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Coordinated Control of Parallel Three-phase
Four-wire Converters in Autonomous
AC Microgrids

Rui Liu, Li Guo, Member, IEEE, and Xialin Li, Member, IEEE

Abstract—The coordinated control of parallel three-phase four-
wire converters in autonomous AC microgrids is investigated in
this paper. First, based on droop control, virtual impedance is
inserted in positive-, negative- and zero-sequences to enhance
system damping and imbalance power sharing. Then, to fa-
cilitate virtual impedance design, small signal models of the
three-sequence equivalent circuits are established respectively.
Corresponding indexes are proposed to comprehensively evaluate
the impact of sequence virtual impedance on current sharing
accuracy, voltage quality at the point of common coupling
(PCC) and system stability. In addition, constraint of DC-
link voltage is also considered to avoid over modulation when
subjected to unbalanced loads. Furthermore, to address the PCC
voltage degradation resulting from virtual impedance, a voltage
imbalance compensation method, based on low-bandwidth com-
munication, is proposed. Finally, simulation and experimental
results are provided to verify the correctness of the theory model,
indicating that the proposed method can achieve PCC voltage
restoration while guaranteeing the current sharing accuracy with
desirable dynamics.

Index Terms—AC microgrids, sequence virtual impedance,
three-phase four-wire (3P4W) converter, voltage imbalance
compensation.

NOMENCLATURE

PCC Point of common coupling.
ESS Energy storage system.
MG Microgrid.
3P3W Three-phase three-wire.
3P4W Three-phase four-wire.
PS, NS, ZS Positive-, negative, and zero-sequence.
LBC Low-bandwidth communication.
MGCC Microgrid central controller.
Convy, Convy Converter unit 1 and 2.
SOGI-QSG Second-order generalized integral quadra-

ture signal generator.
PNSC Positive/negative-sequence calculation.
SPWM Sinusoidal pulse width modulation.
CAN Controller area network.
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Phase-locked loop.

PCC load.

Parameters of the LCL filter.
Zero-sequence inductance.

Feeder impedance.

DC-link capacitors.

Instantaneous positive-sequence active and
reactive power.

Voltage of C.

Current of Lo

Positive-sequence current of Lo.
Negative-sequence current of Lo.
Zero-sequence current of Lo.

Filtered active and reactive power.
Angular frequency and amplitude of the
output voltage reference.

Angular frequency and voltage amplitude
references of the microgrid.

Pf and QU droop gains.
Positive-sequence active and
power references.

Phase angle of the output voltage reference
Output voltage reference (without virtual
impedance insertion)

Output voltage reference (with virtual
impedance insertion)

Positive-sequence virtual inductance and
resistance.

Negative-sequence virtual inductance and
resistance.

Zero-sequence virtual resistance.
Proportional, resonant coefficient and cut-
off frequency of the outer voltage loop
control.

Integral coefficient of the zero-sequence
voltage control.

Proportional coefficient of the inner cur-
rent loop control.

Modulation signals.

Voltage compensation signals.

Active power supplied by converter <.
Reactive power supplied by converter .
Reactive power consumed by load.
Amplitude of PCC voltage.
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Uy com ap Negative-sequence voltage compensation sig-
nals of converter 1.

Ui_com_0 Zero-sequence voltage compensation signals
of converter <.

Udcl, Udc2,  Voltage of upper DC-link capacitor, lower

Udc DC-link capacitor and total DC-link bus

fa, I +, I —, Phasors of phase-A current, positive-sequence

Iy current, negative-sequence current, zero-
sequence current

U Phasors of voltage reference generated by
droop control.

I, Rated current amplitude.

wpce, Opcc Angular frequency and phase angle of PCC
voltage.

Tipr Time constant of the low-pass filter Gppp.

TcaN Communication cycle.

kp_coms Ki_com Proportional and integral coefficient of Geom.
I Amplitude of NS currents of converter .
Lo Amplitude of ZS currents of converter .

I. INTRODUCTION

NERGY storage systems (ESSs) have been commonly

used to smooth transient power fluctuations and enhance
system stability in power distribution and microgrids (MGs)
with large-scale integration of renewable generations [1], [2],
as well as to provide auxiliary services in improving power
quality and demand response [3]. Especially, in low-voltage
autonomous AC MGs, ESSs play a key role in stabilizing
frequency and voltage [4], [5]. Moreover, distributed ESSs,
with modular parallel four-wire converters, can accommodate
unbalanced loads, such as single-phase loads, without extra
Y-delta transformers, as well as improve redundancy and
reliability, and achieve flexible configuration with respect to
different power rating considerations. Common three-phase
four-wire (3P4W) converter structures can be classified as
two-level three-leg [6], two-level four-leg [7], [8], three-level
three-leg [9] and three-level four-leg [10], etc. Because of the
advantages of low common mode voltage and low switching
loss, this paper selects the T-type three-level three-leg four-
wire converter. When subjected to unbalanced loads, how
to enhance current sharing, improve PCC voltage quality,
and ensure system stability in parallel 3P4W converters have
become prominent challenges to be addressed, and are the
main motivation of this paper.

To facilitate power sharing among converters in autonomous
MGs when feeder impedance is mismatched, modified meth-
ods based on P-f and -V droop control had been developed
in both three-phase three-wire (3P3W) [11]-[18] and three-
phase four-wire (3P4W) [19]-[21] systems. In 3P3W systems,
one practical method was to reshape the converters’ output
impedance by a relatively large virtual impedance, so that
the discrepancy of feeder impedance could be trivialized [12],
[13]. The other methods were to dynamically adjust each con-
verter’s virtual impedance in accordance with the feedbacked
current information [15]-[18]. In the 3P4W system, where
additional zero-sequence (ZS) current return paths existed, the
design of ZS virtual impedance has been described in [19]. An
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intriguing method to transform power sharing issues among
3P4AW converters into each phase respectively was proposed
in [20], with secondary control used to eliminate deviations
of the frequency, phase angle and voltage amplitude among
the three phases. Nevertheless, low-bandwidths for decou-
pling multiple control loops may result in slow dynamics.
Conservative power theory was adopted in [21] to extract
balance, unbalance and harmonic current for virtual impedance
applications in the a-b-c reference frame.

