCC )
Zl

A

B = —\%cos@1 —Oocc )

1

The relationship among (15), (16) and (17)
is shown in Figure 3.

— T T Ve
(I 3
‘A\:m AV1s rer e J. ‘A\,h‘ e T AP'J‘
\ 1 L N

Myl
g — :p — o ]

Figure 3. Detail of Small signal adaptive real power
sharing droop control.

The transfer function of Figure 3 will be as
follows:

SB, —k, A

k
A v (s) 2R Ny (s)
S+kymy A S+kymy A

(18)

AR (S)

From (18), we can calculate:

A=-kK,.m A
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The transfer function (18) has shown that
the constant of loops control can be adjusted by

K

not affect the quality of voltage and frequency
anymore.

not by mp, . The real power sharing will

[

3.1.2 The proposed reactive power sharing
controller

The proposed droop controller still uses the
equation in (5) while the voltage angle of the
inverter will be calculated as:

8, = [@pcct+ky [(@_, —@pec )t (19)

0)1_ ref — a)Ol + mqul (20)

Where kpl is the gain of the integral and @p
is the angular frequency at PCC.

In equation (14), R; and X, are the output from
the line impedance estimation, Vp.c and 8pcc
are the output of SOGI-PLL blocks, Vi is the

output of the real power sharing from the
controller as mentioned above.

Linearize (14), (19) and (20) around

Q. Vie Vece » 655 Opce » We will have:

W =Wy t+ mqull (21)
kql

AS, = Spcc +?(§1 _§PCC) (22)

AQl =C, (51 —Adpce ) (23)

1
Where: C, = _Z_V51vpcc €0S( 8, — Spec )

1

The relationship among (21),(22) and (23) is
shown in Figure 4.

'1

AO 2ee
e _\n AGI C

‘_\0 m, - [mm
[
[ ot
L_f_f_f S P

\
Figure 4. Detail of Small signal adaptive reactive
power sharing droop control.

1

The transfer function in Figure 4 will be as
follows:

kG k,C,
SkmaM()Sk

gl gl gl ql 1

AQ,(S)= Amm(s)

(24)
From (24), we calculate A =k ,.m,.C,

The transfer function (24) has shown that
the constant of the loops control can be adjusted
by k

not by My - The real power sharing

pl’
will not affect the quality of voltage and
frequency anymore.

Equations (11) and (19) have shown that
when the system achieved the steady-state, the
measured voltage of the inverter will be equal to
the rated voltage. The proposed droop control
has solved the mismatch of power sharing
caused by the different impedances of
transmission lines. The rated power is always
achieved by the controller.

3.2. The line impedance estimation method

3.2.1 The recursive least squares method (LSM)

The equivalent three-phase circuit of the
inverter connected to loads is shown in Figure 5.
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Figure 5. a) The equivalent three-phase circuit of the
inverter connected to loads. b) The equivalent single
phase circuit of the inverter.

According to the equivalent circuit in
Figure 5, we can write as follows:

di R. 1
d—t2=—E|2+E(vC -V,) (25)

Equation (25) can be rewritten as follows:

X = AX + Bu
Y =CX

(26)

. R 1
where X=ip, U=V, —V,, A=—E, B:E,

C=1

By discretization of the equation (26), we
obtain:

{gw)zAgAk—n+Bﬂwk—n
y(k)=Cyl (k)

The transition matrix is described as follows:

(27)

q)(S):(SI—A)_l:[SJr%Jl: L

where T is the sample cycle used to discretize
the system.

A, =1—BT, C;=C=1
L
T T R
21 T
B,=|(®(7r)).Bdr=|et .=—dr=—
G
Equation (27) represents the relationship

between the input and output of the object as
follows:

y(K) = Ady (k-1)+B,u(k-1)+e(k) (28)

e(k

k k
u(k) R L y(k)

Object
where e(k) is the measurement and process
noise.

The relationship between the input and
output of (28) can be written as follows:

o3 ] oo
(29)

where ¢(k) is the regression vector containing
the variables and sample data of voltage and
current.

