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A Small-AC-Signal Injection Based Decentralized
Secondary Voltage Control for Parallel Inverters
With Accurate Reactive Power Sharing
in Islanded Microgrids

Yidong Shi
Jiazhi Wang

Abstract—To compensate for the voltage deviation at the point of
common coupling (PCC) without communication links among dis-
tributed generations (DGs) in an islanded microgrid, proportional-
integral regulator based secondary voltage control (PI-SVC) has
been proposed in the literature. However, PI-SVC will degrade
reactive power sharing performances, resulting from the activation
time differences of secondary control. Moreover, PI-SVC may even
cause reactive power divergence because of inaccurate estimated
PCC voltages among DGs. To achieve precise PCC voltage restora-
tion and maintain excellent reactive power sharing performance,
this article proposes a small-ac-signal injection based secondary
voltage control (SACS-SVC) in which an additional small-ac-signal
(SACS)isinjected into the output voltage of each DG. An additional
positive droop relation is built between the injected SACS frequency
and the voltage compensation value, which can be trimmed to
be equal in each DG. As a result, PCC voltage deviations can be
eliminated and reactive power sharing performances can be main-
tained. Meanwhile, the parameters of the proposed SACS-SVC are
comprehensively designed through a small-signal differential mode
model of the system. The effectiveness of the proposed method is
demonstrated by the simulation and experimental results.

Index Terms—Decentralized secondary control, microgrid, point
of common coupling, signal injection.

1. INTRODUCTION

ITH the expansion of renewable energy resources and
W increased environmental awareness, the use of micro-
grids is becoming a promising solution as a means of integrating
different distributed generations (DGs) into power systems [1],
which exhibits flexible controllability in both grid-connected
and islanded modes. Parallel structured inverters are widely used
in the hybrid photovoltaic microgrid [2], [3], [4] operating in
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Fig. 1. Energy storage system with parallel inverters in a typical hybrid
photovoltaic microgrid operating in islanded mode.

islanded mode, as shown in Fig. 1, where the energy storage
system consists of multiple inverters connected to a point of
common coupling (PCC) through distribution cables and pro-
vide active and reactive power to the loads. Therefore, itis of vital
importance to study the control methods of parallel inverters in
the islanded microgrids.

Droop control is widely applied to achieve equally active
power sharing among DGs without communication links in
the islanded microgrid. Although the mismatched feeder
impedance will lead to poor reactive power sharing, it still can
be improved by the virtual impedance [5], [6], [7]. However,
the major drawback of droop control is the tradeoff between
accurate power sharing and voltage regulation; i.e., the steeper
the droop coefficient is set, the better the power sharing can be
guaranteed, but it results in larger output voltage deviations in
transients.

To eliminate frequency and amplitude deviations of volt-
age, extra control loops based on a hierarchical control
architecture are integrated into the inverter [1], [8], [9], [10].
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In this architecture, droop control method is adopted in the pri-
mary control while the secondary control is responsible for the
deviation compensation. In terms of secondary voltage control in
microgrids, considerable research [11], [12], [13] has focused
on DG’s terminal voltage compensation, while other research
aimed to compensate voltage at PCC. However, PCC voltage is
usually the main concern because the loads are connected to the
PCC. Therefore, maintaining the stability of PCC voltage would
greatly enhance the power supply reliability of the islanded
microgrids [14], [15].

Unlike voltage compensation at the DG terminal in which
the local controller can directly measure the output volt-
age, the challenge confronting voltage compensation at the
PCC is the difficulty for the local controller to measure PCC
voltage because of the geographical distance between the
DG terminal and the PCC in the microgrid. Existing sec-
ondary voltage control methods at the PCC can be further
categorized into PCC voltage sampling-based and PCC volt-
age estimation-based methods according to the PCC voltage
acquisition.

In the PCC voltage sampling-based methods, the PCC voltage
is sampled and sent to each DG via communication links. In [16],
[17], and [18], a central controller was deployed to measure
the PCC voltage and generate the voltage compensation value
by a proportional-integral (PI) regulator, which is then sent to
the local controller via communication links. However, a single
point of failure in the centralized schemes will decrease the
reliability of the entire system. To reduce the dependency on
the central controller, distributed methods only rely on com-
munication among DGs. In [19], a consensus-based distributed
cooperative control was proposed to achieve proportional power
sharing, PCC voltage and frequency restoration via a commu-
nication network. A distributed optimal control was proposed
in [20] to minimize the voltage deviations and achieve accurate
power sharing, but massive computation was unavoidable. A
proportional regulator based decentralized scheme proposed
in [21] sampled the PCC voltage using the local controller.
However, transmission delay was not considered and the voltage
cannot be fully compensated. In summary, the PCC voltage
sampling-based methods need communication links, resulting
in high costs and low reliability.

In contrast, the PCC voltage estimation-based secondary volt-
age control method only requires the feeder impedance informa-
tion to estimate the PCC voltage without communication links. A
filtered tracking error-based decentralized method was proposed
in [22] to regulate the PCC voltage and achieve proportional
load power sharing. However, computation burden were heavy
and unidirectional low-bandwidth communication links were
still needed to update the parameters when the loads changed. To
further simplify the secondary control algorithm and reduce the
reliance on communication links, proportional-integral regulator
based secondary voltage control (PI-SVC) with a decentralized
scheme has been proposed in [23] and [24]. In this scheme, the
estimated PCC voltage is used as the input of the PI regulator to
generate the voltage compensation value. The PCC voltage can
be precisely restored and the feeder impedance information is
the only constant required.
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However, PI-SVC has two limitations. On one hand, the
different activation times of PI-SVC in each DG cause the
integrators to generate different voltage compensation values.
Because voltage compensation value can affect both voltage
amplitude and output reactive power in droop control, dif-
ferent voltage compensation values can also lead to reac-
tive power sharing deterioration. On the other hand, inac-
curate feeder impedance information will lead to inaccurate
estimated PCC voltage among DGs, which will cause sta-
bility issue during the voltage restoration process with PI-
SVC. Specifically, the voltage compensation value of PI-
SVC will continuously accumulate until the estimated PCC
voltage equals to the nominal voltage because of the zero-steady-
error feature of the PI regulator. However, because of the inaccu-
rate feeder impedance, the estimated PCC voltage in each DG is
different, so the integrator in PI-SVC of each DG will incessantly
accumulate. Consequently, the voltage compensation values as
well as the reactive power of DGs will diverge from each other,
which causes system failure.

To tackle aforementioned limitations of PI-SVC, this article
improved the PI-SVC into a small-ac-signal injection based
secondary voltage control (SACS-SVC). The contributions of
this article are summarized as follows.

1) The cause and effect of different activation times and
inaccurate feeder impedance with PI-SVC are analyzed
in detail and verified experimentally.