In the above studies, it was validated that sequence virtual
impedances which far exceed the feeder impedance could help
to share reactive and imbalance powers proportionally without
additional communication. Although the PS and NS current
sharing in 3P3W MGs have been discussed, in 3P4W MGs
where an additional zero-sequence (ZS) current return path
existed, ZS virtual impedance should be specially designed to
realize ZS current sharing. Existing research separately inves-
tigates the design of virtual impedance for specific purposes.
How to evaluate the impact of the sequence virtual impedance
comprehensively and quantitatively on current sharing accu-
racy, PCC voltage quality and system stability is still an
open area and should be clarified. In addition, voltages in
light-load phases may be overmodulated if excessive negative-
sequence (NS) or ZS virtual impedance is applied. DC-link
voltage restriction was rarely considered in virtual impedance
architecture in existing parallel 3P4W converters.

Feeder impedance, NS and ZS virtual impedance will ag-
gravate the PCC voltage imbalance as unbalanced loads are
supplied. For voltage amplitude and imbalance compensation
in 3P3W systems, one approach is to change the injection of
positive-sequence (PS) reactive and NS power [22]. The other
is to simultaneously adjust the PS and NS voltage references
of the converters according to signals generated by a cen-
tralized voltage compensator [23]-[25]. A distributed voltage
recovery method, through exchanging the integral items of the
secondary controllers, is proposed in [26] to achieve voltage
compensation and power sharing at the same time, but the
scenario in which mismatched feeder impedance occurs hasn’t
been considered. In the 3P4W system, the extra ZS component
in PCC voltage should be taken into consideration. Existing
key-node voltage imbalance compensation methods by means
of virtual impedance adaptation [19] tend to decrease current
sharing accuracy. Using the signal transformation contrived
in [23]-[25] to translate ZS voltage signals into DC quantities
for transmission by low-bandwidth communication (LBC)
seems to be a feasible solution for ZS voltage compensation.
Therefore, how to compensate the imbalance of PCC voltage
in 3P4W MGs while maintaining the current sharing accuracy
requires further study.

The main motivation of this paper is to address the afore-
mentioned issues of parallel 3P4W converters in islanded
AC MGs. First, the DC-link voltage restriction for virtual
impedance design is formulated to avoid over modulation.
Second, corresponding indexes are comprehensively and quan-
titatively proposed to evaluate the impact of sequence virtual
impedance on current sharing accuracy, PCC voltage quality
and system stability, so as to achieve the optimal and robust
design of virtual impedance. Third, a voltage imbalance com-
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pensation method based on LBC is proposed to realize voltage
compensation. Compared with methods for 3P3W MGs [23]-
[25], compensators for mitigating ZS components of PCC
voltage in 3P4W AC MGs are elaborately designed to provide
high quality power for single-phase loads. Meanwhile, the
accuracy of current sharing is ensured.

The remainder of this paper is organized as follows. The
structure of parallel 3P4W converters is illustrated in Sec-
tion II. In Section III, basic P-f and Q-V droop with
sequence virtual impedance for parallel 3P4W converters is
first reviewed. Then, small signal models of the three sequence
circuits are established. Moreover, corresponding indexes are
quantitatively proposed to evaluate the impact of sequence
virtual impedance on the 3P4W system. In Section IV, the
voltage imbalance compensation method based on LBC is pre-
sented. Simulation and experimental validations are provided
in Sections V and VI respectively. Section VII concludes this

paper.

II. CONFIGURATION OF AC MG COMPOSED OF PARALLEL
3P4W CONVERTERS

The considered 3P4W AC MG is illustrated in Fig. 1. Two
converter units (Convy; and Convsy) and PCC loads (Z),q) are
connected to the common AC bus. Each converter is controlled
by a local controller in real time, which is connected to the
microgrid central controller (MGCC) via LBC. Algorithms
embedded in the local controller achieve voltage control and
power sharing according to P-f and -V droop character-
istics. The MGCC samples and processes the PCC voltage

Low-bandwidth communication
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to generate PS, NS and ZS voltage compensation signals,
which are broadcasted to converter units to realize voltage
imbalance compensation. The LCL structure is employed as
an AC side filter, whose neutral point is connected to that
of the DC link capacitors via Ly, [27]. Zine_1 and Ziine 2
represent the discrepancies between the feeder lengths and
series reactors for refining the harmonic characteristics of
specific converters. Cy.1 and Cgco can be directly connected to
batteries or through a front-end DC/DC interface. To simplify
the discussion, ideal DC-link capacitors with constant DC
voltage are assumed in this paper [14].

III. IMPACT OF SEQUENCE VIRTUAL IMPEDANCE ON
CURRENT SHARING, PCC VOLTAGE QUALITY AND
SYSTEM STABILITY

A. Implementation of Local Controller

As shown in Fig. 1, the local controller consists of a
power calculation, droop control, current extraction, virtual
impedance and voltage control.

