IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

12333

An Adaptive Virtual Impedance Control Scheme
Based on Small-AC-Signal Injection for Unbalanced
and Harmonic Power Sharing in Islanded Microgrids

Baojin Liu
Ronghui An

Abstract—To address the unbalanced and harmonic power shar-
ing issue among parallel inverters caused by feeder impedance
mismatch in islanded microgrids, an adaptive virtual impedance
control method is proposed based on the injection of an extra small
ac signal (SACS) in the output voltage of each inverter. Similar to
the principle of active power—frequency droop, the frequency of the
injected signal droops with the output unbalanced and harmonic
power, while the active power produced by the injected SACS
is detected to adjust the virtual impedance at the fundamental
negative sequence and selected harmonic frequencies, which will
tune the distribution of unbalanced and harmonic power in the
system. When the injected SACSs of each inverter synchronize
with each other and reach a common frequency in steady state,
the virtual impedance of each inverter will be matched to each
other for evenly sharing the unbalanced and harmonic power. This
proposed method requires neither communication links among
parallel inverters nor feeder impedance information. Further-
more, the control parameter design method based on modeling
and stability analysis of the proposed control structure is discussed
in detail. Finally, simulation and experimental results are provided
to validate the effectiveness of the proposed scheme.

Index Terms—Droop control, nonlinear load, parallel inverters,
signal injection, unbalanced load.

1. INTRODUCTION

RADITIONAL centralized power generation has recently

lost its attraction due to increasing concerns about environ-
mental pollution and the fossil energy crisis. Distributed gener-
ation (DG) may be a promising alternative as it can facilitate the
interconnection of renewable energy sources (RESs), such as
photovoltaics, wind turbines, and hydropower [1]. To increase
the reliability, flexibility, and intelligence of a DG system, sev-
eral DG units, together with loads and energy storage systems
(ESSs), are integrated into a single controllable entity, known as
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amicrogrid. Under normal conditions, microgrids are connected
to the utility grid to supply or consume electrical power accord-
ing to the energy management command. However, microgrids
should also be capable of disconnecting from the utility grid
when faults and contingencies occur, and maintaining operation
in islanded mode to feed local load [2].

Usually, RESs are connected to the point of common cou-
pling (PCC) through power electronics-based interfaces such as
inverters [3]. Therefore, the coordinative control of parallel in-
verters plays a critical role in the robust operation of microgrids.
During islanded operation, one of the major requirements is to
ensure that load power is properly shared by the DG units ac-
cording to their power ratings to avoid overloading of inverters.
To fulfill the power sharing requirement without dependence on
communication links among DG units, active power—frequency
(P—w) and reactive power—voltage amplitude (Q—FE) droop con-
trol, which mimics the characteristics of a synchronous gener-
ator, has been proposed and is well accepted [4]-[7]. However,
traditional droop control is derived based on analysis of the fun-
damental voltage model and only takes averaged active and re-
active power into account, which is incapable of compensating
the unbalanced and harmonic power sharing error caused by
feeder impedance mismatch and discrepancy of DG inverters.
Moreover, microgrids may be subjected to significant degrees of
unbalanced load and nonlinear load conditions with the increase
of single-phase load and power electronics-based devices. For
example, LED lighting equipment, unsymmetrical short-circuit
faults [8], electric vehicle charge stations, variable-speed drives,
etc., consume large amounts of unbalanced and harmonic power.
Unfortunately, conventional solutions used with passive or ac-
tive power filters are not suitable for a DG system due to cost
concerns and the strongly distributed feature of the load [9].
Therefore, the sharing performance of unbalanced and harmonic
power among parallel inverters tends to a more complex but
equally important issue with active and reactive power, which
will be focused in this paper. Note that, although traditional
droop control also displays difficulty in the sharing of reactive
power, this issue is addressed in many previous publications
[10]-[13], and is beyond the scope of this paper.

Various methods aimed at solving either the unbalanced
power or the harmonic power sharing issue in islanded
microgrids, or both, have been proposed. These methods can be
classified into two categories according to whether or not they
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require communication links, i.e., communication-based meth-
ods [14]-[22] and communication-less methods [24]-[34].
Among the communication-based methods, the methods in
[14]-[17] have been developed based on the microgrid hierar-
chical control framework so as to compensate the voltage dis-
tortion and unbalance at the PCC and at the same time share the
compensation effort among DG units. The compensation com-
mand is calculated at the secondary or tertiary control level and
is sent to the primary level through communication links. Con-
trol methods proposed in [18]-[20] are used to enhance power
sharing with the help of a microgrid central controller, which is
responsible for sending the harmonic voltage component at the
PCC or a compensation synchronization flag to DG local con-
trollers. In recent years, more advanced control algorithms such
as consensus-based methods [21], [22] have been introduced to
enhance power sharing in microgrids. Since the consensus algo-
rithm is located in DG local controllers and only requires com-
munication between neighbor inverters, the robustness of DG
system could be much improved. With advances in information
technology, various communication approaches have been used
in microgrids with no technical difficulties [23]. However, the
presence of critical communication infrastructures among DG
units or different control levels still increases the risk of commu-
nication failure and the cost of construction. Moreover, it also
deteriorates the plug-and-play feature in microgrids. Therefore,
communication-based methods are not sufficiently reliable or
flexible for large DG systems.

Considering that DG units may be geographically distributed
far apart in microgrids, communication-less control schemes
are preferable. An intuitive way to share the unbalanced and/or
harmonic power is to introduce a virtual output impedance that
is much larger than the feeder impedance at the fundamental
negative sequence and harmonic frequencies [24]-[28]. These
methods are easily implemented but come with a tradeoff
between power sharing effectiveness and PCC voltage quality.
Larger virtual impedance can improve the power sharing
performance, but the unbalanced or harmonic voltage drop with
the virtual impedance will increase, worsening voltage quality.
Instead, smaller virtual impedance avoids the voltage distortion
problem, but the power sharing error cannot be effectively
compensated. Furthermore, direct droop relationship between
unbalanced or harmonic power and virtual impedance (or
conductance) has been developed in [29]-[31] and [33]. The
essential idea is to adjust the virtual impedance (or conductance)
according to the output unbalanced or harmonic power in each
DG unit. Therefore, the power sharing performance under inten-
sive unbalanced and nonlinear load conditions is improved and
voltage distortion is compensated. However, the power sharing
error is inevitable when the feeder impedance differs greatly in a
highly distributed system. To eliminate harmonic power sharing
error, the concept of negative virtual harmonic impedance and
Zp—H droop is suggested in [32] without affecting voltage
quality at the load bus. Unfortunately, the exact value of line
impedance is required to design the droop coefficient, which
dramatically increases computational burden and implemen-
tation difficulty. To avoid requiring the line impedance value,
Tuladhar et al. [34] proposed to inject a small ac signal (SACS),
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whose frequency is controlled by the harmonic power, into
the output voltage of each inverter as a control signal. Mean-
while, the active power produced by the SACS is detected to
adjust the voltage control loop bandwidth to realized harmonic
power sharing. Although SACS injection is a useful technique,
variation of the voltage control loop bandwidth may affect the
dynamic performance and stability of the inverter. Besides, the
stability analysis and parameter design are not given, and the
sharing of unbalanced power is not considered either.

To overcome the aforementioned limitations, this paper
proposes an adaptive virtual impedance control scheme for
unbalanced and harmonic power sharing in islanded microgrids.
At beginning, inspired by the method proposed in [34], an extra
SACS, whose frequency is determined by a droop relationship
with the output unbalanced and harmonic power, is generated
in the output voltage of each inverter. Then, the active power
produced by the injected signal is detected and utilized to adjust
the virtual impedance at terminal of each DG unit. Eventually,
the regulation of virtual impedance will tune the distribution
of unbalanced and harmonic power directly without affecting
system dynamic performance or stability. The features of the
proposed adaptive virtual impedance control scheme can be
summarized as follows. First, local information is just needed in
the control scheme for each inverter; thus, the communication
is not required. Second, according to the principle of P-w
droop, the frequency of the injected signal will reach a common
value in steady state, ensuring the even sharing of unbalanced
and harmonic power, or proportional sharing, according to the
power rating, and the aforementioned power sharing issue in
[24]-[31] and [33] is overcome. Third, since the virtual
impedance is adjusted automatically to make total output
impedance of the inverter match with each other, the proposed
scheme is independent of the knowledge of feeder impedance,
and the issue of feeder impedance in [32] is handled. Finally,
since virtual impedance, rather than the voltage control band-
width, is regulated for sharing both unbalanced and harmonic
power, the issues of dynamic and stability associated with
variation of voltage loop in [34] are avoided.