2) With a SACS voltage injected by each DG, the input
of PI regulator for the secondary voltage control is syn-
thesized by using the estimated PCC voltage and the
SACS active power multiplied by a pair of weight coef-
ficients. Moreover, an additional positive droop relation
is built between the SACS frequency and the voltage
compensation value, which can be trimmed to be equal
in each DG to prevent reactive power from diverging and
deteriorating.

3) A comprehensive parameter design for the proposed con-
trol scheme is presented based on a small-signal differen-
tial mode model of parallel DGs in an islanded microgrid.

The rest of this article is organized as follows. Section II
reviews the basic operational principle of PI-SVC and its limi-
tations. The proposed SACS-SVC is introduced in Section III.
In Section IV, the modeling process and the parameter design
methodology are presented. The simulation and experimental
results based on the proposed SACS-SVC are presented to
validate the theoretical analysis and the effectiveness of the
proposed method in Section V. Finally, Section VI concludes
this article.

II. SYSTEM ARCHITECTURE AND TRADITIONAL PI-SVC

A simplified islanded microgrid with multiple DGs is shown
in Fig. 2. Each DG consists of a dc-link, a three-phase inverter
and an inductor—capacitor (LC) filter. The interfacing inverters
and loads are connected to the PCC. R, and L; (i =1, 2, ..., n)
are the feeder resistance and inductance between the ith DG
terminal bus and the PCC. The capacitor voltages u ¢4, inductor
currents irqpc, and output currents ipgp. are measured by the
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Fig. 2. Configuration of a simplified three-phase islanded microgrid system
consisting of multiple DG units and a balanced load.

local controller to generate the pulsewidth modulation signal.
The LC filter is used to suppress the switching harmonics of the
output voltage.

The PI-SVC proposed in [23] and [24] is widely used, because
it can compensate for the voltage deviations at the PCC without
communication links. The PI-SVC can be expressed as follows:

E* = Ey—n(Q — Qo) + 0u (1)

ou = <kp + kl) (Upcco - waPCCEst> (2)
S S + Wey

where E* is the generated reference values of voltage amplitude,
Ey is the nominal voltage amplitude, Q is the output reactive
power, Qg is the nominal reactive power, n is droop coefficient,
du is the voltage compensation value, k,, and k; are the propor-
tional and integral gains of the PI regulator, respectively, Upcco
is the nominal PCC voltage, Upcc st is the estimated PCC
voltage, and w.,, is the cutoff angular frequency of the low-pass
filter used in voltage estimation. Note that the feedback value
of the PI regulator is the estimated PCC voltage rather than the
real PCC voltage, which is calculated as

UPCCEsta _ VCa| Riea —woLmea| |10a 3)
UPCCEstf vep WOLmea Rmea iOﬁ
Upccest = \/ UPCCEsta’ + UPCCEst B> “4)

where Upcc Esto and Upcc gstg are the a-axis and 3-axis com-
ponents of the estimated PCC voltage, respectively, v, and veg
are the a-axis and [-axis components of the capacitor voltage,
respectively, i o and i og are the a-axis and 3-axis components
of the output current, respectively, and R,,,., and L, ., are feeder
impedances obtained by measurement [25], [26].

In addition, the virtual impedance is implemented to improve
the reactive sharing performance based on the measured feeder
impedance.

Sketched waveforms of the estimated PCC voltage, voltage
compensation value, and reactive power of two DGs during the
voltage restoration process with PI-SVC are shown in Fig. 3(a).
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PI-SVC of two DGs was implemented at ¢ = ¢1, then voltage
compensation values were generated and the PCC voltage in-
creased until it was fully restored at r = #5. Specifically, the
difference between the estimated PCC voltage and the PCC
nominal voltage was sent to the PI regulator to generate the
voltage compensation value, which was added to the O—F droop
control to tune the output voltage of the DG until the difference
equaled to zero. The detailed operation principle of PI-SVC has
been clearly discussed in [27].

A. Effect of Activation Time Difference on PI-SVC

Although PI-SVC can fully restore the PCC voltage, the
reactive power sharing performance will be deteriorated during
the voltage restoration process. To guarantee accurate reactive
power sharing, the voltage compensation value du must be the
same for all the DGs. However, the du, which is the output
of the PI regulator, will differ from each other because of the
different activation times of secondary control. The aforemen-
tioned limitation is demonstrated by implementing PI-SVC at
different times for each DG, as shown in Fig. 3(b). At first,
the estimated PCC voltage is lower than its nominal value and
only DG; implements PI-SVC at t = #;. The input of the PI
regulator is positive, so du value of DG increases, causing the
estimated PCC voltage and reactive power of DG; to increase,
while the reactive power of DGy decreases because the total
reactive power is unchanged. However, the secondary control of
DGs shows a delay and is enabled at t = f5. Then, the du and
reactive power of DGy, start to increase until the PCC voltage is
full restored at t = t3. The different activation times of PI-SVC
lead to the differences in du values, which further deteriorates
reactive power sharing performances.

B. Effect of Inaccurate Feeder Impedance on PI-SVC

In Fig. 3(a), the feeder impedance is accurate, thus the es-
timated PCC voltage (Upccgst) 1s the same for both DGs
and equals to the real PCC voltage. However, inevitable errors
exist in the feeder impedance information due to measurement
error in practical applications, leading to inaccurate estimated
PCC voltages among DGs [28], [29]. If we consider the feeder
impedance to be inaccurate, another problem arises: In this
situation, the estimations of the unique PCC voltage of each
DG will be different, which means that Upcc gt values are no
longer the same for parallel DGs.

Assume the Upccgst of DGy is greater than that of DGy
and the activation time is the same for two DGs, the sketched
waveforms are shown in Fig. 3(c). At first, PI-SVC was imple-
mented at t+ = 1, and the Upcc st values for both DGs are
smaller than the nominal value. The inputs of both PI regulators
are positive so that du increases. The only difference is that the
input of DG is greater than that of DG, because the Upcc gst
value of DG, is smaller than that of DGs, so du of DGy will
be slightly higher than that of DGs. Then, as the PCC voltage
increases, Upcc gst of DGo reaches its nominal value at f = 1o,
so the integrator of DGy stops. However, Upcc gst of DGy is
still less than the nominal value, hence, the integrator continues
to accumulate, resulting in increases in the PCC voltage as well
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impedance. (b) PI-SVC with different activation times. (c) PI-SVC with inaccurate feeder impedance.