1) Power Calculation: p and ¢ are calculated according to
Uc_apo and iJLrQ_aﬂ in (1). Then, p and q are filtered by low-
pass filters, yielding P and @) respectively.

p= 1.5 UC_OL?:-[",_Q_OL + uC_ﬁiIQ_,B (1)

g=15 uc_ﬁig_a - uc_aizm

2) Droop Control: P-f and Q-V droop control is imple-
mented by (2):

+
com_d

—s ~ ugom_dq
CdCl = ‘e} ‘t]} 1]} Ll L2 COHV] Zline 1 PCC Ucom dg 0
Ugel 7YY Y
Uge L - 2828 2228 —
gdcz:: ‘[::é Y I A — »| MGCC
, dc2 1’1} 1'} 1'} R, 9 ol
C
#1 Local L
_.kController A l —
(o
gdcl 1 J-J} 1]} 1]} L, a L, Conv, a' |Dine 2 Zioad
del Y A —
Uge + —«[::é Y b Y b' | —
gdcz:: YN [l e A e
dc2
REINET T ~{100
Drive | C TIT]
Signal F* L, 4 _
SPWM
Cap0 iLl_a/SO Al Uc oo
Control
a0 _com Signal From MGCC
™ . Resynthesize
uaﬁo_refu [0} | P il‘f27aﬂ l
Virtual arele—<U! Droop [~ | Power Current
Impedance | /A ref a 0 | Control | Q| Calculation iy 45| Extration
= i50
T 2# Local controller

Fig. 1. Schematic of 3P4W AC MG.
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w=w"+kps(P*—P)
U=U"+keu(Q -Q)

where 6 can be derived by the integration of w.

3) Current Extraction and Virtual Impedance: A Second-
order generalized integral quadrature signal generator (SOGI-
QSG) and positive-/negative-sequence calculation (PNSC)
[28] are utilized to extract fundamental currents ia_a 5 12 ap
and i1 o. In order to share the currents and enhance sys-
tem stability, when feeder impedance mismatch occurs, the
sequence virtual impedance is generally inserted as (3):

2

/

Uq_ref = Wa_ret — Rji_&_oz + WL\J/ri—IZ_B
—Ryipy o —wlyip, g

u/ﬁ_ref = UB_ref — ijiIQ_a - Rjiz2_6 (3)
+ wL;iZQ_a — R;ZZQ 8

Uy op = —Ryoir2 o

where u,3_rer are generated by dg/af transformation of U and
6. ul, 0_ref €an be acquired after adding the sequence virtual
impedance.

4) Voltage Control: In the voltage control loop, quasi-
proportional resonant control (G, pr) is adopted for the
voltage outer loop. An extra integral item is employed in the
ZS voltage control (G,_pir) to eliminate the DC component.
Proportional control (G;) is utilized for the current inner
loop. eqgo is modulated by sinusoidal pulse width modulation
(SPWM) to generate a driving signal for the semiconductor
devices. When the voltage compensation is enabled, signals
from the MGCC are resynthesized into the a0 reference
frame and added to 30_rer @ shown in the red part of Fig. 1.
GU_PR - kp_v + 522_30%

ki v 2k, ywe
G pir = kp o + 5= + 25005 )
Gi =k

It is noteworthy that the model here is used for refining the
primary-level control, so ucom_npgo 1S regarded as a constant
with the dynamics of the secondary-level control omitted.
Using an AC MG composed of two parallel 3P4W converters
as an example, according to the theorem of symmetrical com-
ponents, small-signal models of the three-sequence circuits can
be established respectively [19].

B. Impact of PS Virtual Impedance on Reactive Power Shar-
ing, PCC Voltage Amplitude and System Stability

In the PS circuit, the modeling method based on the com-
plex number matrix is adopted [13]. Around the equilibrium
point, (5) can be derived by introducing a small disturbance
[A0y, Aby, AUc 1, AUc 5]* to the voltage reference angles
and amplitudes of Conv; and Convy which is illustrated in
appendix A. Apparently, the characteristic equation of the PS
circuit is det(G) = 0.

GTX =0
X =[A0 Aby AUc, AUc " (5)

According to the parameters of a mainstream modular
3P4W converter in Table I, stability of the PS circuit is
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TABLE I
PARAMETERS OF THE 3P4W CONVERTER

§Ub Parameter Variable Value
ystem
Rated power Sated 30 kVA
Power LCL filter L, C 500 puH, 20 puF
stage (Rq), L2 (0.22 ), 120 uH
- Zero-sequence inductance L, 500 uH
DC-link capacitors voltage ugc1, Ude2 350V, 350 V
Power time constant Tpg rpr 0.0017 s
Rated angular frequency — w* 314 rad/s
Rated voltage amplitude U* 311V
Control P f droop gaip kpy 0.10472 kW/(rad/s)
system QU droop gain kqu 0.33 kVar/V
Voltage control kp_v, ki_v, 1,10, 6.5 rad/s
We
Current control kp_i 0.8
Switching frequency Ts 15 kHz

150 " T T —Orentation of L,
from 10puH to SmH
100+ ]
k] Eig.1
> L 4
Z 50 |
E P
= - R as +* W N SR
E]
£ —sof 1
—100} P ]
* Eig2
~150L— - S S
=300 -200 —-100 0
Real Axis

Fig. 2. Closed-loop poles of PS circuit.

discussed. As shown in Fig. 2, with the increase of the
PS virtual inductance value, dominant conjugate poles Fig.1
and Eig.2 approach the real axis with the damping ratio ¢
increasing. Then Eig.1 and Eig.2 convert to negative real poles
and the system is overdamped. However, when PS virtual
inductance further increases, one of the negative real poles
goes to the origin, which indicates that the system becomes
less stable.

To evaluate the accuracy of PS reactive power sharing, PS
unit circulating reactive power )\5 is defined in (6). The rate
of voltage amplitude deviation /\;r can be defined as (7).

A = @221_?2 % 100% 6)
A= |UPC(;]7_U| X 100% (7)

Let the feeder impedance of Conv; and Convy be 100 uH
+ 0.01 € and 200 pH + 0.02  respectively. To ensure power
decoupling, only virtual inductance is employed. ¢, )\25 and
A} with the variation of LY are shown in Fig. 3. With the
increase of the PS virtual inductance, the PS unit circulating
reactive power decreases and the stability of the PS circuit
increases, and the PCC voltage amplitude deviation increases.

