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Abstract: The penetration of renewable energy sources (RES) into a grid via inverters causes a stability
issue due to the absence of an inertia. A virtual synchronous generator (VSG) is designed to provide
an artificial inertia and droop control to the grid-connected inverters. The different power ratings of
multiple VSGs create complications in the coordination due to unequal droop or damping coefficient
‘D’. The dependency of a factor ‘D" on P — w droop control under static state and a damping behavior
during power oscillation under dynamic state is analyzed by considering three cases on multi-VSGs
microgrid system and the equivalent equations of P — w droop control are derived for all three cases
to see the effect of a load on the overall system’s frequency. A master-slave configuration of a VSG
is proposed to deliver maximum power during static state, but provides P — w control during the
dynamic state. Simulation results verify the improvement introduced by the proposed VSG control.

Keywords: virtual synchronous generator; parallel VSGs; droop control; optimization; multiple VSGs
coordination; island microgrid

1. Introduction

The high penetration of renewable energy systems (e.g., wind and solar) have a negligible inertia
as compared to the conventional synchronous generator. It is a serious challenge for the future grid as
the penetration of RES is decreasing the overall inertia of a grid and it is severely affecting the reliability
of a grid. The lower inertia of a grid causes a higher rate of change of frequency (RCF) that brings the
frequency of a source to its nadir frequency (minimum frequency) at which the RES source tripped off.
Consequently, the overall load on a generation rises and it further trips off the other source. In a severe
condition, a grid shutdown could lead to a blackout condition. Therefore, robust control is required
to stabilize the power system more than ever before. RESs (e.g., wind, solar) usually operate at their
maximum generating power, with an aim to utilize the maximum natural resources. For this purpose,
maximum power point tracking (MPPT) technique has been utilized [1]; this in turn significantly
reduces the power margin that is required for any transition or disturbance condition. A microgrid
provides a solution to this drawback of RESs by accumulating a number of RES-distributed generators
(DGs), along with the energy storage system (ESS) and the loads. There are various schemes of a
microgrid, however, the best configuration contains RESs, ESSs (fast, and slow both), nonrenewable
sources and the loads.

Many controls are available to operate microgrids, though every control has its own advantages
and drawbacks. In a conventional power system, the main source of electricity is the synchronous
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generator. The synchronous generator has inherent droop and inertia controls that critically helps
in stabilizing the power system by damping the effect of dynamic transition at the time of any fault
or disturbance. When the number of synchronous generators is connected with a grid, then each SG
follows the decentralized control (droop) to contribute its share. Hence, implementing the characteristic
of a synchronous generator in an inverter control can be considered as a reasonable solution in terms
of sharing active and reactive power among DGs of a microgrid. The implementation of droop control
in the inverter and the advancement in droop control to operate the multiple inverters connecting
in parallel is presented in [2,3]. There are several droop control mechanism suchas P — f, Q -V,
P — V [2-5]. The hierarchical control structure in case of a communication link failure in an islanded
AC microgrid is presented in [6].

The recent control of inverter that has almost all the characteristics of a synchronous generator is
known as a virtual synchronous generator (VSG). In droop control, only the droop behavior of SG is
present, whereas, in VSG, virtual rotation inertia also exists in its control [7,8]. The alternative controls
of VSG are presented in different research papers: the virtual synchronous machine (VSM) in [9], virtual
synchronous machine (VISMA) in [10] and the synchronverter in [11]. However, the drawback of VSG
over SG is a lack of overload capability to ride through large oscillations and the inappropriate sharing
of active and reactive transient power among VSGs that can critically cause the oscillation in active
power during a disturbance [12]. In recent research, a number of improvements in a VSG control and its
applications have been introduced [13-15]. The problem of overload capacity in VSG can be overcome
by using energy storage—a number of solutions are presented in the literature to solve an uneven
sharing of power and the proper coordination of VSGs in a microgrid. The performance of a system
is enhanced by using VSG control technique based on the Hamilton approach is presented in [16].
The alternate moment of inertia is a technique that uses different values of inertia coefficient during a
dynamic state to dampen the oscillation of a system in less time [17], the output power oscillation is
solved by properly increasing a damping ratio after observing the derivative of voltage, active and
reactive power, and the phase difference in [18]; the enhancement of dynamic response of an inverter
by using a smaller value of inertia is presented in [19]; the virtual stator reactance technique is used to
reduce the power oscillation in [12]; sharing the transient load by using generator emulation method is
presented in [20]; the stabilization through bouncy control by introducing alternative emergency gain
during transition state is presented in [21]. These are a few techniques to resolve the power oscillation
problem. However, there is still a necessity to further improve the coordination among different VSGs
within a microgrid and with other microgrids. The analysis techniques to observe the stability of a
power system are presented in [21-24]. The coordination control for multiple DG units to improve
transient performance is presented in [25].

