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Abstract

Large-scale autonomous microgrids have potential application values as they can increase
renewable energy penetration level without compromising the stability of the existing large
power systems. Before their widespread implementation, critical issues like stability analysis
etc need to be solved. This paper analyses the stability in an autonomous microgrid operated
at constant frequency with the consideration of reactive power balance. Difference equations
of reactive power for the grid-forming generator are constructed separately from those for
the grid-supporting and grid-feeding generators while the difference equations of the real
power for all the generators are the same. For the voltage source inverter with its current
controlled by proportional resonant controller, at the fundamental frequency, its output
current is disentangled from its terminal voltage and is controlled to trace its reference
accurately, namely i,,; = i;,:- Therefore, each inverter can be modelled as an equivalent
current source and the equivalent circuits for d-component and g-component can be
separated from each other. Then, the nodal equations in matrix form for the microgrid system
can be established readily. With these, the system level state-space equations are built to
study the distribution of eigenvalues. By choosing proper coefficients for real power and
reactive power reference generations and controller’s parameters, one can make all the
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eigenvalues falling in the left-hand-side of the complex plane. Therefore, the system is stable.
Such a research paves the way for systematically searching good sets of coefficients and
controller’s parameters which make system operate safely away from unstable region with
necessary margin.
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1. Introduction

Power system is now experiencing dynamic and vibrant changes. With the maturity of grid-
integrated hydrogen-fuel-cell technology, hydrogen combustion chamber approach, smoothened
generation by combining renewable energy harness and grid-scale energy storage, urgency for
operating large-scale autonomous microgrids is not very pressing. Nevertheless, such a technology
could alleviate the level of monopoly and keep electricity price reasonably affordable. With the
backup technology to cope with serious outage or blackout, the operators of large power systems
will lead lives with reduced nervousness. Therefore, design and operation of large-scale
autonomous microgrids is very relevant and needs to attract more focused research.

The control for operating the autonomous microgrid includes f-P and V-Q method, V-P and f-Q
method, and V-P control method with separate reactive power handling and at constant frequency
[1-11]. Each one has pro and cons. In comparison, both f-P, V-Q and V-P, f~Q methods need to
manage both frequency variation and voltage variation while fixed-frequency or constant-frequency
method only manages the voltage variation in the system, and the frequency in the system takes a
constant value. Therefore, it is easier to operate the microgrid and shows better power quality of
frequency.

In the autonomous microgrid operated by each method, stability analysis is indispensable for
ensuring its safe operation. Therefore, it is necessary to build state-space equation for the microgrid
system under study in order to work out the eigenvalues for stability analysis [12-17]. This is similar
to the stability analysis by using eigenvalue approach for the synchronous generators as described
in [18, 19]. The method proposed by the authors in [17] for the constant frequency method is
suitable for the system with resistive loads and resistance dominant lines. This is not realistic for a
practical autonomous microgrid. To cope with the reactive power balance and consider inductive
feature of the system, this paper further establishes difference equations for the grid-forming
generator, and grid-supporting and grid-feeding generators. The one for the grid-forming generator
is different from those for the grid-supporting and grid-feeding generators. For the voltage source
inverter with its current controlled by proportional resonant controller, at the fundamental
frequency, from the control flow for tracing current, one can verify that the inverter’s output current
is disentangled from its terminal voltage. To ensure high power quality, the whole microgrid must
be designed in such a way that voltages’ deviations from the rated value are small under all loading
conditions, even under transients due to switch-on or switch-off of loads or faults etc. With this
condition satisfied, the output current of each inverter is controlled to trace its reference accurately,
namely iy, = isy:- Therefore, each inverter can be modelled as an equivalent current source and
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the equivalent circuits for d-component and g-component can be separated from each other. Then,
the nodal equations in matrix form can be established readily. With these, the system level state-
space equations are built to study the distribution of eigenvalues. By choosing proper coefficients
for real power and reactive power reference generations and controller’s parameters, one can make
all the eigenvalues falling in the left-hand-side of the complex plane. Therefore the system is stable.

