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Abstract—The possibility of increasing penetration level of
grid-interactive microgrids (MGs) has gained a great interest
over the past decade. Thus, it is critical to investigate the
performance of the MGs under voltage sags, since it may induce
instability to the power grid. Negative sequence droop control
based voltage support strategy has been proposed to aid MGs
riding through three phase asymmetrical voltage sags. However,
since the line impedance from each converter to the point of
common coupling (PCC) is not identical, both positive sequence
and negative sequence output current of the converters cannot be
equally shared if no extra current balancing loop is added.
Accordingly, a dynamic consensus algorithm (DCA) based
negative/positive sequence current sharing scheme is proposed in
this paper. Finally, a lab-scale AC microgrid was designed and
tested in the lab to validate the feasibility of the proposed control
method.

Keywords—grid-interactive  microgrid, low-voltage ride-
through, hierarchical control, consensus algorithm.

I. INTRODUCTION

Recently, due to the continuously increasing installation of
microgrids (MGs) [1], Denmark and German had revised their
grid codes to require distributed generators (DGs) to provide
reactive power support and low-voltage ride-through (LVRT)
capability [2]-[3]. Unfortunately, the published grid code
requirements mainly focus on wind farms linked with medium
voltage (MV) or high voltage (HV) grid, while, in a near
future, these interconnection standards could be extended to
low voltage (LV) grids [4].

Conventionally, LVRT strategy for wind power systems
have the objective of nullifying the power oscillations or
injecting balanced current into the grid by controlling the grid-
interactive converter [5]. Under this condition, the converter
normally operates in current-controlled mode. Besides, LVRT
of PV converters is also achieved by controlling the grid-
interactive converter as a current source which phase angle
signal is sensed from the grid voltage to achieve unity power
factor current, meanwhile a dedicated current control loop
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assures the power injection accuracy and harmonic issues [4],
[6]. However, to the best of authors knowledge, the exact
methodologies on how to achieve LVRT in droop controlled
converters are rarely studied [7]. In [6], a droop method based
strategy is proposed to embed the PV inverter with both
harmonic compensation and voltage support -capability,
however, the line impedance is considered mainly inductive
which limits its application in a real case. A reactive power
compensation strategy, which takes the complex line
impedance into account, is proposed in [8], however, only
single phase application has been discussed. In [9] and [10], a
LVRT control scheme, which is based on negative sequence
droop strategy, is presented to achieve power injection under
asymmetrical voltage sags. The results of [10] show that both
the positive and negative sequence current can be equally
shared under voltage sags, however, all the distribution line
impedance was considered identical in the paper. As a
consequence, the injected power may deviate from the
reference if the line impedance is asymmetrical. In order to
overcome this issue and achieve accurate current sharing
during the period of voltage sag, a dynamic consensus
algorithm (DCA) [11]-[13] based current sharing strategy is
proposed in this paper by adding extra output impedance to the
converter to equally share the injected power. With the
proposed current sharing strategy, only low bandwidth
communication between neighboring units are required to
achieve accurate current sharing.

The rest of this paper is organized as follows. Section II
presents phasors analysis during voltage sags while Section III
illustrates the proposed hierarchical control scheme, including
inner voltage/current loops, positive/negative sequence droop
control loops and DCA based current sharing loop.
Experimental results from two paralleled 2.2 kW converters
forming a grid-interactive microgrid are given in Section IV.
Finally, the conclusions are illustrated in Section V.

II. POWER FLOW ANALYSIS UNDER VOLTAGE SAGS

According to the symmetrical component theory, the
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Fig. 1. Power flow analysis.
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Fig. 2. Phasor diagram of the grid-interactive converter with complex line
impedance under voltage sags. (a)positive and (b) negative sequence.

positive and negative sequence components are decoupled
from each other. Thus, it is possible to implement different
control methods on different sequence components. Thanks to
this feature, various control objectives can be achieved, e.g.
maximum positive sequence voltage restoration or maximum
voltage unbalance mitigation.