In the view of the above-mentioned issue, this paper is presenting the correlation and the
dependency of different parameters of VSG on its fellow VSG. The in-depth analysis is performed for
the static characteristic (droop) and the dynamic characteristic (damping) due to a droop coefficient.
It is worth noticing that the droop does not only contribute in a static state, but it also participates
in the dynamic state along with an inertia. A novel master-slave VSG control configuration is also
introduced by utilizing the above relationship between VSGs to operate RESs at the maximum power
without compromising the stabilizing characteristic of VSG control. The load analysis, rate of change
of frequency analysis and fault analysis are performed in four cases.

2. Operation of VSG

Virtual synchronous generator (VSG) is an inverter control that mimics the operation of a
synchronous generator due to its inherent inertia and droop control.

The block diagram of VSG control is shown in Figure 1. The control is designed in dg-axis.
The reference rotational frequency of dg-axis is wg in an isolated system, while in a grid-connected
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VSG, it adopts the rotational frequency of the grid. The double voltage current controller is used in
this VSG control system. The basic swing equation for VSG control is in Equation (1)

]a(w—wg) Prg—P
ot w

D(wg — w) (1)

Erer = E+ I(rq + jxa) @)

where P,f is the reference power, P is the measured output power, D is the droop coefficient, | is the
virtual inertia, w is the virtual angular frequency of VSG and wy is the angular frequency of the grid
or power common coupling (PCC). E is the excitation electromotive force and I is the stator current. 7,
and x, are a resistance and a reactance of stator winding in the synchronous generator.

l y
Dy R4

% W= 27f
(constant)

Wyof

Figure 1. Basic VSG control diagram.

The reactive power and voltage droop control is shown in Figure 2. Equations (3) and (4) show the
P — w and the Q — V droop control D, and D, are the droop coefficients of P — w and Q — V respectively.

w:wref_Dp(P_Pref) ®3)

U= Upf — Dq(Q - Qref) €Y

Qref

Q.

Figure 2. Voltage and reactive power control of VSG.

The overall control of each VSG is shown in Figure 3. Three phase voltage and current from
a terminal of a VSG; after LC filter and a grid are measured. The control is designed in dqg-axis,
therefore, the measured parameters are first transformed from abc-axis to dq0-axis by using the Park’s
transformation. The active and reactive power is calculated in (5), and frequency is detected via.
phase locked loop (PLL) [26]. “Py.¢" is the reference power of VSG control that has a constant value in
this research. VSG control decides the excitation voltage and phase angle by observing the acquired
system’s parameter values. By using V and 6, three-phase voltage in abc-axis is generated, which is
then transformed to dq0-axis; before going to voltage and current loop control. The reference voltage
in dq0-axis is transformed into abc-axis. Pulse width modulator (PWM) generates a square signal for
the inverter to produce the reference AC voltage

(Valy + Vqu)

(Vala = Valy) ©
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Figure 3. Overall control of VSG connected grid.

3. Effective Droop Control of Multiple-VSG System

A classical P — w droop control functions such that an increase in a load causes a decrease
in the rotational speed of a machine. The virtual synchronous generator has no rotating part so
the angular frequency is considered to mimic the effect of a rotational speed in the synchronous
generator. VSG operates at its reference frequency when a delivering power from the VSG is equal to its
reference power. When the frequency is 50 Hz then an angular frequency is 27tf (1007t = 314.156 Hz/s),
the reference frequency. When a delivering power through VSG is less than the reference power, then
the frequency is slightly higher than the reference frequency and that frequency is calculated through
a droop controller.

