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Abstract: When multiple paralleled distributed generation (DG) units operate in an islanded mi-
crogrid, accurate power sharing of each DG unit cannot be achieved with a conventional droop
control strategy due to mismatched feeder impedance. In this paper, a small AC signal (SACS)-
injection-based modified droop control method is presented for accurate active and reactive power
sharing among DG units. The proposed control method adjusts the voltage amplitude of each DG
unit by injecting small AC signals to form a reactive power control loop. This strategy does not need
communication links or to specifically obtain the physical parameter of the feeder impedance and
only requires the local information. Moreover, the parameter design procedure and stability analysis
are given full consideration. Finally, simulation and experimental results verify the effectiveness of
the proposed control scheme, and accurate active and reactive power sharing can be achieved.

Keywords: modified droop control; power sharing; distributed generation unit; islanded microgrid;
signal injection

1. Introduction

The microgrid, which consists of a variety of distributed generation (DG) units, such
as photovoltaic systems, wind power systems, full cells and other energy storage systems,
will become an effective supplement to the main power grid and the potential energy
structure [1-3]. These renewable DG units have the advantages of reductions in the
pollution caused by fossil fuels, decreased power transmission losses, ease of installation,
and so on. However, the high level of penetration of renewable DG units will introduce
serious challenges to the main power grid or microgrid, such as frequency and voltage
deviations and power sharing and fluctuation [4,5]. In an islanded microgrid in particular,
multiple voltage source converter (VSC)-based DG units paralleled together should not
only provide voltage and frequency support for the loads but should also achieve accurate
power sharing according to their power rating [6-8].

The voltage and frequency droop control method is widely adopted for the paral-
lel connection of multiple inverter-based DG units, and accurate active power sharing
can be achieved in a steady state because the feeder impedance is usually mostly induc-
tive [1]. However, due to the coupling of active and reactive power and mismatched
feeder impedance, high performance cannot be guaranteed by the conventional droop
control method with respect to reactive power sharing [9-11]. Various improved droop
control strategies have been proposed, and they are mainly divided into two categories:
communication-based improved droop control techniques [12-18] and communication-less
improved droop control techniques [19-27].

High voltage and frequency regulation performance and acceptable power sharing can
be obtained via communication-based improved droop control techniques in islanded mi-
crogrids, and these improved methods can be divided into several families: hierarchical con-
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trol [12-14], distributed control [15] and successive-approximation-based control [16-18].
The hierarchical control method of the microgrid was proposed in [12,13], and a microgrid
central controller (MGCC) was used to obtain the reactive power of each DG unit, calculate
the compensator voltage and send back the control information to each DG unit via a
low-bandwidth communication system; however, in this scenario, the MGCC and the
communication line must be highly reliable to ensure that the microgrid works normally.
The distributed control method, which integrates the primary and secondary controllers
together as a local controller, was proposed to enhance the reliability of the microgrid [15],
and in this method, the failure of one DG would not affect the normal operation of other
DG units; however the drawbacks of communication delays and the cost of the commu-
nication lines remain [16-18]. A virtual impedance tuning method based on successive
approximation was proposed to compensate for the mismatched feeder impedance [16],
and in this method, only local information is required to achieve accurate reactive power
sharing; however, a common triggering signal that is sent from the microgrid center to
each DG unit is still needed to establish the internal time sequence. Similarly, a two-stage
adaptive virtual resistor control scheme combining a synchronous maximum power bus
(SMPB) was presented in [18] to eliminate fundamental power and harmonic power-sharing
errors. A similar approach was also proposed in [17] to achieve accurate active power and
harmonic power sharing, but reactive power sharing was not considered. Although the
above-mentioned methods proposed in [16,18] for each DG unit do not require real-time
information transmitted by the communication line, the power-sharing performance is still
significantly dependent on a common triggering signal which is still connected between
DG units.

The improved droop control method without communication links has the advantages
of a low cost, easy extensibility, a plug and play feature and high reliability. In order to
solve the problem of mismatched feeder impedance, various control strategies based on
virtual impedance have been proposed for fundamental power sharing [19-27]. The virtual
inductor control method was proposed in [19] to enhance the reactive power sharing of
parallel DG inverters; however, the sharing error still cannot be eliminated. The authors
of [20] also used the virtual inductor for accurate power control in a low-voltage microgrid,
but the feeder impedance should be first estimated in grid-connected mode. An adaptive
virtual impedance was proposed in [21] to improve the reactive power-sharing accuracy
using only local information, and the sharing error could be reduced by approximately
50% compared to conventional droop control. An enhanced virtual impedance control
scheme was proposed in [22] for accurate power sharing, but the voltage of the point of
common coupling (PCC) must be measured, which is impractical in real situations. A
virtual capacitor-based control algorithm was proposed in [23] for reducing the reactive
power sharing error; this algorithm simulates the characteristics of the paralleling capacitor
at the DG unit output terminal, and an adaptive coefficient 7, is used to adjust the value
of the virtual capacitor. However, with the increase in the coefficient, although the error
of reactive power sharing decreases, the stability of the system also decreases [24]. The
authors of [24-27] proposed an improved control strategy combining virtual impedance
and virtual capacitance to achieve fast reactive power sharing and a low circulating current
between inverters and to improve the reactive power sharing accuracy and system stability.
However, accurate reactive power sharing still cannot be achieved. An adaptive regulation
droop coefficient control method was proposed in [25] for photovoltaic microgrid systems
to improve active power sharing. A virtual parallel inductor (VPI) concept was also
proposed in [26] to minimize the reactive power sharing error in a virtual synchronous
generator-controlled microgrid.