Moreover, this paper presents a comprehensive parameter de-
sign for the proposed control scheme based on steady-state, tran-
sient, and small-signal modeling and analysis of the islanded
microgrids. Finally, simulation and experimental results are pro-
vided to validate the effectiveness of the proposed method.

The remainder of this paper is structured as follows. Section II
briefs the principle of traditional droop control and analyzes the
power distribution in an islanded microgrid. Then, the basic idea
and details of the proposed control method are introduced com-
prehensively in Section III. Section IV presents the methodology
of parameter design based on modeling and stability analysis.
Simulation and experimental results are given in Section V, and
conclusions are finally drawn in Section VI.

II. BASIC PRINCIPLE OF DROOP CONTROL AND POWER
DISTRIBUTION ANALYSIS

A typical structure of islanded microgrids studied in this pa-
per is shown in Fig. 1. In each DG unit, the RESs or ESSs are
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Fig. 1.  Structure of the studied islanded microgrid consisting of two DG units,
balanced load, unbalanced load, and nonlinear load.

connected to the PCC through three-phase voltage source invert-
ers, and an inductance and capacitance (LC) filter is employed
to filter out switching frequency noise. The feeder impedance
may differ greatly due to the random distribution of DG units,
where the feeder inductance and resistance are represented by
Ly, Lo, and Ry, R, respectively. A generalized load condition,
including balanced load, unbalanced load, and nonlinear load, is
considered. Note that the topology studied is a three-phase three-
wire system. Therefore, zero-sequence current is not considered
in this paper. To aid understanding of the proposed method,
the principle of traditional droop control and the definition of
electric power are reviewed in this section. Afterward, the dis-
tribution of unbalanced and harmonic power under traditional
droop control is analyzed.

A. Basic Principle of Droop Control

To realize the power sharing and to synchronize each inverter,
the traditional P—w and Q—E droop method is adopted as shown
in Fig. 2. The droop characteristics can be mathematically ex-
pressed as follows:

w* ZCU()—kp(P—R)) (l)
E" = Eo — kq(Q — Qo) 2

where w* and wy are the reference and nominal angular fre-
quencies, respectively; E* and E are the reference and nominal
voltage magnitudes, respectively; Py and Qg are, respectively,
the dispatched active and reactive power at the frequency wy
and voltage amplitude Ey; k, and k, are the droop coefficients,
which are positive values; and P and Q are the measured output
active and reactive power, respectively. To eliminate the ripples
in P and Q, a low-pass filter (LPF) with relatively low cutoff
frequency is usually included in the power calculation process.

Based on the frequency and amplitude references obtained
in (1) and (2), the fundamental voltage reference for the voltage
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regulation in a3 stationary reference frame can be derived as

Vi, = E* cos </ w* dt)
vig = E"sin (/w* dt)

where v, and v7 4 represent the a-axis and S-axis components
of the fundamental voltage reference, respectively. Then, the
voltage regulator adjusts the output voltage to follow this
reference value by using a proportional resonant (PR) controller
whose resonance frequency is adaptively tuned according to (1)
[19].

An inverter under droop control can be modeled as a con-
trolled voltage source, whose frequency and amplitude are
regulated according to the output active and reactive power.
Fig. 3 shows the equivalent circuit of the studied islanded mi-
crogrid at the fundamental positive sequence. The output active
and reactive power of DGi (i denotes 1 or 2) can be derived as in
(4) and (5) under inductive feeder impedance conditions [5], [6].

(3a)

(3b)

EiULsinéi

P = —x, 4)
E; (E; — Uy cosd;

Q.= 2l < ) ®)

where X; is the reactance of the feeder inductor and §; is
the phase angle difference between terminal voltage F; and
PCC voltage Uy,. Usually, J; is assumed to be very small, and
by substituting sin d; ~ §; and cosd; ~ 1, (4) and (5) can be
simplified as

 BULS,

P = X, (6)
By (E;—Up)

Qi = X, : (7N

Based on (6) and (7), we can conclude that P increases with
phase angle difference and Q increases with voltage amplitude.

To improve understanding of the proposed unbalanced and
harmonic power sharing method in Section III, the basic oper-
ating principle of P—w droop is explained here. Assuming that
Py is larger than Py due to disturbance, then the frequency of
DG1 will be lower than that of DG2 according to (1), leading
to a reduction of §; and an increase of d5. Then, the output ac-
tive power P; will decrease and Py will increase based on (6).
This forms a self-regulating feedback mechanism to share the
active power. Eventually, all of the DG units synchronize with
one another and reach a common frequency. Therefore, the P—w
droop control can always achieve active power sharing even with
feeder impedance mismatch and discrepancy of DG inverters.

It should be noted that, if the DG units have the same power
rating, then the droop coefficients should be designed identi-
cally to achieve equal power sharing. Nevertheless, when units
of different power ratings are connected in parallel, the droop
coefficients should be designed according to the following rela-
tionships [5]:

kplsl = kpZSZ == kann (8)
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Fig. 3. Equivalent circuit of the studied islanded microgrid presenting the
fundamental positive sequence components.

kqlsl = kqQSQ == kann (9)
where .S; is the power rating of inverter i. In this way, the load
power can be shared in the same proportions as for the ratings
of the inverters.

According to the aforementioned analysis, two features of tra-
ditional droop control can be observed. First, the control vari-
ables are fundamental frequency w and amplitude E. Second,
the LPF for power calculation determines that only fundamental
powers are considered. Therefore, the traditional droop control
method is derived based on the fundamental voltage model, and
does not consider the fundamental negative sequence and har-
monic frequencies. This is the essential reason why traditional
droop control is incapable of sharing unbalanced and harmonic
power.

B. Definition of Unbalanced and Harmonic Power

Since the unbalanced and harmonic power may not be as fa-
miliar as P and Q to the readers, some basic points regarding
definitions of electric power are briefly reviewed, according to
IEEE standard 1459 [35]. For a three-phase power system un-
der unbalanced and nonsinusoidal conditions, the resolution of
effective apparent power S, can be expressed as

Se =14/ 52+ 82y

where S.; and Sy represent the fundamental and nonfunda-
mental effective apparent power, respectively. Se1 can be further

(10)

=3 (Vi) (D) (VL) (v L)
(11)

where V. and I.; are the fundamental rms voltage and current,
respectively; V" and V|~ are the fundamental positive and nega-
tive sequence voltages, respectively; and ;" and I, are the fun-
damental positive and negative sequence currents, respectively.
Aside from the fundamental positive sequence apparent power
(V;TI;), the remaining three terms constitute the unbalanced
power. Note that the negative sequence voltage in a practical
power system is strictly limited to a small range [36], so terms
related to negative sequence voltage (V; I;" and V" I;’) can be
ignored. Therefore, the definition of unbalanced power (denoted
by Qp) can be expressed as

Qu ~3VTI,. (12)
Similarly, S.n can be further expressed as
S = 3y (Ve L) + (VerrLor)* + (Ve Leur)> (13)

where V. iy and I, 7 represent harmonic rms voltage and current,
respectively. The voltage distortion is also strictly limited in a
practical power system, so the power terms related to V. i can be
neglected. Therefore, the definition of harmonic power (denoted
by @) can be expressed as

Qu ~ 3V L.y. (14)

Based on the aforementioned analysis, Q;y and @) 7 are essen-
tially the product of fundamental voltage and negative sequence
or harmonic current, respectively, and their physical meaning is
to evaluate the amount of var caused by load unbalance or non-
linearity. To simplify the analysis and discussion, Q¢ and Qg
are combined together and defined as unbalanced and harmonic
power (denoted by Qg hereafter). The expression for Qp g is

as follows:
Quu =1/Qf + QY

=3V /(1) + (Lw)?. (15)

Note that the fundamental positive sequence voltage between
each DG unit is very close, because the droop coefficient kq is
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Fig. 4. Equivalent circuit of the studied islanded microgrid presenting the
fundamental negative sequence and harmonic frequency components.

designed to be very small. Therefore, we can replace Vl+ with the
nominal voltage to simplify the calculation of Q7 f, as shown
in (16). Under this condition, the essence of unbalanced and
harmonic power sharing is to share the fundamental negative
sequence and harmonic current. Moreover, only the dominant
low-order harmonic current needs to be selected according to
load characteristic to avoid overcurrent. In this paper, the —1st,
—5th, 7th, and —11th current components are adopted, with the
minus symbol indicating negative sequence.

