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« The simple algebraic-type VSG
provides an intuitive and
mathematical comprehension.

« The frequency/voltage deviations
caused by parallel operation of SGs
are analysed.

« The VSG provides the stabilization
effects of the frequency/voltage
deviations.

« The analytic approach has good
agreement with the
simulation/experimental results.

« The VSG promotes the use of
renewable energies into the existing
power grids.
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To achieve a more sustainable supply of electricity, consumers are expected to rely increasingly on com-
binations of various types of power generators. Among them, distributed generators (DGs) utilizing
renewable energy sources (RESs) are a promising solution. However, introducing renewable energy based
DGs into microgrids (MGs) can reduce the inertia of the whole power system, and hence, the system fre-
quency and the voltage can be fluctuated. Furthermore, unnecessary interference occurs as the number of
synchronous machines increases. To address these issues, it is desirable to develop a noble inverter con-
trol method for DGs, and to gain an intuitive understanding of the dynamic characteristics of MG power
systems. In this paper, the impacts of frequency/voltage deviations in MGs are mathematically investi-
gated using algebraic-type virtual synchronous generator (VSG). The algebraic-type VSG with a minimal
number of parameters has an ability to suppress the system frequency and voltage deviations. The pro-
posed control approach presents a suitable solution for penetration of more and more renewable energy
into the existing power grids. The results of the analysis were verified via simulations and experiments.
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1. Introduction

The microgrid (MG) concept has proven to be an appealing
alternative for overcoming the challenges of integrating renewable
energy sources (RESs) and distributed generators (DGs) into power
systems. Although distributed inverter-based power sources have
become the main components in MGs, dynamic stability, special
protection schemes, and improved control strategies remain the
priority. In recent years, the large-scale integration of inverters
has created significant challenges for future electric energy sys-
tems, including difficulties in achieving frequency stability due to
the reduction in system inertia caused by the introduction of
inverters with RESs. A general overview of existing MG control
technologies and challenges is provided in [1-8]. Protection strate-
gies for the future distribution network are discussed in [1], and a
typical residential MG in the near future is predicted in [2]. Utiliz-
ing a storage battery with fast responsiveness for frequency stabi-
lization has become popular, and one of which is described in [3].
In [4], a new master-slave DG operation was deployed, and MG-
forming model of it is formulated using an advanced optimization
method. Nowadays, from the viewpoint of complicated control of
centralized control, new decentralized control that replaces cen-
tralized control has been studied. In [5], both centralized and
decentralized frequency controls are studied, and their advantages
and disadvantages are summarized. Furthermore, by boosting use
of big data, a research on optimal hierarchical control has been
actively carried out in [6-8].

While, in above references, the focus was placed on the control
of an MG itself, long-term predictions over wide areas are also
being conducted. The United Kingdom (UK) and Ireland have set
a goal to increase the introduction rate of RESs up to around 40%
by 2020, and are planning to export large amounts of wind power
from Ireland to the UK [9]. However, the shortage of system inertia
in the power system in Great Britain (GB) was analysed in [10], and
the authors of [11,12] warned that the introduction of a large num-
ber of RESs in the UK power grid could reduce the inertial constant
by up to 70% by 2030.

It has also been proposed that the relevant regulations be
strengthen. The British multinational electricity and gas utility
company, National Grid plc (NG), is the code administrator for
the grid code [13]. To maintain the frequency of the grid within
the limits of the statutory range of 49.5-50.5 Hz and the opera-
tional range of 49.8-50.2 Hz, each generating unit must satisfy
the minimum requirements for response capabilities that have
been enacted by NG. Similar regulations have been adopted in sev-
eral European islands/countries, including the Azores Islands, the
Canary Islands, Crete Island, Pantelleria Island, French Islands,
and Denmark, and a comparison of these regulations is provided
in [14].

As described above, the shortage and reduction of system iner-
tia is an important stability/performance issue in an MG. Detailed
analyses of the inertial reduction of MGs and the appropriate coun-
termeasures have also been conducted. In [15], the mechanisms
whereby the voltage and frequency of MGs exceed the allowed
variation bounds are discussed, and the authors of [16] stated that
entire MG systems have lower inertial forces than those in typical
commercial grids. In [17], the inertial forces of the wind turbines
have been analysed, and a method for applying the associated prin-
ciples to photovoltaic power generators was introduced. Similarly,
since flywheels have rotational energy, their stabilizing effect on
MGs has been studied [18,19]. However, because this type of
equipment is usually massive and expensive, there is demand for
a technique to realize these inertial forces in a pseudo manner
using the inverters in DGs. When pseudo inertial forces are realized
in a control program, it is called synthetic (virtual) inertia [20-22].

In [10], the frequency control of inverters is governed using a pro-
portional gain and first order element [23]. Although this control
method is similar to part of that used in algebraic-type virtual syn-
chronous generators (VSGs) [24], which will be described later, the
virtual inertia constant of the controller, reactive power control,
and experimental tests were not mentioned in the study. In addi-
tion to the above referenced literature, which mostly focus on fre-
quency control, there are also literature that discuss the unstable
voltage and other voltage quality problems of MGs. When DGs
are introduced into MGs, it leads to collapse of the reactive power
balance and decreases the bus voltage [25]. Simulation tests show
that voltage stability improves when static synchronous compen-
sators (STATCOMs) and static VAR compensators (SVCs) are added
to the grid [26]. Conversely, the problem of frequency fluctuation is
not mentioned in these literature.