R
1-—T
ol ) @
B, T 0,

The problem is to estimate the parameters
of vector 0 based on the current data and
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voltage. Neglecting the noise e(k), we have
predicted the linear regression:

J(k,0)=p(k) 6

The store of all the sample data in the real
time and calculation of the volume do not
increase much time due to using the recursive
least squares method. This algorithm includes
the equation as follows:

6(k)=0(k-1)+L(k).c(k)
2(k)=y(K)-p(k)" O(k-1)
L Pk=D)o(k)
2+ (k) P(k=1).0(K)
1 P(k-1).p(k).o(k) P(k-1)
P(k)=7 (k1) A+ (k) P (k=1).0(K)
(31)

where A is the forget coefficient selected in the
range from 0.98 to 0.995.

The line impedance is estimated by a
technique based on the recursive least squares

method (LSM). The parameter vector 6,

determined from the measured chain value
should be affected by the noise or error in
equation (31). Therefore, we use the Kalman
filter to filter out the noise and obtain the value

of 6,

aman @PProximate with the real value.

3.2.2 Using the Kalman filter algorithm to filter

noise for 6

The Kalman filter is to estimate a process
by using a form of the feedback control. The
process of the Kalman filter is shown in Figure
6. The Kalman filter firstly estimates the state of
the process at a time and then gets the feedback
from the measured value to correct the
estimation. Therefore, the equation of the
Kalman filter is composed of two groups

including the time update group and
measurement update group.

a2

Time update

(predict)

Mesuarement update
(correct)

NS

Figure 6. Process of Kalman filter.

The equations for the updated time are to
predict the state:

Orreq (K) = A (k1) (32)
Porea (K) = APy (k=1).A" +Q (33)

The equations for measurement updated to
correct estimation:

K(K) = Py (K)-HT.(H.P, . (K).H +R) ™ (34)
Ot (K) = Opreg (K) + K (K).(O(K) — H Oy (K)) (35)
est (k) (I K(k)H ) pred (k) (36)

where K is the Kalman gain.

10 10 10
A= ,B=0,H = 1=
PR TR PR

The start of Kalman filter algorithm is
initialized at the initial values:

Hest(k—l)z{g},Pest(k—l)z{cl) ﬂ

_[o001 0 n_ 0.00025 0
| o 0001 | © 0.00025
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Equations (34)-(36) are applied to the Kalman
filter and the procedure is repeated until the
difference between the actual value and the
value estimated less than a predetermined error
€. The result at the output of the Kalman filter is

avector G, man = . determined by:
1— RKaIman *T
o L
HKa|man _ 1_Kalman — Kalman (37)
92_Kalman T
I‘Kalma\n

From (37), we obtain the value of Rkaman,

I—Kal man-

3.3. Model of single phase SOGI-PLL

Figure 7 shows the structure of the SOGI-
PLL. Both the adaptive filtering technique and
in-quadrature phase detection technique are used
in the SOGI-PLL to generate the frequency and
phase outputs. This system has a double
feedback loop, i.e. the frequency/phase
generator provides both the phase-angle to the
Park transform and the central frequency to the
SOGI-QSG  (Second  Order  Generalized

Integrator - Quadrature Signal Generation).

‘SOG]-QSG

Figure 7. Model of single phase SOGI-PLL.

The parameters of SOGI-PLL are chosen as
k=2,
1 t..c?

7

23
Figure 8 shows the responses of the SOGI-
PLL.

follows: t;=100ms,

=0.021s

E =

f(Hz)
70
) Output Input
60 frequency frequency
S0 f1# L A
40
0 0.2 0.4 0.6 0.8 1 12
(a) <)
f(Hz)
80
70 nput utput
60 /frequency ~ frequency
50 i l n
I~ U
40
30
200 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(b) s)

Vabe(V)

2000040
OO0

o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
© (s)

Figure 8. The responses of the SOGI-PLL.

Figure 8a shows the frequency response of
the SOGI-PLL when the frequency of the input
signal changes from 50Hz to 48Hz at t = 0.5s
and from 48Hz to 50Hz at t = 1s. Figure 8b
shows the frequency response of the SOGI-PLL
when the phase angle of the input signal changes
from 0° to 45° at t = 0.5s. Figure 8c shows the
response of the input and output voltages of the
SOGI-PLL. The simulation results in Figure 8
have shown that SOGI-PLL can exactly obtain
the voltage amplitude and frequency at the point
of common coupling (PCC). They will be the
input for inner-controller. So when we have
more exact values, we will get more accurate
power sharing.