Power flow diagram between the grid and the converter is
depicted in Fig. 1, where v. and v, represent the converter
output voltage and grid voltage, respectively. Z, and Z,
represent the converter closed-loop output impedance, and the
grid impedance, respectively. /,, I;, and I, denote the converter
current, load current, and grid current, respectively.

Since the MG is usually a LV grid, impedance of the grid
can be considered mainly resistive. Also, taking into account
the leakage inductance of the transformer, which usually
locates at the PCC, both resistance and inductance should be
taken into consideration. The positive and negative sequence
phasor diagrams are illustrated in Figs. 2(a) and (b). In this
figure, 6 stands for the angle of Z,, while v. and v, correspond

to the converter voltage and grid voltage, respectively. Note
that ‘=’ denotes the negative sequence component.

As it can be seen in Figs. 2(a) and (b), due to the complex
grid impedance, the inverter should provide both reactive
power and active power support to the grid to mitigate the
negative sequence voltage as well as restore the positive
sequence voltage.

III. HIERARCHICAL LVRT CONTROL SCHEME

For the purpose of achieving LVRT and also enhance
current sharing accuracy, a hierarchical control algorithm [14]-
[15], which consists of two control levels, is proposed in this
paper. The overall control schematic diagram is illustrated in
Fig. 3.

A. Primary Controller

Primary controller mainly concludes droop control, virtual
impedance, and the voltage/current inner controller. The
voltage/ current inner controller mainly responsible for
voltage/current regulation, while the virtual impedance and the
droop control contributes to power sharing accuracy
enhancement [13]. Besides, the converter output current and
capacitor voltage is measured for active and reactive power
calculation. The calculated active power P and reactive power
Q are then fed to the droop controller for power sharing and
circulating current suppression. The droop law can be defined
as follows:

N

9 =¢0—(mp+ﬂj(P—Rgf) (1)

E :EO_np (Q_Qref) 2

where E* and ¢" denote the phase angle and amplitude of the
voltage reference while Ey and ¢y denote the rated value of the
voltage amplitude and phase angle, P., and Qs denote the
active power and reactive power reference, respectively, m,, m;
and n; are the proportional and integral coefficients for the
droop controllers, respectively.

In addition, the virtual impedance control is applied, since
it can make system more damped and provides better P/Q
decoupling with appropriate output impedance shaping [10].
Note that all the primary loop controllers are implemented in
of reference frame along with proportional-resonant (PR)
controller [11].

B. Secondary Controller

The DCA based LVRT controller mainly responsible for
the positive/negative sequence power control and its sharing
among the distributed converters. As can be seen in Fig. 3,
PCC voltage and current signals are first measured to calculate
positive/negative sequence power, and afterwards it is sent to
the positive/negative sequence droop controller [10] to generate
the positive/negative sequence compensation signal which is
connected with the primary controller via a low bandwidth
communication link. Finally, the compensation command is
added to the primary loop and adjusts the voltage reference in
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Fig. 3. DCA based hierarchical control scheme.
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Fig. 5. Adopted communication topology and the corresponding Laplacian
matrix

DG side, such that the required amount of power can be
injected into the grid.

For the purpose of balancing positive/negative sequence
current under asymmetrical line impedance, a current balancing
controller is proposed in the secondary control loop. The dg
component of the positive/negative sequence converter output
current (/%) is compared with the average value of the dg

components of the positive/negative sequence current ( Z,5).
Then, the resulting signal error is sent to a P/ regulator which
output command is sent to local controller and added with the
converter voltage reference after transform to aff reference

frame. Note that 1,*% is obtained by using DCA which will be
illustrated in Section IV.
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Fig. 6. Experimental testbed.