Sketched waveforms of the estimated PCC voltage, voltage compensation value, and reactive power of two DGs. (a) PI-SVC with accurate feeder
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as the estimation of the PCC voltage. It is worth noting that the
input of the PI regulator in DGy, is negative while the input of the
PIregulator in DG, is positive after ¢ = 5. Therefore, because of
the difference between the two Upcc kst Values, the value of du
in DG, will decrease while the value of du in DG will increase
without limit. Finally, reactive power divergence will occur and
the system will fail in the end.

III. PROPOSED SACS-INJECTION-BASED SVC METHOD
A. Overall Control Scheme

The overall control scheme is shown in Fig. 4. The primary
control is the same as that in PI-SVC. In the secondary control
layer, the SACS control loop is added to the PI-SVC. The input of
the PI regulator, which represents the average of estimated PCC

Virtual Impedance

Overall control block diagram of the local controller with the proposed SACS-SVC method, where elements inside the dashed box are added compared

voltage (Upcc Estavg)s 15 synthesized by using the estimated
PCC voltage and the SACS active power multiplied by a pair of
weight coefficients as follows:

UpccEstAvg = k1UpccEst + k2 Pss )
where Upcc st 1S the estimated PCC voltage, P is the SACS
active power, and k; and ko are the weight coefficients, which
are used to adjust the operation point in steady state.

Similar to (2) in PI-SVC, the average of the estimated PCC

voltage Upcc Estavg 15 used for the PI regulator to generate the
voltage compensation value du as follows:

ki w
ou=kys+ — - stAvg | - (6
u <p8+s)(UPcco e UpccEsta g> (6)

w cv
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Moreover, a positive droop relation is built between the SACS
frequency and the voltage compensation value as follows:

w:‘s = Wgs0 T ksséu (7)

where w}_ is the generated reference of the SACS angular
frequency, wgso is the nominal SACS angular frequency, and
kss 1s the SACS droop coefficient.

Additionally, the SACS current is separated from the funda-
mental current by the signal extraction block to calculate the
SACS active power. The fundamental power and the SACS
active power are calculated as follows:

pP= gs if;p (VCaifa +vopifs) )
Q= 3 o (vepifa — Voalifs) )
25+ wep
3

Pss = 5 (Uzsaissa + U;s,@issﬂ) (10)
where i, and igg are the a-axis and [-axis components of
the extracted fundamental current, respectively, isso and isss
are the a-axis and -axis components of the extracted SACS
current, respectively, vy, and v; gz are the a-axis and [-axis
components of the SACS nominal voltage, respectively, and w,,
is the cutoff angular frequency of the low-pass filter used in
power calculation.

Note that, the low-pass filter used in voltage estimation in
(2) and (6) is used to attenuate estimated voltage ripples and
avoid interaction with the primary control loop, so that its cutoff
angular frequency w.,, is lower than the cutoff angular frequency
wep of the low-pass filter in power calculation in (8) and (9).
Meanwhile, compared with (8) and (9), the low-pass filter in
(10) is omitted because the weighted sum of Py, and Upcc st
will be filtered in (6).

Finally, with the SACS frequency reference derived in (7) and
a constant amplitude E_, the SACS reference voltage can be

88°

expressed in o3 frame as follows:

Vigo = Eug cOs (/ wzsdt>
U:sﬁ = FEZ sin (/ wzsdt) .

B. Operation Principle

(1)

(12)

To gain a better understanding of the proposed method, the
principle of active power sharing with P—w droop control is
reviewed here. In a microgrid with parallel DGs under inductive
feeder impedance conditions, there is a positive correlation
between the frequency and the output active power, thus, a
negative droop control is built to form a closed loop with
negative feedback. Because the frequency of each DG can
synchronize with each other in steady state, the same active
power can be guaranteed in P—w droop control.

Similarly, the voltage compensation value can also be shared
if we build a droop relation with a SACS frequency based on (7)
when synchronized in steady state. However, the control loop is
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not yet closed and the estimated PCC voltage also needs to be
taken into consideration.

As mentioned in Section II-B, inaccurate feeder impedance
results in differences in the estimated PCC voltage in each DG,
leading to a divergence of voltage compensation value and reac-
tive power. To handle this issue, the difference in the estimated
PCC voltage in each DG must be eliminated. Therefore, in the
proposed method, the input of the PI regulator is replaced with
the average of the estimated PCC voltage Upcc EstAvg, Which
is composed of the estimated PCC voltage and the SACS active
power multiplied by a pair of weight coefficients as (5). It is
worth noting that the correlation between the SACS power and
the voltage compensation value is negative, thus, the SACS
droop coefficient in (7) must be positive to form a closed loop
with negative feedback so that the SACS active power can be
tuned adaptively to eliminate the difference in the estimated PCC
voltage in each DG.

Here, we take an example of two parallel DGs to explain
the operation principle of the proposed method. To explain the
synchronization process of the proposed method, it is assumed
that Upcc gst2 1S larger than Upcc gs¢1 due to inaccurate feeder
impedance at the beginning, so du; will be larger than dus based
on the analysis in Section II-B. After the proposed method is
activated, the SACS frequency w}; should be larger than w,
based on the proposed du—w,, droop relation in (7). Then, the
SACS phase angle of DG; increases, and DGy decreases.

Therefore, Py increases and Pg,o decreases according to
steady state active power flow with inductive feeder impedance.
Subsequently, Upcc Estavg1 increases and Upcc gstavg2 de-
creases according to (5), so that du; decreases and dus increases
according to (6). This negative feedback loop adaptively adjusts
Py, and UpccEstavg in each DG and guarantees the voltage
compensation value du to be equal in each DG unit because the
injected SACS of each DG unit would synchronize to the same
frequency in steady state. Therefore, the divergence issue can
be solved.

Moreover, the proposed method is still valid even if there
are much more DGs in the microgrid. This is because
the SACS frequency can synchronize with each other in steady
state, regardless of how many DGs there are in the microgrid,
as shown in Fig. 5. Therefore, the same voltage compensation
value du can be guaranteed according to (7).

C. Current Signal Extraction

To calculate the fundamental power and the SACS active
power, a signal extraction method, based on the second-order
generalized integrator (SOGI), is utilized to separate the SACS
current from the fundamental current, which contains two dual
SOGTI quadrature signal generators (DSOGI-QSGs) operating in
parallel to separate the current at different frequencies, as shown
in Fig. 6(a). Each DSOGI-QSG consists of two SOGI-QSGs
working at the «-axis and [-axis, respectively, as shown in
Fig. 6(b). The transfer function of each SOGI-QSG from the
input signal v to the output signal v’ is shown as

v kws

e — 13
v 52 + kws + w? (13)
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Fig. 6. Block diagram of (a) SOGI-based current signal extraction used in the
proposed method and (b) DSOGI-QSG.