4. SIMULATION RESULTS AND
DISCUSSION

A microgrid with two parallel DG units as
in Figure 1 is simulated in Matlab/Simulink. All
the simulation parameters of the system are
given in table 1.
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Table 1. Parameters for the controllers

Parameters

Value

Input source voltage V4 (V)

600

Filter inductance L (mH)

1.2

Filter resistance R¢(Q)

0.2

Filter capacitance C (uF)

50

Switching frequency f, (kHz)

10

Rate frequency f, (Hz)

50

Rate power (kVA)

5

Rate voltage Vac, p (V)

310

Droop coefficient my (rad/s/Var)

2.5e-4

Droop coefficient m, (V/W)

1.7e-3

P(W)

4000

—P1

3000

|—p2

2000

1000

-1000

1400

Q(Var)

6
t(s)

1150

—Q1

—Q2

PW)

6
t(s)

4000

i
|
|

3000 The i

€ parameters

re cha

—P1
—P2

2000

1000

-1000,

t(s)

Q(var)
1400

—Q2
1200 —Q1

1000

The line parameters
800 are|change

600
\
400L<:>==

ko
200 \ N\

/\/\ww
\4

R(Ohm)
1.5
R-actual=1(0-3s);0.5(3-6s);0.7(6-9s)
1.25
y R-LS —_—
1 LA ai R-Kalman
0.75 .
0.5
0.25
0
0 1 2 4 5 6 7 8 9
(e) t(s)
-4 L(H)
15X 10
13
11
9
7
5
3 Lractual=ImH(0+3s);0.5mH(3-65);0.7mH(6-95s)
1 CLSM | ——
-1 LrKatman— —
-3
-5
0 1 2 3 4 5 6 7 9
® t(s)
\A\2
400
300
200
100
0
-1005 1 2 3 4 5 6 7 8 9
(@ t(s)

Figure 9. (a) Real power with the line impedance
estimate, (c) Real power without the line impedance
estimate; (b) Reactive power with the line impedance

estimate, (d) Reactive power without the line

impedance estimate; (e) Resistance estimation; (f)

Inductance estimation; (g) Load voltage.

4.1. Line parameters change with fixed
load.

In this simulation, the line parameters of
two inverters are provided in Table 2. The
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results from the simulation are given in
Figure 9.

Table 2. Line Parameters of two inverters

Line

Inverter 1 Inverter 2
parameters

t=0-3s |0.8 [t=0-3s|1
Resistance

t=3-6s |0.4 |t=3-65|0.5
R(Q)

t=6-9s |0.6 [t=6-95|0.7

t=0-3s |0.8 [t=0-3s|1
Inductance

t=3-6s |0.4 |t=3-65|0.5
L(mH)

t=6-9s |0.6 [t=6-95|0.7

Figures 9a and 9b have shown the
performance of proposed strategy when the line
parameters change. Figure 9c and 9d show the
performance of conventional droop control.
When the line parameters change at 3s and 6s,
both strategies have normal real power sharing
but the conventional droop control can't achieve
accuracy reactive power sharing because of the
mismatch in line impedances. Only the proposed
strategy with line impedance estimation block
(Figure 9e, 9f) can share accurate real and
reactive power in 1:1 ratio. The voltage drop is
always in the limit (Figure 9g).

P(W)
5000

—P1
4000 |—p2

3000

2000

1000

3 5 6
(@) t(s)

Q(var)
1500
—aQ1
1000 —Q2
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Figure 10. (a) Real power with the line impedance

estimation, (b) Reactive power with the line
impedance estimation, (c) Real power without the line
impedance estimation, (d) Reactive power without the
line impedance estimation, (€) Resistance estimation,
(f) Inductance estimation, (g) Load voltage.

4.2. Line parameters and loads change
with the same power sharing ratio.

The line parameters of two inverters for this
simulation are provided in Table 3. The obtained
simulation results are given in Figure 10.

