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Power System Stabilization Using Virtual
Synchronous Generator With Alternating
Moment of Inertia

Jaber Alipoor, Yushi Miura, and Toshifumi Ise

Abstract— The virtual synchronous generator (VSG) is a con-
trol scheme applied to the inverter of a distributed generating
unit to support power system stability by imitating the behavior
of a synchronous machine. The VSG design of our research
incorporates the swing equation of a synchronous machine to
express a virtual inertia property. Unlike a real synchronous
machine, the parameters of the swing equation of the VSG can be
controlled in real time to enhance the fast response of the virtual
machine in tracking the steady-state frequency. Based on this
concept, the VSG with alternating moment of inertia is elaborated
in this paper. The damping effect of the alternating inertia scheme
is investigated by transient energy analysis. In addition, the
performance of the proposed inertia control in stability of nearby
machines in power system is addressed. The idea is supported by
simulation and experimental results, which indicates remarkable
performance in the fast damping of oscillations.

Index Terms— Grid connected inverter, smart grid, transient
stability, virtual synchronous generator (VSG), voltage source
inverter.

I. INTRODUCTION

ONVENTIONAL enormous synchronous generators

(SGs) comprise rotating inertia due to their rotating parts.
These generators are capable of injecting the kinetic potential
energy preserved in their rotating parts to the power grid in the
case of disturbances or sudden changes. Therefore, the system
is robust against instability. On the other hand, penetration of
distributed generating (DG) units in power systems is increas-
ing rapidly. The most challenging issue with the inverter-based
units is to synchronize the inverter with the grid and then to
keep it in step with the grid even when disturbances or changes
happen [1]-[3]. A power system with a big portion of inverter-
based DGs is prone to instability due to the lack of adequate
balancing energy injection within the proper time interval.
The solution can be found in the control scheme of inverter-
based DGs. By controlling the switching pattern of an inverter,
it can emulate the behavior of a real synchronous machine.
In the VSG concept, the power electronics interface of the
DG unit is controlled in a way to exhibit a reaction similar
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to that of a synchronous machine to a change or disturbance.
The VSG control generates amplitude, frequency, and phase
angle for its terminal voltage based on its power command.
Therefore, as a corollary, it can contribute to the regulation of
grid voltage and frequency. In addition, synchronizing units,
such as phase-locked loops, can be removed [4].

The VSG concept and application were investigated
in [5] and [6]. The same concept under the title of syn-
chronverter is described in [7]. The VSG systems addressed
in [8]-[10] are designed to connect an energy storage unit to
the main grid. Hesse et al. [11] implement a linear and ideal
model of a synchronous machine to produce current reference
signals for the hysteresis controller of an inverter. In this
virtual synchronous machine, we also added an algorithm to
compensate small disturbances and improve the quality of the
grid voltage. Xiang-Zhen et al. [12] introduce a mechanism for
voltage, frequency, and active and reactive power flow control
of the VSG. The effect of the VSG on the transient response of
a microgrid is addressed in a more recent publication [13]. Our
research group has introduced a new VSG design, enhanced
the voltage sag ride-through capability of the VSG [14],
evaluated it in various voltage sag conditions [15], and finally
added reactive power control to have a constant voltage at
VSG terminals [16].

The quantities of the VSG, such as its output frequency and
power oscillate after a change or disturbance similar to those
of a synchronous machine. However, the transient condition
tolerance of an inverter-based generating unit is much less
than a real synchronous machine. Therefore, a VSG system
may stop working redundantly due to oscillations with high
amplitude after a change or disturbance. On the other hand,
VSG control has an advantage in that its swing equation
parameters can be adopted in real time to obtain a faster and
more stable operation. This property of the VSG system is
used to introduce the VSG with adoptive virtual inertia [17].
This scheme removes the oscillations and thereby, increases
the reliability of the VSG unit against changes or disturbances.
In this concept, the value of the virtual moment of inertia
is changed based on the relative virtual angular velocity
(the difference between virtual mechanical velocity generated
by the VSG and grid angular frequency) and its rate of change.
Therefore, we call it alternating inertia scheme. This paper
goes into detail on the alternating inertia control with the
objective of clarifying its damping and stabilizing effect. The
damping effect is investigated by the transient energy analysis
and its stabilizing performance on the nearby machines in
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Fig. 2. Model of SG.

the power system is investigated by simulations. Finally, the
performance is verified by experiments on a laboratory scale
digital signal processor (DSP) controlled inverter.