Each SOGI-QSG behaves as a band-pass filter at the resonant
frequency. The bandwidth of SOGI-QSG is determined by the
gain k. In the proposed method, ksoG1_sis set to V2 and ksoar_ss
is set to \/2/4, respectively, according to [30]. Compared with
the other SOGI-based algorithm, this method has advantages
in terms of dynamic response and accuracy. The operational
principle will not be introduced here because it is beyond the
scope of this article.

D. Virtual Impedance Implementation

To improve the reactive power sharing performances based
on the known feeder impedance, the virtual impedance method
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Fig. 7. Detailed block diagram of the voltage and current regulators block,
which contains an outer voltage loop with a proportional-resonant controller
and an inner current loop with a proportional controller.

[31]is adopted. The virtual voltage drop is calculated as follows:

Rv _ R'UO - Rmea

|:Lv:| N |:Lv0 - Lmea:l (]4)
Vza| Rv *WOLU Z.foz
Lzﬂ} - LJOLv R, ] [ifﬁ] >

where R,y and L, are the nominal equivalent feeder resistor
and inductance, respectively.

E. Voltage and Current Regulators

To achieve precise voltage tracking, a dual-loop control struc-
ture is adopted, as shown in Fig. 7. The outer loop is a capacitor
voltage control loop with a proportional-resonant controller,
while the inner loop is an inductor current control loop with
a proportional controller [32]. They are expressed as follows:

Qkifwcs 2kisswes
Gv(s) =k, +
v(s) = kpy 82+ 2wes + (W) 82 4 2wes + (wi,)?
(16)
Gi(s) = by (17)

where kv is the proportional gain of the voltage controller, k;;
and k;ss are the gains of the fundamental and SACS resonant
controllers, respectively, w. is the cutoff angular frequency
of the resonant controllers, and k, is the gain of the current
proportional controller.

IV. MODELING AND PARAMETER DESIGN

To further analyze the effect of inaccurate feeder impedance,
a small-signal differential mode model of two parallel DGs
in an islanded microgrid, as shown in Fig. 2, is built in this
section. The small-signal model for conventional droop control
and secondary voltage control is already well established in the
literature [33], [34]. Therefore, the control parameters of the
proposed SACS-SVC, such as weight coefficients k; and k2 and
the SACS droop coefficient kg, are discussed in this section.

A. Differential Mode Model Analysis With Inaccurate Feeder
Impedance

As mentioned before, inaccurate feeder impedance will cause
reactive power divergence with PI-SVC. Therefore, the small-
signal differential mode model is built to analyze the stability
of the system and to guide parameter design of the proposed
SACS-SVC. Specifically, the difference in the estimated PCC
voltage is selected as the input of the differential mode model,
while the reactive power sharing error is selected as the output
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of the differential mode model. The details will be introduced
in the following.

1) Simplification of Estimated PCC Voltage With Inaccu-
rate Feeder Impedance: According to Thevenin’s theorem, the
PCC voltage can be calculated precisely with accurate feeder
impedance as follows:

upcca| _ |Voa| _ | B —wol| |ioa (18)
Uupccp vep UJOL R iog

Upcc = \/upcca? + tpccs?

where Upcc o and Upcc g are the av-axis and /3-axis components
of the PCC voltage, respectively, R and L are the real values of
the feeder resistor and inductor, respectively, and Upcc is the
real PCC voltage.

However, in practical applications, the feeder impedance is
obtained through measurement. Due to inevitable measurement
error, the feeder impedance will be inaccurate, which can be
expressed as

19)

{Rmea = (]. =+ GR)R (20)

Lm.ea - (]- + eL)L

where e and e, are the measurement error ratios of the feeder
resistor and inductor, respectively.

To analyze the effect of inaccurate feeder impedance on the
estimated PCC voltage, we substitute (8), (9), (18), (19), and (20)
into (3) and (4) and use the Taylor formula for simplification.
The estimated PCC voltage can be simplified as

erRP + erwoLQ
Upcc '

Urccest = Upcc — (21)

2) Analysis of Estimated PCC Voltage Difference: For sim-
plification, assume two parallel DGs are in an islanded mi-
crogrid, as shown in Fig. 2, with the same inductive feeder

impedance as follows:

Ri=Ry=R
Lhy=1L=L "~
Based on (22), the measured feeder impedance of each DG
can be expressed as

(22)

meal — ( + eRl)

23

{ ’meal (1 + eLl) ( )
mea2 — (1 + ERZ)

24

{LmeaQ (]- + eLQ)L ( )

where e, and e,,, are the measurement error ratios of the feeder
resistor and inductor of the nth DG.

Hence, the difference in estimated PCC voltage (Au,.) be-
tween two DGs can be calculated by substituting (23) and (24)
into (21) as

Aue = Upccrstt — UpccEst2

_ R(erPr + epaP2) + wol(er1Q1 + er2Q2)
Upcc

£0
(25)

%
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where P,, and Q,, are the active and reactive powers of the nth
DG, respectively.

It can be seen from (25) that Au. is not equal to zero.
Therefore, Au, can be regarded as a nonzero disturbance to
the control system. Additionally, the measurement error ratio
of the feeder impedance is uncertain, however, the maximum
measurement error can be determined as follows:

{0 S |eRn| S €R max

26
0 S |eLn| S €L max ( )

Assuming that Py = Py = Py, and Q1 = Q2 = Qy, the
maximum value of Au, can be calculated as

2}%P)OBRmax + 2WOLQ06L max
Urcc '

3) Design of the Differential Mode Model: The small-signal
linearization model is built by introducing a small perturbation
around the equilibrium operation point, where the symbol “*”
indicates the perturbation signal.

According to (1), the difference in the voltage amplitude
reference with a small perturbation at the steady state operation
point can be obtained as follows:

Au(i max = (27)

By = —nQy + 0y (28)
By = —nQy + diis (29)

AE =By —EBy=—n (Q1 - Qz) 4 (811 — On)
= —nAQ + Ad. (30)

It can be seen from (30) that the perturbation consists of two
parts: 1) the reactive power sharing error and 2) the voltage
compensation value difference. The small-signal linearization
model of the abovementioned two parts will be derived next.

On one hand, because of the assumption that the feeder
impedances are the same in (23) and (24), the voltage amplitude
E and the reactive power Q of two DGs can be regarded as
the same in steady state. Therefore, the perturbation of the
reactive power sharing error can be obtained as follows:

2F — UPCC ~ 2F — UPCC

By — By = AE
% (B, — E)

(3D

AQ=0Q1 — Qs =

where X is the reactance of the feeder impedance.

On the other hand, the small perturbations of the estimated
PCC voltage lead to the voltage compensation value differences
between DG; and DG, based on (2). The equations can be
derived as

N . . ki\ [ 2
Al = oty — oty = — (kps + S) (UPCCEstl - UPCCEst2)

(k s—i—k)Aue

Finally, the small-signal differential mode model of two DGs
with PI-SVC is illustrated in Fig. 8, where AEj and AQ, are
the input control signal and Au, is the input disturbance signal.
The transfer function from input disturbance Au, to the reactive

(32)
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A Dy

s+,

Fig. 8.
PI-SVC.