All the aforementioned improved droop control methods without communication
links have the following characteristics: (1) most of the control strategies can only reduce
the reactive power sharing error; and (2) for accurate reactive power sharing, additional
information must be obtained or measured, which may be impractical in most cases.
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In addition, some other methods without communication lines have been proposed [28,29].
A droop control strategy was proposed in [28] to improve reactive power sharing in which
an integral term is used in the Q-V droop controller to restore the voltage amplitude.
However, the sharing accuracy cannot be guaranteed during the restoration process [16]. A
distributed optimal control strategy based on a Kalman filter state estimator was proposed
for performing reactive power sharing and system voltage restoration via local measure-
ment [29], but it requires a solution for the optimal regulators to be achieved by computing
an optimization cost function. The high computational burden is not suitable for industrial
controllers, and it is not feasible for practical microgrid application scenarios [4].

In [30], a small AC signal (SACS)-injection-based control method for achieving fre-
quency restoration and accurate active power sharing was proposed; however, reactive
power sharing was not considered. Therefore, a SACS-injection-based modified droop
control method is proposed in this paper for accurate active and reactive power sharing.
The main contributions of the proposed control strategy can be summarized as follows:
(1) since no communications lines are needed, a low-cost and highly adaptable microgrid
configuration can be achieved; (2) the specific parameter of the feeder impedance does not
need to be known; and (3) accurate fundamental active and reactive power sharing can
be achieved with only local information. Table 1 shows a comparison of various control
methods.

Table 1. Various control techniques, summaries and comparison.

Communication or Computational A . Accurate
Reference Communication-Less Algorithm Pf)c‘::t;}g i:i:,ge Reactive Power
Control Method Burden Sharing

[12] Communication Medium Yes Yes

[13] Communication Medium Yes Yes

[14] Communication Medium Yes Yes

[15] Communication High Yes Yes

[16] Communication Low Yes Yes

[17] Communication High Yes Not considered

[18] Communication High Yes Yes

[19] Communication-less low Yes No

[20] Communication-less High Yes Yes

[21] Communication-less Medium Yes No

[22] Communication-less Medium Yes No

[23] Communication-less High Yes No

[24] Communication-less High Yes No

[25] Communication-less High Yes No

[26] Communication-less Medium Yes No

[27] Communication-less Medium Yes No
Proposed Communication-less Low Yes Yes

This paper is organized as follows. In Section 2, a brief introduction of the conventional
droop control method is provided, and a SACS-injection-based modified droop control
strategy for accurate power sharing is proposed in Section 3. In Section 4, the parameter
design procedure and stability analysis are described in detail. Simulation and experimental
results are provided in Section 5 to verify the correctness and effectiveness of the proposed
droop control method. Finally, the conclusions of this paper are presented in Section 6.
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2. Review of the Conventional Droop Control Method

Figure 1 shows the simplified structure of the islanded microgrid with multiple DG
units in parallel operation, and the block diagram with the conventional droop control
method for power sharing is illustrated in Figure 2.
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Figure 2. Block diagram with the conventional droop control method.

2.1. Outer Droop Control Loop

In islanded mode, the inverter-based DG units work as voltage source converters
(VSCs) in parallel to provide voltage and frequency support for the microgrid, and all
DG units with different power capacities must achieve power sharing according to their
own rated power for the economical and reliable operation of the microgrid. As shown
in Figure 2, each DG unit calculates its own active and reactive power by measuring the
local output voltage U, and current I,. The conventional P-w and Q-E control algorithm, as
described in Equations (1) and (2), is also implemented for load power sharing and as the
synthetic voltage reference. The mathematical expression of the droop control method can
be shown as:

Wre = wo — kp(P — Po) ey

Erer = Eo — kq(Q — Qo) 2)

where P and Q are the output active and reactive power of the inverter, respectively. Py
and Qy are the reference active and reactive power, respectively, and they are usually set to
zero in islanded microgrids. wy.s and E, are the synthetic reference frequency and voltage
amplitude, respectively. wp and Ej are the nominal frequency and voltage amplitude,
respectively. k, and k; are the droop coefficients for the inverter-based DGs operating in
islanded mode, and the values are chosen according to the allowable maximum frequency
and voltage amplitude deviation of the inverter. When multiple DGs with different power
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ratings are connected in parallel, the droop coefficients should be designed to share the
load power in proportion to each rated power [19].
{kplpl—kpzpz—...—kprN 3
kg Q1 =kppQ2 =+ =kynQn

where ky, and kg, (1 =1, 2, ..., N) are the droop coefficients corresponding to the nth DG
unit, and P, and Q, are the nominal active and reactive power of each DG, respectively.