Qun = %Eo\/ (I0)" + (Len)*.

C. Power Distribution Analysis

(16)

As mentioned earlier, all of the DG units under droop con-
trol operate in the voltage-controlled mode. Hence, they should
be modeled as controlled voltage sources at the fundamental
positive sequence as shown in Fig. 3. The reference voltage
generated by the droop equations determines the inverter out-
put voltage and ensures sharing of the fundamental active and
reactive power. Note that the reference voltage is purely sinu-
soidal and three-phase balanced with the fundamental frequency.
Therefore, the inverter should be regarded as a short circuit with
a small output impedance at the fundamental negative sequence
and harmonic frequencies, as depicted in Fig. 4 [19], [32], [33].
The unbalanced and nonlinear load is modeled as current source
I, which injects the fundamental negative sequence and har-
monic current into the system. Z,; and Z,» are inverter output
impedance, and Z1; and Z» represent the feeder impedance.
According to Fig. 4, the negative sequence and harmonic current
are distributed based on the equivalent impedance (i.e., sum of
Z, and Z1) on each branch. Note that the load impedance at the
PCC is much larger than the equivalent impedance, so it is not
considered when analyzing the distribution of I,,.

To simplify the discussion, two assumptions are made in this
paper. First, the inverter output impedance Z, is assumed to be
much smaller than the feeder impedance. Therefore, it can hardly
affect the power distribution. For example, the output impedance
for a well-designed DG inverter is usually below —30 dB (about
0.03 ) at low-frequency range to suppress the distortion in
output voltage when feeding nonlinear load [37], [38]. However,
the feeder impedance of a 1-km line is at least 0.2 €2 [6], which
is much larger than output impedance. Second, the physical
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feeder impedance is assumed to be dominantly inductive. This
is true for high-voltage or medium-voltage networks, where the
inductive component of line impedance is much higher than the
resistive component. However, in low-voltage networks, though
the resistive component of line impedance is dominant, series
coupling chokes are normally installed in the droop-controlled
DG units to improve system stability. Moreover, DG units are of-
ten interconnected to the PCC through a A/Y transformer to feed
single-phase load. The isolation transformer introduces high in-
ductive leakage impedance. Finally, even for some directly cou-
pled DG units without coupling chokes or transformers, the vir-
tual inductance can be preactivated through a virtual impedance
control scheme to make the equivalent impedance domi-
nantly inductive [19], [39]. Under these two assumptions, the
distribution of @y i is mainly determined by feeder inductance.

To summarize this section, the fundamental negative sequence
and harmonic current are not shared in a controllable manner if
traditional droop alone is implemented. Instead, the distribution
of Qu g will be determined by feeder impedance. Consequently,
such uncontrolled power distribution will lead to the overloading
of a low-rated DG unit if it happens to be located close to the
unbalanced and nonlinear load and is forced to take the majority
of Qu . The direct way to share Q7 is to tune the equivalent
impedance of each DG unit to a common value.

III. PROPOSED ADAPTIVE VIRTUAL IMPEDANCE
CONTROL METHOD

To realize the accurate sharing of unbalanced and harmonic
power without involving any communication infrastructure or
feeder impedance measurement, this paper proposes an adap-
tive virtual impedance control scheme based on the injection of
an extra SACS as a link among DG units. The basic operating
principle and key parts of the control scheme are comprehen-
sively introduced as follows.

A. Basic Idea

As discussed in Section II, the direct way to tune the distri-
bution of Qu g is to regulate the equivalent series impedance
seen by the load of each DG unit. Therefore, virtual impedance
control is implemented at the fundamental negative sequence
and selected harmonic frequencies to change the equivalent
impedance. Under the assumption that feeder impedance is
mainly inductive, a virtual inductor is added. Accordingly, the
equivalent circuit of studied islanded microgrid at the funda-
mental negative sequence and harmonic frequencies with vir-
tual inductance is shown in Fig. 5, where L,,; and L, represent
virtual inductances. Clearly, L, has negative correlation with
Qu g at the power stage of each DG unit; increase of L, leads
to decrease of Q. The unbalanced and harmonic power can
be equally shared only if (17) is fulfilled.

Li+ Lyt = Lo + Lyo. )

The difficult point is how to adaptively regulate the virtual in-
ductance so as to make the equivalent impedance equal for each
DG unit, without knowledge of the feeder inductance.
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Fig. 5. Equivalent circuit of the studied islanded microgrid with proposed
virtual impedance control in each DG unit presenting the fundamental negative
sequence and harmonic frequency components.

As demonstrated in Section II-A, P—w droop can realize equal
active power sharing by utilizing frequency as a link among all
DG units. Inspired by this characteristic, this paper proposes
to build a similar droop relationship between the control target
Qu g and the frequency of an extra SACS that is injected in the
output voltage of each DG unit. The proposed droop relationship
is termed the QQy y—w,s droop, and is mathematically expressed
as

(18)

where w50 and w}, are, respectively, the nominal and reference
angular frequency of the injected SACS; w;s is set to be equal
for every DG unit. kg is the droop coefficient, which is a posi-
tive value. The control scheme is not yet sufficient, because the
control variable L,, and the injected signal have no relationship,
meaning that the control loop is not yet closed. Hence, the second
step is to adaptively regulate the virtual inductance according to
the active power produced by the injected SACS. This coupling
relationship between the SACS active power and the virtual in-
ductance is termed the P,,—L, droop, and is expressed as

Lv = LvO + kLPss

*
Weg = WssO + kssQUH

19)

where P, is the active power produced by the injected SACS; k1,
is the coupling coefficient, which is defined as a positive value;
and L, is the preactivated virtual inductance bias, which can
be used to improve the X/R ratio of the feeder impedance or to
enhance dynamic performance and stability of the DG inverter
[39]. Since these issues are beyond the scope of this paper, the de-
sign of L, is not discussed, and L, is set to zero for simplicity.

Fig. 6 demonstrates the basic principle of the proposed control
scheme. w] and w3 represent the frequency of fundamental volt-
ages. w; ., and wj, represent the frequency of SACS voltages,
which are determined by their respective Qu g as in (18). L,
and L9 are the virtual inductances determined by (19), which
are effective only at the fundamental negative sequence and se-
lected harmonic frequencies. L; and L, are the physical feeder
inductances. Note that the variables and relationships shown in
blue are related with the fundamental negative sequence and
harmonic frequencies; the variables and relationships shown in
green are related with the SACS; and the relationships shown in
red are realized in the proposed controller. To explain the power
sharing mechanism, it is assumed that L; is larger than Lo at
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the start, and Q771 is smaller than Q7 ;72 based on the analysis
shown in Fig. 5. With the proposed Qu g—wss droop control in
(18), the frequency of the SACS w},; should be smaller than
w}go. Then, the SACS phase angle of DG; decreases, and DGo
increases. Thus, Ps¢1 decreases and Psgo increases according to
(6). Subsequently, L,; decreases and L, increases according
to (19). Consequently, Q1 increases and (QQu o decreases.
This negative-feedback closed loop adaptively regulates the vir-
tual impedance to compensate the feeder impedance difference
in each DG unit, and automatically realizes the unbalanced and
harmonic power sharing. Moreover, the injected SACS of each
DG unit will synchronize and reach a common frequency value
at the steady state, ensuring that the Qi power sharing error
can be completely compensated according to (18).

Similar to the coefficient design method in traditional droop
control, if DG units have the same rating, then the coefficient
of the Qy g—wss droop, i.e., ks, should be designed identically
to achieve equal Qg sharing. However, when inverters with
different power ratings are connected in parallel, ks for each DG
unit should be designed according to the following relationship:

ksslsl = kssQSQ == kssnSn- (20)
In this way, the unbalanced and harmonic power can be dis-
tributed as per the kVA ratings of the different DG units. While
considering the P, — L, droop coefficient, i.e., k, is related
to system stability, the design method will be discussed in detail
in Section IV.

In this proposed method, the active power and reactive power
are still shared by the traditional P-w and Q—FE droop control.
Fortunately, it can be noticed that the proposed Qy i —ws,s and
P,,— L, droop control are completely compatible with the tradi-
tional P—w and Q—FE droop control, because the frequency of the
injected signal is different from the fundamental frequency, and
the virtual inductance only functions at the fundamental negative
sequence and harmonic frequencies. Therefore, the proposed
control scheme will not deteriorate the power sharing perfor-
mance of P—w and Q—FE droop control.