Small-signal differential mode model of the islanded microgrid with

power sharing error AQ can be derived as

_AQ A+ Bs+C
T Ad., s34+ Ds2+ Es

G(s) (33)

where
A= —kyweo(2E — Upce)/ X
B = —wey(wepkp + ki) (2E — Upcc) /X
C = —kiwepwes(2E — Upcc) /X
D = Wep + Wey + nwep(2E — Upce) / X
E = wepwey + nwep(2E — Upce) / X.

According to (25) and (33), the nonzero Au, will be amplified
by the PI regulator, leading to reactive power divergence, and
the system will be unstable.

B. SACS Frequency and Amplitude Design

The injected SACS is an additional voltage component com-
pared with the fundamental frequency. Thus, the frequency and
the amplitude of the SACS must be carefully chosen according
to the difficulty to extract the SACS and the power quality
limitations.

1) Design of the SACS Frequency: To precisely separate
the SACS component from the fundamental component, the
frequency of the SACS must be carefully chosen. The following
aspects should be taken into consideration when selecting the
optimal SACS frequency.

First, the selected SACS frequency should avoid preexisting
harmonics in the system, which maybe affect the extraction accu-
racy. For example, the low-order odd harmonic may exist in the
system because of modulation or nonlinear loads. Second, the
frequency of interharmonics or subharmonics should be avoided
because the limitations for these frequencies are rigorous in
the system. Third, the SACS frequency cannot be set too high
because of the bandwidth of voltage control loop and the cutoff
frequency of the output LC filter. Last but not least, the SACS
frequency cannot be too close to the fundamental frequency
in order to accurately separate SACS from the fundamental
component. Therefore, the SACS frequency is set as four times
of the fundamental frequency, which is 200 Hz in this article.

2) Design of the SACS Amplitude: The selection of the SACS
amplitude is a tradeoff between the difficulty in extracting the
SACS and the power quality limitations. On one hand, a large
amplitude of SACS can reject noises apparently and ease signal
extraction. However, the total harmonic distortion (THD) in
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microgrids is limited within 8%, and for individual harmonics
within 5% according to IEEE standard 519 [35]. On the other
hand, if the SACS amplitude is too small, the extraction accuracy
will be affected by the sampling noise, analog-to-digital convert
process, and signal extraction algorithm. Hence, the SACS am-
plitude is set as 0.5%—2% of the fundamental voltage amplitude,
which will not exceed the THD limitations and can be easily
extracted.

C. Design of Weight Coefficients k; and ko

To design proper weight coefficients, the steady state opera-
tion point must be analyzed. In steady state, the SACS frequen-
cies will synchronize with each other, and du can be guaranteed
to be the same for each DG according to (7). Meanwhile, du
being constant in steady state means that the input of the PI
regulator is zero, namely Upcc Estavg Of €ach DG equals to the
nominal PCC voltage. Therefore, the following equation can be
derived:

k1Upccest1 + k2 Pss1 = k1Upccrstz + k2 Pss2 = Upcco-
(34)
Then, the difference in the SACS active power between DG
and DGg, can be represented as
k1

k
Pys1 — Psgo = g(UPCCEstz — UpccEst1) = _éAUe- (35)

The total SACS active power can be regarded as constant if
the load is unchanged as follows:

Pssl + PssQ = PssL~ (36)

By combining (35) and (36), the SACS active power of each
DG can be represented as

PssL kl
P, = LV 37
1 > T u 37)
PesL k'l
Pygo = — — . 38
552 D) +2k2 Ue (38)

It can be seen from (37) and (38) that the SACS active power
is related to the difference in the estimated PCC voltage and the
weight coefficients k; and ko. Hence, to guarantee the stability of
the SACS, the weight coefficients should be carefully designed.

Here, we take DG; as an example to design the proper weight
coefficients. Based on the steady state power flow with the
inductive feeder impedance at the SACS frequency, the SACS
active power of DG, can be expressed as

B, Uss . Ey ’2
Pssl = ———sin 6551 ~ A(Sssl (39)
ssl ssl

where U, is the SACS voltage at the PCC, which can be assumed
to be equal to E¥, for simplification, d,s is the phase angle of
DG; at the SACS frequency, and X is the feeder reactance of
DG; at the SACS frequency.

The variation of the SACS active power with phase angle is
depicted in Fig. 9. The active power varies as a sinusoidal wave
of the angle, exhibiting a highly nonlinear relationship. When
the angle is smaller than 90°, e.g., point a, the active power
increases along with the angle; however, a further increase in the
angle results in a reduction in active power when the phase angle
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ssa ssb 58

Fig. 9. Variation of active power with phase angle in each DG unit at the
frequency of the injected SACS.

exceeds 90°, e.g., point b. According to the power angle stability
criteria in power systems, a necessary condition for ensuring all
the DGs remain synchronous and operate stably is to keep the
angle below 90°. To evaluate the degree of angle stability, the
stability reservation coefficient K p is defined as follows:

F)ssM - Pssl
Pssl

where Py is the maximum transferred power when 4 45 equals
to 90°. An increase in Kp results in a larger angle stability
margin, whereas the transferred power will decline. In power
system design guides [36], Kp is recommended to be within
15% to 20% to retain a sufficient stability margin. However,
different from a power system, the principal function of the
SACS is to establish a link among DGs instead of transferring
power; therefore, K p should be designed to be larger than in a
power system to guarantee a sufficient stability margin of the
SACS. Based on this phenomenon, a Kp larger than 40% is
recommended in this control method. The upper limit for the
SACS real power can be obtained as

Kp = x 100% (40)

PssM

Pss < .
="114

(41)

By substituting (27) and (37) into (41), the minimum value
for weight coefficient can be determined as follows:
k TPysp Xss1 — E22
By OTFeorRon = Bay “2)
k2 0'7X881Au6 max
Moreover, assuming that the PCC voltage is fully restored to
the nominal voltage, e.g., Upcc = Upcco, and substituting (21)
and (26) into (34), the steady state relationship between k; and
ko can be derived as

Upcco — k2 Pss1

€Rmax RPo+er maxwoLQo
Upcco

k1 (43)

Q

Upcco —

D. Design of the SACS Droop Coefficient Kyg

In this section, the small-signal differential mode model
will be further perfected based on the proposed SACS-SVC to
analyze the dynamic stability and design of the SACS droop
coefficient.