Notably, Equation (1) holds only if the line impedance between the PCC and the DG
unit is mainly inductive, as shown in Figure 3, and the active and reactive power flow from
the DG unit to the PCC can be expressed as follows [31]:

RZ+X2

Q = 75z (XE? — XEU, cos 6 — REU,, sin d)

{p: L5 (RE? — REUp cosé + XEU, sin d) @)

where E and U, are the output voltages of the DG and PCC voltage amplitudes, respectively;
X and R represent the feeder reactance and resistance, respectively; and ¢ is the power
angle difference between the DG and PCC voltages. When X >> R, Equation (4) can be

rewritten as: EU. siné
~ 14 Sin
{ P~ B

E(E—Up cosd) ©)

Q~ X

Z U,z0° ,
LN\ P— T pCC

I

E/ (5 Zl_ oad

Figure 3. Equivalent circuit of the DG unit connected to the PCC.

Usually, the power angle 4 is small, so it satisfies sind ~ 6 and cosé ~ 1, and Equation (5)
can be simplified as:

b EUpd ]

~ ®)
L E(E-Up)

Qr = )

Moreover, when the reactance is much less than the resistance of the line impedance
X << R, the delivered active and reactive power can be approximated as:

E(E—Upcosd) E(E—Up)
P = =
R R ®)

—EUpsiné —Eupé
Qr — ot~ —— ©)

2.2. Inner Voltage Regulation Loop

The reference voltage is obtained through the above droop controller, and then the
output voltage of each DG unit is generated based on the voltage regulation loop. The
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inner voltage regulation loop also consists of an outer voltage loop and an inner current
loop based on the a8 stationary frame, as shown in Figure 4. Gy/(s) and Gj(s) are the transfer
functions of the voltage-loop controller and the current-loop controller, respectively, and
they can be expressed as [14]:

Gv(s) =k + 2kipps
V( ) po h:1,25,7,9 sz+2wwhs+w§ (10)
Gi(s) = kpi

where Gy(s) adopts a proportional resonant (PR) controller, Gj(s) uses a proportional
controller, ky, and ky; are the proportional gains, k;y; is the fundamental or harmonic
resonant gain term, w,, is the cutoff frequency of the resonant controllers and wy is the
resonant frequency.

J ’a/f. ref ™,

- V% )
Lssr 9“ -+

Vap feb

|
. |
lLap I , .
| Vag b Physical Plant

Figure 4. Block diagram of the inner voltage regulation loop.

When the feeder impedance is mainly an inductor, the conventional droop technique
can achieve accurate active power sharing; however, it has poor reactive power sharing
performance due to the mismatch of the feeder impedance [1,4]. In the following section, a
modified droop control strategy based on SACS injection is proposed for accurate active
and reactive power sharing without communication links.

3. Proposed SACS-Injection-Based Modified Droop Method for Power Sharing

In this section, a SACS-injection-based modified droop control method without com-
munication links is proposed which is motivated by the aforementioned secondary control
strategy [14,30,32], and a detailed introduction is illustrated in the following section.

3.1. Motivated by the Secondary Control Strategy through PI Controller for Power Sharing

The authors of [14,32] proposed a secondary control strategy for accurate reactive
power sharing. First, the secondary controller obtains the output reactive power Q of each
DG unit via communication links, and then the reference reactive power Q* is calculated and
sent back to the primary control. Finally, accurate reactive power sharing can be achieved
by adding the compensator AE, calculated through the PI controller to the nominal voltage
amplitude Ej, which is provided in the following equations:

{ Wrep = wo — kp(P — Py)

Eref = Eo — ky(Q — Qo) + AE an

where AE = kys (Q* — Q) + kis/s (Q* — Q), and kys and k;; are the proportion and integration
gains, respectively. Equation (11) can also be rewritten as

Eref = E—kg(Q — Qo) (12)

where E = Ej + AE.

As shown in Figure 5, the output reactive power Q of each DG unit can be adjusted
due to the voltage compensator AE, and it can also achieve the reference value Q* due
to the existence of the integral term k;;/s. However, communication line failure and
communication delay may result in poor reactive power sharing.
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Figure 5. The output reactive power Q of each DG unit with different voltage compensators AE.