The remaining contents are arranged as follows: In Section Il, construction of state-space
equations for the autonomous microgrid is carried out; Section Il discusses the potential issues in
the autonomous microgrid; Section IV concludes the paper.

2. Construction of State-Space Equation
2.1 Establishment of the Equivalent Circuit

For a practical autonomous microgrid, some buses or nodes are installed with generators while
others are not. In the V-P control method with separate reactive power handling and at constant
frequency, each voltage source inverter works in current controlled mode and is equivalent to a
current source. To build system level equations, it is necessary to process the nodes without
equivalent current sources. The first situation is for a no-source node between two other nodes
with sources as shown in Figure 1a. For such a case, one can convert Y-connection to A-connection.
The relationship of the impedances in the two connections in Figures 1a and 1b is shown below.
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Figure 1 Processing of the nodes without sources: Case 1.

As shown in Figure 1b, an equivalent A-connection is obtained for the Y-connection in Figure 1a.
Then impedances’ combination is done and shown in Figure 1c.
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In the second case, the node without a source is at the end of a network or circuit. Then it is
combined with its neighboring node with an equivalent current source. Such an approach is shown

in Figure 2.
@ Z:‘:Jr @
(@) '
@
Ig Z || (Z:"m +Zm)

(b)

Figure 2 Processing of the nodes without sources: Case 2.

By doing so, one can come to a network, in which each node has an equivalent current source.

2.2 The System under Study and Its Equivalent

Figure 3 shows the single-phase representation of a three-phase autonomous microgrid under
study where there are three generators, DG1 being the grid-forming one which is a combination of
two inverters (one takes the grid-forming role while the other serves as the reactive power
compensator), both DG2 and DG3 being the grid-supporting generators. For a practical autonomous
microgrid using V-P control method with separate reactive power handling and at constant
frequency, it is necessary to install another back-up grid-forming generator for taking over the main
grid-forming generator in case that it becomes faulty including the failure due to the cumulative
effect of small negative-sequence currents. To build the system level equations, the circuit in Figure
3a is converted into the one in Figure 3b. By doing so, the modified network or circuit has a source

at each node. This is to facilitate the system level state-space equation construction.
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Figure 3 The microgrid under study.
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The parameters used for each of the three inverters are shown in Table 1. Selection of
proportional resonant controller’s parameters can be done by examining four criteria: 1) phase
margin of cross-over of open-loop transfer function; 2) resonance suppression for the closed-loop
transfer function; 3) step response of the closed-loop transfer function; 4) poles of the closed-loop
transfer function [20].

Table 1 Parameters for inverters.

Parameters Values
Lyinv 4.5 mH
Cinv 75 uF
Lainv 0.5 mH
Rdamping 10Q
fswitching 5 kHz
Ko 0.20

Ki 15.5

K 20.5
fsampling 80 kHz
Kvo 2000
Kv 1.08
Kog 0.4843

Table 2 shows the loads at each bus while line impedances are given in Table 3.

Table 2 Different loads.

Load 1 Load 2 Load 3 Load 4
P (kW) 20 40 30 30
Q (kVAr) 10 10 10 10

Table 3 Line impedances.

Linel Line2 Line3
R(Q) 0.6 0.6 0.2
L (mH) 2.5 2.5 1.5

By using the method in [11], one can work out the d-q values of voltages and currents for each
bus in Figure 3a. Such values are shown together with other values at subsequent paragraphs.