The structure of the VSG system and the bang—bang con-
trol algorithm of alternating inertia control are reviewed in
Sections II and III, respectively. In Section IV, the stabilizing
effect of alternating inertia is clarified by transient energy
analysis. In Section V, the impact of alternating inertia control
on the stability of other machines in the microgrid is discussed.
Experimental results are represented in Section VI. Finally, the
conclusion is drawn in Section VII.

II. VIRTUAL SYNCHRONOUS GENERATOR STRUCTURE

Fig. 1 shows the control block diagram of the VSG system.
In this scheme, a distributed resource is connected to the main
power system via an inverter controlled with the VSG concept.
The model of SG that is used in this paper is a cylindrical-
rotor-type SG connected to an infinite bus as shown in Fig. 2.
The well-known swing equation of SGs is used as the heart
of the VSG model

dony
Pin — Pout = Jom — + DAw (D)

where P, Pou, J, wn, and D are the input power (as
same as the prime mover power in a SG), the output power
of the VSG, the moment of inertia of the virtual rotor, the
virtual angular velocity of the virtual rotor, and the damping
factor, respectively. Aw is given by Aw = wn — ®gid,
wgid being the grid frequency or the reference frequency
when the grid is not available. Using voltage and current
signals measured at the VSG terminals, its output power and
frequency are calculated. A governor model shown in Fig. 3 is
implemented to tune the input power command based on the
frequency deviation. Having the essential parameters, (1) can
be solved by numerical integration. By solving this equation
in each control cycle, the momentary w,, is calculated and
by passing through an integrator, the virtual mechanical phase
angle 6, is produced. Vier. in Fig. 1 is the voltage reference
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Fig. 4. Power-angle curve of a typical synchronous machine.

that determines the voltage magnitude at the inverter terminal.
Implementing a controller for Vir results in a regulated
voltage and reactive power at the VSG terminal. However,
Viet. 1S set constant in the simulations and experiments because
voltage control does not affect the idea of this paper. The phase
angle and the voltage magnitude reference are used as the VSG
output voltage angle and magnitude commands for generating
pulsewidth modulation pulses for the inverter.

The value of J together with D determines the time constant
of the VSG unit. Selecting the proper value of them is a
challenging issue without a routine. Mimicking a synchronous
machine, J is given by J = 2H Spase /w(% where H is the
machine inertia constant, Spase is the base power of the
machine, and w is the system frequency. The parameter H tells
that for which period of time the machine is able to supply the
nominal load based solely on the energy stored in the rotating
mass. The higher H, the bigger the time constant, resulting
in a slower response but smaller frequency deviation after a
change or disturbance. Although it depends on the machine
size and power, for typical synchronous machines H varies
between 2 and 10 s.

III. BANG-BANG CONTROL STRATEGY
OF ALTERNATING INERTIA

Consider the power-angle curve of Fig. 4. After a change
in system, for example, a change in prime mover power from
Pi, to P, the operating point moves along the power curve,
from point a to ¢ and then from c¢ to a. The machine condition
during each phase of an oscillation cycle is summarized in
Table I. One cycle of the oscillation consists of four segments.
During each segment, the sign of the dw,,/dt together with
the sign of the relative angular velocity Aw defines the
acceleration or deceleration. For example, in segment @ of
Fig. 4, during transition from points ¢ to b, both dw,/dt and
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TABLE I
MACHINE MODES DURING OSCILLATION

Segment Aw dw,/dt Mode Alternating J
a—b Aw>0 | dw,/dt>0 | Accelerating Big value of J
b—c Aw>0 | dw,/dt<0 | Decelerating | Small value of J
c—b Aw <0 | dw,/dt<0 | Accelerating Big value of J
b—a Aw <0 | dw,/dt>0 | Decelerating | Small value of J

Aw are negative and act in the same direction; therefore, it is
an acceleration period, whereas when they have opposite signs
like segment @, it is a deceleration period.

