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Abstract- Inverter-based distributed generators (DGs) can be
operated in parallel comprising an isolated microgrid or
connected to the main power system. In the first case there must
be an advanced control system to adjust frequency and power
sharing between inverters constituting the microgrid. In grid
mode the DGs inject electrical power to grid without any
contribution to rotating inertia that give the power system its
distinctive stability characteristics and conventional control
liability. Improvement to DGs by the relatively new control
methods based on virtual synchronous generator (VSG) and
synchronverter (SV) have been suggested to control such DGs to
emulate conventional synchronous generator. By these methods
a controlled amount of virtual inertia can be injected in mains
besides load sharing. This paper suggests a control method of
such systems based on direct control of power angle between
inverter voltage and grid voltage. In this method the grid phase
angle is directly computed from the grid 3-phase voltages
without phased locked loop (PLL) or other synchronization
methods. A linearized small signal model of power angle is used
to implement this control method. The model can also emulate
rotating inertia, injecting a controllable amount of energy into
grid during frequency transients to enhance transient stability.
Damping effect of damper bars is taken into account in model
and proves to be effective in damping out oscillations.

Index Terms— Distributed generation, Damping, Frequency
control, inverter-dominated power system, load sharing,
microgrid, parallel inverters, pulse width modulation (PWM)
inverter, renewable energy, static synchronous generator (SG),
synchronverter (SV), microgrids, power control, renewable
energy sources (RES), virtual synchronous generator (VSG).

1. Introduction

Distributed generators (DGs) emerging as a natural
consequence of advanced application of renewable energy
sources (RES), such as photovoltaic and wind turbines.
Renewable energy sources principally cover large
geographical areas and economic considerations necessitate
utilization of these resources in places where this energy
available. It is different from this point of view from
conventional power system where electrical power is
generated in power stations and then utilized at load centers
usually far from power station using transmission and
distribution systems. In places far from national grid such
renewable DGs can be operated together in form of small or
micro grids (MG). MGs based on renewable energy sources
and inverter have attracted too many research efforts and
operated on principles completely different from those used
in conventional power grid. A large number of DGs are
operated connected to main grid and planned to share a
remarkable proportion of total generated power. In this case
the conventional power system well-settled operation and
control methods need special algorithms to adopt these DGs
in way similar to conventional SG.

The terminology Droop Control, Synchronverter (SV) and
Virtual Synchronous Generators (VSG) refer to control
strategies to operate inverter side of DG to satisfy the above
requirement [1]-[11]. Usually a frequency droop algorithm
emulate real governor control of active power sharing of DG
and a voltage droop algorithm is used to control reactive
power sharing [1]-[3]. The swing equation of SG rotor is
emulated to give Virtual dynamic response equivalent to
actual generator [8]-[18]. In these control methods,
commonly a phase-locked loop (PLL) is used to synchronize
the inverter to the grid [5].

Another way to increase inertia contribution of DG is to
adopt it as a virtual inertia. This can be attained for any DG
by adding a short-term-energy-storage (Batteries), combined
with a suitable control mechanism for the power electronics
converter of the DG. In this way DG behaves as a source of
energy similar to freewheeling effect of real SG inertia during
short time intervals, and contributes to stabilization of the
grid frequency during fluctuations in the grid loads[ 8], [12]-
[19].

In this paper a linearized small signal model of the swing
equation [20] is used to adjust the power angle is directly to
control active power share. The 3-phase voltage signals of
grid are mathematically manipulated to obtain peak grid
voltage, phase angle and frequency. A control algorithm is
used to calculate the magnitude voltage and angle of the
PWM referenced to grid voltage phase-angle. No need of
PLL or similar synchronizing method since the inverter
voltage is directly referenced to the grid voltage.

II. MODEL OF SYNCHRONOUS GENERATOR

In steady state condition the equivalent circuit of a cylindrical
rotor synchronous generator connected to an infinite bus is at
presented in Fig.1. The Kirchhoff voltage low in this case gives the
following phasor equations [20].
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Fig. 1 Synchronous machine equivalent
circuit.



E=V+[R, +sz]Ia or E=V+Zl, (H)
Zs =R, +jXs = |ZS|4Y

Where Zgis the synchronous impedance, R, is the
armature winding resistance and X, is the synchronous
reactance.