3.1. The Significance of No-Load Angular Frequency in Load Sharing

No-load angular frequency has a substantial role in power sharing of a load for different powers
rating and droop coefficients of multiple-VSG systems. A difference in no-load angular frequencies of
two VSGs defines an offset (starting) power of one VSG even before a load sharing is initialized.

Multiple VSGs with different power ratings, and droop coefficient; having same reference
frequency at 314.156 Hz/s are considered for the analysis. The load sharing is basically a static
response of a VSG control, therefore the dynamic characteristic of the swing equation, as in (1) is
eliminated to elaborate the static behavior of VSG. The static characteristic of swing equation is P — w
droop control, it can be expressed as,

—1_ Aw * _ W Wref *
slope = 5 = {p X w*" = PP X W ©)
B

—Pre
D il o + Wref
A no-load frequency is calculated from the above equation by considering the power utilization
at a load is zero (P, = 0).
P 1
gf X w* + Wre f @)
It can be observed from Equation (7) that w,,; is dependent on a reference power of VSG. For the
same droop coefficient, the higher reference power will have more no-load frequency; consequently,
the offset power will be higher. The no-load frequencies for different parameters of VSG sources are
displayed in Table 1.

Wy =




Electronics 2019, 8, 28 5o0f 22

Table 1. No-Load Frequency of Different VSGs.

Prer D Aw™ (Hzl/s) wy (Hz/s)
15 kW 40 1.1936 315.35
10 kW 40 0.7957 314.95
75 kW 40 0.5968 314.75
75 kW 25 0.9549 315.11
7.5 kW 15 1.5915 315.74

The possible no-load angular frequency sequences of three VSGs connected in parallel are
displayed in Figure 4. Out of them, only three highlighted cases are considered for the evaluation of a
droop control as shown in Table 2.

Table 2. The Regional Conditions of Different Cases.

Cases Condition Region 1 Region 2 Region 3

Casel wh > w? > W V-1 V-1,2 V-1,2,3

Case II wh > wd > wg, V-1 V-1,3 V-1,2,3

Caselll  wd >w) >w? V-3 V-3,1 V-1,2,3
YES | NO

1 2 g
| W > W >Why |

T
YES

| W’y >why > wy | NO NO | w3, > w? > wly |
YI;JS Y?S
| W' > Wy > W'y | | wn> Wy > why |

Figure 4. Possible sequences of three VSG sources w.r.t. no-load frequency.

3.2. Load Sharing Criteria

The load sharing criteria for three systems of multiple VSG sources is considered. The percentage
of load distribution among multiple sources of different power ratings and droop coefficients is not
the same. The droop control between two VSGs is only effective when a frequency is lower than the
no-load frequencies of both VSGs. The equation of power sharing among three VSGs for a total load is
represented in Equation (8) as,

P =P} +Pi+P (8)

The term AP; is a total power contribution of a VSG; x is a number of VSGs. P, is a total load of a
system. The regions are defined on the basis of the difference in no-load angular frequency of VSG sources.

3.2.1. Case

In a Case I, three VSG sources of different power ratings with a similar droop coefficient is
considered to analyze the total power sharing by each VSG source and the overall effective P — w
droop control of three VSG sources as shown in Figure 5.

The power contribution in each region is represented as,



Electronics 2019, 8, 28 6 of 22

Region 1: In region 1, the only effective source is VSG-1. The power of VSG-1 at region 1 is
represented as APR! and it can be expressed in terms of droop coefficient and angular frequency in (9).

APRY = APR = wD1 Aw, )

_ .1 _ .2
where, Aw, = w,; — wy;.

Region 2: In region 2, VSG-1 and VSG-2 are effective. The maximum available power in region
2 is a sum of APX? and APX? in Equation (10)

AP,? = AP[? + APS? = (D1Awy + Dadwy)w (10

where, Aw;, = w?

wl W

nl*

Region 1

Region 2

Region 3

'''''''''''''''' LS Taw

AP3
P refl PrefZ P ref3 P

Figure 5. Regional Power Contribution Case I.