The objective is to damp frequency and power oscillation
quickly by controlling the acceleration and deceleration term.
The derivative of angular velocity, dw,,/dt indicates the rate
of acceleration or deceleration. Considering (1), it is observed
that this rate has a reverse relation to the moment of iner-
tia, J. Based on this fact, one can select a large value of J
during acceleration phases (a to b and c to b) to reduce the
acceleration and a small value of J during deceleration phases
(b to ¢ and b to a) to boost the deceleration. The big moment
of inertia Jy;g and the small one Jsman can be chosen within a
wide range depending on the rated power so that the difference
between Jpig and Jsman determines the damped power in each
half-cycle of oscillation by alternating inertia. The value of
Jbig can be equal to the normal value of J. However, applying
a very larger value than the normal J will result in a smaller
frequency excursion at the first quarter-cycle but a sluggish
response. The value of Jgmay determines the transient of the
second quarter-cycle of oscillation. A very small value of Jymar
(<0.1 kgm?) will result in a satisfactory response.

The bang—bang control strategy is summarized in Table I.
During each cycle of oscillations, the value of J is switched
four times. Each switching happens at the points that the
sign of either Aw or dw,/dt varies. Before the disturbance,
the VSG is operating with the normal value of J. When the
disturbance happens, the transition from a to b starts with
Aw > 0 and dw,/dt > 0. In this condition, the Jyig is
adopted. At the end of the first quarter-cycle, that is point b,
the sign of dw,,/dt changes. It means that the small value for
J is adopted at this point. At point c, the sign of Aw changes
and J retrieves it big value. It will be the end of the first
half-cycle. During the second half-cycle, the value of J is
switched to the Jsman at point b, and again at the end of one
cycle at point a, Jyjg is adopted. This procedure is repeated for
each cycle of oscillation until the transients are suppressed and
Aw equals zero at the new equilibrium point, that is, point b.
A threshold for Aw can be applied to avoid the chattering of
J during normal operation. However, this threshold is set to
zero in this paper.

Figs. 5 and 6 show simulation results of this concept.
Simulations were performed on the system model of Fig. 1
with the parameters of Pppse = 50 kW, fpase = 60 Hz,
Ry =12.5%, X1 = 33.0%, Xr = 42.4%, and D = 17 pu.
The system was subjected to increase in the VSG power
reference in two steps of 70% and 30% att =2 sand ¢t = 8 s,
respectively. Fig. 5 shows the output power and frequency of
the VSG with the fixed value of J = 6 kgm?. To show the
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Fig. 5. Output power, virtual angular velocity, and virtual moment of inertia
of VSG with fixed J =6 kgm2 and D =17 pu.

D
o

£ 40 / /
5 20
£
0
- 1 2 3 4 5 7 8 9 10 11
s} Time (s)
£ 380 n
2379
2 [ N
2378 \ \
>
il \J
é“’3761 2 3 4 5 6 7 8 9 10 11
el
< Time (s)
~ 6 :
: I]:I
£
&
<
-
0 |
1 2 3 4 5 7 9 10 11

6
Time (s)

Fig. 6. Output power, virtual angular velocity, and virtual moment of inertia
of VSG with alternating J: 1 and 6 kgm2 and D =17 pu.

effectiveness of the proposed idea, simulations were carried
out on a weak system that VSG with fixed J cannot stabilize
the frequency at the second step of power increase. Then, the
control scheme of the VSG was changed to alternating inertia
control, and the same scenario was applied. As it is observed
in Fig. 6, alternating inertia selects the values of J out of
Joig = 6 kgm2 and Jgman = 1 kgmz. This process does not
only stabilize the system, but also suppresses the frequency
and power oscillations effectively.

Damping factor is an important term that defines the
VSG response. An inappropriate value of damping factor
may result in a high magnitude of oscillation or a sluggish
response. Besides, a proper value of the damping factor in
a specific working point may not end up with an acceptable
response in other conditions. The alternating inertia concept
allows the VSG system to exert a suitable time constant in
each phase of oscillation; therefore, the importance of the
damping factor in the behavior of the VSG system is reduced
considerably. To assess this matter, the damping factor was
changed to zero, and the same scenario was applied. Fig. 7
shows the output power and angular velocity of the VSG
in this condition. It is observed that the system operates
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Fig. 7. Output power, virtual angular velocity, and virtual moment of inertia
of VSG with alternating J: 1 and 6 kgm2 and D =0 pu.

stably, and the oscillations are eliminated by the alternating
inertia idea even with a zero value for the damping factor.