The phasor diagram in this case is shown in Fig.2. The
angle 8 between excitation emf E and terminal voltage V, is
related to developed torque and power as following.
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Thus, the real power P3gs and reactive power Q3¢ are.
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If R, is neglected with respect to X, then Z; = jX,andy =
90°. Previous Equations reduce to.

Py = 3|EXM siné

S

(42)

Qs =3% (IEl coss — |V]) (4b)
Eq. 4 shows that if |E| and |V] are held fixed and the

power angle & is changed by varying the mechanical driving

torque, the power transfer varies sinusoidal with the angle §.

From (4a), the theoretical maximum power occurs when

6 = 90°.
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In general, stability considerations dictate that a
synchronous machine achieve steady-state operation at a
power angle considerably less than 90°. The control of real
power flow is controlled by the prime-mover governor droop
characteristics.

Equation (4b) shows that for small &, cos & is nearly
unity and the reactive power can be approximated to

Q3¢ = 3% (EI =171) (6)

A. The mechanical model of synchronous generator and
Swing Equation
Consider a synchronous generator that is subjected to
disturbance results in an accelerating (7,, > T,) or
decelerating (T,,, <T,) torque T, on the rotor.

To=Tn— T, — Tdamping

Where Tygmping 1S the torque produced due to
relative motion between the rotor and the resultant rotating
air gap field. Due to this motion there will be induction torque
in damper bars opposing this relative motion. This is called
the damping torque.
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Fig. 2 Power-angle curve.

This is the final form of swing equation in per unit
with & in electrical radian [20].

H d?§ . ds

n_fOF_Pm_ Pmax sm&—DE (7)
Where H is the per unit inertia constant and damping
coefficient D as:

Kinetic energy at rated speed

machine power rating
D = damping costant due to damper winding ef fect

The swing equation is a nonlinear function of the
power angle. However, for small disturbances, the swing
equation may be linearized with little loss of accuracy as
follows. Consider a small deviation A8 in power angle from
the initial operating point §, and w, i.e.,

§=06p+ 46
Substituting in (7), The above equation reduces to

linearized equation in terms of incremental changes in power
angle, i.e.

H d?48 dAs
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Where: w, = 2rfy = ws equals the grid frequency
and Ps = PB,,,, cos§, is called the synchronizing power.

In terms of the standard second-order differential

equation, we have
d?As
dt?

dAS
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Where w,,, the natural frequency of oscillation is given by:

1

won= [Lp, (1)
, { is the damping ratio, given by:

-2 |h
¢=3Jm (12)
And wy is the damped frequency of oscillation given by:
Wg = wpy/1—= 2 (13)
The characteristic equation is
$2+2{w,S + w? = (14)



For normal operating conditions.
For { <1 the roots of the characteristic equation are
complex

S1,8; = —(wn *jwpy1 = = —{wy £ jwg (15)

It is clear that for positive damping, roots of the
characteristic equation have negative real part if
synchronizing power coefficient P; is positive. The response
is bounded and the system is stable.

Taking inverse Laplace transforms results in the zero-input
response:

46 = % e~¢ont sin(wgt + B) (16)
Aw = % e S@nt sinw, t (17)

where f = cos™1¢
The motion of rotor relative to the synchronously revolving
field is

ASy

— - t o
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and the rotor angular frequency is
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The response time constant is
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and the response settles in approximately four time constants,
and the settling time is

III. SUGGESTED POWER ANGLE CONTROL

Fig.4 illustrates the main idea of the power angle control
used in this paper. Equations (4a) and (4b) clarify that
provided X¢ > R, the active power is dependent only on
power angle § while reactive power is dependent on the
difference between magnitudes of inverter voltage and grid
voltage. The nonlinear swing equation is linearized for small
perturbation Aé around an operating point &, as given in
Eq.7-Eq.9.
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Fig.3 The Suggested Power Angle Control Scheme

N
+

m d?As

;

1

Fig.4 The Small Signal Model of Power Angle of

The linearized swing equation model given by Eq. 9 is shown
pictorially in Fig.5. Here Eq. 4 — Eq. 6 are used to calculate
required variables and constants dependent on measurement
taken from 3-phase voltage signals of grid and inverter.