2.3 Formulation of the Inverter Equations and System Equations

For the neighboring buses, one can establish the following equation in time-domain

. di;
Vabeim = Rimlim + Lim d_;n (4)
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where Rim and Lim are series resistance and inductance between bus / and bus m.
_ 0 - _ i0
AS Vgpcim = qu,lme] »labelm = qu,lmej , one has

qu,lm = (le +ijlm)qu,lm (5)
For each load,
qu,n = (Rn +ijn)qu,n (6)

where R, and L, are series resistance and inductance of the load at bus n.
By building nodal equations for each node or bus, one can assemble and come to the matrix
equation as shown below

[1aq1] [Yagu1]  [Yaqiz] [Yaqus]][[Vagl
[lag2]| = |[Yagz1]  [Yagzal [Yagas]||[Vaq2] (7a)
[1aqs] [Yags1] [Yags2l [Yagss]] [[Vags]
or simply
[]qu] = [Ys][quT] (7b)
where

I,

[quj] = [Id]-]' with Iy and /5 being the d-g components of the equivalent current source at each
qj

bus,j=1, 2, 3.

Ve
[quj] = [sz], with Vg and Vg being the d-q components of the voltage at each bus, j=1, 2, 3.
G. —B:
N T ;=
[Yaqii] = [Bj G, ],1_ 1,2,3.
Gi; —Bij1 . . .
[Yaqii] = [Bij G = b 23i=123,0%)

Gj + jB; = Y.(All admittances at bus j),j=1, 2, 3.
Gij + jBij = —Y (Admittances of each branch between bus i and bus ), i=1,2,3,j=1, 2, 3,i #j.
From [Igqr] = [Ys][Vagr], one has

[Alygr] = [Ys][AVagr] (8)
[A}qu] = [v,] [Af/qu] (9a)

or simply
[A}] = [v,] [Af/] (9b)

For the grid-supporting and grid-feeding generators [10, 11], one has

Pref = PrefO + Ko - (Kv ) Vref - Vm) (10)
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Qref = qupref (11)
AP = =K, AV (12)
AQ = —quKll,oAV (13)

where K, = K,,,/3 as equation (10) is for three phase but the following formulation is for single
phase. Ky is chosen to be 2000 in Table 1. This level of value can cope with temporary unbalanced
loads without losing stability. For very balanced loads, Ko can be quite high and it could be as high
as 5000. Correspondingly, Kiin the proportional resonant controller should be reduced and it could
be as low as 5 or even less. Although greater Ko results in smaller deviation of the inverter’s terminal
voltage from its targeted value, it could lead to instability when the inverter currents contain un-
negligible negative-sequence components.

FromV = ’V(f + V2, one has

VaAVy + VAV,

(14)
/de + V7
Then
—KyoVa —KoVy
2 2 2 2
ME [ it ] ()
AQ B _quK{;OVd _quKéOVq AVCI
\/de + V2 \/Vj + V2
For the grid-forming generator, one has
Q1 =—-0Q2,—0Q3+Qp12+ Q23+ ZQLoadj (16)
where
X X .
Quiz = Vi = V5| Rz Xz s Qros = |V, = V5% RZ, zi(z » QLoadj = ij .RJZT]XJ-Z'I =12,3.
Then one can derive and come to
AQq = —AQ; — AQ3 + AQp12 + AQ 23 + XAQ 0qa;j (17)
where
ViV,
AQp12 = (i (AV1 - AVZ) AQp23 = (a3 - (AVZ - AV3) with Cj, = Tvl VZI)Z 2(=Vy), Cp3 =
(Va—V3)? _ Vg jAVg+V g4V _ . _ V2 . .
IVz—VzIZ <2V, = V3), AV; = ﬁ, and AQpqqj = Cjj - AVjwith C;; = |V17 - 2V; -Rjo’ij,j— 1,
J
2, 3.
Then
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'AP;7 [Ryy Rz 0 0 0 0 1[AVa1]
AQ,q Ry1 Ry Ryz Ras Rys Ry AVql
AP, 0 0 R33 R34 0 0 ||AVy,