Based on (5), the small perturbations of the average of esti-
mated PCC voltage and the difference between DG; and DGy
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Fig. 10.  Small-signal differential mode model of the islanded microgrid with
the proposed SACS-SVC.

can be derived as
Upccrstavgl = k1Upccrsts + kaPsst (44)

Upccrstavgz = k1Upccmsia + k2 Pasa (45)
AUpccstavg = UpccrstAvgt — UpccEst Avgl
= k1(Upccrstt — Upccrsi2) +ka2(Posi — Pos2)
= k1 Adie + k2 AP, (46)

Next, the voltage compensation value difference with small
perturbations can be derived as

~
s

S . AWA 2
Adtu =011 — 0ty =— <k’ps+ ) (UPCCEstAvgl_ UPCCEstAng)

ki -
S (k,,s + ’) (klAaé + kQAPss) . (47)
s
Then, assuming a small perturbation of the voltage compen-
sation value is introduced at the steady state operation point in
(7), the following equations can be obtained:

wssl = kss(sﬁl (48)
@552 = ksséf’/Z (49)
AWgs = Wgs1 — Wss2 = kss (0l — dtia) = kssAdt.  (50)

The difference in the SACS frequency leads to the phase angle
difference between DG and DGs as follows:
A(:}SS _ kSS

S S

Add.

(S1)

Because the total SACS active power is assumed to be con-
stant when loads are unchanged, which is independent of phase
angle perturbation, the SACS active power perturbation only
flows between DGs. Thus, based on (22) and (39), the SACS
active power perturbations of DG; and DG have the following
relation:

- - Es U s . N E:gz N
Py = —Psso = m sin Adg, ~ 2)((:55 Adss. (52)

Therefore, the perturbation of the SACS active power differ-
ence can be calculated as follows:

E* 2 R
= 2% Adgs.
XSS

Finally, the small-signal differential mode model of two DGs
with SACS-SVC is illustrated in Fig. 10. Note that the dynamic

(53)
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TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS

Symbol Description Value
Simulation Experiment
DG 0.01+4 1+4
RutLn  Feeder impedance of DG, (Q+mH) DGz 0.01+4 1+3
DG; 1+4
DG1 0.01+4.04 0.9+3.8
+RL,,:::“ i\;[lefrsnulgd feeder impedance of DG, DG:  0.0143.96 0.843.2
DG; 0.9+3.9
DG 0.01+4 1+4
Reo+Lo F;;j—nnlqul-?)l virtual feeder impedance DGa 0.01+4 144
DG; 1.3+5.3
m P-w droop coefficient (rad/s/W) 2x107* 7x107°
n O-E droop coefficient (V/var) 2x1074 102
Upcco  Nominal PCC line voltage (V) 283 200
ki Weighting coefficient 0.968 0.978
k2 Weighting coefficient 58.083 42.135
Vae DC voltage (V) 600
I Switching frequecy (kHz) 12.5
Ly Filter inductance (mH) 3
Cy Filter capacitance (pF) 30
o0 Cutoff angular frequel?cy of the low-pass 21410
filter in power calculation (rad/s)
O Cutoff angular frequen'cy of the low-pass pa—
filter in voltage estimation (rad/s)
E, SACS nominal voltage amplitude (V) 2
Ws50 SACS nominal angular frequency (rad/s) 2n*200
fess SACS droop coefficient 0.01
kp Proportional gain of PI regulator 1
ki Integral gain of PI regulator 0.5

characteristic of the signal extraction block and the inner loops,
whose bandwidth is much higher than the cutoff frequency of
the low-pass filters, as mentioned in Section II, are ignored.

Based on the small-signal differential mode model shown in
Fig. 10, the transfer function from input disturbance Au, to the
reactive power sharing error AQ can be derived as

A /3 /&2 '
Gls) = igi e g'; i g; j: i/z o OY
where
A= —kikpwey(2E — Upcc)/ X
B' = —kywey (kpwep + ki) (2E — Upce) / X
C' = —kikiwepweo (2E — Upcc)/ X

D' = (wep + nwep(2E — Upce) /X ) + Wew
E' = Wep(wep + nwep(2E — Upce) /X)) + wevky
F' = kpwey (wep + nwep(2E — Upcc) /X))
+ kikokoswen B3 [ X
G = kokiksswer B2 (Wep + 1wep(2F — Upce) /X )/ X s

Next, according to the simulation parameters listed in Table I,
the root locus of the transfer function is illustrated in Fig. 11.
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Fig. 11.  Root locus of the transfer function of the small-signal differential
mode model with respect to variation in the SACS droop coefficient k55 from 0
to 0.5.

It can be seen that, when k4 increases, the dominant conjugate
eigenvalues move to the left-half plane with the increase of the
imaginary part, leading to an increasingly fast but overdamped
reactive power response. Therefore, considering the tradeoff
between the settling time and the oscillation frequency of the
reactive power response, ks should not be set too high.

Finally, the abovementioned model is built based on the
assumption that the feeder impedance is the same. In most
cases, mismatch of feeder impedance often occurs. Thus, the
equivalent feeder impedance can be used during the parameter
design process.

E. Effect of Background Harmonic at SACS Frequency

If the background harmonic at SACS frequency exists in the
system, there will be an additional SACS active power caused
by the background harmonic. Therefore, according to (34), the
steady state operating point of PCC voltage with background
harmonic can be represented as
Upcco ke

kl kl (Pss + Pssh)
where P, is the SACS active power caused by the background
harmonic.

It can be seen from (55) that the steady state operating point
of PCC voltage is related to the additional SACS active power
caused by the background harmonic Pgy,. Therefore, the back-
ground harmonic at SACS frequency will affect the steady state
operating point of PCC voltage.

In general, the background harmonic is caused by the non-
linear loads that inject harmonic current to generate harmonic
voltage drop on the grid impedance. Therefore, a harmonic cur-
rent source located at the PCC is used to emulate the background
harmonic caused by the nonlinear loads.

Assuming the background harmonic current in o8 frame can
be expressed as

Upcc =~ UpccEst = (55)

iha = Ip cos (wpt + 0f) (56)
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ihg = Ip sin (wrt + 0p) 57

where [}, is the amplitude of the background harmonic current,
wy, 1s the angular frequency of the background harmonic current,
and 6}, is the phase angle difference between SACS nominal
voltage and the background harmonic current.

Therefore, combing (11), (12), (56), and (57), the additional
SACS active power caused by the background harmonic current
can be calculated as

3. . .
Pgsp = 5 (’Uasszha + ’Ussﬁlhﬁ)

gE;‘SIh cos [(why —wp)t —6h]. (58)

It can be seen from (58) that the angular frequency difference
between the background harmonic current and SACS nominal
voltage will determine whether the P, is constant or sinusoidal.