C. Impact of NS Virtual Impedance on NS Current Sharing,
NS Component in PCC Voltage and System Stability

When the PS circuit is stable, w stays constant and uqg_ret
generated by the droop control contains only the PS com-
ponent. The NS current consumed by unbalanced loads can
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be modeled as a current source izz_a 5 [14]. According to the
superposition theorem, it is assumed that 772 ,30 contains only
NS component iy, 4. The transfer function of the NS circuit
is formulated in (8) and the detail expression of G; , G5 and
Z~ can be found in Appendix B.

l:ugcc_ail — Gl_ |:u£_com_a:| +G2— |:u2:_c0m_a:| —|—Z7 |:Z:£2_oc:|
Upcc_p U1 _com_B 2_com_3 ‘o s

®)

For a typical case that only NS virtual resistance R is
inserted, the Bode diagrams of elements in NS equivalent
impedance matrix Z~ are shown in Fig. 4. The amplitude-
frequency and phase-frequency characteristics of diagonal el-
ements in Z~ (i.e., a-« axis and - axis impedance) are con-

(=]
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|
)
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Frequency (Hz)
@ z; (1, D

Fig. 4. Bode diagram of main elements in Z .
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Fig. 5. Bode diagram of main elements in G .
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sistent, and the amplitude-frequency response around the fun-
damental frequency increases with R . The phase-frequency
characteristics of off-diagonal elements (i.e., a-3 axis and -«
axis impedance) differ by 180 ° and the amplitude-frequency
response around the fundamental frequency increases with
R . Therefore, the NS equivalent impedance around the
fundamental frequency can be controlled by R . The Bode
diagrams of the elements in the NS voltage control matrix
G| are shown in Fig. 5. Considering that NS current is
concentrated around the fundamental frequency and the com-
ponent « lags the component 3 by 90°, through extracting the
characteristics of each element in G|, G5, and Z~ around
fundamental frequency, (8) can be simplified as (9). It is
obvious that the equivalent impedance of the NS circuit is
dominated by the NS virtual resistance.

|:u1;CC_oz:| ~ |:1/2 0 :| |:u1__com_o¢:|
Upce g 0 1/2 Uy com B
02 2l % Al o
/2 u2_com_[3 2 01 ZL2_[3
Closed-loop poles of the NS circuit are shown in Fig. 6. As
the NS virtual resistance increases, dominant conjugate poles
Eig.1 and Eig.2 show an inconspicuous trend of approaching
the imaginary axis, indicating that the impact on system
stability is trivial.
In order to evaluate the error of NS current sharing, NS unit

circulating current A; is defined as (10). PCC NS voltage

A, resulted from unit NS current can be defined as (11).

| |
w —
S oo

Amplitude (dB)
L
2=1=)

Phase (°)

Loy
® W O K
S W O W

10! 102
Frequency (Hz)

® Z; 2.1

Frequency (Hz)
b Gy 2, D
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Fig. 6. Closed-loop poles of negative-sequence circuit.
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A; and A\, with the variation of R are shown in Fig. 7.
With the increase of the NS virtual resistance, the NS current
sharing error decreases, but the NS component in PCC voltage
increases.
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Fig. 8. Bode diagrams of Zp and Go_1.
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D. Impact of ZS Virtual Impedance on ZS Current Sharing,
ZS Component in PCC Voltage and System Stability

The ZS current consumed by unbalanced loads can be
modeled as a current source i3 o [19]. According to the
superposition theorem, it is assumed that the i75_,g0 contains
only ZS component %12 o. The transfer function of the ZS
circuit is formulated in (12) and the detail expression of Gy 1,
Go_2 and Zj can be found in Appendix D.

upcc_o = Go_1U1_com_0 + Go_2U2_com_0 + Zoirao  (12)

For a typical case that only virtual resistance R, o is
inserted, the Bode diagram of system ZS equivalent impedance
Zy is shown in Fig. 8(a). The ZS equivalent impedance
around the fundamental frequency can be controlled by R, o.
The Bode diagrams of ZS voltage control transfer function
Go_1 is shown in Fig. 8(b). Considering that ZS current is
concentrated around the fundamental frequency, by extracting
the characteristics of G 1, Go_2, and Z; around fundamental
frequency, (12) can be simplified as (13). It is obvious that
the equivalent impedance of the ZS circuit is dominated by
the ZS virtual resistance.

1 1 R,
upcc_o = iul_com_o + 5“2_c0m_0 - 9

Closed-loop poles of the ZS circuit are shown in Fig. 9.
As the increase of ZS virtual resistance, conjugate poles Eig.1
and Eig.2 approach the imaginary axis. Conjugate poles Eig.3
and Eig.4 move away from the imaginary axis. Overall, the
system stability is generally unchanged with the variation of
ZS virtual.

In order to evaluate the error of ZS current sharing, ZS unit
circulating current \; o is defined in (14). PCC ZS voltage
Au_o resulted from unit ZS current can be defined as (15).
Ai_o and A,_o with the variation of R, ( are shown in Fig. 10.
With the increase of the ZS virtual resistance, the ZS current
sharing error decreases, but the ZS component in PCC voltage
increases.

112 0 (13)

Airs o =1r2.1.0— %220 = Gaioira o

Ai (14)
Aio = 7_2L2'0 x 100%
PL2.0 |w=ws«
Mg = o= (15)
PL2.0 Jy=ws

Amplitude (dB)
5N

Phase (°)
4

-6
_8 1
Frequency (Hz)
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Fig. 9. Closed-loop poles of zero-sequence circuit.
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E. Constraint of the DC-Link Voltage

When unbalanced loads are supplied, voltages in the phase
with light loads are prone to over modulate if excessive NS or
ZS virtual impedance is inserted. Half of the DC-link voltage
should be higher than the total voltage drops on the filter
capacitor, the filter inductor and the neutral inductor in each
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phase. Using phase A as an example, the constraint can be
prescribed as:

Yde > jwLy by + jwLiit + R7I™

+ (Ry o + jwlLy) Iy + U] (16)

For a general case, three-phase loads with the same power
factor and different amplitude are supplied. The maximum
value of the amplitude of fa, I +, I~ can be deduced as 1,,
I,,/3 and I,,/3 respectively. The maximum value of the right-
side expression of (16) can be derived as:

ljwLi I, + jwLiTt + R7T™ + (Ry o + jwLn) o + U| <
ljwLy Lo+ L T+ Ry T |+ |(Re o +jwLa)lo| +]U] <

RS o+ (WLn)?