Table 3. Line Parameters of two inverters

Line

Inverter 1 Inverter 2
parameters

t=0-35s [0.8 [t=0-3s|1
Resistance

t=3-6s |04 |[t=3-65[0.5
R(Q)

t=6-9s |0.6 |[t=6-95|0.7

t=0-35 |0.8 [t=0-3s|1
Inductance

t=3-6s |0.4 |[t=3-65|0.5
L(mH)

t=6-9s |0.6 |[t=6-95|0.7

In this case, the line parameters change at
3s and 6s, the loads change at 2s and 5s, the
power sharing ratio is 1:1. With conventional
droop control (Figure 10c, 10d), the real power
sharing get worse when the loads and line
parameters change, the reactive power can't
share at 1:1 ratio if the mismatch is large.
Because in the period from 3s to 9s, the actual
parameters of the line changes as in Table 3
while the parameter setting of the inverters is
unchanged since the conventional controller is

not associated with the line impedance
estimation for this case and the updated
parameters can not be sent to inverters. With
proposed strategy (Figure 10a, 10b), even when
the loads and line parameters change to different
values, the real and reactive power sharing are
still good with line impedance estimation. In
figure 10e and 10f, the estimation block can
instantly give new values when line parameters
change with high accuracy. This result has
demonstrated its usefulness.

4.3. Line parameters and loads change
with the different power sharing ratio.

In this case, the rated power ratio of the
inverters is 1:2 and the line parameters of the
two inverters are provided as in Table 4. The
obtained results from the simulation are given in
Figure 11.

Table 4. Line Parameters of two inverters

Line

Inverter 1 Inverter 2
parameters

t=0-3s |1 t=0-3s|1
Resistance

t=3-6s |04 |[t=3-65|0.8
R(Q)

t=6-9s |05 |t=6-9s|1

t=0-3s |1 t=0-3s|1
Inductance

t=3-6s |04 |[t=3-65|0.8
L(mH)

t=6-9s |05 |t=6-9s|1

In this case, the line parameters change at
3s and 6s, the loads change at 2s and 5s, the
power sharing ratio will changes to 1:2 not 1:1
like case 4.3. With conventional droop control
(Figure 11c, 11d), the power sharing
performances are worse than upper case because
of the ratio change and mismatch in line
impedance. After 6s, control errors go up to
50% when we have Q1=405Var and
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Q2=540Var. The ratio at the moment is not 1:2.
With proposed strategy (Figure 11a, 11b), even
when the loads and line parameters change to
different values, the performances of power
sharing have ensured with low errors control
and small overshoot. In figure 11e and 11f, the
estimation block can instantly give new values
when line parameters change with high
accuracy. The result of proposed droop control
with estimation block is very positive.
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Figure 11. (a) Real power with the line impedance
estimation, (b) Reactive power with the line
impedance estimation, (c) Real power without the line
impedance estimate, (d) Reactive power without the
line impedance estimation, (e) Resistance estimation,
(f) Inductance estimation, (g) Load voltage.

4.4. Hardware Implementation Using DSP
28335.

The research has been also implemented on
a practical model developed in our laboratory.
The experiment model in the laboratory has
three 3-phase inverters and a driver of
Semikron, LEM HX 20P and a LV-25P plays
the role as a voltage and current sensor. The
experimental apparatus in the laboratory for the
research are shown Figure 12. The proposed
control algorithm has been implemented on the
TMS320F28335 DSP controller and the test
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results have been captured by Tektronix
TDS2014B oscilloscope and Fluke 345 PQ
clamp meter. To maintain the power demand of
loads, the three inverters are used with
paralleled output connections while RS485 lines
are responsibility for the communication
network. For the hardware implementation, two
test cases are considered including the ratio of
the active and reactive power of 1:1:1 with loads
change on time corresponding to Mode 1 on.
The experimental results have verified the
advantages of the proposed control algorithm
through three case studies.

4.5, Case study 1: P1:P,:P3 = 1:1:1, Q::Q,:Q3

=1:1:1, Load fixed at a pre-determined
value.

For this case, the ratio of active and
reactive power is 1:1:1 for the three inverters
with the load fixed at a pre-determined value.
The measured active power outputs for the three
inverters are shown in Figure 13. The obtained
active power for the three inverters are P, = 945
W, P, = 935 W, P; = 945 W. The real power
sharing errors, in this case, are very small.