B. Overall Control Scheme

As shown in Fig. 7, the overall control scheme of the
proposed method mainly comprises current signal extraction,
power calculation, proposed droop control, virtual impedance
implementation, and voltage regulation. The signal extraction
block is responsible for separating the current component at the
frequency of the injected SACS, the fundamental current com-
ponent, and each selected harmonic current component from
the output current. The power calculation block is used to com-
pute the output active power, reactive power, unbalanced and
harmonic power, and the active power produced by the injected
SACS, based on the current components provided by the signal
extraction block. In addition, the proposed droop control utilizes
the powers calculated earlier to derive the fundamental voltage
frequency and amplitude, frequency of the injected signal, and
magnitude of virtual inductance based on the droop equations
shown in (1), (2), (18), and (19). Furthermore, the virtual
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Basic principle of the proposed adaptive virtual impedance control scheme for unbalanced and harmonic power sharing in islanded microgrids, where an

extra ac voltage with the angular frequency of w? . is generated at the output voltage of each DG unit for regulating the virtual inductance L;.
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Fig. 7. Overall control block diagram of DG with the proposed adaptive virtual impedance control method for unbalanced and harmonic power sharing.

impedance implementation block computes the imaginary volt-
age drop on the virtual inductance. So, the total voltage reference
can be calculated by adding the fundamental voltage reference
and the SACS voltage reference, and subtracting the voltage drop
on the virtual inductance. Finally, the voltage regulation based
on multiple resonant controllers in the a8 frame is employed to
ensure the output voltage following the total voltage reference.

C. SACS Injection

To inject the SACS into the output voltage of each inverter,
the reference voltage of the SACS is added to the total voltage
reference. Meanwhile, a resonant controller, whose resonant fre-
quency is adaptively adjusted to the frequency of the SACS, is
employed in the voltage regulation. To avoid introducing exces-
sive effect into the system, the frequency and amplitude of the
injected SACS must be carefully designed.

1) Design of SACS Frequency: The frequency of the injected
SACS is around wggo and drifts slightly according to the output
Qu i, as shown in (18). Hence, the design of the rated frequency
wsso 18 important. To guarantee that the injected signal is well
controlled and can be easily extracted but, meanwhile, does not
deteriorate the output voltage quality, the following three rules
should be considered.

Rule 1: The frequency of the injected signal should be within
the bandwidth of the voltage control loop to avoid am-
plitude attenuation.

Rule 2: The frequency of the SACS should not be close to

the frequencies of pre-existing signals in the sys-
tem to avoid chaos; e.g., fundamental voltage fre-
quency (50/60 Hz) and odd low-order harmonic fre-
quencies introduced by nonlinear load should be
avoided.
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(a)

Fig. 8.

Rule 3: The frequencies of interharmonics or subharmonics
should not be used, since the voltage distortion limita-
tions required by standards are usually more rigorous

at interharmonics and subharmonics [40]

Therefore, in this paper, wgso is set to four times the funda-
mental frequency, 2 x 200 rad/s, as an example.

2) Design of SACS Amplitude: The amplitude of the injected
signal, denoted by E_, is a small constant value. The only point
worth concerning for design of the amplitude is the tradeoff
between signal extraction and the power quality limitation. Ob-
viously, signals with large amplitude can ease signal extraction.
However, power quality standards such as in [40] limit the total
harmonic distortion (THD) in voltage within 8% and in indi-
vidual harmonics within 5%. Therefore, it is recommended to
design the amplitude of the SACS to be 0.5-2% of the funda-
mental voltage amplitude.

Once the frequency and amplitude are determined, the refer-
ence voltage of the injected SACS can be derived as

Vi, = i, cos (/ Wiy dt)

21a)
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Block diagram of the current signal extraction used in the proposed scheme. (a) Overall framework. (b) Structure of DSOGI-QSG. (c) Structure of PNSC.

(21b)

Vssg = E?, sin </ Wiy dt)

where v;, and vg ; are, respectively, the a-axis and [-axis
components of the SACS voltage reference.

D. Current Signal Extraction

To support the power calculation and virtual impedance im-
plementation, a signal extraction method, based on multiple
second-order generalized integrators (SOGIs) [41], is utilized to
separate all of the required current components from the output
current. The overall framework of the signal extraction algorithm
is depicted in Fig. 8(a). First, a harmonic decoupling network,
consisting of a cross-feedback structure, is used to isolate the
interactions of different harmonics in the input current signal.
Afterward, a number of dual SOGI quadrature signal generators
(DSOGI-QSGs) are tuned at different frequencies and operate in
parallel to separate different current components. Each DSOGI-
QSG contains two SOGI-QSGs that are working on the a-axis
and f-axis, respectively, as shown in Fig. 8(b). The transfer
functions from the input signal v to the two in-quadrature output
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signals v’ and gv’of the SOGI-QSG are as follows:

v kws
Do) =30 = gt 2
B LU B kw?
Qls) = v (5) = 52 + kws + w? 23)

where w is the resonant frequency, which is tuned at the fre-
quency of the desired signal. The gain k determines the band-
width of the SOGI-QSG. Considering the tradeoff between dy-
namic response and harmonic rejection, k is set to V2. As can
be concluded from (22) and (23), the SOGI-QSG behaves as a
bandpass filter, which only allows signal at a certain frequency
of w to pass. Moreover, the gv’ output is always 90° lagged
from the v’ output. Therefore, for a three-phase unbalanced sig-
nal transformed to o3 stationary reference frame, if its a-axis
and f3-axis components, i.e., v/, and U%, and their correspond-
ing in-quadrature signals, i.e., gv/, and qv;a, are obtained from
the SOGI-QSG, then its instantaneous positive and negative se-
quence components can be separated by the positive—negative
sequence calculation (PNSC) block shown in Fig. 8(c). v'* and
v'~ are the extracted positive and negative sequence components
of the input signal, respectively.

Based on the signal extraction algorithm shown in Fig. 8, all of
the desired current signals at different frequencies and sequences
can be extracted. ifa 5 1s the fundamental positive sequence cur-

rent used to calculate P and Q; i:sa 5 1s the positive sequence
current at the injected SACS frequency, which is used to cal-

culate Ps,. i1, 4 is the fundamental negative sequence current;
i54p 18 the Sth harmonic negative sequence current; z?a s is the
7th harmonic positive sequence current; and i7; 4 is the 11th
harmonic negative sequence current. These instantaneous cur-
rent components (i1,5, i5,4 it g and i1y, 5) are the selected
dominant components that contribute to Qs g7 in the specific load
condition studied in this paper. Therefore, they are used to cal-
culate QQyy and support virtual impedance control. Compared
with other signal extraction methods, this multiple-SOGI-based
algorithm has fast dynamic response and high accuracy, which
makes it suitable for this application.

E. Power Calculation

With the detected current components in the previous section,
the output active power, reactive power, unbalanced and har-
monic power, and active power produced by the injected SACS
of each inverter can be calculated as follows: eqn. (26) shown at
the bottom of this page.
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Wep

(s + wep) @7

3 . .
PSS = 5 (vssazz_sa + vssﬁﬁ%ﬁ’)

where v, and vog are the measured instantaneous capacitor
voltages in the stationary reference frame derived by Clarke
transformation; s is the Laplace operator; and wy,, is the cutoff
frequency for the LPFs, which are used to attenuate the ripples
in the calculated powers. The cutoff frequency for LPFs is set
very low to achieve good attenuation of ripples and to avoid
interaction with the voltage regulation loop [42], [43]. In this
paper, the cutoff frequency of LPFs is set to 5 Hz.

Similar to the calculation of Qs g7, the reference voltage rather
than the actual output voltage of the SACS is used to calculate
P,,. This approximation saves signal extraction of the SACS
voltage but will not introduce significant calculation errors;
hence, a more concise control structure is obtained.