Eq. 10 shows that the swing equation for small signal
perturbation takes the form of the standard second order
system and its response is bounded with under-damped
oscillations that finally vanished out. The main factors
affecting response are the damping ratio ¢ and the damped
frequency wy related to damping constant D and inertia
constant H of the synchronous generator model. Since H is
the virtual inertia to be emulated for benefit of grid, D can be
adjusted for the best response of the Synchronverter.

A. The Frequency, Phase and Voltage Acquisition

Fig. 6 shows the 3-phase acquisition circuit to get the
phase angle, peak voltage and frequency of any 3-phase
quantities. Direct measurement these signals is based on the
following simple analysis. There is no need of phase locked
loop normally used in other works [1],[2].

Consider any 3-phase signals:

Uy = Vipax Sin ot (21)
Vy = Vinax Sin( @t — =) (22)
Ve = Vinax Sin( ot — 4-3_71) (23)
The equivalent 2-phase signals are:
2 1 1 .
Vg = ;(va—;vb—;vc) = Vpax Sin at (24)
2 3 V3
Vg = ;(?vb_? c) = Vnax cOs @t (25)
Differentiating Eq. 24, Eq. 25 with w.r.t. time gives:
28 = gy COS O (26)
dvp .
— = —Vpax SN ot 27

dt

Then the required measurements are obtained directly as:

Vinax = /U; + UE (28)
ot = tan~1 (%) (29)
vB
1 dvg dv
o= |G+ G (30)
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Fig.5 The 3-phase Signal Acquisition to get Frequency,
Phase Angle and Peak Value

IV. SIMULATION RESULTS

The system described above is simulated using Matlab/
Simulink package depending on parameters of a 16-kVA
synchronous generator given in table 1. Response of the
suggested signal-acquisition subsystem is presented first and
then overall VSG system response is presented and discussed.

A. Response of the 3-phase Signal Acquisition Circuit (Peak
Voltage, Phase Angle and Frequency)

In power system the electrical quantities cannot be
changed abruptly. Moreover frequency changes are in a very
narrow range around nominal system frequency. To test
accuracy and response the suggested acquisition system, a 3-
phase voltage with 400-V peak phase voltage and ramp
changed frequency from 48 to 52-Hz is used.

Fig.6 presents simulation results of the three
measurements; Fig.6a presents the frequency/time changes of
the input test signal. Fig.6b shows the frequency
measurement, where the output-signal tracks exactly the input
signal with nearly zero error. Fig.6¢ shows the error in phase
angle measurement. Due to input band-pass filter there is
small error in phase angle that vanishes at center frequency
(50 Hz) and increases to a 0.0545 radian (3.12°) at both ends
of frequency range. Fig.6d shows the error in peak voltage
measurement, again the input band-pass filter introduces a
small error (0.015% of measured voltage) at both ends of
frequency range.

B. Results of Power Angle Control

The power part of model shown in Fig. 4 can be simulated
by a sinusoidal PWM inverter with a variety of modulating
techniques or by an ideal ac voltage source. In first case the
high frequency switching of power converter affects all
measurement and waveforms. Moreover the simulation time
necessary to implement PWM technique represents a large
overhead of the total sampling time. On the contrary, the
second method is free of such defects. Really, with the
present technological advances an inverter plays the role of a
sinusoidal power amplifier with negligible errors.

Fig.7a presents the simulation results of the suggested
scheme of VSG based on a space vector modulator inverter
operating at 10-kHz and sampling time 0./-uS. These results
are intended mainly to prove feasibility and correctness of the
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whole model. There are two reference inputs, one for active
power sharing and the other is for the reactive power sharing.
The events are recorded during simulation period from 0.4
Sec to 1.8 Sec. As shown in Fig.7a the input mechanical
power the active power reference signal P, simulates an
increase of prime mover power and the electrical power share
P, developed follows it. Power angle § varies according to
this power balance as shown in figure. The transient response
is not clear for two reasons, first due to switching noises
previously mentioned and secondly due to relatively large
time scale. This will be examined in the coming results.