7Q,|T| 0 0 Ry Ru 0 0 ||av, (182)
APl 1o 0 0 0 Res Rellavy,
[AQ5 ] 0 0 0 0 Res Reed|AVy3]
or
[AS7] = [RR][AVqqr] (18b)
where
Ry, R, O 0 0 0
Ry1 Ryz Ryz Ry Rys Ry
o 0 Ry Ry 0 0
RR=109 0 Rs Ry 0 0
0 0 0 0 Res Re
[0 0 0 0 Ry R
with
—K'.v —K}oV, v v,
R., = vOdllR =M,R =(Cyy +C )-¢,R =(Cy1+C ).L'
11 '7V§1+qu1 12 'Tﬁqul 21 11 T C12 rfﬁqul 22 11 1t C12 ’Tﬁqul
! |4 4
Ry3 = (quz “Kpoz — Ci2 + Cop + Cz3) == , Ry, = (quz “Kpop — Ci2 + Cpp + C23) :

A

2 2
Va2 tVg2

Vg2

]
deZZ+VqZ2
_ ’ Vas _ ’ Vg3
Rys = (qu3 Kyoz — Co3 + C33) r ===, Ry = (qu3 Kyoz — Co3 + C33) : ,
/ng +VZ3 fvj3+qug

Ron = —Kpoz2V a2 R., = —Kyo2V2 Riw— —Kpq2Kpo2Vdz Ric = —Kpq2Kpo2Vq2
33 — 5 S’ 34 — 5 . 43 — > 7’ 45 — 2 Pl
Vd2+Vq2 Vd2+Vq2 ’Vd2+Vq2 Vd2+Vq2
A ! I
R = —Kpo3Vds R.. — —Ky03Vg3 R..— —Kpq3Kpo3Vas R.. — —Kpq3Kpo3Vg3
S 56_’2 2’ 05T 2 o2 | 067 2 . p2
Vd3+Vq3 Vd3+Vq3 Vd3+Vq3 Vd3+Vq3

For each of the grid-forming generator, grid-supporting and grid-feeding generators, from Pres =
Prefo + Kyo - (Ky - Vies — Vi), ONe can come to

AV = — — ( Yr AP) (19)

w0 \S + wy

where wyis chosen to be 2t x 10 and it is to consider the delay for the outer power control loop.
Then

L[] wf
AV = —wpAV ——L - AP (20)
K170
Ay =—2 Ap 1)
¢~ bc —ad
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AV, = T v (22)
9 pc—ad

Vo Vg
Vi+ve’ V2 +qu' v2iy2 Vz+Vz'
atVq atVq

In matrix form,

where a =

[Aquj] = [M;][AVag;] + [G][AS;] (23)
where
AV bcwys bdws boy
* i o T (b d)- Kv .
[AVdQJ] = "1] ’ [M]] = abci)fad al:icw;ld ’ [C]] Ca(il)f o ,J=1,2,3.
qu bc—ad bc—ad (bc—ad)-K!

v0j

AsP +jQ = (Vg +jVy) - (Ig + jlg)*, one can derive and come to

S;] = [Vagj][Alag;] + [laq;][AVag;] (24)
where
AP; V,; Al I AV,
851 = (g | e = [ 2 | Wataas) = [ Waail = [ 12] [ = [ ")
=1, 2,3.

By assembling the equations for each individual node, one can come to the system equation

[AS7] = [Vagr] - [Alagr] + [lagr] - [AVagr] (25)
where
[[AS] [qu1 [0] [Alq:] [AVyq]
[AS7] = |[AS,] [quT] [quz] [0] |, [Alqu] = [Aldqz] ) [AquT] = [Aquz] ,
[AS5] [ [0]  [Vags] [Alygs] [AV,45]

[quT]— [0] [quz] [0] .
| [0]  [0]  [lags]

From the derivation given in [17], one has the following equation

(AVagr] = [Mr][AVg] + [CrIIAS,] (26)
where
(M] [0  [0] (] (0] [0]
Ml =|10] M) [0] |[Cr]=][0] I[c] [0]]
0] [0 [M] 0] [0] IC;]

As [AS7] = [Vagr] - [Alagr] + [agr] - [AVaqr], and [AS7] = [RR][AVgqr], one can come to