F. Virtual Impedance Implementation

The virtual inductance is adaptively regulated by the SACS
active power as shown in (19). Once the virtual inductance is de-
termined, its corresponding voltage drops at different frequen-
cies and sequences can be calculated. The algebraic-type virtual
impedance implementation method introduced in [19], [39], and
[44] is adopted in this paper, where the phase shift of virtual in-
ductance can be easily attained by the cross-coupling feedback
of the current vector in the two-axis stationary reference frame.
The voltage drops at the fundamental negative sequence and
each selected harmonic frequency can be calculated by

_vfa_ | RBa WLy (. 28)
oip) ~ Lo Ba ] i

w5, | - Rys  dw'Ly | iz, 29)
I Usg | | —bw*L, Ry igﬁ

[ v?a | R,z —Tw*L, i;ra 30
vf, | | 7w'L, R it 0
| Y78 | L v v7 78

o [ MR
vllﬁ_ __11W*Lv val 2115

where L, is the desired virtual inductance given by (19), and w*
is the fundamental frequency reference determined by the P-
w droop in (1). Additionally, R,1, Ry5, Ry7, and R, are the
small virtual resistances implemented at the fundamental nega-
tive sequence and each selected harmonic frequency to provide
a damping effect to the system [45]. Nevertheless, the design for
system damping is beyond the scope of this paper. vy, 5, V5,4,

3 wep o+ + v;r and v;- are the calculated instantaneous voltage drops
= - af? 1lap

P 2 (s + wep) (Ucazlo‘ +vcstip ) 24 for virtual impedance at the selected compensation frequencies.
3 W Finally, the total voltage drop for the virtual impedance is

Q= iﬁ (UCBZT@ — vcaz’ﬂ;) (25) obtained by adding all of the components calculated earlier as

5+ Wep
3Ey  we N2 (N2 o2 (N 2 (N2 2 (2
o =B e G o o () s ) o () 0
cp
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Fig. 9. Block diagram of the voltage regulation in the proposed scheme.

follows:
(32a)
(32b)

Vzaw = U;a + Uga + U;_a+v;1a
— . + -
Vzp = Vg T Usg + Urg + Uy

where v, and v.g are the voltage drops for the required vir-
tual impedance in the stationary reference frame. This voltage
drop is deducted from the reference voltage to emulate the ef-
fect of actual impedance. It should be noted that this virtual
impedance implementation method does not involve any dif-
ferential operations. Therefore, it will not bring high-frequency
noise amplification issues.

G. Voltage Regulation

The proposed adaptive virtual impedance and droop control
comprise the power control loop that generates the voltage ref-
erence for the voltage control loop. The reference voltage is
obtained by adding the fundamental voltage reference in (3) and
the SACS voltage reference in (21), and then subtracting the
voltage drop for the virtual impedance in (32), as follows:

(33a)
(33b)

* *
Va_ref = V1q T Vssa — Vza

VB ref = Vig T Vssp — V2B

where vo_rof and vg_ror are the total voltage references in the
stationary reference frame given by the power control loop.

To achieve excellent reference voltage tracking, a dual-loop
voltage regulation structure as shown in Fig. 9 is adopted. The
outer loop is an LC filter capacitor voltage control loop with a PR
controller, and the inner loop is an inductor current control loop
with a proportional controller [19], [46]. The voltage regulators
for the dual-loop are expressed as

2kinweS
Gy(s) =k,y +
= h:lg,:?,u 82 + 2wes + (hw*)?
Qkiss c
n WeS i 34
$2 4+ 2wes + (wk,)
Gi(s) = kpr 35)

where Gy (s) and G(s) are the transfer functions of voltage
regulator and current regulator, respectively; kpy is the gain of
voltage proportional controller; k;;, and k4 are the gains of each
resonant controller; w, is the cutoff frequency of the resonant
controllers; and k, is the gain of current proportional controller.
As can be noticed from (34), an independent resonant controller
whose resonant frequency is set at the frequency of the SACS
is applied to guarantee excellent tracking of the SACS refer-
ence voltage. Moreover, since the frequencies are determined
by the droop equations in (1) and (18), and may deviate from
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their rated values, the proposed PR controllers should adaptively
adjust their resonant frequencies. It should be noted that the pro-
portional controller in the inner current control loop is used to
increase internal stability and to provide overcurrent protection.
Compared with the existing unbalanced and harmonic
power sharing control methods, the proposed adaptive virtual
impedance control method achieves four advantages.

1) Unbalanced and harmonic power can be equally shared
among DG units, or proportionally shared according to
power ratings.

2) This control scheme is only based on the local variable and
is totally distributed, so no communication link or central
controller is needed, and thus the plug-and-play feature is
ensured.

3) Itisnot necessary to know feeder impedances in advance.

4) The voltage control loop is not varied with the active power
of SACS, and the dynamic performance and system stabil-
ity are less impacted by unbalanced and harmonics power
sharing.

IV. PARAMETER DESIGN AND STABILITY ANALYSIS

In this proposed power sharing control method, two control
parameters must be determined, i.e., k55 and kr. This section
expands on the design methodology of %k, and kj, based on the
modeling of the studied islanded microgrid system. The stabil-
ity analysis of the proposed control method is also provided.
Because Qu g is independent of P and Q, and the model for
traditional droop control is already well established in existing
publications [42], [43], the model built in this paper only con-
siders the effect of the injected SACS and virtual inductance.

A. Design of Coupling Coefficient kp,

To design a proper value for kj, the steady-state operating
point of the proposed control method is needed. First, it is as-
sumed that the system has already reached steady state, meaning
that the frequency of the SACS in each DG unit has synchronized
to a common value and Q7 has been equally shared between
two DG units according to (18). In other words, wgs1 = wss2
and Qu g1 = Qupyo are realized. Furthermore, the equivalent
impedances of DG1 and DG2 are equal, as in (17). Then, the
difference between L, and L, is deduced as

Ly1 — Lya = Lo — L. (36)
In addition, the active power produced by the SACS of each DG
unit has the following relationship:

Pssl + Pss2 = PSSL (37)
where Psr, is the SACS active power absorbed by the load. It
should be noted that P, can be regarded as a constant value if
the load does not change. Based on (19) and (37), the following
relationship is derived if L, is designed to be zero:

Lvl + Lv2 = kL (Pssl + PssZ) = kLPssL- (38)
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Fig. 10. Equivalent circuit of the studied islanded microgrid presenting
components at the frequency of injected SACS.

Finally, combining (36) and (38), the virtual inductance of each
DG unit at steady state can be calculated as

_ Psspkr | Lao— 1Ly
Ly=— 5 (39a)
Pokr, Ls—L
Ly = QLLf 22 L (39b)

Meanwhile, the output active power produced by the SACS of
each DG unit at steady state is derived according to (19).

Py, Ly — Ly

P, = — 4
ssl 9 + QkL ( Oa)
_ Pssp La— 1L
Pygo = > 72]{[1 . (40b)

It can be seen that the steady state values for virtual inductance
and the SACS active power are related to the coupling coeffi-
cient. The virtual inductance is proportional to k7. Assuming
that Ly is larger than L, P4 decreases with the increase of kp,,
but P, increases. To ensure that the virtual inductance and the
SACS active power are limited to a reasonable range, two design
criteria of ky, are built as follows.

Criterion 1: Limitation of Power Angle Stability

Similar to the equivalent circuit at fundamental positive se-
quence in Fig. 3, the equivalent circuit at the frequency of the
SACS can be derived as shown in Fig. 10. Taking DG1 as an ex-
ample, the output SACS active power of DGI can be expressed
as

Eosles 15,1
1
where Ug represents the SACS voltage at the PCC and §41 is the
phase angle of DG1. The variation of SACS active power with
phase angle is depicted in Fig. 11. It can be seen that the active
power varies as a sinusoidal wave of the angle: a highly nonlin-
ear 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 angle results in a decrease in power when the
angle is larger than 90° (e.g., point b). According to the power
angle stability criteria in the power system, a necessary condi-
tion for ensuring that all DG units remain in synchronism and
operate stably is to keep the angle below 90° [47]. To evaluate

Pssl = (41)
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Fig. 11. Variation of active power with phase angle in each DG unit at the
frequency of injected SACS.

the degree of angle stability, the stability reservation coefficient
K p is defined as

P@sM - Pssl

ssl

Kp— x 100% (42)

where Pj )y is the maximum transferred power when J5 equals
90°. The increase of K p results in a larger angle stability margin,
whereas the transferred power will decrease. In power system
design guides such as [48], K p is recommended to be at least
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 DG units instead of transferring power, so
K p can be designed larger than that in a power system to guar-
antee a large enough stability margin. Based on this experience,
Kp larger than 40% is recommended in this control method.
Thus, the upper limit for SACS active power is obtained:

Pss]%

Py, .
ss1 < 1.4

(43)

By substituting (40a) into (43), the minimum value for the cou-
pling coefficient, kr,, is determined as in (44). To simplify the
calculation, U can be assumed to be equal to .