IV. CONSENSUS ALGORITHM

Generally, consensus algorithm is applied to obtain a
convergence in an environment with dynamically changing
variables. In this studied case, DCA [12]-[13], which is an
improved consensus algorithm, is used to realize the
positive/negative sequence current information sharing and
coordination among the distributed converters. Schematic of
the DCA is illustrated in Fig. 4, and its mathematical
expression is shown as follows.
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Fig. 7. Voltage waveforms. (a) grid side voltage, and (b) load side voltage.
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Fig. 8. Unbalance factor waveforms. (a) grid voltage unbalance factor, and (b) load voltage unbalance factor.

x(k+1)=e- 3 8 (k+1)+x(0) 3)
8 (k+1) = ay - (3, (k) = x; () + 8 (k) (4)

where ¢ is the value of constant edge weight between agents.
di(k) is the cumulative error between two agents, and J;(0)
equals to 0. Note that a; >0, only when agent i and agent j are
neighbors.

In this paper, x(k) stands for the calculated average value of
the positive/negative sequence current, while x(0) stands for the
measured positive/negative sequence current. According to all

the calculated and measured current information, DCA will aid
each converter to calculate the average value of
positive/negative sequence current.

Also, the constant edge weight ¢, which determines the
system dynamics, is defined as follows

W=I-¢-L (5)

where L is the Laplacian matrix [11] of the communication
topology. The adopted communication topology and the
resulting Laplacian matrix is shown in Fig. 5. According to
[12], & can be calculated as (6) to obtain the fastest
convergence speed.