[AS7] = [RR1[AVagr] = [Vagr] - [Alagr] + [agr] - [AVagr] (27a)
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[AquT] = ([RR] - [quTD_l[quT] ' [quT] (27b)
From Eqgns. (25) and (26), one can come to
|WVagr| = (M) + [C7) - [Lagr]) - [AVag] + [Cr] - [Vagr] - [Alugr] (28)

From Eqgns. (9a) and (28), then

|8Viqr| = 17 [Blqr| = (] + [61] - [Lagr]) - [AVaq] + [C1] - [Vaqr] - [Alagr] 29

From (27b) and (29), one can derive and come to

[Ald.qT] = [Mtotal] : [Alqu] (30)
where

Meotar = [¥s] - {(IMr] + [Cr] - [Tagr]) - (IRR] = [Laqr])” Vagr) + [Cr] - Vaarl} B
2.4 Results

For the system with the parameters as shown in Tables 1, 2 and 3, the steady-state d-q values of
voltages and currents at each bus are shown in Table 4. These results were obtained by using the
method as described in [10, 11, 20]. They can also be obtained by using multi-rate modeling in
Matlab/Simulink, namely, Ts is set in POWERGUI for the system modeling; n1*Ts is used for data
acquisition and processing to produce the reference voltages; n,*Ts is used for the reference
voltages updating in comparison with triangular waveform to produce on and off gating signals.

Table 4 d-q values under steady state.

Steady-state values Bus1 Bus?2 Bus 3 Bus 4

Va (V) 237.19 239.254 234.72 221.02
Vq (V) 49.05 27.503 15.524 0
lg (A) 46.346 53334 67.606 O
lq (A) 6.845 -18.600 -27.383 0

The matrix Miotal for the system under study with the chosen coefficients and controller’s
parameters is given below

—53583 499 —8219+4 15 —9362—j126 —15527 +j44 —1329—j59 27+
|-13729 — j78 —5079 —j11 9452 + 99 16207 —j35 1040 +j46  —21—j |
M. —|—2300-j85 —2934-j13 -36896+;109 30241—j38 —3407+/51 -3121—]
total 1995+ j74 2545411  —25002 —j94 —34171+j33 4213 —j44 3563+
0 0 —8325 —15889 —48221 1035
0 0 8640 16491 —9535 —4252

The imaginary parts of the elements in Mtal are due to the derivatives of absolute of a function

using |[f ()" = {f (xX)/If )1} - f'(x), which are negligible.
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The corresponding six eigenvalues are shown in Table 5. One can see that the real part of each
of them is negative and they fall in the left-hand side of a complex plane. Therefore the chosen
coefficients and controller’s parameters make the system stable.

Table 5 Six eigenvalues of the system.

1 2 3 4 5 6
. Real part -35628 -35553 -57319 -49616 -3660 -425
Eigenvalues )
Imaginary part 30374 -30233 26 63 0 0

Tables 6 through 9 show more cases, from which one can see that both Ko, Kpg,j and Ky,jinfluence
the location of eigenvalues. For either case, the system is stable. Besides the influence brought by
Kvo,, Kpg,j and Ky, the stability is also influenced by the connection impedances between inverters.
To avoid drastic change of inverters’ terminal voltages due to load changes and even instability, one
needs to keep the rated current times the connection impedance low. For a practical microgrid
system, the connection impedances as given in Table 3 at 240 V (phase) or 415 V (line-line) can be
reduced.

Table 6 Values of Kyg, Kpg,jand K.

Kwor Kw2 Kz  Kpgr Kpgz Kpgz  Kuji=123)
Case A 1250 1450 1750 0.45 0.42 041 1.08
CaseB 2200 2400 2100 0.41 0.46 046 1.08
CaseC 2750 2800 3000 0.35 040 0.39 1.08

Table 7 Six eigenvalues for cases in Table 6.

Eigenvalues 1 2 3 4 5 6
Case A Real part -32871 -33335 -54507 -44823 -6818 -660
Imaginary part 27654 -28395 -60 -70 5 1
Case B Real part -36937 -37098 -58521 -49760 -4565 -539
Imaginary part 29426 -29677 -37 -61 1 1
Real part -39449 -38786 -60617 -49017 -7995 -554
Case C

Imaginary part -28152 27338 -37 103 7 0

Table 8 Values of Kyo, Kpgj and K.