07X (Ly — L)
L EssUss - 0'7X1PSSL ’

k (44)

Criterion 2: Limitation of PCC Voltage THD

Considering the simplified equivalent circuit at the fundamen-
tal negative sequence and harmonic frequencies as shown in
Fig. 5, the distortion voltage at PCC, i.e., U,,,, is determined by
the load distortion current and the equivalent inductance of both
DG units. The system equivalent inductance, denoted by L., is
defined as the parallel inductance of DG1 and DG2. Clearly, U,,;,
is proportional to L. under a specific load condition. Before the
virtual inductance is implemented, the system equivalent induc-
tance can be expressed as

LyL
L, =122

= — 45
I+ Ly (45)
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After the virtual inductance is implemented, the system equiva-
lent inductance becomes

(Ll + Lvl) (LQ + L'U2)

L = .
¢ Li+ Ly + Ly + Ly

(46)

By substituting (39) into (46), the system equivalent inductance
at steady state is obtained:

L/ o ]DsstL Ll + L2
e 4 4 ’

It can be noted that the system equivalent inductance has a pro-
portional relationship with k7, based on (47). Therefore, the cou-
pling coefficient k7, should be designed to be small enough to
ensure that the voltage THD at the PCC does not exceed the
required limitation.

In addition, it can be mathematically proven that L., is always
larger than L., which means that the virtual inductance will
slightly increase the voltage distortion at the PCC compared with
the traditional droop control method. This issue can be avoided
only when a negative virtual inductance is inserted for every
DG unit. However, it is difficult to find a proper negative vir-
tual inductance to realize power sharing without communication
among DG units or knowledge of the feeder impedance. Under
such conditions, a feasible solution is to design ky, to be small
enough so that the increase of voltage THD can be limited within
an acceptable range. Furthermore, the injected SACS will also
increase the voltage distortion at its own frequency, as mentioned
in Section III-C. Fortunately, this effect can be restricted below
the grid code requirement if £, and &, are designed carefully.

Based on the aforementioned discussion, it can be concluded
that there exists a compromise relationship between PCC voltage
quality and power angle stability when designing k.. Therefore,
both Criteria 1 and 2 must be considered concurrently.

(47)

B. Design of Droop Coefficient kg

In this section, a small-signal linearization model for the pro-
posed control scheme is built to analyze system stability and to
derive the design methodology for droop coefficient kgs. The
objective of the modeling process is to derive a closed loop for
the unbalanced and harmonic power sharing error. Since the
bandwidth of the proposed power controller is far lower than
the bandwidth of the voltage controller, the dynamic character-
istic of the voltage regulation can be ignored. By introducing a
small perturbation around the equilibrium operating point, the
following small-signal linearization model is obtained, where
the symbol “*” indicates the perturbation signal.

First, the system model at the frequency of the injected SACS
as shown in Fig. 10 is analyzed. Assuming that a small load
power perturbation QU g is introduced around the steady-state
operating point, the following equations are obtained:

(48a)
Dss2 = kssQuira (48b)
A(’053 :a}ssl - dJSSQ - kss(QUHl - QUHQ) - *kssAQUH~

(49)

d)ssl = kssQUHl
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The SACS frequency difference leads to the phase angle differ-
ence between DG1 and DG2 of

N I N Ad)ss kss A

055 = Og51 — Ogs2 = = - AcQUH

5 5

Since Psy, is determined by Uy, which is independent of phase
angle perturbation, Pss;, can be regarded as a constant value,
meaning that the SACS active power perturbation signal only
flows between DG units. Therefore, the SACS active power per-
turbation signals of DG1 and DG2 have the following relation-
ship:

(50)

. . E2? R E2§
PS‘ — _PS [EE— L E—_ 55‘8 ~ 88788 .
sl 2T X, s T X X,

Furthermore, based on (19), (37), and (51), the small perturba-
tion signals of virtual inductance for DG1 and DG2 have the
following relationship:

(51

Af/v = [A/vl - IA”UQ = kL (pssl - PssQ) - QkLI:)ssl- (52)

Next, the system model for unbalanced and harmonic power,
as shown in Fig. 5, is analyzed. The distribution of the unbal-
anced and harmonic power at steady state is

L2 + L1)2
= 53a
Qum1 QUHLL1+LU1+L2+LU2 (53a)
Li+L,
Qun2 = QuHL ! ! (53b)

Ll + Lvl + LQ + Lv2

where Qu g1, represents the load total unbalanced and harmonic
power. Hence, the power distribution error between DG1 and
DG?2 is deduced as

AQur =Qura2 — Qum

0 Li— Ly
T UHEA\L F Ly + ki Pasr,

+ Lvl - Lv2 >
Ly + Ly + krPsst)
(54)

The small-signal perturbation relationship in (54) can be derived
as

QuHL
Ll + L2 + kLPssL

where K = Qupr /(L1 + La + krPssy) is a constant value
once kyp, is determined.

The complete model of the proposed power sharing control
method is obtained by combining (49)—(52) and (55) as illus-
trated in Fig. 12, where the unbalanced and harmonic power
sharing error AQU g is treated as the controlled variable. In the
steady state, the proposed power control scheme should compen-
sate the power sharing error to zero. Thus, the reference value
of the control loop is set to zero. Note that the dynamic char-
acteristic of the signal extraction block is not considered in this
model. This is because the cutoff frequency of the LPFs for cal-
culating P, and Qg7 is selected at a relatively low level (5 Hz),
as mentioned in Section III-E. Compared with the slow dynam-
ics of LPFs, the dynamic of the signal extraction block can be
ignored. Therefore, only two LPF blocks with cutoff frequency
wep are considered.

AQuy = AL, = KAL, (55)
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unbalanced and harmonic power, and virtual inductance variation.

Small-signal model of the islanded microgrid with the proposed adaptive virtual impedance control method, covering the dynamic of injected SACS,

TABLE I
PARAMETERS OF THE STUDIED ISLANDED MICROGRID IN SIMULATIONS AND EXPERIMENTS

Symbol Description Simulation Experiment
Vie DC voltage (V) 600 600
S Capacity of DG (kVA) N/A 9
1 Switching frequency (kHz) 12.5 12.5
Ly Filter inductance (mH) 3 3
G Filter capacitance (pF) 30 30

L+R,  Feeder impedance of DG, (mH+Q) 1+0.2 Case one, 1.2+0.2; Case two, 2.8+0.2
LytR,  Feeder impedance of DG, (mH+Q) 4+0.2 2.8 mH+0.2 Q

Ry Balanced load (Q2) 40 40
Ri» Unbalanced load () 20 20

Lyi+R;;  Rectifier load (mH+Q) 6+30 6+30
kp1 P-o droop coefficient of DG1 (rad/s/W) 6e-5 Case one, 6e-5; Case two, 1.2¢-4
k2 P-o droop coefticient of DG2 (rad/s/W) 6e-5 Case one, 6¢-5; Case two, 6e-5
kg1 O-F droop coefficient of DG1 (V/var) 6e-6 Case one, 8e-5; Case two, 1.6e-4
kg O-F droop coefficient of DG2 (V/var) 6¢e-6 Case one, 8e-5; Case two, 8¢-5
wy Nominal fundamental frequency (rad/s) 1007 100m
E, Nominal fundamental phase voltage magnitude (V) 163 163
Py Nominal real power (kW) 2 Case one, 2; Case two, 0
[ Nominal reactive power (kvar) 1 Case one, 1; Case two, 0
kaa Direct droop coefficient of DG1 (H/var) N/A Case one, 1e-6; Case two, 2e-6
ki Direct droop coefficient of DG2 (H/var) N/A Case one, le-6; Case two, 1e-6
kst Qun-oss droop coefficient of DG1 (rad/s/var) 0.015 Case one, 6e-4; Case two, 1.2e-3
ks Qun- oy droop coefficient of DG2 (rad/s/var) 0.015 Case one, 6e-4; Case two, 6e-4
ki Py-L, coupling coefficient (H/W) 4e-3 3e-3
W50 Nominal SACS frequency (rad/s) 4007 400m
E, SACS magnitude reference (V) 1.15 1.63
Wep Cutoff frequency of the LPFs for power calculation (rad/s) 31 31

Based on the small-signal linearization model derived earlier,
the open-loop transfer function of the model can be deduced as

Foos G

= kg 56
Gt e teg)

QK E2 kp?
T(s) = 2K EsskLley
X, + X

where G = 2K E2 krw?,/(X1 + X3) is a constant once kr, is
determined, and k4 functions as the gain of the open-loop trans-
fer function. Next, under simulation parameters listed in Table I,
the root loci map of the closed-loop transfer function and Bode
diagram of open-loop transfer function can be constructed as
shown in Figs. 13 and 14, respectively. Based on Fig. 13, it can

be seen that when kg increases, two roots of the closed-loop
system move to the right-half plane, meaning that system be-
comes unstable. In Fig. 14, four Bode plots are illustrated under
four different k4 values (0.001, 0.05, 0.1, and 0. 2). Their phase
curves overlap with each other. However, their amplitude curves
move up with the increase of kg4, which means that the control
loop bandwidth is increased but stability margin is decreased. To
maintain stability, the upper limit value of kg5 can be obtained
by

w3
L (57)

kSS
<G
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respectively.