INV 1

S controlcard (S

N ! INV 2

INV 3

LIN (k)

181440 18:14:50 18:15:00 181510 81520 181530 18:15:40

UN (W)

81350 181400 18:14:10 181420 18:14:30 18:14:40 181450

LINGW)

Figure 13. The active power of the three inverters for
Case study 1 of hardware experiment.

4.6. Case study 2: P1:P,:P3 = 1:1:1, Q1:Q,:Qs
=1:1:1, Load changes with steps within the
pre-determined limits.

This case is corresponding to the ratio of
active and reactive power still being 1:1:1 and
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the load changes with steps within the pre-
determined limits. The measured active power
outputs for the three inverters are shown in
Figure 14. The obtained active power for the
three inverters rises in the limits as Pymax =
2025 W, P,max = 2045 W, Psmax = 2025 W,
P;min = 100 W, P,min = 125 W, P;min = 125
W. These results have demonstrated the system's
response when the load continuously changing
on time while keeping constant ratio.

LIN (ki

LN (ki)

LN (k)

1 5.2=' 30 18: 2=2 00 1 S.ZE.BD 1 5.2=3.:'I) 1 5.2=3.3-D
Figure 14. The active power of the three inverters for
Case study 2 of hardware experiment

4.7. Conclusion

This paper proposes a new method of
droop control allowing an accurate load sharing
ratio between the paralleled inverters in the
islanded microgrids with line impedance
estimated online in terms of the conventional
resistor. Moreover, the line impedance may vary
according to the temperature or frequency at the
same time with significant differences between
the inverters. The estimation blocks will provide
the line impedance parameters in the real time
line for the proposed droop controller which was
built based on the least squares method
combined with the Kalman filter. Even while
line impedances and loads change at the same
time, the refresh rate is fast enough to keep
system stability and high accuracy power
sharing. The results in Matlab Simulink and
hardware implementation have demonstrated the
superiority of proposed strategy in any case with
any ratio.
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Diéu khién Droop thich nghi cac bo nghich
luu két ndi song song két hop udc luong

A 9 \ A
tong tro duong day
e L& Minh Phuong
e  Pham Thi Xuian Hoa
e Hoang V6 Dirc Duy
e Nguyén Minh Huy

Truong Pai hoc Bach Khoa, PHQG-HCM
TOM TAT

Bai bdo trinh bay ky thudt diéu khién méi
chia tai cho cdc bé nghich heu ba pha két noi
song song trong lwoi siéu nho doc lap voi kha
nang woc luwong duoc tro khang dwong day
bang bé loc Kalman. Khi ma tré khang dwong
dady bi thay d@éi lién tuc do anh hwéng cia tan sé
va nhiét do6 moi truong, kha nang dap ung
nhanh ciia cdc b nghich luu bi giam xuong. Vi
vdy, bdi bdo nay sé trinh bdy kj thudt diéu khién
Droop méi cé thé hoat dong véi nhiéu tré khang
duong day khac nhau, trong diéu kién thuan tré
R va thuan khang X. Sir dung phwong phdp binh
phuwong cuc tiéu két hop voi b loc Kalman,

phirong phap wée heong ndy cho két qua kha thi

trong truong hop tré khang thay doi lién tuc.
Ngoai ra mét vong ldp thir hai dgc thiét ké dé
phuc héi dién dp va dong dién sau Droop, bang
bé khoa pha va bé SOGI-PLL bam sat dwoc
dién dp va tan sé diém két néi chung PCC. M6
hinh diéu khién da dwoc mé phong trén
Matlab/Simulink voi ba b nghich lwu song song
c6 1y 1é cong sudt giita cac bé nghich heu khdc
biét. Két qua mé phong thé hién dwoc dé chinh
xdc cao cua ky thudt diéu khién dé xudt. Vi vy,
phirong phdp diéu khién Droop thich nghi dwa
trén woc lwong tré khing dwong ddy c6 thé img
dung 16t chia sé tdi trong mot luoi siéu nho doc

lap.

Tir khod: Cdc bé nghich luu song song, diéu khién Droop, wéc lwong tong tré dwong dady, b loc

Kalman
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