IV. STABILITY ASSESSMENT BY ENERGY
FUNCTION ANALYSIS

Transient stability concerns the stability of the rotor angle
of synchronous machines (voltage angle in the case of VSG)
after a significant disturbance. Having the advantage of not
solving the nonlinear differential equations, Lyapunov direct
method has become the center of attention for transient
stability analysis. Consider a system expressed by a set of
nonlinear differential equations of the form x = F(x), x being
a vector of state variables. The point X for which F(x) = 0
is the equilibrium point of the system in state space. The
solution of system state equations from initial point to the
equilibrium point forms the system trajectory. The trajectory of
an asymptotically stable system converges at the equilibrium
point as time approaches infinity.

Based on the Lyapunov stability theorem, point X is asymp-
totically stable if a continuous differentiable function V (x)
exists and V(x) < 0. In other words, the rate of change of
V (x) along the system trajectory is negative. The theorem is
shown in Fig. 8. The V(x) of Fig. 8(a) is declining during
time as state variables converge to the equilibrium point that
is a minimum stationary point, whereas for an unstable initial
point, the value of V (x) rises, and the graph diverges on the
state variables plane as shown in Fig. 8(b).

Finding a candidate Lyapunov function is the next step of
stability analysis. Machowski et al. [18] calculated the energy
function through removing the damping factor, multiplying the
swing equation by Aw, and integrating the product from the
first equilibrium point, that is, point b in Fig. 4, with J; and
Aw = 0 to any point on the system transient trajectory. The
resultant expression is

1
V=E; + EpziwoJsz—[Pin(é — 1) + b(cosd — cosdy)]
2

where V is the system transient energy after a change or
disturbance b is the amplitude of the power-angle curve, and

x(1)

X7

X

(b)

Fig. 8. Lyapunov’s theorem on stability [18]. (a) Transient energy level
descends in a stable case. (b) Transient energy ascends in an unstable case.

o is the system frequency. Equation (2) has two terms. The
first term, which is denoted as Ej, is the kinetic energy
of the rotor of SG and virtual kinetic energy for the VSG
system. The other term, Ep is the potential energy that is
stored and released electromagnetically during the interaction
between the electromagnetic fields of the rotor and stator of the
machine. It is proved that V satisfies the Lyapunov function
criteria [18]. In the case of VSG with alternating moment of
inertia, only a presumption of J > 0 is needed.

When oscillation starts at point a of Fig. 4, Aw is zero and
0 — 01 is maximum. Therefore, E; = 0 and Ep is maximum.
During the transition from point a to b with a large value
of J, Ey is increasing, and E, is decreasing as Aw increases
and 0 — 01 decreases. All system transient energy is converted
to the kinetic form at point b with maximum Aw and Jpig.
At this point, the change in the moment of inertia to the
small value is applied. Therefore, the system transient energy
will be decreased to a smaller value kinetic form with the
same Aw but Jsma. Now, this energy will be converted to
the potential form during the transition from point b to ¢ as
Aw decreases and 0 — J; increases. Because the total energy
has decreased, the amplitude of oscillation will be reduced.
In other words, J, — d; will be much smaller than § — J;.
J adopts its big value at point c. However, all of the system
transient energy is in potential form at this point as Aw = 0
and 0 — 07 has its maximum value. Therefore, the increase in
J does not increase the system energy level based on (2). This
process happens in each half-cycle until Aw becomes less than
a desired threshold.

To see the damping effect of the alternating moment of
inertia scheme, we consider the third criterion of the Lyapunov
function. This criterion demands that the derivative of the
energy function is negative. Thus, the system transient energy
declines during time until the system state variables are settled
at the equilibrium point. For a VSG with variable J by calcu-
lating the derivatives of Ey and E, separately and considering
the swing equation, the derivative of V is expressed as

d_V ] szd_J _
dt 2 dt

This expression must be negative to have decay in the
system transient energy during oscillation. The term —D Aw?