Criterion 3: Tradeoff Between Stability and Dynamic Response

According to the small-signal perturbation model derived ear-
lier, there exists a tradeoff relationship between system stability
and control loop bandwidth when designing kss. As kss de-
ceases, the stability margin is increased. However, the bandwidth
of the control loop is also decreased, resulting in slow dynamic
response. Instead, increasing ks, can widen the control band-
width. However, system instability may also appear. Consider-
ing that the power sharing issue is a steady-state requirement, it
is not necessary for the dynamic response to be fast. Therefore,
ensuring system stability is a higher priority when designing k.
Afterward, dynamic response can be considered.

Based on the aforementioned discussion, the control param-
eter design procedure is given by considering Criteria 1-3 con-
currently. First, k7, is determined by following Criteria 1 and 2 to
fulfill both the power angle stability and the PCC voltage quality
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requirement. Afterward, k4 can be designed according to Crite-
rion 3 to ensure system stability and dynamic response. Note that
all of the parameter design analyses are based on a system with
only two inverters. Therefore, the control parameters, for a sim-
ple system with two DG units, can be directly determined based
on the equations and model derived earlier. However, when mul-
tiple DG units are connected, or some parameters in the model
are unknown, it is difficult to directly calculate the control pa-
rameters. Under these circumstances, Criteria 1-3 drawn earlier
still hold, and the control parameters can be tuned by the trial-
and-error method accordingly.

V. SIMULATION AND EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed method, simula-
tions and experiments are conducted based on the same topology
as shown in Fig. 1. Generalized load conditions, including a bal-
anced load, an unbalanced load, and a rectifier load, are consid-
ered. The unbalanced load is connected between phases A and
B. The detailed electrical setup and control system parameters
for both simulations and experiments are listed in Table 1. The
simulation results based on PSCAD/EMTDC platform are pro-
vided to verify not only the power sharing performance, but also
the parameter design methodology and modeling results intro-
duced in Section IV, because some of the variables are difficult
to measure in hardware experiments. Comprehensive experi-
mental results based on a three-phase microgrid prototype with
two DG units are also presented to validate the power sharing
performance of the proposed method.

A. Simulation Results

At the beginning of the simulation, only the traditional droop
control method is implemented before 2.0 s. Then the proposed
adaptive virtual impedance control scheme is activated at 2.0 s.
First, the power sharing performance of the proposed control
scheme is verified by demonstrating the Q7 waveform and
each order harmonic current. Afterward, the coupling coefficient
and droop coefficient are set to different values, respectively,
to study their effect and verify the parameter design criteria
introduced in Section IV.

1) Power Sharing Performance Verification: In this simula-
tion case, ky, and ks for both DG units are, respectively, set
to 0.004 and 0.015 (optimized control parameters given by the
parameter design criteria). Before 2.0 s, the frequency of the
injected SACS is fixed to its rated value (200 Hz) and the vir-
tual inductance is forced to zero. Therefore, the proposed con-
trol scheme is disabled and only the traditional droop control
is implemented. Afterward, the proposed scheme is enabled
by adjusting SACS frequency according to (18) and adaptively
tuning virtual inductance according to (19). The correspond-
ing waveforms of unbalanced and harmonic power, SACS fre-
quency, SACS active power, and virtual inductance are shown
in Fig. 15. According to Fig. 15(a), it can be seen that the load
Qun power is distributed based on feeder impedance before
2.0 s, but evenly shared by DG1 and DG2 when the proposed
method is activated. The frequency of the injected SACS in
Fig. 15(b), as expected, can reach to acommon value after a short
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Fig. 15.  Simulated waveforms of (a) output unbalanced and harmonic power,

(b) SACS frequency, (c) SACS active power, and (d) virtual inductance of DG1
and DG2 where the proposed control scheme is activated at 2.0 s.

period of dynamic process. The virtual inductances for DG1
and DG2, in steady state, are about 2 and —1 mH, respectively,
which can exactly compensate the line inductance difference.
Therefore, the condition in (17) is fulfilled and Q g is equally
shared.

To fully verify the validity of the proposed scheme, the am-
plitude of each order harmonic current obtained by the signal
extraction block is demonstrated in Fig. 16. It can be noticed that
not only the total harmonic and unbalanced power, but also each
order harmonic current compensated by the proposed scheme
can be evenly shared.
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Fig. 16. Simulated waveforms of the amplitude of each order harmonic

current. (a) Fundamental negative sequence current. (b) Fifth-order negative
sequence harmonic current. (¢) Seventh-order positive sequence harmonic cur-
rent. (d) Eleventh-order negative sequence harmonic current.

2) ki Design Methodology Verification: In this simulation
case, the effect of the coupling coefficient on the system perfor-
mance is investigated. By substituting the simulation parameters
listed in Table I into (44), the minimum value for k&, to fulfill
power angle stability is 0.0023. Therefore, kj, is set to 0.002,
0.004, 0.005, and 0.006, respectively, to verify Criteria 1 and 2.
Meanwhile, ks is fixed at 0.015 during this process. The output
Qu g values of DG1 and DG?2 are shown in Fig. 17. It can be
seen that the system is stable when £, is set to 0.004, 0.005, and
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Fig. 17. Simulated waveforms of output unbalanced and harmonic power
of DG and DG2 where the proposed control scheme is activated at 2.0 s
under different coupling coefficient k. (a) kr, = 0.002. (b) kr, = 0.004.
(c) kr, = 0.005. (d) kr, = 0.006.

0.006, whereas unstable when kj, equals 0.002. This coincides
with Criterion 1, where the power angle stability is not fulfilled
if k7, is smaller than 0.0023 for the simulation case. The output
SACS active power and virtual inductance for both DG units
are shown in Figs. 18 and 19, respectively. These results indi-
cate that as kj, increases, P41 decreases and P9 increases if
the system is stable. The virtual inductance increases with the
increase of kr,. Hence, (39) and (40) are proven.
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Fig. 18.  Simulated waveforms of SACS active power of DG1 and DG2 where
the proposed control scheme is activated at 2.0 s under different coupling
coefficient k. (a) kr, = 0.002. (b) kr, = 0.004. (¢) kr, = 0.005. (d) kr, =
0.006.

Moreover, the THD in PCC voltage under different &y, values
is demonstrated in Fig. 20. Note that there exists low-frequency
fluctuation when k;, equals 0.002. This is because the system
is unstable in this case and the PCC voltage begins to oscillate.
For the three stable cases, the THD is increased along with the
increase of ky, which proves the validity of Criterion 2. It can
also be noticed that voltage THD is always below the grid code
requirement (8%), since the amplitude of SACS is carefully se-
lected and k£, is well designed.
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3) kss Design Methodology Verification: Similarly, the ef-
fect of the droop coefficient can be studied by setting ks to
0.0063, 0.015, and 0.15, while k7, remains 0.004. According
to (57), the maximum value of ks for the simulation case is
0.108. The waveform of Q; is shown in Fig. 21. As predicted
by the small-signal perturbation model, the system dynamic re-
sponse when kg4 equals 0.015 is faster than that when kg is set
to 0.0063. However, the system becomes unstable when k4 is
designed to 0.15. Therefore, Criterion 3 is verified.
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under different droop coefficient kgs. (a) kss = 0.0063. (b) kss = 0.015.
(c) kss = 0.15.