On the other hand, multiple synchronous generators (SGs)
under parallel operation can autonomously suppress frequency/-
voltage deviations with their inertial forces and automatic voltage
regulators (AVRs). In doing this, they have no need to communicate
with either the supervisory controller or each other. In this context,
various control systems that enable an inverter to operate like an
SG have been studied [24,27-41], and these systems are known
as VSGs. Because the software parameters of the frequency/voltage
controls can be tuned to enhance the dynamic response of the sys-
tem, the VSG concept is considered to be a useful solution for
improving the resilience of MG systems. Although numerous stud-
ies have focused on various types of VSGs, in each case, the VSG
simulates the dynamic behaviour of an SG, and represents its fun-
damental swing equation by virtual inertia, which not only enables
the stand-alone operation of a VSG or parallel operation of multiple
VSGs, but also enhances the frequency stability of MGs. In [24,27-
29], it is proven that VSGs can supply uninterruptable power
between grid-connected and islanded operation modes. In addition
to the frequency control, VSGs can operate to regulate the system
voltage like SGs. Although the effects of voltage stabilization con-
trol in VSGs are demonstrated in [30,31], only transient responses
have been focused in both research works. What should be noted
here is that the consensus-based control, which requires commu-
nications among each VSG, is used in [30]. On the other hand, since
VSGs have the same function as AVRs of SGs, the communication
links are not used in [24,27,28]. A comparison of various VSGs
and similar techniques is detailed in [32].

As the authors in [33] have already shown, system instabilities
can be exacerbated by the resonance among SGs, DGs, and loads
(LDs). That is, as more inverters that have the characteristics of
SGs are introduced, the amount of unnecessary interference will
be produced. In conventional power grids with SGs, stability anal-
ysis procedures were well established for particular classes of
problems [34]. However, this may be difficult to achieve and com-
prehend because the wide range of power technologies were being
deployed. Even though the parallel operation of VSGs was studied
in [35], there was no focus on entire MG systems, which included
VSGs and SGs. Furthermore, manufacturers do not normally dis-
close detailed device information, such as time constants, control
gains, etc. Hence, it is difficult to estimate the influence caused
by other equipment in advance and to prepare the necessary com-
pensation countermeasures. Therefore, to minimize unnecessary
interference and to construct an intuitive understanding of the
dynamic characteristics of an MG, a straightforward design is
required. Considering the above, In [33], the authors evaluated a
novel two-SG model of an MG, which includes an algebraic-type
VSG [24] and a conventional SG, and demonstrated that
algebraic-type VSGs could be designed using a minimal number
of required parameters. Although only the essential elements of
the dynamic characteristics of SGs are applied in algebraic-type
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VSG controls, the basic behaviours of a generator can be simulated.
The simplicity of algebraic-type VSGs is a benefit when endeavour-
ing to solve the above problems.

In this paper, the conventional SG is assumed the main power
supply. In the formulation, both active power (P) - frequency (F)
and reactive power (Q) - voltage (V) controls are considered, and
they were utilized in the simulation models and experiments.
The Q-V control was left as an issue in [33]. Although the P-F and
Q-V controls are discussed separately in the mathematical analysis,
the results of the analysis are very consistent with those of both
the simulation and experiments. It should be noted that the
authors presented a preliminary summary of this work in [36].

The remainder of the paper is organized as follows. The charac-
teristics of VSG control are briefly reviewed in Section 2. In Sec-
tion 3, the dynamics of P-F and Q-V control are discussed, two-
machine systems are linearly modelled, and the basic theories of
deviation occurrence and suppression for both frequency and volt-
age are mathematically described. In Section 4, the steady state
and frequency responses to sinusoidally oscillating DGs/LDs in
MGs are explained through the results of simulation and experi-
ment, and the frequency/voltage suppression effects of VSGs are
demonstrated. Hereafter in this paper, the term VSG is used to refer
to algebraic-type VSGs.

2. VSG control

Fig. 1 shows the structure of a VSG controlled inverter. Fig. 1(A)
shows the connection diagram of a three-phase inverter with VSG
control, and Fig. 1(B) shows the corresponding control block
diagram [24]. The measured signals are the line-to-line voltages
(Vuy, Vyw) and line currents (iy, iy), and vpy represents the voltage
of the DC link. The pulse width modulation signals (pwm,, pwm,,
pwm,,) are calculated in the VSG control and then sent to the
bridge inverter. The arrows at the measurement points in Fig. 1
(A) indicate positive directions. The term PLL represents a phase-
locked loop.

In this system, the system voltage is measured at the source
side of the transformer. The inductor current is also measured,
which is used to prevent overcurrent. Although the value of system
current at the source side of the transformer is the difference
between the current flowing into the filter capacitor and the induc-
tor current, the current in the small filter capacitor is negligible and
can be ignored. The inductor current is then equal to the system
current.