3.2. SACS-Injection-Based Modified Droop Control Method for Power Sharing

The above-mentioned method can achieve active reactive power sharing by adding
the voltage compensator AE to the Q-E droop expression; however, communication lines
are needed, which increase the complexity and high cost of the system. In this section, a
SACS-injection-based modified droop control method, which is similar to Equation (11), is
proposed. The difference between the method and equation is that the compensator AE is
composed of the reactive power of the injected SACS, and it can be expressed as follows:

Er =Eo—kq(Q— Qo) +AE
= EO_kq(Q_ QO) +Gqus (13)
= E6 - kq(Q - QO)

where E/g = Ej + Gq Qss, and Qs is the reactive power of the injected SACS, which will
be described in detail in the following section. G, is the amplifier gain, which is used for
amplifying the reactive power of the SACS.

To achieve accurate reactive power sharing for each DG unit, the following droop
control strategy for the injected SACS is also used:

Wss = Wss0 + ksq(Q - QO) (14)

where w;s and wssg are the reference frequency and the nominal frequency of the injected
SACS, respectively, and ks is the SACS droop coefficient for reactive power sharing.

If two DG units are connected in parallel, according to droop Equation (14), the
frequency difference Awss in the injected SACSs for the two DG units can be expressed as
follows:

Awss = Wss1 — Wsgy = ksq(Ql - Q) (15)

where wgs1 and wssy represent the injected SACS frequency of each DG unit. By integrating
the frequency difference Aws;s, the phase difference s of the injected SACSs of each DG
can be deduced as

bes = / Awsedt = ke / (Q1 — Qu)dt (16)

3.3. Overall Control Block Diagram

The overall block diagram of the proposed modified droop control strategy based on
the SACS injection method for accurate fundamental active and reactive power sharing is
illustrated in Figure 6.
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Figure 6. The overall block diagram of the proposed modified droop control strategy.

First, only the local signals of the output current i,,p and filter capacitor voltage ucqg
for each DG unit are measured, and then the fundamental current iy, 5r and SACS current
lonpss are separated via signal extraction [14,30]. The fundamental active power P, reactive
power Q and SACS reactive power Qss can be calculated based on the a frame and are as
follows:

P =3 s (eafloa + Ucpriops)
Q= %Srciip (ucﬁfiozxf - uczxfioﬁf) 17)
_ 3 W

v ; )
Qss = 2 5¥wey (”cﬁssloass - ucassloﬁss)

where uicyf, Uegy, loar and iypr are the output fundamental voltage and current components
based on the xf3 frame, respectively. s, Upss, ionss and ioﬁss are the voltage and current
components of the injected SACSs based on the af frame.

Compared with the conventional droop control method, the proposed modified droop
control strategy adds a compensator AE to the voltage droop control loop, and an extra
reference voltage u*,5 55 generated by the injected SACS is added to the fundamental
reference voltage u%,p ¢ to synthesize the overall reference voltage u%,p_s,,, which is shown
as follows:

u:ﬁ,sum = u;ﬁ,f + uZ‘B,ss (18)

Meanwhile, to achieve zero-steady-error tracking of the SACS reference voltage, the

proportional resonance controller Gy (s) of the inner voltage regulation loop should be

modified to:

2k;onS
Gy(s) = kpo + -
v(s) pe h:l%,7,9 2 +20WeppS W) (19)
_|_ Zk,-vss
52+2wwss+w525

where kj,s and wys represent the gain and cutoff frequency of the SACS resonant controller,
respectively. To ensure that Equation (14) holds, a virtual resistor is also applied to the
feeder impedance to make the feeder impedance mainly resistant for the implementation
of SACS frequency droop control. The application of the virtual resistor in the droop
control method has been mentioned in many studies [1,19], and it will not be introduced
in detail here. Importantly, the overall control system may have virtual reactance and
virtual resistance control loops. If the feeder impedance for the fundamental voltage
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is not mainly inductive, a virtual reactance control loop must be added to ensure that
Equations (1) and (2) hold. In most cases, the feeder reactance for the fundamental frequency
is mainly inductive, and the virtual reactance does not need to be added. However,
the virtual resistor must be added to make the feeder impedance for the injected SACS
frequency mainly resistive.

4. Parameter Design and Stability Analysis

In this section, all the parameters, such as the frequency wss and amplitude Eg;) of
the injected SACS, the amplified gain G4, and the droop coefficients ky, k; and ks, are
discussed in detail.

4.1. Design of the SACS Frequency and Amplitude

The selection of the SACS frequency and amplitude are critical for the accurate control
of active and reactive power sharing. A SACS with a large amplitude is easy to extract,
but it will result in a high harmonic component of the output voltage. In contrast, a small
voltage amplitude will make an SCAS difficult to extract. Therefore, the voltage amplitude
of the injected SACS should be chosen based on the tradeoff between the signal extraction
and voltage quality standards [33]. Finally, the amplitude of the injected SACS is chosen to
be nearly 1% of the fundamental voltage amplitude.