DAw?. 3)
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Fig. 9. Transient energy trajectory after a step change in power reference of
VSG with (a) fixed moment of inertia and (b) alternating inertia.

is obviously negative for D > 0. Because J varies
discontinuously, dJ/dt is approximated by its average value
at the points at which J is switched. At points a and ¢ at
which J is varied from Jsnay to Juig, the variation of J is
positive (AJ = Jpig — Jsman). However, dJ/dt is multiplied
by Aw? in (3) and Aw is zero at these points. It means that,
the variation of J does not change the transient energy at
these points. Inversely, at point b, at which J is varied from
Joig t0 Jsmai, AJ is calculated as Jsman — Joig, and Aw has
its maximum value. Therefore, the term dJ/dt is effective at
this point and it is estimated for each half-cycle as follows:

d_J ~ ﬂ _ Jsmall — Jbig
dt At 05T

Assuming a zero damping factor D, (3) can be rewritten as

“)

d_V _ @sz Jsmall — Jbig <0. (5)
dt 2 0.5T

Equation (5) shows that an additional damping effect is
imposed in each half-cycle by varying the value of the moment
of inertia. This damping acts directly on the transient energy
and cuts it to a desired level decided by the difference in the
values of J. Fig. 9 shows the performance of the alternating
inertia method in transient energy suppression. Simulations
were performed on the system model of Fig. 1. Fig. 9(a)
contains the system transient energy trajectory for a VSG with
the fixed moment of inertia of 6 kgm? after a step increase of
1 pu in power reference. It is observed that the system transient
energy declines by the damping factor as the state variables
converge to the equilibrium point. When the alternating inertia
scheme is applied, the transient energy drops to a desired level
by applying the small J of 3 kgm?, as shown in Fig. 9(b).
By adopting a tiny Jsman, fast decay of transient energy can
be achieved, which bypasses the state variables to the stable
stationary point in the first half-cycle.

There is another stationary point for the swing equation,
with Aw = 0 and 6 = © — J; (that equals J3 in Fig. 4).
The value of the energy function at this point is the critical
transient energy. For a SG and VSG with fixed inertia, the
value of energy function at the initial point of oscillation must
be smaller than the critical value. However, in the case of VSG
with alternating inertia scheme, any starting energy level can
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Fig. 11.  VSG unit in parallel with the SG in microgrid.

be reduced to nearly zero value at the end of the first quarter-
cycle; therefore, the critical transient energy and thereby
transient stability area will always have its maximum value,
that is, 2b — z P,,. Other corollaries regarding the transient
stability area and the critical clearance time that can be inferred
from the alternating inertia concept are forgone because of
prolixity. The system kinetic, potential, and total energy in
the same simulation condition as Fig. 9 are plotted in Fig. 10.

V. GRID STABILITY ENHANCEMENT
BY ALTERNATING INERTIA

A. VSG in Parallel With Other Machines

In microgrid applications, an inverter-based DG works
in parallel with other DGs that may include synchronous
machines. Consider the islanded microgrid of Fig. 11. The
VSG block has the control scheme shown in Fig. 1 with the
output filter inductance of 9.7%. The objective of this part is to
assess the effect of the alternating inertia scheme of the VSG
on the stability of the parallel SG. To clarify the effectiveness
of the idea, the capacity of the VSG unit was assumed to
be 20% of the SG that is insignificant. A symmetrical fault
happened at the load point at t+ = 0.2 s and lasted for 0.3 s.
In this condition, the system comprising the VSG with the
fixed value of moment of inertia J = 8.445 kgm? was not
able to recover from the fault as shown in Fig. 12. The
same scenario was applied to the system with alternating
inertia of Jyi; = 8.445 and Jsman = 0.0844 kgmz. The
waveforms of power, SG rotor angle, and angular frequency
are shown in Fig. 13. As it is observed, the alternating inertia
scheme improved the stability of the adjacent machine by
the extra damping effect imposed on the transient energy
directly.

B. VSG as an Interface Between the SG and Grid

Another configuration is shown in Fig. 14. An SG is
connected to the grid/microgrid through a VSG unit. The
prime mover of the SG can be a gas or diesel engine, and an



456
% 2 \: J?VSG Power
S " . :\.. \/ \/

2 0.2 04 05 06 0.8 1
Time (s)
3 S i
= Fault
< ends
530 N\ -\ /\\/ /\\/
Q f-'f, Fault V
S - starts
a0 0.2 04 05 06 0.8 1
Time (s)

Fig. 12.  VSG and SG powers and SG rotor angle waveforms of the system
with fixed moment of inertia and D = 17 pu.