If the frequency of background harmonic current is the same
with the SACS frequency, the additional SACS active power
is constant, namely, this background harmonic current source
can be considered as a negative resistor at SACS frequency that
injected an additional SACS active power into the system. In this
case, the background harmonic will cause an additional negative
SACS active power P, therefore, the steady state operating
point of the PCC voltage will increase.

If the frequency of background harmonic current is different
from the SACS frequency, the additional SACS active power is a
time-varying sinusoidal component. In this case, the background
harmonic will cause the PCC voltage oscillate around the steady
state operating point.

V. SIMULATION AND EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed method, simulation
and experimental results are given for the same topology based
on a typical islanded microgrid with parallel DGs, as shown in
Fig. 2. The detailed simulation and experimental parameters are
listed in Table I. Because some of the variables are difficult
to measure experimentally, the simulations are presented to
verify the PCC voltage restoration performance and the pa-
rameter design methodology introduced in Section IV through
the PSCAD/EMTDC platform. Meanwhile, the comparisons be-
tween the existing PI-SVC method and the proposed SACS-SVC
method are conducted in the experiments.

A. Simulation Results

In the simulation, only the conventional droop control and
virtual impedance were initially adopted, then the proposed
SACS-SVC was implemented at t = 2 s. The detailed wave-
forms of some key variables in the proposed method will be
given to gain a better understanding of its operational principle.
Verifications of the small-signal differential mode model and
the parameter design methodology introduced in Section IV will
also be presented.

1) PCC Voltage Restoration Verification: At the beginning,
only conventional droop control and virtual impedance were
implemented. Because of the inaccurate feeder impedance, the
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estimated PCC voltages Upcc gst of two DGs are slightly dif-
ferent from each other. The terminal voltage E and the reac-
tive power Q are identical for both DGs because of the same
equivalent feeder impedance. Afterward, the proposed method
was implemented at ¢ = 2 s. The input of the PI regulator was
synthesized by using Upcc gs¢ and the SACS active power P
multiplied by a pair of weight coefficients to generate the voltage
compensation value du according to (5) and (6). Meanwhile, the
positive droop relation was built between compensation value du
and the SACS angular frequency w,, according to (7). Detailed
waveforms of the aforementioned variables are shown in Fig. 12.
It can be seen that the difference of Upcc g5 is made up of the
difference of P, to guarantee that Upcc Estavg, Which is used
as the input signal of the PI regulator, is identical for the two
DGs. Therefore, the effect of inaccurate feeder impedance in
PI-SVC can be solved. Furthermore, the SACS frequencies can
be synchronized with each other in steady state, so du can also
be shared according to (7), which will not deteriorate reactive
power sharing performances after compensation. Finally, the
PCC voltage can also be fully restored with the proposed method.

2) Transient Performance Investigation Under Feeder
Impedance Change: To analysis the transient performance of
the proposed method, the case that feeder impedance change
during SACS- SVC were investigated. Because the feeder
impedance was obtained through offline estimation rather
than online estimation, the DG unit cannot update the feeder
impedance information after system was started. Thus, when the
feeder impedance was changed the DG unit would still use the
designed feeder impedance to estimate PCC voltage. As shown
in Fig. 13, the proposed method was implemented at t = 2 s
and the feeder inductance changed at t = 16 s from 4 mH to
8 mH. It can be seen that when the feeder impedance changed,
the system moved to another steady state operating point and the
steady state voltage error between the nominal PCC voltage and
the real PCC voltage also appeared, which means the estimated
PCC voltage is no more equal to the real PCC voltage.

According to (21), there will be a voltage drop in the estimated
PCC voltage after feeder impedance changed. In other word,
there will be a voltage drop between the estimated PCC voltage
and the real PCC voltage. Therefore, when secondary voltage
control enters to a steady state, the estimated PCC voltage will
be restored to its nominal value instead of the real PCC voltage
and a steady state voltage error will occur due to the change in
feeder impedance.

3) Ky Design Methodology Verification: In this simulation
case, the small-signal differential mode model and the kg, design
methodology were investigated. According to the trajectory
of dominant conjugate eigenvalues based on the small-signal
differential mode model, as shown in Fig. 14, ks was set to
0.022, 0.071, and 0.234, respectively. The simulation results for
reactive power Q and reactive power sharing error AQ are shown
in Fig. 15. Note that the real part of the conjugate eigenvalues
with ks = 0.071 is twice bigger than that with k,s = 0.022.
Therefore, the settling time of AQ in Fig. 15(a) is nearly twice
as long as that of in Fig. 15(b). However, the imaginary part of the
conjugate eigenvalue with ks = 0.071 is half of that with ks =
0.234. Therefore, the oscillation frequency during the dynamic
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Fig. 13.  Simulated waveforms of the estimated PCC voltage Upcc gst, SACS
active power P, the average of estimated PCC voltage Upcc EstAvg, PCC
voltage Upcc, SACS frequency fs, voltage compensation value du, terminal
voltage E, and reactive power Q of two DGs with the proposed SACS-SVC,
when feeder inductance changed at t = 16 s from 4 mH to 8 mH.

Fig. 12.  Simulated waveforms of the estimated PCC voltage Upcc Est, SACS
active power Pg;, the average of estimated PCC voltage Upcc gstAvg, PCC
voltage Upcc, SACS frequency fss, voltage compensation value du, terminal
voltage E, and reactive power Q of two DGs with the proposed SACS-SVC.
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Fig.14.  Trajectory of dominant conjugate eigenvalues with respect to variation
in the SACS droop coefficient kg5 from O to 0.5.

response of AQ in Fig. 15(c) is nearly twice higher than that in
Fig. 15(b). It can be seen that, with the increase of kg, the settling
time can be reduced, but the reactive power oscillation frequency
will increase as well. Hence, the small-signal differential mode
model and k4, design methodology are proved.

4) Verification of Background Harmonic at SACS Frequency:
In this simulation, a harmonic current source located at the
PCC is used to emulate the background harmonic caused by
the nonlinear loads. According to IEEE standard 519 [35], the
amplitude of the harmonic current is chosen as 2% of the nominal
current, which is 0.4 A in this simulation.

In Fig. 16(a), the background harmonic current frequency
equals to the SACS frequency, therefore, the calculated SACS
active power is reduced by a constant value and the steady
state operating point of PCC voltage increase. In Fig. 16(b),
the background harmonic current frequency, which is chosen
four times of the fundamental frequency, is different from the
SACS frequency, therefore, the calculated SACS active power
and the PCC voltage oscillate around the steady state operating
point.