The generator phase angle (9) is expressed in radians, and the
other variables are expressed in per-unit (pu). The active power
(P)is related to the VSG torque and the angular velocity of the rotor
(,). The variation in the rotor angular velocity (Aw,) can be calcu-
lated using the portion enclosed by the dashed line box (a) in Fig. 1
(B), which also contains the proportional control gain (Kp) and the
first-order lag element of the time constant (Tp). The difference
between Aw;, and the grid angular velocity () is added to the ref-
erence of the rotor angular velocity (wy), and the sum (w,) is inte-
grated to produce the generator phase angle (4).

The magnitude of the reactive power is related to the magnetic
field of the VSG. The magnitude of the induced electromotive force
(EMF) can be set using a droop constant (Kg), the first-order lag
element of a time constant (Tq), and the proportional-integral
(PI) compensator. The K term is the droop constant of the reactive
power and voltage, the first-order lag element indicates a measure-
ment filter, and the PI compensator is a type of AVR (denoted by
dashed line box (b) in Fig. 1(B)). Here, the induced EMF vector is
denoted as Er = [e4, €,]', and E; = |Eq| is its magnitude.

The dashed line box marked (c) in Fig. 1(B) is an impedance
model. The vector diagram shows the relationship of three vectors:

Er, V,, and I', where V, = vy, 4]’ is a grid (inverter-output) voltage

vector, and V, = |V, is its magnitude. I' = [iy, i,
rent command vector, and i; and i, are fed to the current feedback

t. .
} 1S an Inverter cur-

control, where the inverter current (I = [ig, iy]") is regarded as the
VSG armature current. The derivation of the vector diagram is rep-
resented in (1), where z = r + jx represents the virtual impedance
(r: resistance, x: reactance); and r and x are set in the VSG control
program.

HEE(HEE)

y:ﬁ[r x:|_|:ydd ydq] )

-X T —Ydaq Yaa

In addition to the virtual impedance, the inverter has the actual impe-
dance of an AC output filter. In the high-frequency range of the AC
output filter, the actual impedance is more dominant than the virtual
impedance. Conversely, in the low-frequency range around the grid
frequency, the virtual impedance is more dominant [24].

From the constructions described thus far, an inverter with a
VSG control can have the characteristics of an SG. This will be
explained in the following section. However, because our purpose
is not to reproduce the detailed behaviour of an SG with an inver-
ter, the VSG is not equipped with other features, such as pseudo
damper windings, and so on.

3. Analytical description

In this section, the P-F and Q-V controls are represented in linear
models. These assumptions will be validated in Section 4. To sim-
plify the calculations, the resistance r will be neglected because, as
was explained in the previous section, it is not significant.

3.1. Active power and frequency (P-F) control

Part (a) in Fig. 1(B) represents the combination of the governor
and rotor inertia. The mathematical derivation of the associated
dynamics is presented in [33] precisely and will be reviewed
briefly here. Before explaining the VSG configuration, we first con-
sider general SG operations, as shown in Fig. 2.

The stand-alone operation of a single SG is illustrated in Fig. 2.
Fig. 2(A) shows a connection diagram of a system containing one
SG (SG), where P is the output active power, Q is the output reac-
tive power, E; is the electromotive force, x is the reactance, ¢ is set
from standard point (Gy) to Ef, and w and wy denote the rotor
angular velocity and its reference. w and wy are expressed in
rad/s, and other variables are expressed in pu. The infinitesimal
change of the general swing equation can be represented as (2),
where M represents a moment of inertia expressed in seconds,
and Py and P,, denote the input and output active powers
expressed in pu. In this study, small variations are represented
using the prefix A.

APy, — APy = M(dAw/dt) )

If Hg,(s) represents the transfer function of its governor,
APj, = —Hgo,(S)Aw is satisfied in the Laplace field. Therefore, by
rewriting AP, as AP and setting Gpr(S) = Aw/AP, (3) can be derived
(Fig. 2(A)).

Aw 1
Crr(S) =8P = " M5 + iy 5) 3
Generally, Hg,(s) can be written most simply as

Hgou(s) = K/(1 +sT), where K with no units indicates the inverse
of a droop constant, and T in seconds indicates the engine and
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Fig. 1. VSG inverter structure. (A) Connection diagram of three-phase inverter with VSG control. (B) Control block diagram of VSG control.

electrical delays, which certainly exist in actual systems. The result
of this expansion is Gpr(s) = —(Ts 4+ 1)/(MTs* + Ms + K). In steady
state, Gpr(s) = Aw/AP = —1/K, which represents a droop character-
istic as described in [42]. From these equations, it can be seen that
resonance will occur if the power of DGs/LDs fluctuates at a fre-
quency close to the natural frequency (1/27(K/MT)"?), or if other
SGs have similar natural frequencies.

Now, the VSG configuration described in Figs. 1 and 2 is re-
considered. Since a software-based VSG created with software
has no need to adopt the delays of an actual governor,
Gpr(s) = —1/(Ms + K) can be obtained by setting T = 0. Gps(s) has
no resonance frequency, and Kp and Tp in Fig. 1 (B) can be deter-
mined using Kp = 1/K, Tp = M/K. Thus, the VSG can avoid unnec-
essary interference among the other parallel running machines.

Virtual realization is a characteristic advantage of VSG control,
which cannot be achieved in actual SGs.