§ 2 ~ —VSG power
s Y -~ SG power
g L T (<
o i
: |
o +
= 0.2 04 05 06 0.8 1
Time (s)

[}
Eﬂ 2 Fa:ult
L5 \&

<
§E€ Fault \ /
o) staxrts
N 20 0.2 04 05 06 0.8 1

Time (s)

Fig. 13. VSG and SG powers and SG rotor angle waveforms of the system
with alternating inertia control and D = 0 pu.

Vic
L
“JCoc=2.0 mF VSG

/Yfilter =29.7%

Smled =100% PReff =100%
Shase = 35 kVA

fba:e =60 Hz

10% Voltage Sag from
t=05st0r=0.7s

Fig. 14. SG connected to the grid via VSG unit.

inverter interface is required to correct the generated power to
be injected to the grid. If the VSG unit is not robust enough,
the disturbances from grid/microgrid will affect the stable
operation of the SG. To assess the effect of the alternating
inertia control on the stability of such systems, a symmetrical
three-phase voltage sag with 10% remained voltage magnitude
and the duration of 0.2 s was applied from grid side, and
the performance of the system was monitored. The reference
power and damping factor of the VSG were 1 and 17 pu,
respectively, and a fixed inertia factor equal to 5 kgm? was
applied. Fig. 15 shows the SG rotor angle and dc-link voltage
were affected by the grid voltage sag considerably. The
high-peak transient of dc-link voltage is mainly because of
the oscillation of the VSG output power. The same sce-
nario was applied to the system with the alternating inertia
control with Jyig = 5 and Jsman = 0.05 kgmz. To dis-
criminate the stabilizing effect of alternating inertia as the
only stabilizing effect in the system, the damping factor D
was set to zero. It should be mentioned that the system
with fixed inertia and a zero damping factor was unable
to recover from much milder faults. As it is observed in
Fig. 16, the oscillation was suppressed by the alternating
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inertia scheme, and the severe transient of dc-link voltage was
also eliminated.

VI. EXPERIMENTAL RESULTS

The damping effect of alternating inertia was verified by
applying to a laboratory-scale test system. The overall system
configuration is shown in Fig. 17, and the main parameters
of the system are presented in Table II. The transmission unit
in Fig. 17 simulates the 7 model of a 40 km transmission line
shown in Fig. 18.

Initially, the VSG with the constant moment of inertia
J = 0.563 kgm® was subjected to a step change of 3 kW
in the power reference. This value of J is calculated by
assuming the inertia constant H = 8 s at rated power and
frequency. The output power and angular velocity of the VSG
is shown in Fig. 19. When the power reference increased,
the VSG output power followed the power command after
passing severe oscillations with the amplitude of 2 kW. The
VSG stopped operating by applying 3.6 kW power command.
Fig. 20 shows the RMS values of the VSG voltage and
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TABLE II
SPECIFICATIONS OF THE EXPERIMENTAL SYSTEM

Base Power 10 kVA
Base Frequency 60 Hz
Switching Frequency 14 kHz
Dc-link Voltage 320V
Filter Stray Resistance 0.23%
Filter Inductive Reactance 8.8%
Filter Capacitor VAR 1.62%
Resonance Frequency of LC Filter 1.59 kHz
Transformer Reactance 9.68%

0.110Q

IVV\,_('Y'YY\

2.59 mH

[3.34 uF 3.34 yF]

Fig. 18. 7 model of a 40 km transmission line.
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Fig. 19. Output power and virtual angular velocity of VSG with fixed moment
of inertia of 0.563 kgm and D =17 pu.
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Fig. 20. RMS values of the VSG current and voltage with the fixed moment
of inertia of 0.563 kgm2 and D = 17 pu subjected to a 3.6 kW step power
increase.

current in this condition. Because of the severe oscillation,
the VSG current exceeded its tolerable limit and the inverter
was stopped at t = 1.43 s.