R-
In W(Ll +Lj) + +Umax (17)
where Uy, is the maximum value of the voltage amplitude
reference generated by droop control. Therefore, the con-
straint of DC-link voltage for designing the sequence virtual
impedance is shown as:

Udc

5 > 1n w(L1+Li)+R

+ Umax (18)

IV. VOLTAGE IMBALANCE COMPENSATION METHOD
BASED ON LOW-BANDWIDTH COMMUNICATION

According to the analysis in Section III, in the 3P4W
system, the insertion of three-sequence virtual impedance will
cause PCC voltage degradation, including amplitude deviation
and imbalance, which aggravates with the load increasing. A
controller area network (CAN) has been extensively used in
industrial field, and is selected as the LBC for the transmission
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Fig. 11. Schematic of the voltage imbalance compensation method.
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of compensation signals in this paper. The generation of
compensation signals in MGCC can be summarised as follows.

1) Step I: As illustrated in “Voltage Extraction” in Fig. 11,
PS, NS and ZS components in PCC voltage are extracted
by SOGI-QSG and PNSC. In “Voltage Transformation, ” the
PS component is processed by phase-locked loop (PLL) to
obtain wpcc and Opcc. Then, the PS and ZS components are
transformed into DC quantities in the rotating reference frame
indicated by fpcc. The NS component is transformed into DC
quantities in the rotating reference frame indicated by —6pcc,
which rotates in the same frequency and opposite direction
compared with the PS frame.

2) Step 2: As illustrated in “Signal Generation” of Fig. 11,
the corresponding rotating reference frames, proportional inte-
gral control (G om) and low-pass filter (Gpr) are performed
to generate compensation signals, which are then sent to each
local controller through CAN.

The signal resynthesize embedded in the local controller is
shown in “Signal Resynthesize” of Fig. 11. Due to the phase
angle deviation between the voltage at point a, b, c illustrated
in Fig. 1, and PCC is trivial, and 6 ~ fpcc can be assumed.
The received PS, NS and ZS compensation signals are in-
versely transformed into stationary frames. Then the three-
sequence compensation signals in the stationary frame are
synthesised and added to the position as shown in Fig. 1. The
compensation for PCC voltage imbalance is accomplished.

Because the bandwidth of the compensation signal genera-
tion in Fig. 11 is relatively low, the dynamics of PCC voltage

5 T T T T
v E E . Eigl
L % ¥ #*M
z : : :
g OFeccccociosssosmons S e '>>H‘ aaaaaa ERRERRE o
2 S R
é sk Tean = 1 ms ¥ % #*“?ﬁ\
s#% Toan = 100ms ° Eig2
— Ortentation of 7} pp -
5 from 0.1s to 1s ; ;
=5 —4 -3 -2 -1 0
Real Axis
(a) Closed-loop poles
Fig. 12. The impact of Tcan and 71,pF on system stability.
6
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(a) Closed-loop poles
Fig. 13.  The impact of kp_com and k;_com On system stability.
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extraction and PLL in MGCC, and the dynamics of the voltage
compensation signals conduction in local controllers can be
neglected when the procedure of voltage restoration is mod-
eled. According to Appendix D, a simplified PS, NS and ZS
voltage compensation closed-loop transfer function can be de-
rived as (19). Around the equilibrium point, small disturbances
AYoads Ai(;q and Aig4q o, namely, PS load disturbance, NS and
ZS current disturbances are introduced. AUpcc, Aup_cc_d , and
AUpee_dq_0, namely, the PCC PS, NS and ZS voltage small
signal variation can be obtained. Gcan represents the delay
resulting from CAN, which can be approximated by a second-
order Pade approximation.

Using the NS voltage compensation closed-loop transfer
function in (19) for example, in Fig. 12, as T1pr increases,
the closed-loop poles Eig.1 and Eig.2 approach the imaginary
axis and the voltage overshoot increases, which indicates that
the system stability decreases. The variation of Tcan in a
wide range (1 ms—100 ms) has an inconspicuous effect on the
system stability dynamics, indicating that the proposed voltage
compensation method has relatively low requirements for the
bandwidth of communication. Considering the variables to be
transmitted in a communication cycle, (extended) frame format
of CAN, constraint of baud rate for different bus length and
typical load rate (30%), the minimum communication cycle
can be obtained in Table II.

As shown in Fig. 13(a), as kp_com increases from 0.1
to 1, the closed-loop poles Eig.1 and Eig.2 approach the
real axis with the damping ratio increasing. Then Eig.1 and
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TABLE II
MINIMUM COMMUNICATION CYCLE OF CAN

Baud rate (bps) Max bus length (m) Min communication cycle (ms)

1M 40 0.85
500 k 130 1.7
125 k 530 6.7
50 k 1.3k 17

Eig.2 convert to negative real poles, which shows that the
system is overdamped. As k; com increases from 3 to 6, the
damping ratio of closed-loop poles Eig.1 and Fig.2 is reduced.
As shown in Fig. 13(b), the NS voltage recovers faster at
the beginning of the step response when Ky, com switches
from 0.75 to 1.5 and the recovery is accelerated with larger
overshoot when k; com switches from 3 to 6.