KvOl Kv02 Kv03 qul quZ qu3 Kvl Kv2 I<v3
CaseD 2750 2800 3000 0.35 0.40 0.39 1.20 1.15 1.21
CaseE 2750 2800 3000 0.35 040 0.39 1.32 124 1.35

Table 9 Six eigenvalues for cases in Table 8.

Eigenvalues 1 2 3 4 5 6
Case D Real part -44330 -72135 -45096 -52312 -10810 -616
Imaginary part 32482 112 -33583 333 19 1
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Real part -51950 -85006 -51041 -56925 -13435 -674

Case E .
Imaginary part -40049 334 38538 642 26 1

The method developed in the paper is also suitable for the application of other voltage levels.

The above analysis can be modified to suit single-phase autonomous microgrid application.
Instead of using d-q frame, one can use x-y components of the complex numbers for the voltages
and currents to carry out analysis, e.g. V1= Vax + jVay. Similarly, the control methods for three-phase
microgrids in [9-11, 20] are suitable for single-phase ones.

3. Discussions

The above analysis is valid for autonomous microgrid systems with balanced loads or equivalently
balanced loads. For practical load groups, there are both three-phase and single-phase ones which
result in unbalance of the load currents. The currents seen by the inverters need to be as balanced
as possible, ideally only containing positive-sequence components. One solution is to add the
negative-sequence current compensation at the load side and also use delta-wye connected three-
phase transformer to block zero-sequence current [10, 11]. Furthermore, transposition of
transmission lines is necessary to increase balance level, even if the line is short. Load-side negative-
sequence current compensation may be insufficient. When necessary, one can use a 50 Hz step-
down transformer installed at the side of the grid-forming generator with its secondary side in wye
connection. Then three single-phase converters can be installed at the secondary side of the
transformer to fulfill a small negative-sequence current compensation. To make the control easier,
it is good to output a fixed negative-sequence current at one time from the compensator and adjust
it to a new value when necessary. In recent simulation study, it is found that by using notch-filter
based bandpass filter to remove noise in the current flowing through the shunt capacitor in the
inverter’s LCL filter with relatively large shunt capacitance and using the second-order Butterworth
low-pass filter (with a cut-off frequency around 1 kHz when the switching frequency is chosen to be
5 kHz) to remove high frequency noise in the measured grid-side current [10, 11, 20], with
temporary negative-sequence load currents, even at a high proportion level compared with the
positive-sequence current, the system still can keep on running. Nevertheless, the voltage
waveform becomes distorted and there exists negative-sequence voltage. After the negative-
sequence component in the current is gone, the proportional resonant controller with the digital
filters can restore the balance of the microgrid system. Then the voltages only contain positive-
sequence components.

The higher the ratio of the inverters’ terminal voltage to the load voltage, the smaller negative-
sequence current experienced by them. Therefore, higher voltages at the inverters’ terminals are
necessary. To fulfill this purpose, one needs to use IGBT or other switches with higher voltage ratings.
Currently in the market the available IGBTs have the voltage ratings as high as 6.5kV and the current
rating as high as several thousand amperes. One source of such products is from DYNEX. By using
these switches and the circuit topologies as shown in [10, 11], the impact by the negative-sequence
current is reduced.

Besides high current IGBT to form one-stage DC/AC converters in the autonomous microgrid, one
may also use the multi-stage circuit as shown in Figure 4 where each shunt capacitor comes with a
passive damping resistor.
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Ri L

L./2 Phase A Rs Ly Laf2 Phase B Ri Lt Lz/2  PhaseC
r=a— r=a— =

Breaker Breaker Breaker

Stage 1 7 Stage 1 75 Stage 1 7

I Stage 2 7

Ritartup
—

Ritartup

Stage 2 7 Stage 2 5

Stage n — Stage n— Stage n—

Figure 4 Three-phase inverters with multiple stages.