The frequency of the injected SACS should also be chosen carefully. On the one hand,
the frequency of the injected SACS must be different from the output voltage harmonic
frequency to easily extract it. It is known that the output voltage contains only odd-order
components, whether linear or nonlinear loads. To facilitate signal extraction, we chose the
even component as the frequency of the SACS. On the other hand, the output end of the
inverter-based DG is usually connected via an LC second-order low-pass filter to alleviate
the high-order harmonic voltage components; therefore, the frequency of the injected SACS
must be lower than the cutoff frequency of the LC filter. Finally, the SACS frequency is set
to four times the fundamental voltage frequency [30].

4.2. Design of the Gain Gy

Gain Gy is not only related to the SACS power injected into the microgrid system but
also affects the stability of the whole system. On one hand, according to the expression
of the voltage compensator AE = G; Qss, a small gain G, leads to the provision of a large
SACS reactive power to the system and causes a large harmonic output current. On the
other hand, a large gain G, with small SACS reactive power will lead to the instability of
the whole system. Taking two DG units in parallel as an example, the fundamental voltage
amplitude difference of two DG units can be expressed as

AE;;, =E—E

= _kq(Ql - Q2) + Gl](stl - stZ) (20)

where E;, Q; and Qg are the output fundamental voltage amplitude, reactive power and
injected SACS reactive power of each DG unit, respectively, where i = 1, 2. In a steady state,
Q1 = Q», so the above equation can be simplified to:

_ AEp AEp
i Qss1 — Qss2 AQss
where AQs; represents the difference in the reactive power of the injected SACSs.

Similar to the equivalent circuit at the fundamental frequency, the two DG units with
SACSs are connected in parallel, as shown in Figure 7, and the following equation holds:

G (21)

stl — % + stl;stZ
Qs Qss1—0Qss2 (22)
Qss2 = % — == V) =
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where Qg is the total load power of the reactive power of the injected SACSs. Moreover,
1/2(Qss1 — Qss2) represents the SACSs’ reactive power flow from DG1 to DG2.

Z.\'sl lj’/)‘ml 00 Z,\:\'.’
AMN— A —
/—(*T""-’ 0 l Oss2
DG, () | () DG,
E“,Z()\, E“’é()‘_’

Z.\'.\’I.oud

Figure 7. Equivalent circuit of two DG units in parallel with the frequencies of the injected SACSs.

According to Equation (14) and the realization for the high performance of reactive
power sharing, a virtual resistor is adopted to make the feeder impedance mainly resistive
for the SACS, which is shown in Figure 8. Essy*, Essp*, Essao and Ess g represent the reference
voltages and the nominal voltage amplitudes of the injected SACSs, respectively.

E ssal)
. *
Iy a_ss R + E ssa
v >

N

i of ss

R )

E\'.\ﬂl}j/

Figure 8. Block diagram of the virtual resistance control strategy for the injected SACS.

R, represents the value of the virtual resistance. Due to the addition of virtual resis-
tance, the feeder impedance of the two SACS DG units is mainly resistive, and the SACS
reactive power flows from DG1 to DG2 can also be expressed as:

stl stZ Essl EssZ .
Q = ~ — no 2
5512 > Root + Resy S1N Oss (23)

where Eg; and Rg; represent the SACS voltage and line impedance, respectively, where
i=1,2. 0 is the phase angle difference of the injected SACSs for the two DG units.
Moreover, the difference in the reactive power of the injected SACSs is provided by:

2Es1Es .
Qss = Qss1 — Qss2 Qss12 Re1 + Reo 51N Oss (24)
By substituting Equation (24) into Equation (21), the following expression can be

derived as follows:
~ |AEpp|  AEpRss

B |AQSS| ~ 2Eg1 Essn sin dgg

where Rgs = Rgs1 + Rosn. According to the power angle stability criteria [34], the power angle
bss should not exceed 90°. To maintain a sufficient stability margin, the power angle dg;
should be less than 45, and sindss &~ Jss should be true. The minimum value of the gain G,
can be derived as

(25)

Gq

_ |AEpp]  AEpRss

= ~ > 26
|AQSS | 2E 51 Eggp sin Jgs (26)

Gq
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To simplify the calculation, the amplitudes Ess1 and Egsp of the SACSs can be approxi-
mated to Eg, and the voltage amplitude difference AE;; is the allowable deviation of the
rated voltage Ey.

4.3. Design of the Droop Coefficienst k,, kg and kssg

With larger droop coefficients of k, and k;, the active and reactive power sharing
performance will be better, but the frequency and amplitude of the fundamental reference
voltage will deviate greatly from the nominal values. The droop parameters k;, and k; can
be designed according to the following criteria [19]:

Aw
ky, = 27
p Pmax ( )
AE
k;, = 28
1 Qmax ( )

where Py and Qpqx are the maximum output of the active and reactive power of each DG
unit, and Aw and AE are the maximum allowable deviations in the frequency and voltage
amplitude.