Next, we consider a parallel operation with two SGs (SG; and
SG,), as shown in Fig. 2 (B). Multiple SGs with similar systems
can be condensed and considered as one SG system. The subscript
(n=1, 2) indicates the respective SG. The units of each parameter
are the same as those in Fig. 2(A). The terms Pgxr and Qgxr express
the active and reactive powers supplied to the DGs/LDs. From (3),
the transfer functions Gpr(S) = Aw;/AP; and Gpr (S) = Aw, /AP,
can be expressed as (4). Here, Hy(s) (n =1, 2) are the transfer func-
tions of the governors in SG; and SG,. Each consists of K, (inverse
droop constant), T, (time constant of governor), and M, (moment
of inertia) (n=1, 2). If SG; is a VSG, Gpri(S) can be rewritten as
Gpr1 (S) = —1/(51\/11 + K4 )
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AEf = —Havr(S)(KqAQ + AVy) 9)
S6 \ Gy (V020) ’ :
) : (standard point) Therefore, from (8) and (9), we can derive (10) and (11). The Ggy(S)
I | » term in (10) represents the transfer function from AV, to AQ, and
| Jx | Pa@ Gav(s) in (11) is from AQ to AE;/Ejo.
:\Eféé I} DG or LD AV _ 1 _ Veo(Havr(S)/Ef0)Kq + Xx/Vgo (10)
—_— e < or AQ  Ggy(s) Veo(Havr(S)/Efo) + 1
(A)
SGI GolFr0) et L? _Gz AQ 1+ Vgo(Havr(S)/Efo)
:/ iiiiiiiiiiiiii ‘: (staﬁijar%opoint) f \; Next, we consider the parallel operation of two SGs (Fig. 2(B)). From
E @—/\Aﬂ ! : : i (8), the infinitesimal changes of the reactive power in SG; and SG,
| JX1i Proo Q1| Pyot O 1 jx; ! are shown as (12).

&
o

N

g

N J DG or LD
(B)

Fig. 2. Connection diagrams of general SGs and DG/LD. (A) Stand-alone operation of
a single SG. (B) Parallel operation of two SGs.

L
Pexr orQpxr

Gom(5) — — 1 o STy +1
PRSI 7 SsMy —Hy(s)  s2MiT; +sM; + K, 4
1 sT, +1 (
Gpr2(S) = =

T sMy —Hy(s)  S2MyT; +SM; + K

Because the difference between the small variations in ; and ¢, is
given by Ady — Ad, = wy [(Aw; — Aw,)dt, the small variations in P,
and P, are APy =P;As; and AP, =P,Ad,, respectively. Here,
P} = (Ef,,Vg,/X1) cos 610 and P, = (Ep, Vg, /X;) COS S50 are known as
synchronization forces, and hereafter, subscript 0 represents the
initial value of each parameter. Therefore, from the relationship
AP; + AP, = APgxr, APy and AP, can be obtained as (5).

P/lplz Q)N(A(,U1 — A(Uz) P/]

APy = L AP
TP 1P, s PP, )
AP, — PI]Plz CUN(A(,szACU]) P’Z AP
TP+ P, s P, +P, ™

From (4) and (5), the transfer function from APgr to Aw, is calcu-
lated as (6).

Aw, Grra(S)
- [@) @)
AT 1+ (-G )/(f ~ 5 G 9)

(6)

The control block diagrams of (3) and (6) are shown in Fig. 3.
3.2. Reactive power and voltage (Q-V) control

In this section, we analyse Q-V control using a mathematical
approach rather than a numerical analysis. In the same manner
as in the P-F control discussion, we first consider the stand-alone
operation of a single SG (Fig. 2(A)). The relationship between the
reactive power (Q) and the system voltage (V) can be written as

(7).
0 EfVgcoss —V;
X

(7)

Assuming that the variation of ¢ is small and Ef, cos §g = Vg, then
(8) can be derived from (7).

V2 AEf V.
_ g0 ALf 80
AQf—X _Efo X AVg (8)

Note that this satisfies (9), where Hayr(s) denotes the transfer func-
tion of an AVR.

{ AQ1 = (Vgo/%1)(AEp /Ef10) — (Vo /%1)AVg (12)
AQa = (Vio/%2)(AEga /Efzo) — (Vo /%2) AV,
Then, (13) can be derived from (12) and AQ; + AQ, = AQgyy-
Vi, (AE, AE X
A0, — 80 < f1 l) + 2 A
& X1 +X2 \Ero Epo X1+ X2 Qexr (13)
V2, (AE; AE X
AO., — __g(’(_fl__fz) +" A
© X1 +Xx \Ero  Epo X1+ X2 Qoo

From (11), Govi(s) = (AEp1 /Ef10)/AQq and Gova(s) = (AEya/Efa0)/AQ,
can be obtained from AQ;, AQ,, AEf;, and AEp,. Based on these equa-
tions, (13) can be rewritten as (14).

2

4Q, = Veo (Gav1(s)AQ; — Ga2(5)AQ,) + X—ZAQEXT
X1+ X2 X1 +X2
A0, = - VB (G (A0 — Carn(s)A AL\
Q= X +X2( av1(5)AQ — Gova(S)AQ,) +m Qexr

(14)

Fig. 4(A) shows the control block diagram of (10) and (11), and Fig. 4
(B) shows that of (14). In the figure, the chained line arrows of Fig. 4
(A) indicate Goy(s) and Ggy (s).