The reactive power share O follows exactly its reference Qy,,
as shown in figure. In conjunction the VSG phase voltage
follows variation of O as depicted by Equ.6. the phase
voltage reaches nearly 380-V peak at reactive power share of
7-kVAR, of course deciding factor is the series reactance X;
corresponding to the synchronous reactance of corresponding
real SG and reactance of connecting feeder. In practical
system X, can be very small relative to synchronous
reactance. Optimizing value of X; is not a matter of this
paper.

For the sake of comparison Fig.7b shows the same results
presented Fig.7a where inverter is simulated by an ideal
voltage source. There is no difference except of the ripples
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Fig.7 Comparison Between PWM Inverter Response and
Ideal Voltage source Response

superimposed on signals due to the switching effects of
inverter

In rest of this paper inverter is simulated by an ideal
voltage source to facilitate and speed up model simulation
time and to give chance to examine the most important
factors affecting model operation.

C. Effect of Damping Constant D and Inertia Constant H

In actual SG, the inertia constant H is dependent on
rotating mass of rotor and prim-mover while the damping
constant D is dependent of damper bars effect and partly on
mechanical friction. In VSG model H and D are numeric
parameters that can be varied for the benefit of the grid
without material penalty. For a specific value of H, D can be
adjusted for the best dynamic performance. Fig. 8 show the
effect of different values of D at H=0.01S, 0.02S and 0.04S;
corresponding respectively to 0.1, 0.2 and 0.4 of the inertia
constant of the SG (Table I).

The dynamic response of § for a step P, from 0.5pu to
0.6pu shows an under-damped response. Due to
nonlinearities in model, the approximations assumed to make
it linear and the phase shift introduced by the input filter the
response doesn’t agree closely with the second order system.
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However the damping coefficient D can still be calculated
referring to Eq.12 to give a critically damped response
response (¢ = 1) can be computed as:

HP;s
D=2 [ (1)
The Fig.8 shows that response at this value gives no critically
damped one due to the previously mentioned reasons but
reasonably good dynamic response comparing with other
values around it. However this value of D doesn’t depend
only on H but also on Ps = P, cosd, and need to be
calculated on line. To reduce cross-coupling between
different controllers making use of the fact that &,is usually
small, it is assumed that P = P, .

Figure 8 that the best response of the suggested method of
control is obtained for H below 50% of that of the
corresponding real SG. This means that the contribution to
grid total inertia is lower than that of the corresponding SG.

Table 1: Parameters of Synchronous Generator

Power | Voltage | Frequency Poles | Rotor

16kVA 400V 50-Hz 4 | Round
X, R, H D

1.65 pu | 0.0045pu | 0.09854pu | 0.02005pu




However the relatively fast response enable contributing
inertia by another way as it is explained in the flowing

D. Operating VSG as virtual inertia

VSG can contribute to system stability by injecting energy
during frequency dips of the network due to load transients.
The dc bus must incorporate batteries and the control
algorithm sets power sharing to track the negative of
derivative of grid-frequency variation [8], [9] (very similar to
freewheeling effect). That is:

d @y,

Pros = Py — K#”d

Where P, is the steady state active power share of VSG. The
second term a component resembles the inertial power share
present only when grid frequency changes. The constant K
can take any value; limitations of this term are only related to
the inverter ratings and storage batteries capacity.

In Fig.9 the grid frequency simulates a frequency
dip by a single cycle of sine-wave with amplitude of 1/2-Hz
imposed on the fixed 50-Hz grid frequency (i.e. the grid
frequency changes between 49-50Hz) as shown in Fig.9a.
This transition vanishes in one second. The VSG model uses
small value of H= 0.005 S, and damping constant D=0.002 to
make response fast enough to track frequency dips. Fig.9b
shows the electrical power injected or extracted by the VSG.

V. CONCLUSION

In this paper, the principle of power angle control of VSG
is suggested and verified via simulation. The system
performance is satisfactory and the VSG can play the role of
the real SG with active and reactive power sharing. The
model can also emulate real inertia effect to aid effectively
network stability.

References

[1] 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, 2006.