The dynamic performance of accurate reactive power sharing depends on the droop
parameters kssq of the injected SACSs. A large droop parameter kss; can accelerate the
process of accurate power sharing, but it may cause system instability. In contrast, with a
small droop parameter ks, the transient process of reactive power sharing can no longer
achieve power sharing. Therefore, if the system is stable, a large droop parameter kssq
should be selected to improve the dynamic performance of the system, and the effect on
the stability of the system will be described in detail in the following section.

4.4. Stability Analysis

In this section, the relationship between the parameter ks; and the stability of multiple
parallel DG systems will be analyzed in detail. According to Equations (15), (20) and (24),
the fundamental voltage amplitude difference of two DG units can be expressed as

Ei—E = *kq(Ql - QZ) + Gq(stl stZ)

2GyEss1 E 29
:_(kqé(s;s 1 Xlettea (29)

';525 )

Since low-pass filters are usually used for measuring blocks, Equation (29) can be
rewritten as

We (k

AE;, = — 2
12 S+ we k

525 +2G Essl ESSZRSS(SSS) (30)
where w. is the cutoff frequency of the low-pass filter.

It is assumed that the total fundamental reactive power of the load is Q;, and the
injected SACS frequency of each DG are equal in the steady state, which satisfies w1 = wss.
According to Equation (14), it can be deduced that the output reactive power of the two
DG units is equal in the steady state, and it satisfies that Q1 = Q» = Q; /2. However, when
the system is in a transient process, such as load or output fundamental voltage changes,
part of the reactive power flows into the load, and another part of the reactive power flows
into other DG units. They can be expressed as follows:

_ QL Q-Q
Q1 = 5 5 (31)
0, = Q Aa—-Q (32)

2 2
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Since the feeder impedance for the fundamental voltage is usually mainly inductive,
and according to Equation (7), the reactive power flowing from DG1 to DG2 can be deduced

as
Q1 —Q ~ Ei(E1 — Ey) ~ EoAEp
2 X1+ Xz X1+ X;

Since the low-pass filter is also used for the power calculation, the above equation can
be rewritten as

(33)

We 72E0AE12
AQ =Qr — ~ — 34
Q=0Q -~ o X1 % (34)

Based on the previous analysis, the control block diagram of reactive power sharing
can be derived as shown in Figure 9, and the simulation parameters of the islanded
microgrid are listed in Table 1. The root locus of the open-loop transfer function can be
obtained as shown in Figure 10. Different color lines represent different root locus and the
direction of the arrows indicate that the value of k increases in Figure 10. It can be seen
that when the value of droop coefficient ks, is greater than 0.03, the root of the closed-loop
system will appear in the right half plane and become unstable. Figure 11 also shows
the Bode diagram of the open-loop transfer function, and with the increase in the droop
coefficient ks, the phase margin of the system decreases gradually. Therefore, the droop
coefficient ks; should be chosen based on the tradeoff between the system stability and
dynamic response, and a large coefficient is selected preferentially under the condition of
ensuring the stability of the system.

Ao, O . 2G.E_E., o, |AE [ , AQ
0 + K‘.q S -(/\ ;‘ T Lo Lgs2 ) L, 2 -_E” [ @, >
' s “k R, s+o, X, + X, s+o,

g

Figure 9. The control block diagram for reactive power sharing.
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Figure 10. Root locus of the open-loop transfer function with the droop coefficient ks;.
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Figure 11. Bode diagram of the open-loop transfer function with droop coefficients ks; = 0.005, 0.01
and 0.02.
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5. Simulation and Experimental Results

In this section, the performance of the proposed SACS-injection-based modified droop
control strategy is validated based on simulation and experimental results. The detailed
system parameters are listed in Table 2.

Table 2. System parameters.

Value
Parameters Simulation Experiment
Switching frequency f; 20 kHz 20 kHz
Fundamental frequency f 50 Hz 50 Hz
DC link voltage Uy, 800V 400V
F““dzrnf;?itige"“age 311V 1555V
Output filter inductance Ly 1 mH 1 mH
Output filter capacitance Cy 150 uF 150 uF
Feeg‘éllg’}e[‘iage of 4+03 4+03
Feegg;&ﬁiage of 3.5+0.2 3.5+0.2
Feegecr ;(r?n}ﬁiar;)c)e of 3401 .
P-w droop coeffificient k, 1.15 x 1074 1x10°3
Q-E droop coeffificient k, 1x1073 15 %1073
SACS voltage amplitude Egsq 2.5 1.25
SACS frequency wss 200 Hz 200 Hz
SACS droop coeffificient ks, 2x1073 8x 1073
Gain G, 12 15
Low pass fifilters wep 31 31
Virtual resistor R, (Q2) 8 5
Load R; (mH + Q) 10 +15 18 +13.8
Load R, (mH + Q) 0+15 5+138