As shown in Fig. 4(A), the impact from AQ to AV, consists of
two parts. The dashed line box (a) indicates that the system voltage
is influenced by the reactive power through the reactance (x),
which allows the reactive power (Q) to suppress the system volt-
age deviation (AV,). On the other hand, the dashed line box (b)
in Fig. 4(A) indicates that the system voltage deviation (AV,) can
also be influenced by the droop control (Kq) and AVR (Hawk(S)).
The AVR produces the generator voltage (Ey) to suppress the sys-
tem voltage deviation (AV,).

As shown in Figs. 3(B) and 4(B), the block diagrams of the P-F
and Q-V controls are similar. Fig. 3(B) indicates the impact of the
active powers of DG/LD on the system frequency. Fig. 4(B) indi-
cates the impact of the reactive powers of the DG/LD on the system
voltage. For this reason, we introduce the transfer functions CQVn (s)
(n=1,2).

The distribution ratios of Qg between SG; and SG, are repre-
sented by Gow(s) (n=1, 2). From Ggyi(s) = AQ;/AV,,
Gov2(S) = AQy/AV,, and AQ; + AQ, = AQgr, the transfer function
from AQgxr to AV, and the distribution ratios of Qg between
SG; and SG, are shown as (15) and (16).

AV, 1
AQgxr B GQV] (S) + quz (S) (15)
__ Gonls)
AQ] o GQV] (5) + GQVZ (S) AQEXT (16)
AQ, Cara(s) Qexr

— el 5
Gav1(s) + Gara(s)
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Model of Governor _-Swing Equation (1)
~Hgos)| —K | AP+ [ 1] AD
1+sT| ! - sM i Angular Velocity
\Mowrl / of Rotor
N YT
AP [ [orjermeramien®
Torque 1! = sM|! ! Angular Velocity
of DG (LD)| "~ 7[F — | of Rotor
; -K Model of Governor |
A e i
Gppls)-1____ [LesT]™—Hyls) /
(A)
P g + A C()l
P'+1P' + 7 AP Gpr(s) D T
APpyr — 1 WOENI AR
7 — S A +P
P |+ AP,
7 7 G S
pap | = PF2( ) Ao,
(B)

QV(S)
% + A ALy,
- N
X|+xy | + 7 AQ on Epo 2
AQpxr L2 ! y Vg0
- X1 + Xy
X + A — AE
: = Gorals) 2
X]+ Xy - Ef20
B)

Fig. 4. Control block diagram of reactive power and voltage control. (A) Stand-alone operation of a single SG (Egs. (10) and (11)). (B) Parallel operation of two SGs (Eq. (14)).

As can be seen in (15), the system voltage deviation from the reac-
tive power deviation greatly depends on Ggyy(s) (n=1, 2). From
(10), their characteristics are mostly determined by their AVRs
(Havrn(S)) and reactances x, (n =1, 2). If SG; is a VSG, as was stated
in Section 2, the transfer function of its AVR (Hayr: (S)) consists of a

noise filter and a PI compensator. On the other hand, if SG, is a
conventional SG, then it is assumed that SG, has a more intricate
AVR. For example, the transfer function (Hayk(S)) consists of a
measurement filter, PI compensator, proportional-derivative (PD)
compensator, exciter output delay element, etc. In the following
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section, the AVRs used in the simulation and experimental tests will
be detailed.

It is important that the reactances in the P-F and Q-V
controls be carefully assessed. It can be assumed that, under
P-F control, the impact of the reactance in the low-frequency
band is small [33]. Therefore, constant values are assigned to
x; in P} and x, in P, in Fig. 3(B). However, if the Q-V control

is analysed, it is noteworthy that x, in Fig. 4(B) denotes the
operational reactance [43], while x; is a constant value, as
was the case for the P-F control. If this was not the case, the
results of the theoretical analysis and those of the simulation
and experiment would not agree. The specific method used to
determine the operational reactance will be discussed in the fol-
lowing section.

3.3kV/440V
Pysc or Qysg ============- !
Per OF P\ .- Or g - ! Inverter with VSG
P o1 Os6 (Pug or Oue) - o 50 kVA
' SG (simulation) or i N /\/_ |
[____i Motor-Generator (practical) i :'“"l 4_ N\
S ) i i’ ;_\;_ - \E | BATTERY
PEXT or QEXT | — : : Battery
i — | i (Emulator)
. 1Y .
DG (Distributed Generator) \“———~ ! Power Line
or LD (Load) ? i ---- Communication Line
250 kVA i ;

Motor Generator
100 kVA

Psc or Osg (Puc or Owe)

DG (Distributed Generator) §
or LD (Load)

Pysc or Oysg  Inverter with VSG

(B)

Fig. 5. Test configurations. (A) System diagram of simulation test. (B) Practical system in experimental test (including photographs of the actual machines).
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4. Validation by simulation/experimental test results

In this section, the results of the theoretical analysis will be
compared with those of the simulations and experiment.

4.1. System configuration

Fig. 5 shows the performed system configuration used for the
simulation and experimental tests. The simulator was EMTP-RV
Ver. 3.3.0 from POWERSYS, which includes synchronous machine
models. In the simulations, test circuits were designed to match
the configuration of the actual system used in the experimental
tests, as described in the following section.