OUpcc/0Yioud
GcomGLPFGCAN + 1>

v_0

2 (GcomGLPFGCAN +1
_R;

2 (GeomGrprGean + 1)

AU, PCC = A Yioad

3UPCC
8U

Aupcc_dgo = ) Airo_dq 0

A“Pcc_dq = AZ1:2_dq

19)

V. SIMULATION VERIFICATION
A. Simulation Platform
In order to verify the correctness of the theory model

400|k R,=0,R, ,=0 % R,=
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and the feasibility of the proposed PCC voltage imbalance
compensation method, according to the parameters in Table I,
the electromagnetic transient simulation model of a 3P4W
AC MG composed of two parallel converters is established
in MATLAB/Simulink. The feeder impedance of the Conv,
and Convy are 100 uH + 0.01 © and 200 pH + 0.02 Q re-
spectively. Parameters of voltage compensation control Tcan,
Tipr, kp_com and ki com are set at 0.001, 0.1, 0.5 and 1
respectively. To evaluate the voltage unbalance, the voltage
unbalance factors (VUF~ and VUF?, indicating the relative
NS and ZS components in PCC voltage) are introduced
as defined in (20) [29], where |uf§CC\, |upee| and |upcc ol
represent the amplitudes of the PS, NS and ZS components in
PCC voltage respectively.

VUF™ = M -100%

|upecl (20)
VUF? = lupccol 100%

[upcc]

B. Simulation Case 1

Relevant conclusions on the modeling for the NS and ZS
circuits are verified in case 1. As shown in Fig. 14, L is
set at 1 mH and the single-phase load of 16 kW in phase A
is supplied. First, R, and R, o switch from zero to 0.5 Q
and 1 Q respectively at 1 s. The NS current sharing error
decreases from 3.2 A to 0.35 A. The ZS current sharing error
decreases from 6.5 A to 0.9 A. VUF™ increases from 0.9%

0.5, R, o= 1 2R, =4

e =

: ) i T
wmmmrmnw'mnfl leawv'nw
o 1 L e

NS current
amplitude (A)

10 L

ZS current
amplitude (A)

20
S
% 10 - —
> . f' —VUF~
0 i : — VUF?
0.5 1 1.5 2

Fig. 14.  Simulation results of case 1.

t(s)
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to 3.2% and VUF increases from 1.75% to 6%. R; and
R, o further increase to relatively large values of 2 Q and
4 Q respectively at 1.5 s. The system stays stable, and an
obvious over modulation area can be noticed in the voltage of
phase C. The simulation results indicate that as the NS and
ZS virtual resistances increase, the NS and ZS current sharing
errors decrease, but the PCC voltage imbalance increases and

over modulation may occur in phases with light loads.

C. Simulation Case 2

The PCC voltage imbalance compensation method is ver-
ified in case 2. First, Lj , Ry and R, o are set at 1 mH,
0.5 © and 1 ©, respectively. Three-phase unbalanced loads
consisting of 5 kW in phase A, 10 kW in phase B and 20 kW
in phase C are supplied. The voltage compensation is enabled
at 1 s. As shown in Fig. 15, before and after the voltage
compensation is enabled, NS current sharing errors are 0.2 A
and 0.35 A. ZS current sharing errors are 0.7 A and 0.9 A.
VUF~ decreases from 2.5% to 0.5% and VUF® decreases
from 4.5% to 0.2%. PCC three-phase voltage amplitudes
change from 328/321/288 V to 315/312/310 V. The simulation
results indicate that the PCC voltage compensation method
can achieve the compensation of PCC voltage amplitude and
imbalance, meanwhile it has almost no effect on the current
sharing accuracy.

D. Simulation Case 3

The dynamics of the PCC voltage imbalance compensation

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 5, SEPTEMBER 2024

method is analyzed in case 3. First, L, R, and R, q are set at
1 mH, 0.5 2 and 1 € respectively. PCC voltage compensation
is enabled. Three-phase balanced loads, consisting of 10 kW
per phase, are supplied before 1 s and then the phase-A load
is increased by 10 kW at 1 s. As shown in Fig. 16, VUF~ and
VUF? recover to the steady-state value within 0.5 s after the
load step, and the recovery time increases with the increase
of T1,pr. Simulation results indicate that the desired dynamics
of the proposed PCC voltage compensation method can be
achieved by tuning 71,pr properly.

VI. EXPERIMENTAL VERIFICATION
A. Experimental Platform

To verify the theoretical model and voltage imbalance
compensation method proposed in this paper, according to the
parameters in Table I, a MG experimental platform composed
of two parallel converters is established as shown in Fig. 17.
The feeder impedance of the Conv; and Convs are zero and
300 pH respectively.

B. Experimental Case 1

Relevant conclusions on the modeling for three-sequence
circuits in Section III are verified in case 1. First, Lj , Ry
and R, (o are all set at zero. Three-phase unbalanced loads,
consisting of 9 kW in phase A, 3 kW in phase B and
1 kW in phase C, are supplied. The amplitudes of PCC
voltages (310/314/308 V) and three-phase output currents of

Volt
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Fig. 15. Simulation results of case 2.




LIU et al.: COORDINATED CONTROL OF PARALLEL THREE-PHASE FOUR-WIRE CONVERTERS IN AUTONOMOUS AC MICROGRIDS

3 Load Step
§\2 nJFZOSS .
g Tipp=0.3s
% 1 TPF= ls i
>
0
4 T 0.5
—~ = S
S 3r T o= 035 1
~ LPE
% 2t Tipr=0.1s ]
> 1T 1
0 I
0.5 1 1.5 2
1(s)

Fig. 16. Simulation results of case 3.