5.1. Simulation Results

The simulation modes of the DG units with the same three-phase full-bridge topology

are built based in MATLAB, and three DG units are connected in parallel with different
feeder impedances, as shown in Figure 1. Figure 12 demonstrates the simulation waveforms
of the output active power P, reactive power Q and fundamental frequency f for each DG
unit via the conventional droop control strategy. In the initial state, R; is connected into
the islanded microgrid as the load. At 3 s, the load R; is also plugged into the microgrid
system, and the feeder impedance is mainly inductance. It can be observed that accurate
active power sharing can be achieved with the conventional droop control strategy, but the
output reactive power for each DG unit is different from the mismatched feeder impedance.
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Figure 12. Simulation waveforms of the output active power P, reactive power Q and frequency f
with the conventional droop control strategy for the three DG units in parallel. (A) Active power P;
(B) reactive power Q; (C) fundamental frequency f.

The simulation waveforms of the output active power P, reactive power Q, funda-
mental frequency f, voltage compensator AE and SACS frequency f;s with the proposed
modified droop control strategy for the paralleled three DG units are shown in Figure 13,
and it can be seen that high-performance power sharing can be achieved. Since the
P — f droop expression remains unchanged, accurate active power can also be achieved
in a steady state. Meanwhile, with the SACS-injection-based modified droop method, the
reactive power error for each DG unit can be eliminated. When the load R; is also plugged
into the microgrid system at 3 s, the reactive power output of these three DG units can also
be divided equally quickly. Moreover, the voltage compensator AE, which is composed of
the SACS reactive power Qss and gain G for each DG unit, is also shown in Figure 13. With
different compensators AE, the conventional Q-E droop expression is modified as shown
in Figure 5, and the output voltage amplitude of each DG unit is also adjusted. Accurate
reactive power will be achieved when the system reaches the steady state.
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Figure 13. S Simulation waveforms of the output active power P, reactive power Q, frequency f,
voltage compensator AE and SACS frequency fss with the proposed modified droop control strategy
for the three DG units in parallel. (A) Active power P; (B) reactive power Q; (C) fundamental
frequency f; (D) voltage compensator AE; (E) SACS frequency fss.

5.2. Experimental Verification

Figure 14 shows the experimental prototype of two paralleled DG units connected in
an islanded microgrid, and a three-phase two-level full-bridge PWM inverter is chosen
as the main circuit topology for each DG unit. The control algorithm for the DG unit
is implemented in the dSPACE SCALEXIO platform (dSPACE, Paderborn, Germany) as
shown in Figure 15. A 14-bit analog-to-digital converter (ADC DS6221) (ASPACE) is used
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to sample the output voltage, inductor current and load current signals of each DG unit at
a 20 kHz sampling frequency. The I/O board card (DS6202) (dSPACE) is configured as a
PWM module with a 20 kHz switch frequency. A power analyzer (Tek-PA3000) (Tektronix,
Inc. Beaverton, OR, USA) is used to measure the output power and voltage signals for
analysis, and an oscilloscope (YOKOGAWA-DLM2024) (YOKOGAWA, Tokyo, Japen) is
used to collect the output voltage, frequency and other information.

Figure 16 shows the experimental waveform of the output power with the conventional
droop control and the proposed SACS-injection-based droop control strategy. In the initial
state, the DG units adopt the conventional droop control strategy, and 10 s later, the
proposed modified droop control method is applied to the two DG units. Figure 16A
demonstrates that the active power can be shared well with both control methods, and
Figure 16B shows that the reactive power sharing error can be eliminated with the proposed
modified droop method, which is enabled at 10 s.

L
_NY\T
| 45? S ¢ |
C DG unit

| C Source Load
* o0 f PWM
SR m— Voltage and Current
I/0(DS6202) Signal Sampling
Power and I .
frequencyoutput ? l |
dSPACE SCALEXIO
‘—l'D.-!C(DSG}H)*— | ADC(DS6221)

| system I

l Matlab

Figure 15. The dSPACE based experimental system.
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The dynamic experimental waveform of power sharing with the SACS injection-based
modified droop control strategy is shown in Figure 17. The resistive—inductive load Z is
connected to the islanded microgrid, and a resistive load R; is switched ON or OFF every
8 s. The high performance of the transient process for power sharing is exhibited, and
accurate active and reactive power sharing can be achieved in a steady state.

Moreover, the voltage waveform of the PCC is also measured, as shown in Figure 18,
and the total harmonic distortion (THD) value of the voltage waveform is also analyzed.
Due to the injection of a four-order SACS, a slight voltage distortion is shown in the output
voltage waveform, and the THD value of the PCC voltage is 1.30%. However, it can still
meet the voltage harmonic standard [29].