In the experimental tests, a battery emulator and a motor-gen-
erator set were used in place of an actual battery and SG. The
motor of the motor-generator set was designed to simulate the
characteristics of a conventional diesel engine. The DG/LD was
realized by a set of two 250 kW inverters interconnected in the
DC portion. The responses of these inverters were sufficiently fast.
The switching frequencies of the inverters (i.e., the DG/LD and VSG)
were fixes at 8 kHz. The rated frequency was 60 Hz, and the refer-
ence of the rotor angular velocity wy was 2760.

Tables 1 and 2 list the control parameters for the P-F and Q-V
controls in each test case, respectively. Detailed explanations of
the parameters are given in [43].

In Cases (a), (b), (c), and (d), the active power of the DG/LD oscil-
lates sinusoidally at frequencies that vary from 0.2 Hz to 5.0 Hz. In

Table 1
Control parameters related to P-F control.

Cases (e), (f), (g), and (h), the reactive power oscillates in the same
manner. In Cases (a) and (e), the SG, (SG or the motor-generator) is
operated in stand-alone mode. In Cases (d), (f), (g), and (h), SG; acts
as a VSG, and runs in parallel with SG, (SG or the motor-generator).
In Cases (b) and (c), since T; does not equal 0, SG; is similar to an
SG. However, to simplify the calculation, X4;" and X4, are not used,
and SG; is not an exact SG.

In both the theoretical analysis and simulation/experimental
tests, constant power is provided by the SG. In the P-F analysis
tests, constant power of 50 kW is provided before the DG/LD power
oscillates. In the Q-V analysis tests, constant powers of 50 kW and
20 kVar are also provided in advance. The initial inverter voltage is
assumed to be the rated voltage.

As stated in the previous section, the construction of the AVRs
and the reactances of SG; and SG, are determined as follows. If
SG; is a VSG (Cases (d) and (h)), the transfer function of its AVR
(Havr1(s)) consists of a noise filter and a PI compensator. In Fig. 1
(B), Tq can be considered to have the same value as Ty, in Table 2,
and Hayr(S) is expressed as (17).

1 1
"1+ 5Tm <K”“ (1 +ﬁ>>

On the other hand, if SG, is a conventional SG, it is assumed that SG,
has an intricate AVR. According to the actual generator used in the
experimental tests, the transfer function of SG, (Havk (S)) consists of
a measurement filter, a PI compensator, a proportional-derivative

Havg(s) (17)

v Time Constant of Governor (T3)

Table 2
Control parameters related to Q-V control.

o _________Cases ______________ e @y B () e (D (@ (h)
L _____________DroopofQV(Dy) _____________ O S T S A I R S B B
| __________Synchronous Reactance (Xq1) __________ T L L4 R - IR S 04
[ Transient Reactance (X)) R L R [ R e S S S LT
fmmmenmmp Subtransient Reactance (X¢") E - U S SO S S S R S A A B
! Transient time constant in open-circuit (1) ! S ! - 0 ! - | 0
G T~ Subtransient fime constant in open-circuit (T,) 1 s [ TITTTTTTTTTTITOS 0T R 0T
""" Proportional Gain in PI compensator of AVR (Kpn) | (-) R o T L ””””””” 0
P Intégral time constant of AVR (Tp) T 11 VTTTITTAT T 06 T
I~ Proportional Gain in PD compensator of AVR (Ryqr) ~ 0~ (5) 1= T
b Derivative time constant of AVR (T,1) A R SO o R R
I DU Measurement Delay (Tom)_ -~ __ O S ) - N S S AR 001~~~ 0005 _
o L Cases @
1 Droop of Q-V (D») % 5
”””””” Synchronous Reactance (Xp) ©opu ””””””””””””””””” 100
cTTTTTTTTTT Transient Reactance (X;;) ' pu T o1
T Subtransient Reactance (Xs,”) . pu . oI008
. | Transient time constant in open-circuit (Tjp2) s
, !

Subtransient time constant in open-circuit (Tj,2)

|

Fommmmm—mmmm e e m e e e e e AU B T T R e T T
|
|
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Table 3
Equipment parameters of machines in simulation/experimental tests.

https://www.tarjomano.com/order] Aot i

quUp

VSG (SG1)

Rated capacity

[t T
|
|

LD or DG
AC voltage

(PD) compensator, and an exciter output delay element. The param-
eters are listed in Table 2, and Hayr:(S) can be expressed as (18).

1 1 1+sTg
(ke (1+57)) (1755

T1+5Tm

o
1+ 5T,
(18)

Hayra (S)

Furthermore, in the analysis of the P-F control, x; in P} and x, in P,
in Fig. 3(B) were set to constant values (x; = X4 and x; = Xy,'). On
the other hand, if the Q-V control is analysed, it is noteworthy that
X, in Fig. 4(B) denotes the operational reactance [43], while x, is a
constant value (x; = Xy1), as in the P-F control. Otherwise, the pre-
vious theoretical analysis would not agree with the simulation and