Then, the VSG control was changed to the alternating inertia
scheme with Jyig = 0.563 kgm2 and Jgma = 0.1 kgmz, and
the step power change of 45 kW was applied. The result is
shown in Fig. 21. It is observed that the VSG follows the
power command without oscillations. It can be concluded that
the VSG with alternating inertia can be loaded reliably at
power levels close to its rating, and also can ride-through
severer changes or disturbances. The effectiveness of the
alternating inertia in the smooth transition of current level and
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Fig. 21. RMS current, RMS voltage, output power, virtual angular velocity,
and virtual moment of inertia of VSG with alternating J and D = 17 pu after
a power command of 4.5 kW.
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Fig. 22. Output power, virtual angular velocity, and moment of inertia of
VSG with alternating J and D = 0 pu.

reducing the voltage ripples at the VSG terminal is obvious
in this figure.

To clarify the damping effect of the alternating inertia
scheme, the VSG with alternating inertia and zero damping
factor D is subjected to a change of 3 kW in the power
reference. It must be noted that the VSG with fixed inertia and
zero damping factor cannot get into step with grid frequency
and fails to track power reference after any disturbance. Output
power, virtual angular velocity, and the real-time adopted J are
shown in Fig. 22. As it is expected, the VSG can track the
power reference with negligible transients.
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VII. CONCLUSION

In this paper, the alternating inertia structure was elaborated.
The alternating inertia scheme adopts the suitable value of
the moment of inertia of the VSG considering its virtual
angular velocity and acceleration/deceleration in each phase
of oscillation. By selecting a big value for the moment of
inertia during acceleration, the haste was mitigated, and on the
other hand, during deceleration, a small value for inertia factor
was adopted to increase the deceleration effect. The system
transient energy analysis was used to assess the stabilizing
effect of alternating inertia control. It was clarified by the
energy analysis that the system transient energy is reduced
promptly by the reduction in the value of the moment of
inertia. Actually, in the case of a real synchronous machine,
this transient energy is dissipated by damping terms during
oscillations, whereas the alternating inertia control eliminates
the transient energy directly and prevents its flow from dc stor-
age and dissipation. Compared to normal damping factor D,
the damping exerted by alternating inertia is considerably
more effective and has identical results in any conditions.
In addition, the transient energy can be reduced to zero
at the end of the first quarter-cycle by alternating inertia
control. Therefore, any transients can be eliminated before
appearing. The idea does not only stabilize the VSG unit, but
also enhances the stability of other machines in the system.
Two configurations were assessed by simulation and the sta-
bilizing effect of alternating inertia on the adjacent machines
was illustrated. The proposed scheme was realized on the
experimental system and the results affirmed the outstanding
stabilizing effect of alternating inertia.

REFERENCES

[11 Q.-C. Zhong and T. Hornik, Control of Power Inverters in Renewable
Energy and Smart Grid Integration. New York, NY, USA: Wiley, 2013.

[2] L. Zhang, L. Harnefors, and H.-P. Nee, “Power-synchronization control
of grid-connected voltage-source converters,” IEEE Trans. Power Syst.,
vol. 25, no. 2, pp. 809-820, May 2010.

[3] F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus, “Overview
of control and grid synchronization for distributed power generation
systems,” IEEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1398-1409,
Oct. 2006.

[4] Q.-C. Zhong, P.-L. Nguyen, Z. Ma, and W. Sheng, “Self-synchronized
synchronverters: Inverters without a dedicated synchronization unit,”
IEEE Trans. Power Electron., vol. 29, no. 2, pp. 617-630, Feb. 2014.

[5] J. Driesen and K. Visscher, “Virtual synchronous generators,” in Proc.
IEEE Power Energy Soc. General Meeting-Convers. Del. Elect. Energy
21st Century, Jul. 2008, pp. 1-3.

[6] T. Loix, S. De Breucker, P. Vanassche, J. Van den Keybus, J. Driesen,
and K. Visscher, “Layout and performance of the power electronic
converter platform for the VSYNC project,” in Proc. IEEE Powertech
Conf., Jun./Jul. 2009, pp. 1-8.

[71 Q.-C. Zhong and G. Weiss, “Synchronverters: Inverters that mimic
synchronous generators,” IEEE Trans. Ind. Electron., vol. 58, no. 4,
pp. 1259-1267, Apr. 2011.