B. Experimental Results

Hardware experiments were conducted based on an islanded
microgrid with three parallel DGs, as shown in Fig. 17, and the
detailed parameters are listed in Table I. A digital signal pro-
cessor (Texas Instruments TMS320F28335) was used to realize
the control algorithm. A power analyzer (Yokogawa WT1804E)
was used to measure the output active and reactive power of the
DGs. The power analyzer outputs the measured reactive power
through an embedded DA converter, after which an oscilloscope
(Tektronix DPO3014) is used to capture the waveforms of real
reactive power. Another oscilloscope (Tektronix DPO4104B)
was used to capture the waveforms of the PCC voltage and the
voltage compensation value through the DA converter on the
digital signal processor.

To verify the effectiveness of the proposed method com-
prehensively, two cases were investigated. In Case 1, the
comparison of the proposed SACS-SVC and existing PI-SVC
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was demonstrated by considering different activation times of
secondary control and inaccurate feeder impedance, respec-
tively. Case 2 was used to demonstrate the robustness of the
proposed control method against load disturbances and THD
analysis before and after implementing the proposed control

method.

Moreover, the virtual impedance was set according to capacity
ratio of the three DGs, which is 1:1:0.75, to optimally share the
reactive power among DGs. However, it is worth noting that the
reactive power ratio is not strictly equal to 1:1:0.75 according to
the experimental waveforms captured by the oscilloscope. This
is because that the implemented virtual impedance is set based
on the inaccurate feeder impedance.

1) Case 1: Proposed SACS-SVC Versus Existing PI-SVC:
In this case, the performance of the proposed SACS-SVC was
compared with that of the existing PI-SVC. The DG was initially
controlled by conventional droop control with virtual impedance
based on the known feeder impedance, then the secondary
control was implemented at r = 4 s.

To demonstrate the effect of the activation delay of secondary
control, the secondary controller in DG, was initiated with a
500 ms delay compared with the other two DGs. The simulation
results are depicted in Figs. 18 and 19. As shown in Fig. 18,
although the PCC voltage can be fully restored with the existing
PI-SVC, reactive power sharing performances deteriorated be-
cause of the different voltage compensation values caused by the
activation delay. However, as shown in Fig. 19, the PCC voltage
can be fully restored and reactive power sharing performances
can also be guaranteed regardless of activation delay with the
proposed SACS-SVC.

To demonstrate the effect of inaccurate feeder impedance, in-
accurate feeder impedance was used to estimate PCC voltage for
both control methods. The experimental results are depicted in
Figs. 20 and 21. It can be seen that inaccurate feeder impedance
can cause reactive power divergence in PI-SVC, as explained in
Section II-B, while the proposed SACS-SVC exhibits robustness
against the disturbance in feeder impedance and guarantees
the same reactive power sharing performances before and after
voltage compensation.

2) Case 2: Robustness to Load Disturbance and THD Anal-
ysis: To demonstrate robustness to load changes, the voltage
compensation value and PCC voltage response of the system to
a step load change, as well as the corresponding reactive power
of each DG, are illustrated in Fig. 22. Although the PCC voltage
is not so precisely identical to 200 V, as a result of inaccurate
feeder impedance, the PCC voltage regulation performance is
still acceptable.

To confirm that the injected SACS does not affect voltage
quality excessively, PCC voltage waveforms and the corre-
sponding THD analysis results before and after injecting the
SACS are depicted in Fig. 23. According to Fig. 23(a) and (b),
the THD of the PCC voltage increases slightly from 0.89%
to 1.17% after injecting the SACS. Meanwhile, as shown in
Fig. 23(c), the fourth-order harmonic voltage, which is the
SACS frequency, increases considerably but is still within a
reasonable range and does not exceed the limitation mentioned
in [37].
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Fig. 17. Experimental setup for an islanded microgrid with parallel DGs.
(a) System overall diagram. (b) Loads and structure inside each DG cabinet.
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Fig. 21.

Experimental waveforms of voltage compensation value du, PCC

voltage Upcc, and reactive power Q of two DGs with inaccurate feeder
impedance under proposed SACS-SVC.
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Peak Integ: Reset YOKOGAWA
TREE Scal Line Filter=  Time  --———- R o
2030 N m e ™ LA 0. e
3 400V CF:3
¢ SAGPW)
Vab Ve =
/\ \ / \ /\ B(PM)
/ \ /AR / \
/ \ / \ / \L e
\ / \ / \ Syme Sicli]
\ / \ / 4 150v
\ / \ 14 10
\ \ / Sye Sl
\ / \
\ /
\\ / \
THD=0.89% 150V / div
b
“Update 53 ( 50msec) @) 2022/12/04 14:56:52
a
Normal Mode(Trg) Peak Integ: Reset YOKOGAWA 4
4] Scalng ™  Line Filter=  Ti et B
fBnn ne 2 T L 0.5 ke
3 4007 CF:3
X 5 A3PIN)
V., — Y, —
ab be 1500
1110
\ Sync Sre:]
/ \ / \ / v 150V
100
/ \ / \ / Syne Sl
/ \ / \ / \ SBEPM)
\ / U3 150V
/ \ /
/ \ / \\ Sync Sre:i]
o \ / \ U150V
/ \ | i 104
\ / \ / Sye Sl
\ / \ /
\ /
L \ 7
\ /
-
THD=1.17% 150V / div
oo " 50.00085
“Update 18 ( S0nsec) 2022/12/04 13:45:57
(b)
1.5
r s Before Injecting SACS
L s A fter Injecting SACS
’—§ L
2 1.0
S -
o
< f
P L
= o5t

23 45 6 7 8 91011121314 1516 17 18 19 20
Harmonic order

(©)

Fig. 23. Experimental waveforms of PCC voltage (a) before injecting the
SACS, (b) after injecting the SACS, and (c) their THD analysis results.

VI. CONCLUSION

This article proposes a decentralized PCC voltage secondary
voltage control method based on injection of an additional SACS
for parallel inverters in islanded microgrids. In the proposed
SACS-SVC method, the PCC voltage can be restored to its nom-
inal value precisely while reactive power divergence and reactive
power sharing performances deterioration in PI- SVC is avoided
by building the proposed SACS droop relation between the
voltage compensation value and the SACS frequency. Therefore,
an appropriate voltage compensation value is guaranteed and
accurately shared without any communication links. Accord-
ingly, the proposed SACS-SVC method can endure inaccurate
line impedance and different activation times for secondary
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voltage control, making it a promising solution for practical mi-
crogrid applications. Additionally, a comprehensive modeling
and parameter design are also presented in this article. Finally,
simulation and experimental results verify the effectiveness of
the proposed control method.

Note that the proposed method is just suitable for the mi-
crogrid with only one PCC. The secondary voltage control in
the microgrid with more than one PCC is a higher control
target, which is a multiobjective optimization problem. There-
fore, it correspondingly has a greater demand of communication
and computation and will be interesting to investigate in the
future.
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