Variation frequency of Pryr

(i) 0.2Hz (ii) 0.5Hz (iii) 1.0Hz
(iv) 2.0Hz (v) 5.0Hz
g 624 ) @ (iii)
5 60.0
Q
=
g 576 i’
a 1O(i) 1 12 Time (s) i3 15
(A-1)
N 62.4 (iii) (iv)
T 60.0 £t N S e R SRR S s
°=’ \
g T 11 12 13 (i) 14 15
) : il
= @ Time (s)
(A-2)
Variation frequency of Qgyr
(i) 0.2Hz (ii) 0.5Hz (iii) 1.0Hz
(iv) 2.0Hz (v) 5.0Hz

Voltage (V)

Voltage (V)

3

(iv) 14

2 Fime(s) | (i) 15

(B-2)

Fig. 6. Simulation results of system frequency and voltage deviations when P and Qg oscillates sinusoidally, where their oscillation frequencies vary from 0.2 Hz to
5.0 Hz. (A-1), (B-1) Stand-alone Operation of SG (Cases (a) and (e) in Tables 1 and 2). (A-2), (B-2) Parallel Operation of SG and VSG (Cases (d) and (h) in Tables 1 and 2).
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experimental test results. Note that x, can be calculated as (19), and
that, in Table 2, all the reactance values are saturated values.

o o
(1+5Tio 52) (1 + 5T 327)

X2 =X 7 9
2 @ (1+5T4g5) (1 + 8Tgpp)

(19)

In addition to the control parameters, Table 3 lists the equipment
parameters, which need to be selected in the simulation models
and experimental equipment. The simulation/experimental tests
are only provided in Cases (a), (d), (e), and (h), where the control
parameters are equivalent to those of in Tables 1 and 2. Here, the
virtual reactance of the VSG (r) is set to 0.2. When the rated capacity
of the VSG is converted into 100 kVA, the circuit constants and con-
trol parameters become almost equivalent to those of the SG.

4.2. System frequency/voltage deviations (steady-state responses)

Fig. 6 shows the results of simulating the problems in recent
MGs and the effects of VSGs. During the simulation, the following
frequencies were used for Py and Qgyy: (i) 0.2 Hz, (ii) 0.5 Hz, (iii)
1.0 Hz, (iv) 2.0 Hz, and (v) 5.0 Hz. Fig. 6(A-1) and (B-1) show Cases

(a) and (e), respectively (stand-alone operations of SG), and Fig. 6
(A-2) and (B-2) show Cases (d) and (h), respectively (parallel oper-
ations of SG and VSG).

From Fig. 6(A-1), a 20 kW deviation of SG, should lead to a fre-
quency deviation of 0.6 Hz in steady state under the following
conditions: P-F droop of 5%, rated capacity of 100 kVA, and rated
frequency of 60 Hz. Indeed, the frequency varies around 0.6 Hz
in Case (i) (at the low variation frequency). However, in Cases
(iii) and (iv), it varies 2.4 Hz. This shows the impact of the active
power deviation on the system frequency. In Cases (iii) and (iv) of
Fig. 6(A-2), the effect of suppressing the frequency deviation can be
seen, and the deviation is almost as much as the estimated value,
which is +0.3 Hz in steady state under the parallel operation of
an SG and a VSG with the same capacity (100 kVA).

The 420 kVar deviation of SG, leads to a theoretical voltage
deviation of 4.4V, under the following conditions: Q-V droop of
5%, rated capacity of 100 kVA, and rated voltage of 440V. However,
in Fig. 6(B-1), it can be seen to vary by almost 8.0 V. Although no
outstanding effects of the VSG were observed as in suppressing the
frequency deviation, Fig. 6(B-2) demonstrates that parallel opera-
tion of the SG and VSG can suppress the voltage deviation to the
theoretical value of 4.4 V without any harmful effects.

Theoretical

(a) Stand-alone operation of one SG(Motor-Generator)
— (b) Parallel operation of two SGs (M,=1.8)

(c) Parallel operation of two SGs (M,=1.0)

—(d) Parallel operation of

SG(Motor-Generator) and VSG(M,=1.0)

A A Simulation
©®© Experimental

Gain (dB)
Y
o O

o

10

0 o 1
Frequency (Hz)
fgo -100 I
2200 € T
2
= -300 A A Simulation (a)
A~ _400 @@ Experimental
0.1 1
Frequency (Hz)
(A)
Theoretical

(e) Stand-alone operation of one SG(Motor-Generator)
— (f) Parallel operation of two SGs (x,;=0.2)

(g) Parallel operation of two SGs (x;=0.4)

—(h) Parallel operation of

SG(Motor-Generator) and VSG(x;=0.4)

) 0 A4 Simulation (e)
< -10 @@ Experimental
=20 ._.__.__r_._—‘_n_h_——k’k\
S-30 o9 o —o—= i
8 . i(h) (2
Frequency (Hz)
= 0 ' a4 Simulation
L .100 @9 Experimental (.e) L] ©
—a—a—0—% >
2-200 ® il
h
300 .
0.01 0.1 1 100
Frequency (Hz)

(B)

Fig. 7. Frequency characteristics in the simulation and experimental tests, overlaid on graph of theoretical formulas. (A) Frequency characteristics (from APgxr to Aw;). (B)

Frequency characteristics (from AQgxr to AVy).
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Based on the results shown in these figures, it is clear that the
VSG is able to suppress both frequency and voltage deviations,
effectively.