A

P(kW) Main < 125 & Wl
3.00 DG,
DG,
2.40-
1.80
1.20 L
0.60
0.00
0 2 4 6 8 10 12 14 16 18 20
B time(s)
O(kVA) - [ | BRI ] T o/
1.25 DG,
DG
1.00
0.75 \
0.50~

0 2 4 6 8 10 12 14 16 18 20
time(s)

Figure 16. Experimental waveforms of the output active power P and reactive power Q changed
from conventional droop control to the proposed modified droop control strategy with two DG units
in parallel. (A) Active power P; (B) reactive power Q.
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Figure 17. Experimental waveforms of the output active power P, reactive power Q and frequency
f with the modified droop control strategy for the three DG units in parallel. (A) Active power P;
(B) reactive power Q; (C) frequency f.



Sensors 2023, 23, 6269

19 of 22

Main; 125k Sms/div |

100V/div

//</’</’”\/’"\f"\/‘\
CHX XXX XX /&
5( XY X X

AN NS NS N N NS ‘-.._../

Sms/div

Figure 18. Experimental waveforms of the PCC voltage with the modified droop control strategy.

6. Conclusions

In this paper, a SACS-injection-based modified droop control method is proposed for
accurate active and reactive power sharing when DG units operate in islanded microgrids,
and the parameter design procedure and stability analysis are described in detail. The
proposed modified droop method has the advantage of no communication lines and the
specific parameters of feeder impedance, a low cost, the high adaptability of the microgrid
configuration and plug-and-play functionality. Finally, simulation and experimental results
verify the correctness and effectiveness of the proposed modified droop control method.

However, the method proposed in this paper has some disadvantages: (1) it is neces-
sary to inject small-AC-voltage signals into the system, which will lead to an increase in the
harmonic control of the grid voltage, so they must be carefully selected. (2) This method can
achieve accurate active power and reactive power sharing, but it can not achieve secondary
frequency recovery, which is a direction for the future research.
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Nomenclature

u., I, The local output voltage and current

P,Q The output active and reactive power of the inverter

Py, Qo The reference active and reactive power

Wrefs Eref The synthetic reference frequency and voltage amplitude

wo, Eo The nominal frequency and voltage amplitude respectively

kp, kq The droop coefficients for the inverter-based DGs operated in the islanded
mode.

kpn, kqn The droop coefficients corresponding to the nth DG unit (n =1, 2, ..., N)

Py, Qn The nominal active and reactive power of each DG

E, Up The output voltage of the DG and PCC voltage amplitude

X, R The feeder reactance and resistance

o The power angle difference between the DG and PCC voltages

Gy(s), Gi(s)  The transfer functions of the voltage-loop controller and the current-loop
controller

kpo, kpi The proportional gains

Kion The fundamental or harmonic resonant gain term

Weoh The cutoff frequency of the resonant controllers

wy, The resonant frequency

Q* The reference reactive power

kps, ki The proportion and integration gains

Qss The reactive power of the injected SACS

e The amplifier gain, which is used for amplifying the reactive power of
the SACS

Wss, Wss0 The reference frequency and the nominal frequency of the injected SACS

ksq The SACS droop coefficient for reactive power sharing

Awsg The frequency difference of the injected SACSs for the two DG units

Wss1, WssD The injected SACS frequency of each DG unit

ss The phase difference of the injected SACS of each DG

foaps Ucap The local signals of output current and filter capacitor voltage for each
DG unit

loapfs loupss The fundamental current and SACS current

Qss The SACS reactive power

Ucas, Uepy The output fundamental voltage and current components

loaf, lopf Based on the a3 frame

Ugss, Upss The voltage and current components of the injected SACS

loass, lopss Based on af frame

uy B_ss Extra reference voltage generated by the injected SACSs

ur B_f The fundamental reference voltage

uy B_sum The overall reference voltage

kivs, Weos The gain and cutoff frequency of the SACS resonant controller

e The amplified gain

kp, kg, kssq The droop coefficients

Ei, Qi, Qssi the output fundamental voltage amplitude, reactive power and injected
SACS reactive power of each DG unit, respectively,i=1, 2

AQss The difference in the reactive power of the injected SACSs

QssL. The total of load power of the reactive power of the injected SACSs

Efnr EX 8 The reference voltage and the nominal voltage amplitude of the Ess,0 and
Esspo injected SACSs, respectively

Ry The value of the virtual resistance

Egsi, Rgsi The SACS voltage and line impedance, respectively, i = 1, 2

Oss The phase angle difference of the injected SACSs for the two DG units

Prax, Qmax The maximum output active and reactive power of each DG unit

Aw, AE The maximum allowable deviations in the frequency and voltage ampli-
tudes

kssq The droop parameters of the injected SACSs

we The cut-off frequency of the low-pass filter
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