Fig. 17. Hardware setup.

the converters are shown in Fig. 18(a). It can be noted that
the feeder impedance mismatch results in a current sharing
error between the converters. Then, L}, R, and R, ( are set
at 1 mH, 1 Q and 2 € respectively. The amplitudes of PCC
voltages (296/313/319 V) and three-phase output currents of
the converters are shown in Fig. 18(b). It can be noted that
sequence virtual impedance can improve the current sharing
accuracy but causes amplitude deviation and imbalance in PCC
voltage.

C. Experimental Case 2

The PCC voltage imbalance compensation method in Sec-
tion IV is verified in case 2. LY, Ry and R, o are set at 1 mH,
1 © and 2  respectively. Three-phase unbalanced loads,
consisting of 8 kW in phase A, 3 kW in phase B and 3 kW in
phase C, are supplied. The voltage imbalance compensation is
enabled at ¢;. As shown in Fig. 19, before the compensation is
enabled, the amplitudes of PCC voltages are 296/320/319 V.
After the compensation is enabled, the amplitudes of PCC
voltages become 308/312/311 V. It can be concluded that the
PCC voltage imbalance compensation method proposed in this
paper rebalances the three-phase voltages toward their rated
value. Meanwhile, the current sharing accuracy is guaranteed.

D. Experimental Case 3

The dynamics of the PCC voltage imbalance compensation
method in Section IV are verified in case 3. First, Lj , Ry
and R, o are set at 1 mH, 1 € and 2 Q respectively. PCC
voltage compensation is enabled. Three-phase balanced loads,
consisting of 3 kW per phase, are supplied before ¢; and then
the phase-A load is increased by 5 kW at ¢;. As shown in
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Fig. 18.  Experimental results of case 1. (a) Without virtual sequence
impedance. (b) With virtual sequence impedance inserted.

Fig. 20, after the load step, the amplitudes of PCC voltage
recover from 295/319/314 V to 309/312/310 V within 0.5 s.
Experimental results indicate that desired dynamics of the
proposed PCC voltage compensation method can be achieved.

VII. CONCLUSION

This paper investigates the coordinated control of parallel
3P4W converters in AC MGs. The impact of virtual impedance
on the accuracy of current sharing, PCC voltage quality
and system stability are comprehensively and quantitatively



2076

L et A et o e e =
2z A
532 \% V 312V 311V
1 iy e
£ i i - 1 (2ms/div)
7 pEoms :—; I i, o124
e~ |

;5 3 nnnnnnnnnnn-m LﬂMWMWMWﬁMMMM/N !
%é A~ NN
= = t(Sms/le) ‘ ! ’ .= t (5ms/div)

t

tl(IOO ms/div)

Fig. 19. Experimental results of case 2.

Load Stf.:p_ —Upcc a —Upcc b — Upcc ¢ |
R i el
S| 295319 }r 309312731
S8 )0 " 'I'm
A N LSS
% EHET -5 | 1| — a1, —lna2
ES | ‘ﬁ
8 g ',Iqu ’Iqu | IIlI || | 'L' |I|J-_I__Ll_l1_l_LA_IA_I_L|_Ll_J !
< < u'nll |..'|..'1."‘L.a|.'lunu"||mn| W "Uﬂﬂnﬂ | Lll IU t ||r|r| = =
g I |4 HHJ| P
£ lomm :_ ] | .. (5 ms/div)

4
£ (100 ms/div)

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 5, SEPTEMBER 2024

the conductance of load. Y;e/%? is the conductance between
filter capacitor C' and PCC, which can be expressed as (Al).

Yie’? = 1/(RY + jwLy + jwLs + Rine_i + jwLiine_i)
(Al)

Upcce??PCC is the PCC voltage, which can be expressed as:
E?:l Yiej“"ii Uc_iejeii

JOPCCpcc __
Ucce T ST Y699+ Viggged #10%d (A2)
S; can be expressed as:
?‘ =P+ jQi
((UC 6] i UPCCeJGPCC) Y;(:,j%)* Uc_iejei (A3)

Using a system composed of two parallel converters for
example, as shown in Fig. Al, by introducing a small
disturbance [Af;, Aby, AUc 1, AUc 5]" to Ug_je?% around
the equilibrium point and combining (A1)-(A3) and (2), the
characteristic equation of the PS circuit can be derived as (A4),
where F is the identity matrix. Re and Im denote the real and
imaginary parts of a complex number.

GTX =0
=[A0; Aby AUc, AUc o)™
Gt =AT+B*C*

Fig. 20. Experimental results of case 3.

discussed. PS virtual inductance can enhance system stability
and reduce the reactive power sharing error, but it increases
the PCC voltage amplitude deviation. NS and ZS virtual
inductances can reduce the NS and ZS current sharing error,
but increase the NS and ZS components in PCC voltage.
Constraints on the DC-link voltage should be satisfied to avoid
over modulation when unbalanced loads are supplied.

To address the PCC voltage quality degradation caused
by sequence virtual impedance, a PCC voltage imbalance
compensation method based on LBC is proposed. The voltage
compensation signals are transformed into DC quantities in
the rotating reference frames for transmission. The tuning of
related communication and control parameters are furnished.
Simulation and experimental results show that the proposed
method can compensate the PCC voltage while avoiding the
impact on current sharing, with desirable dynamics.

However, the compensation of the three-sequence voltage
components results in large amounts of variables to be trans-
mitted in each communication cycle. How to optimize the
transmission structure of the voltage compensation signals will
be further studied.

APPENDIX
A. Derivation of Small Signal Model in (5).

In the PS circuit, the voltage, power and impedance of the
system can be expressed by a complex number. For converter
unit i, Uc ;e/% is the output voltage reference generated by
droop control. S; is the output complex power. Yjoqe’#'° is

At — s(Tpg_rLprs + 1)Eaxo 0
0 s(Tpg_rprs + 1)Eaxe
B — kpsEayo 0
0 kquEax2
a5, a5, 85, 85,
Re 50 Re 500 Re 800 Re 90cs
085 85> 855 855
Ct — Re (552 ) Relgs ) Relapar) Relavas
08 951 85 85,
Im 50 Im 502 Im B0 Im R
8§2 3§2 852 852
Im 50 Im 50 Im Rl Im BUes
(A4)
1 Jpp— jp2
s, Y,e/? Upcce’m)“ Y,el? s,
+
:|Yloadej pload Ucfzej “
Fig. Al. PS equivalent circuit.