The equivalent DC sources for each stage in Figure 4 are from the circuit shown in Figure 5. For
such an application, the most challenging part is how to ensure that the DC voltage across each
stage in Figure 4 is maintained nearly the same. Circuit topology in Figure 5 is potentially a choice.
One DC microgrid is designed to supply power to one inverter and different inverters have separate
DC microgrids to supply power. To make the voltage at each stage of each phase nearly the same in
aninverter, it is necessary 1) to keep the voltage at DC microgrid to fluctuate very slightly; 2) to keep
the voltage drop as small as possible across the DC/AC inverter, medium-frequency transformer,
AC/DC rectifier at different loading levels and also to keep contact resistances as small as possible
in Figure 5. The circuit shown in Figure 4 can be used to form the grid-forming, grid-supporting and
grid-feeding generators in a microgrid. To operate the system stably, it is better to have small
variation of loads’ demand. Then gradual changes of generations from the generators can cope with
it. The grid-forming generator can choose to operate at nearly constant power transferring. Such a
microgrid, named as the upstream large-scale microgrid, is to supply power to downstream three-
phase or equivalent three-phase loads through step-down transformers or multiple downstream
microgrids operated at constant frequency, each of which is interfaced with the upstream large-
scale microgrid through single back-to-back converter for a small downstream microgrid or multiple
solid-state transformers in parallel for a relatively large downstream microgrid. The power
transferred through them to downstream microgrids in one-direction is fixed or only experiences
ramping change from one to another level. To alleviate the influence by the distributed capacitors
along transmission lines, a wye-delta connected transformer either step-up or step-down needs to
be used with each of generators formed by the circuit in Figure 4.
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Figure 5 Equivalent DC source for each stage in the circuit shown in Figure 4.

The multi-stage topology in Figure 4 contains many components. Failure of one component
results in the whole inverter to fail to operate. Rationally, it could be better to use conventional
synchronous generator or other stable sources to supply power to one-stage LCCL filtered back-to-
back converter to serve as the grid-forming generator [21]. This is because it contains far less
components, yet still can handle relatively high power. The back-up grid-forming generator could
be formed in the same approach. Several, instead of one one-stage LCL filtered converters can be
adopted for reactive power compensation installed with the grid-forming generator. Nevertheless,
with partly moulded design of the circuit in Figure 4 to construct the grid-forming generator and its
back-up one, the system will have higher reliability. Then grid-feeding generators formed by the
solar energy and wind energy harnessing and even energy from storage can be tapped into the
microgrid directly using the topologies in [11] together with 50Hz transformers.

Besides three-phase autonomous microgrid operated at constant frequency, one can adopt
single-phase microgrids operated at constant frequency as described in [9, 21] using one-stage or
multi-stage circuits of one phase circuit from Figure 4. The step-down transformer is necessary to
supply power to single-phase loads when the inverters operate at high voltage.
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4. Conclusions

This paper presents a new small-signal analysis on the autonomous microgrid operated at
constant frequency. It builds the difference equation for the reactive power of the grid-forming
generator based on reactive power balance in the overall system. For the voltage source inverter
with its current controlled by proportional resonant controller, at the fundamental frequency, its
output current is disentangled from its terminal voltage and is controlled to trace its reference
accurately, namely iy, = i,y Therefore, each inverter can be modelled as an equivalent current
source and the equivalent circuits for d-component and g-component can be separated from each
other. Then, the nodal equations in matrix form for the microgrid system can be established readily
and the system level state-space equation has been constructed. Steady-state d-q values of voltage
and currents at each bus are adopted in calculating the eigenvalues of the system matrix. It is found
that the selected coefficients for real power and reactive power reference generation and
controller’s parameters can make the eigenvalues fall in the left-half side of a complex plane and
the system is stable. This is in agreement with the time-step modelling of the system in
Matlab/Simulink. Such a research paves the way for further working out the safe operation region
with sufficient margin from unstable boundary.
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