B. Experimental Results

To verify the effectiveness of the proposed power sharing
method, the experimental results are provided based on a mi-
crogrid prototype as shown in Fig. 22. The experiment platform
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Fig. 22.  Photograph of the experimental setup of islanded microgrid.

mainly consists of two three-leg three-phase 9-kVA inverters
with LC filters in the same topology as shown in Fig. 1. De-
tailed power stage and control parameters are listed in Table I.
The control algorithm is realized through DSP TMS320F28335
from Texas Instruments. Two power analyzers (YOKOGAWA
WT1804E) are used to measure the output power, voltage, and
current, and perform the harmonic analysis. The waveforms of
active power, reactive power, and apparent power are drawn by
Origin based on the data recorded by the power analyzer. The
unbalanced and harmonic power is calculated in the DSP and
displayed in the oscilloscope through DA converter.

To verify the power sharing effect comprehensively, two cases
are conducted. In Case 1, the DG units are assumed to have same
power ratings, so the load power should be equally shared by
them. For Case 2, the power rating of DG1 is assumed to be half
of DG2. So, the power should be shared in the ratio of 1:2. For
both cases, the control algorithm consists of three steps. First,
only traditional droop control is implemented before #;. During
1, to to9, the unbalanced and harmonic power sharing method
similar to that in [29]-[31] is demonstrated, and a direct droop
between Qy y and L, is implemented as

Ly = Ly — kaa (Quro — Qur) (58)
where kg4q is the droop coefficient designed by following the
methodology in [29]-[31]. As mentioned in Section I, this kind
of method cannot eliminate the unbalanced and harmonic power
sharing error when the feeder impedance differs greatly. The
purpose of employing this method is to highlight the effective-
ness of the proposed method in a comparative way. Finally, the
proposed power sharing method is activated after f5.

1) Case 1: Equal Power Sharing: In this case, two DG
units are assumed to have identical power rating, and the line
inductances are about 1.2 and 2.8 mH, respectively. The output
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of DG1 and DG2 under the traditional droop method, the direct droop method,
and the proposed control method.

unbalanced and harmonic powers of DG1 and DG2 are demon-
strated in Fig. 23. The distributions of Qi are determined by
the ratio of line inductance when traditional droop control is
implemented between ¢y and #,. Afterward, the power sharing
performance is improved when the direct droop method as
shown in (58) is activated at f;. However, there still exists
obvious power sharing error due to the limitations of the direct
droop control method. After 75, the proposed adaptive virtual
impedance control method is implemented and the power
sharing error is completely compensated and @y g is accurately
shared by each DG unit. Moreover, the output apparent power,
active power, and reactive power during the same process
are shown in Fig. 24. It can be seen that the apparent power
sharing performance is greatly improved after #5 due to the
equal sharing of unbalanced and harmonic power. Incidentally,
the active power and reactive power waveforms remain almost
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unchanged during this whole process, meaning that the power
sharing performance of P—w and Q-F droop control is not
affected by the proposed method. It should be noted that the
slight fluctuations in active power and reactive power at f, result
from the switch of control algorithm, which can be avoided if
the proposed method is activated from the beginning.

The power sharing performance can also be demonstrated by
comparing the output current waveform of each DG unit. The
output currents of phases A and C under different control meth-
ods are shown in Fig. 25. It can be seen that the output currents of
DG1 and DG2 differ greatly when the traditional droop control
is implemented. The direct droop method improves the power
sharing at some degree, but the current sharing error can still
be observed. After implementing the proposed control method,
an enhanced power sharing performance is shown in Fig. 25(c),
where DGI current and DG2 current are almost the same.

Fig. 26 shows the fast Fourier transform (FFT) analysis result
of the PCC voltage under different control methods. All the har-
monic components below 20th order are demonstrated. It can be
noticed that both the THD and each order harmonic component
for the three studied control methods can satisfy the grid code.
The THD under the proposed method is higher than that under
the traditional droop method, but is lower than that under the
direct droop method. Moreover, the increase of fourth harmonic
voltage can be clearly observed. This is because the SACS is in-
jected at 200 Hz with an amplitude about 1% of the fundamental
voltage. Due to the good design of SACS amplitude and k7, the
total distortion percentage of the proposed method is below the
grid code limitation.

2) Case 2: Proportional Power Sharing: In this case study,
the power rating of DG is assumed to be half of DG2. The line
inductance is designed to be identical for both DG units (about
2.8 mH). To realize the proportional power sharing according to
the rating of DG inverter, the droop coefficients for P—w droop,
Q-E droop, and the proposed Qup—wss droop are designed
based on (8), (9), and (20) as listed in Table I.

Following the same procedure as the previous case, the cor-
responding power waveform, current waveform, and THD re-
sults of the PCC voltage are shown in Figs. 27-30, respectively.
From Fig. 27, it can be seen that Qg1 and Qg2 are almost
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Experimental waveforms of output current in phases A and C of DG1

and DG2 under (a) the traditional droop method, where 1,1 = 9.47 A, I52 =
854 A, I.1 =394A, and 1.2 = 5.65A; (b) the direct droop method, where
I,1 =934A, Ipo =8.68A, I.1 =422A, and I.o = 528A; and (c) the
proposed control method, where I,7 = 8.98 A, I52 = 9.09A, I.1 =4.81A,
I.o =4.81A.
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reactive power of DG1 and DG2 under the traditional droop method, the direct
droop method, and the proposed control method when the power rating of DG1
is half of DG2.

same under traditional droop control, because the line induc-
tance is same for both DG units in this case. Afterward, the
direct droop method improves the power proportional sharing
performance, but the sharing ratio is not 1:2. When the pro-
posed control method is applied, the unbalanced and harmonic
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Fig.29. Experimental waveforms of output current in phases A and C of DG1
and DG2 under (a) the traditional droop method, where 151 = 6.32 A, I42 =
11.44 A, I.1 = 2.54 A, and I.2 = 6.92 A; (b) the direct droop method, where
I,1 =6.30A, Ipo =11.52A, I.; =2.65A, and I.o = 6.75A; and (c) the
proposed control method, where 151 = 5.98 A, 52 = 11.82A, 1.1 = 3.1TA,
and /.o = 6.26 A, when the power rating of DGI is half of DG2.
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Fig.30. FFT analysis results of the PCC voltage for the experimental islanded

microgrid under the traditional droop method, the direct droop method, and the
proposed control method when the power rating of DGI is half of DG2, while
the measured THD values of PCC voltage under these three case are 4.782%,
4.947%, and 4.873%, respectively.

power is accurately shared by DG1 and DG2 according to their
power ratings. According to Fig. 28, even when the proposed
control method is not activated, the active power can be shared
by DG1 and DG2 in the ratio of 1:2 due to P—w droop. How-
ever, the apparent power is not accurately shared in the ratio of
1:2 until the proposed control method is applied and Qu g is
proportionally shared.

The output currents of DG1 and DG2 under different control
methods are shown in Fig. 29. Note that the scale of the vertical
axis is 5 A/div for DGI1 and 10 A/div for DG2 to highlight the
proportional power sharing performance. It can be seen that the
current profiles for DG1 and DG2 differ greatly when traditional
droop control or direct droop control is applied. However, the
profiles of DGI current and DG2 current are similar when the
proposed method is implemented. In addition, the THD results
of the PCC voltage under three different control methods are
shown in Fig. 30, and similar conclusions as the previous case
can be obtained.

VI. CONCLUSION

This paper proposes an adaptive virtual impedance control
scheme for unbalanced and harmonic power sharing in islanded
microgrids, based on the assistance of an extra small ac sig-
nal. In addition to the traditional P-w and Q-F droop, the
proposed method utilizes Qu g—wss and Pss—L,, droop to adap-
tively regulate the virtual impedance for accurately sharing un-
balanced and harmonic power. Moreover, the stability analy-
sis and parameter design methodology are provided for the
proposed method. Compared with the existing methods, the
proposed scheme can completely compensate the power sharing
error without communication link, and the plug-and-play feature
is ensured. Meanwhile, there is no requirement on the knowl-
edge of feeder impedances in advance in the proposed scheme.
Furthermore, the voltage control loop is not varied with the ac-
tive power of SACS, and the dynamic performance and system
stability is less impacted by unbalanced and harmonics power
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sharing. Note that the feeder impedance is assumed to be in-
ductive to simplify the analysis. The same conclusions can be
drawn when the feeder impedance is resistive, as long as replac-
ing the virtual inductance L, with a virtual resistance R,,. As
for the cases when the feeder impedance combines inductance
and resistance, the proposed method can only ensure the sharing
of Quy and rms value of current. However, the sharing of each
order harmonic current may not be accurate. The effectiveness
of the proposed control method is validated by simulation and
experimental results.
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