B. Expression of (8).

In 8), G7, G5 and Z~ can be expressed as
G1 = (Zine 1 + Ziny1)(Ziine 1 + Zigyy + Zine 2+ Zinyy) ™
(Zhne 2 + ZanQ)(lene 1 + Z]nvl) 1G;1V1

Gy = (Zine_1 + Ziy1)
(Zlme 1+ Zip1 + Ziine_2 + vaz) 1G1:1v2
Z" = —(Ziner+Zi1)(Ziine 1+ Ziny + Ziine 2+ Ziyn)
X (Ziine_2 + Z;1y0) (AS)
where
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[Z; 0 i 0
Zline_1 = hae'l 7 J s Liine_2 = [ 1’83—2 Z J
L ine_ ine_!

(A6)
Zaa Ly, -
_Z,Ea Zﬁz] s G2 = [ 0
Lis+ 3(RyD —wL; Q)
7- Gy_prGiGpwM + Gi_pGpwm
aa L1Cs? + (CG;Gpwum + CRy)s
+Goy_prGiGpwM — Gpwim + 1
Lis+i(R;yD —wL;Q)
Gy prGiGrwu + GiGpwu
BB L,0s* 4+ (CG;Gpwwm + CRq)s
+Gy_pPrRGiGpwM — GpwMm + 1
+(RyQ + wLy D)G,_prG;Grwm

Gy, O

Gap

invl/inv2 —

} (AT)

+ Los

—+ LQS

Z;B = p)
LiCs* + (CG;Gpwm + CRy)s
+Gy PrGiGpwMm — Gpwum + 1
7 3(—R; Q —wL; D)G, prGGpwwm

fo ™ L,Cs? + (CG;Gpwm + CRd)S
+Go_PrRG:GrwM — Grwm + 1
G- — G — G._prGiGpwM
oo BB L1052 + (CRd =+ CG;GPWM)S
+Go PrGiGrwM — Gpwum + 1
(A8)

The expression of D and @) in (A7) can be found in [28].

C. Expression of (12)
In (12), Go_1, Go_2 and Zj can be expressed as:

(Ziine_2 + Zinv2_0) Ginvi_o

GO_l B Zline_l + Zinvl_O + Zline_2 + Zinv2_0
Gy = (Ziine_1 + Zinv1_0)Ginva_0
= Zine_1t + Zinv1_0 + Ziline_2 + Zinv2_0
Zo = (Ziine 1 + Zinw1_0)(Ziine_2 + Zinv2_0) (A9)
Zline_1 + Zinv1_0 + Zline_2 + Zinva_0
where
Zn sy = (L1+3Ly,)s+RyoGy_prG:Grwm+GiGrwum
- (Ll + 3Ln)CS2 + (CGiGPWM + CRd)S
+Go_PrRGiGPwMm — GpwMm + 1
+ LQS
G B G, _prGiGpwMm
invl/inv2_0 —

(L1 +3L,)Cs* + (CRq + CG;Gpwn)s
+G_PrGiGPpwM — Gpwum + 1
(A10)

D. Derivation of (19).

According to Fig. 11, the closed-loop transfer function
diagram of PS voltage compensation in AC MG composed
of two parallel converters can be illustrated as Fig. A2,
where aUpcc/aUc_l, (‘9Upcc/6Uc_2 and 8UPCC/8Yload can
be obtained from (A2). Given Y;e/%! = Y,e9%2, the transfer
function from AY]yq to AUpcc can be expressed as:

O0Upcc/0Yi0ad
(289 GeamGrprGoan +1)

AUpcc = AYiea (A1)
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“Geom Gioer |"| Gean |"| OUpcc /aUCJ

7Gc0m GLPF |"| GCAN |"| 6UPCC / aUcfz K—'

Fig. A2. Transfer function diagram of PS voltage compensation.

Transforming (9) into rotating reference frame with angular
frequency —w, (Al1) can be obtained. According to Fig. 11,
the closed-loop transfer function diagram of NS voltage com-
pensation in AC MG composed of two parallel converters can
be illustrated as Fig. A3.

_ _ 1 _ -
uPCC_dq = §ul_com_dq + 5”2_com_dq - 77’L2_dq (A12)

“Geom |"| GLpr |"| Gean H 12
“Geom |"| Grr |"| Gean |"| 12

Fig. A3. Transfer function diagram of NS voltage compensation.

The transfer function from Aq Lo dq 1O AuPCC_dq can be
expressed as:

7R7
Aup = A4 JAVIS
HPCC_dg 2(GeomGrprrGoan + 1) "L2.dq

Transforming (13) into a rotating reference frame with
angular frequency w, (A13) can be obtained. According to
Fig. 11, the closed-loop transfer function diagram of NS
voltage compensation in AC MG composed of two parallel
converters can be illustrated as Fig. A4.

1 1 RVO

UpCC_dq_0 = iul_com_dq_o + iul_com_dq_o - =

(A13)

112 dq_0
(Al14)

AILZJ/:LO

—’I 7Gcom|_’| Grpr |—’| GCAN|—>| 12 [
—’I 7Gcom|_>| Gipe |—’| GCANH 12 I/:

Atpec gy 0

Fig. A4. Transfer function diagram of ZS voltage compensation.

The transfer function from Aéirs 44 0 t0 Aupcc_dq 0 can
be expressed as:

_RV_O
Gcom G’LPF G’CAN + 1)

Aupcc_dq o = o Airs gq0 (A15)
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