[2] K. Debrabandere, B. Bolsens, J. Van Den Keybus, A. Woyte, J.
Driesen and R. Belmans "A voltage and frequency droop control
method for parallel inverters" IEEE Trans. Power Electron., vol.
22, no. 4, pp. 1107-1115, 2007.

[3] A. Engler and N. Soultanis "Droop control in LV-grids" Proc. Int.
Conf. Future Power Syst., pp. 1-6, 2005.

[4] Q.-C. Zhong "Robust droop controller for accurate proportional
load sharing among inverters operated in parallel" IEEE Trans. Ind.
Electron., vol. 60, no. 4, pp. 1281-1290, 2013.

[5] I-Y.Chung, W. Liu, D. A. Cartes, E. G. J. Collins and S.-I. Moon
"Control methods of inverter-interfaced distributed generators in a
microgrid system" IEEE Trans. Ind. Appl., vol. 46, no. 3, pp. 1078-
1088, 2010.

[6] J. Driesen and K. Visscher "Virtual synchronous generators" Proc.
IEEE Power Energy Soc. Gen. Meeting—Convers. Del. Elect.
Energy 21st Century, pp. 1-3, 2008.

[71 M. P. N. Van Wesenbeeck, S. W. H. De Haan, P. Varela and K.
Visscher "Grid tied converter with virtual kinetic storage" Proc.
IEEE Powertech Conf., pp. 1-7, 2009.

[8] V. Karapanos, S. De Haan and K. Zwetsloot "Real time simulation
of a power system with VSG hardware in the loop" Proc. 37th
Annu. Conf. IEEE Ind. Electron. Soc., pp. 3748-3754, 2011.

[9] X.-Z. Yang, J.-H. Su, M. Ding, J.-W. Li and D. Yan "Control
strategy for virtual synchronous generator in microgrid" Proc. 4th

Grid Freqg .(Hz)
51

50
49 INSN—

48
47
16

45
0.5 1.0 1.5 2.0 2.5 3.0

(a) Grid frequency Dip
Pe(pu)
1.4

7
1.2

Lo Tl
0.8 /

0.6
0.4

0.2
0.5 1.0 1.5 2.0 2.5

- P,

Time3('é))

(b) Reference and Actual power share of VSG

Fig.9 Operating VSG as a Virtual Inertia
during Grid frequency transients

Int. Conf. Elect. Utility Dereg. Restruct. Power Technol., pp. 1633-
1637,2011.

[10] K. Sakimoto, Y. Miura and T. Ise "Stabilization of a power system
with a distributed generator by a virtual synchronous generator
function" Proc. 8th IEEE Int. Conf. Power Electron., pp. 1498-
1505, 2011.

[11] T. Shintai, Y. Miura and T. Ise "Reactive power control for load
sharing with virtual synchronous generator control" Proc. 7th Int.
Power Electron. Motion Control Conf., pp. 846-853, 2012.

[12] T. Shintai, Y. Miura and T. Ise "Oscillation damping of a
distributed generator using a virtual synchronous generator" IEEE
Trans. Power Del., vol. 29, no. 2, pp. 668-676, 2014.

[13] J. Alipoor, Y. Miura and T. Ise "Power system stabilization using
virtual synchronous generator with alternating moment of inertia"
IEEE J. Emerg. Sel. Topics Power Electron., vol. 3, no. 2, pp. 451-
458,2015.

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

[15] 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. 617-630,2014.

[16] 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, 2013.

[17] J. Liu, Y. Miura and T. Ise "Dynamic characteristics and stability
comparisons between virtual synchronous generator and droop
control in inverter-based distributed generators" Proc. Int. Power
Electron. Conf., pp. 1536-1543, 2014.

K. Visscher and s.w.h. de Haan “Virtual synchronous machines
(VSG's) for frequency stabilization in future grids with a
significant share of decentralized generation” CIRED Seminar
2008.

Hadi Saadat “Power system Analysis” McGraw Hill, Third Edition
2011.

Jia Liu, IEEE, Yushi Miura, Toshifumi Ise, “Comparison of
Dynamic Characteristics Between Virtual Synchronous Generator
and Droop Control in Inverter-Based Distributed Generators” IEEE
Transactions On Power Electronics, Vol. 31, No. 5, May 2016.

[18

=

[19

—

[20

=