4.3. Frequency characteristics analysis using bode diagrams

Fig. 7(A) and (B) show the frequency responses of the P-F and Q-
V controls, respectively. In the theoretical analysis that was based
on the parameters in Tables 1 and 2, the P-F and Q-V controls were
calculated from (6) and (15), respectively. The theoretical charac-
teristics were derived from (6), and they are depicted as the solid
lines in Fig. 7(A). Similarly, from (15), the characteristics are shown
in Fig. 7(B). In the simulation and experimental tests, they were
only calculated from the test results of Cases (a), (d), (e), and (h).
The simulation and experimental test results were obtained using
a Fourier transform method, and plotted using triangle and dot
indicators, respectively. It can be seen in the figures that these
indicators frequently overlap.

Theoretically, a frequency deviation of 0.6 Hz in the stand-alone
operation of Case (a) is almost equivalent to a gain of 20 * log
(0.6 Hz [ (20 kW | 100 kW x 60 Hz) = —26 dB. In the parallel oper-
ation of Case (d), the gain must be —32 dB. From Fig. 7 (A), the sys-
tem frequency fluctuations of Cases (a)-(c) were greater than the
above assumptions when the load fluctuated at around 1 Hz (Case
(a): —16dB, Case (b): —20dB, Case (c): —21 dB). Moreover, strong
peaks can be seen in the gain curves of Cases (b) and (c) at around
5 Hz (Case (b): —18 dB, Case (c): —34 dB). These results show that
resonance appeared among the DG/LD and two machines. How-
ever, no significant resonance was observed in Case (d), and the
gain was almost —32dB up to approximately 1Hz. This was
because there was no need to consider the delay time of the virtual
governor in the VSG. Precise observations are described in [33].

Similarly, good agreement is observed between the theoretical
analysis and the test results in Fig. 7(B). Similar to the above con-
sideration, the test results show that the voltage deviations in a
stand-alone operation (Case (e)) and parallel operations (Cases
(f)-(h)) were almost equivalent to the theoretical values of
—26 dB and —32 dB. As shown in (19), the operational reactance,
which can be a destabilizing factor in the system, is closely related
to the delay elements that actually exist in the device. However, in
the VSG, the virtual impedance is easily modelled because there is
no need to realize the exciter delays. Along with the virtual inertia
(governor), the virtual impedance is also a characteristic advantage
of VSG control. For frequencies larger than 1 Hz, the experimental
test results differ from those of the analytical and simulation, due
to the measurement method.

Although the P-F and Q-V controls were discussed separately in
the mathematical analysis, the analytic approach was in good
agreement with the results of both the simulation and experimen-
tal tests. During the testing, both the P-F and Q-V controls were
present in the simulation models and equipment. That is, our
results demonstrate that it is feasible to design P-F and Q-V con-
trols under these conditions independently.

Some of the conducted experimental tests were recorded in
Video 1, which is available as the supplementary material.

5. Conclusion

In this paper, the dynamics of the frequency and voltage
deviations caused by parallel operation of SGs are analysed, and
the stabilization effects provided by VSGs are confirmed. In addi-
tion, the simplicity of algebraic-type VSGs provides an intuitive
and mathematical comprehension. Although only the essential
elements of the dynamic characteristics of an SG are applied in
an algebraic-type VSG control, our results demonstrated that those

elements are sufficient and their simplicity is necessary to sup-
press frequency/voltage deviations autonomously. The autono-
mous suppression can be realized even in a complex MG
composed of various devices for which the detailed control meth-
ods are not available. Furthermore, it was shown to be feasible to
design P-F and Q-V controls in a single controller independently.
This was verified by conducting a theoretical analysis, simulations,
and experimental tests under specific conditions.

Although the mutual interference between the P-F and Q-V con-
trols were shown to be negligible in certain cases, it is essential to
have a mathematical grasp of the entire system, in which both con-
trols are considered simultaneously. As part of our future work, our
next challenge is to derive mathematical expressions that describe
the entire system to clarify under what constraints the interference
can be reduced. In this study, it was assumed that multiple SGs
with similar systems could be condensed into a single SG system.
Thus, another future challenge is to derive a more detailed reduc-
tion method that does not impair our intuitive insight.

On the other hand, algebraic-type VSGs have flexible features to
supply uninterruptible power between grid-connected and
islanded operation modes. In the islanded operation, the VSGs
can easily operate in parallel with other types of synchronous
machines, such as conventional SGs and other types of VSGs with
virtual inertial forces. Because of their flexibility, algebraic-type
VSGs are applicable to various areas of MGs. For example, they
can be used as the main power generators for individual houses,
public offices, disaster prevention facilities, hospitals, factories,
various types of bases, college campus, isolated islands, etc.

As was the theme of this paper, interference tends to occur
among DGs/LDs in practical applications. For instance, in factories,
bases, and isolated islands, frequency and voltage fluctuations are
caused by the large pulsed power of LDs, which will lead to the
breakage of other equipment connected to the same MGs.
Although increasing the rate at which SGs are introduced is a sim-
ple way to stabilize the system, the introduction rate of SGs should
be limited to maintain their operational efficiency. Furthermore,
the economic efficiency drops when fuel must be transported to
isolated islands. Therefore, in such situations, using VSGs, which
positively affects the frequency/voltage stability and performance,
promotes the introduction of RESs in power systems and MGs.
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