Red—Converter 1

_8 ‘ 8 ‘ ‘ 8 -
56 i 4t [ 5 : R EREERENENBEN- :
= 1 Fid | 36 f ﬂ g6 ; & i :
[y — N-.([-P;/-L/-_-ﬁ.ﬂ[ﬂ“ﬁ:y -,f.wi.f'-,ﬂ/!.‘!.4f}.ﬂwﬁ M I 54 T
< il ] ( S inininl ‘.;,‘.'\f.,,'! |
< 2 [ W\ ﬁ i 2 e 2 | 1.;||~';.'.r#‘.('.j“f-r,;(,/.mﬁ R
2 0 peseesri T :MH'\!!'H (1.2 O P>l 'w"!i“'}*ll'\""go e 's'\‘:"m“JH‘“"\”H' LUJ'LI
B .‘H Hii '—fill s «J'U.i—. C T2 ‘\,‘(_f‘,g‘,:t AAAAE NN,
2.4 "'“‘ 4 ,..‘..‘, (o4 ‘ i1k "l_\‘_|‘<.|‘<u_4 ygveuvyyd
E " LM;\H AT ,UU,';[UMW [',‘ £ S
[S -6 J ) ¥ [8-6 IR L [8]'6
8 01 02 03 ___.047705 0 01 02 03 047705 0 0.1 02, 03_..-0477705
\ __Time/s -~ \ ___Time/s - \ ___Time/s -
8 [T 8 : 8 ~ngTTl
6 6 |"H n | i q;‘;: 6 )] ;
g 2 : %‘2 11 l “ ‘l |\ ; ‘52 i ]‘]ill “Ii J[ |’ i L \}1
i 2 s M| H I 414 Adyiodor: e I 1 | i d L
<0 ‘w0 i i, 0 H‘nyfllu‘” I ll"l‘\ i l\‘ il
9 -2 il F8-2 ) 'l il || ----- g2 f i "' ! ) \H ‘;H‘g
£ <4 [L T L R S S B E4 ia“‘“ﬂ \'\ g
! R LE G ~ fli ~ HiH
SR it i M \qu Il m g‘ ‘ iR v k.
1.0 12 0 04206 08 1012
= \T~ 8 R R R R A 8 DT et I L A S S A A A T S o
5 56, ,
3 g4 fw",'i"“-l\
m2 | 'I :“ ‘\‘4 LR
é A A ;-go | ! lll_"%‘”“lﬂ‘:;v\/\/\'f\‘/ ARV
& &2 || 2 IR
- Full : e
2 & : 6 ‘
A i H - IN_g : i i £ 8 : : : 3
0.8 0.9 1.0 1.1 12 08 0.9 1.0 1.1 12 08 0.9 1.0 11 12
Time/s Time/s Time/s
(@ (b) (©)
Fig. 9. Output current of the two converters. (a) phase A, (b) phase B, and (c) phase C.
2 (6) TABLE 1. SYSTEM PARAMETERS
/1,,4 (L) + /11 (L) Parameters of the Power Stage
. . . . . Parameters Symbol Value Unit
where 4, is the n” largest eigenvalue of matrix L. ¢ is set to 1 in Grid Inductance Le 1.8 mH
this paper, since a bi-directional communication link is LCL filter Inductance Ly 18 mH
established between two control systems. l;her.c"‘l"{lflﬁ‘nce g 2? 0 ”If
omina. oltage
Nominal Frequency f 50 Hz
V. EXPERIMENTAL RESULTS DC Voltage Vbe 650 4
. . Switching Frequency f 10 kHz
To validate the proposed control strategy, experiments are Line Impedance Zi 141 Q
conducted and the results are included below. The whole Line Impedance Z1> 4+j2 Q
experimental setup is depicted in Fig. 6, while corresponding Primary Controller
power stage schematic can be seen in Fig. 3. Moreover, Parameters Symbol Value
specifications of the experimental setup are listed in Table I. In Voltage Controller ey, Kir 0.05, 30
imental testbed, two three-phase converters are connected Current Controller Fips oy 2, 200
experimental > p Y Proportional Phase Droop mp 0.0005 Rad-s/W
in parallel with the grid through complex line impedance (Z;=2 Integral Phase Droop s 0.00006 Rad/WV
+ j2 Q) Proportional Voltage Droop np 0.002 V/Var
. Integral Voltage Droop nr 0.005 V/Var
A 0.2 p.u. two phase voltage sag, which occurs at = 0.1s Virtual Resistor Ry iQ
and clears at ¢ = 1s, is created to test the effectiveness of the Virtual Inductor L 4mH
DCA based current sharing controller, and the corresponding Secondary Controller
voltage waveform is depicted in Fig. 7(a). Parameters Symbol Value
Proportional Components ky 0.01
Fig. 7(b) illustrated load voltage. In contrast with the grid Integral Components ki 0.02
Constant Edge Weight e 1

voltage, the load voltage is restored to its nominal value and all
three phase voltages becomes balanced as a result of the
positive and negative sequence current injection. Moreover,
Fig. 8 depicts the load voltage and grid voltage unbalance
factor. As shown in the figure, the load voltage unbalance
factor decreased significantly thanks to the negative sequence
power injection. Consequently, the local electrical load can be

protected from potential damages.

In order to examine the transient response and current
sharing accuracy of DCA based LVRT controller, the three
phase output currents of the converters are illustrated in Fig. 9.



However, the phase current between the converters cannot be
shared equally due to the asymmetrical line impedance. Thus,
to equally share the load current between the converters, DCA
based current sharing controller is enabled at ¢ = 0.6s (see Fig.
9). As it can be seen, after the current sharing loop is activated,
the output current converges to the average value.

VI. CONCLUSION

This paper proposes a dynamic consensus algorithm based
current sharing scheme during voltage sags. The power flow of
the overall system is illustrated, the LVRT and DCA based
current sharing strategy are also analyzed and discussed.
Experimental testbed which contains two converters and the
grid are constructed to validate the effectiveness of the
proposed control strategy. The experimental results indicate
that both the negative and positive sequence power can be
injected properly to restore as well as balance the load side
voltage. Moreover, thanks to the DCA based current sharing
loop, the converter output current is able to converge to the
average value accurately even with asymmetrical line
impedances.
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