[8] M. P. N. van Wesenbeeck, S. W. H. de Haan, P. Varela, and
K. Visscher, “Grid tied converter with virtual kinetic storage,” in
Proc. IEEE Bucharest PowerTech, Bucharest, Romania, Jun./Jul. 2009,
pp- 1-7.

[9] M. Torres and L. A. C. Lopes, “Virtual synchronous generator control

in autonomous wind-diesel power systems,” in Proc. IEEE Elect. Power

Energy Conf. (EPEC), Montreal, QC, Canada, Oct. 2009, pp. 1-6.

V. Karapanos, S. de Haan, and K. Zwetsloot, “Real time simulation of

a power system with VSG hardware in the loop,” in Proc. 37th Annu.

Conf. IEEE Ind. Electron. Soc. (IECON), Nov. 2011, pp. 3748-3754.

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 03, NO. 2, JUNE 2015

R. Hesse, D. Turschner, and H.-P. Beck, “Micro grid stabilization using
the virtual synchronous machine,” in Proc. Int. Conf. Renew. Energies
Power Quality (ICREPQ), no. 472, pp. 1-6, Apr. 2009.

Y. Xiang-Zhen, S. Jian-Hui, D. Ming, L. Jin-Wei, and D. Yan, “Control
strategy for virtual synchronous generator in microgrid,” in Proc. 4th
Int. Conf. Electr. Utility Deregulation Restruct. Power Technol. (DRPT),
Jul. 2011, pp. 1633-1637.

N. Soni, S. Doolla, and M. C. Chandorkar, “Improvement of transient
response in microgrids using virtual inertia,” IEEE Trans. Power Del.,
vol. 28, no. 3, pp. 1830-1838, Jul. 2013.

K. Sakimoto, Y. Miura, and T. Ise, “Stabilization of a power system with
a distributed generator by a virtual synchronous generator function,” in
Proc. IEEE 8th Int. Conf. Power Electron. ECCE Asia (ICPE & ECCE),
May/Jun. 2011, pp. 1498-1505.

J. Alipoor, Y. Miura, and T. Ise, “Evaluation of virtual synchronous
generator (VSG) operation under different voltage sag conditions,” in
Proc. IEE Jpn. Joint Tech. Meeting Power Eng. Power Syst. Eng., Tokyo,
Japan, 2012, pp. 41-46.

T. Shintai, Y. Miura, and T. Ise, “Reactive power control for load sharing
with virtual synchronous generator control,” in Proc. Power Electron.
Motion Control Conf. (IPEMC), Jun. 2012, pp. 846-853.

J. Alipoor, Y. Miura, and T. Ise, “Distributed generation grid integra-
tion using virtual synchronous generator with adoptive virtual inertia,”
in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Sep. 2013,
pp. 4546-4552.

J. Machowski, J. Bialek, and J. Bumby, Power System Dynam-
ics: Stability and Control, 2nd ed. Chippenham, U.K.: Wiley, 2008,
pp. 222-230.

Jaber Alipoor received the B.Sc. degree from the
Department of Electrical Engineering, University of
Mazandaran, Babolsar, Iran, in 2007, and the M.Sc.
degree from the Department of Electrical Engineer-
ing, Shahed University, Tehran, Iran, in 2010. He
& is currently pursuing the Ph.D. degree with Osaka
University, Suita, Japan.

His current research interests include power sys-
tem stability, power quality, and distributed power
generation.

s e

"

Yushi Miura received the DrIng. degree in elec-
trical and electronic engineering from the Tokyo
Institute of Technology, Tokyo, Japan, in 1995.

He was with the Japan Atomic Energy Research
Institute, Osaka University, Suita, Japan, from 1996
to 2004, where he is currently an Associate Profes-
sor with the Division of Electrical, Electronic, and
Information Engineering. He is studying applications
of power electronics to power systems.

Toshifumi Ise received the Dr.Ing. degree in electri-
cal engineering from Osaka University, Suita, Japan,
in 1986.

He is currently a Professor with the Division of
Electrical, Electronic, and Information Engineering,
Graduate School of Engineering, Osaka Univer-
sity. His current research interests include power
electronics and applied superconductivity, including
power quality issues, such as voltage sag compen-
sator, superconducting magnetic energy storage, and
new distribution systems, including many distributed

generations.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