Region 3: In region 3, all three VSGs are available to contribute to load sharing. The maximum
available power in region 3 is a sum of AP1R3, AP2R3 and AP3R3 in Equation (11)

APR = APRS 1 APR® + APSS = (D1 Aw, + DyAw. + D3Aw,)w (11)

where Aw, is the maximum available change in angular frequency for three VSGs and it can be
represented as, Awe = W3] — Wy

When a system is operated in region 3 then the maximum power of region 1 and region 2 is
added as an offset power for VSG-1 and VSG-2. The change in load in region 3 produces an effect of
equivalent droop in which all three VSG are operated with P — w droop control. A detailed expression
of Equation (8) is calculated from Equations (12)—(14) in (15).

Plt_1 = WD (Aw, + Awy + A1) (12)
P! = wDy(Awy, + Aw?™Y) (13)
Pi! = wDs(Aw? ™) (14)

Equation (15) shows a load power sharing in terms of VSG power sources and Equation (16)
shows a load sharing in terms of regions.

Py = wD;(Aw, + Awp + Aw?) + wDs (Awy + Aw;) + wD3(Awy) (15)

P = w(D1Aw, + (D1 + Dy)Awy, + (D1 + Dy + D3)Aw?) (16)
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where, Aw? = wzl —

in load and power sharing among three VSG system at this point is in Equation (17).

w’ and w? is an operating angular frequency of a system. The equation of change

APy = APy + AP, + AP3 (17)

AP, AP) = wD1Aw, AP, = wDyAw and APs = wD3Aw are the instantaneous change in a power
of load, VSG-1, VSG-2 and VSG-3 respectively. The equation of the actual load sharing among multiple
VSG source is derived in Equations (18) and (19).

P+ AP, = (P! + APy) + (P5 + AP,) + (PL + AP3) (18)
D1Aw; + (Dy + Dy)Awy+

P+ AP =w 19

! ! ( (D1 + Dy 4 D3)(Aw? + Aw) (19

3.2.2. Case II

In a Case II, three VSG sources of different power ratings with different droop coefficients are
considered to analyze a total power sharing by each VSG source and the overall effective P — w droop
control of three VSG sources as shown in Figure 6. In this case, the droop coefficient of VSG-3 is set
such that a no-load frequency is between the no-load frequency of VSG-1 and VSG-2. The load sharing
equations of Case II are in Equations (20)—(23).

P? = w(D1Aw, + (D1 + D3)Awy + (D1 + Dy + D3)Aw?) (20)
Plt_2 = WD (Aw, + Awy + Aw?™?) (21)
P72 = wD3(Aw?™?) (22)
PL™% = wDy (Awi + Aw?™?) (23)
w
Awi Region 1
Awi Region 2

Region 3

Aw, -~ ______________

Pref1 Pref2 Pref3 P
Figure 6. Regional Power Contribution Case II.
3.2.3. Case IlI

In a Case III, VSG-3 is introduced with a different droop coefficient so that the no-load frequency
of VSG-3 is the highest among all sources as shown in Figure 7. The load sharing for each VSG source
can be calculated from Equations (24)—(27).

P} = w(D3Aw, + (D1 + D3)Awy + (D1 + Da + D3) Aw?) (24)

PI73 = wD; (Aw; + Aw? ) (25)
Pi73 = wDy(Aw?™?) (26)
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Pi% = wD3(Aw] + Aw3 + +Aw?) 27)
w

AwaI Region 1

AwbI Region 2
AP, Region 3

Dwc| [ N S

_______________ NN __IAw

i —
o AP;
APy Prefl Pref2 Pref3 P

Figure 7. Regional Power Contribution Case III.
3.3. P — w Control for Equivalent Droop

The variation of frequency on increase in load for three different cases is discussed. The operating
frequency of a system for load ‘P, ” is calculated for case I, II and III by rearranging Equations (16), (17)
& (24) into (28), (29) & (30) respectively.

—~ —DjAw!l — (D1 + Dz)Aw},> (28)

1
W2 =w? - (cj — D1Aw? — (Dy + Dg)Awg) (29)

P
;l — D3AwS — (Dy + D3)Aw§> (30)

L= w? =04, Aw] = w)l, — w? =02, w3, = 31475, w1 = 31448, Aw? 1 =027

Casell: Aw? = w) — w3 =024, Aw} = w3 — w2 =0.16, w2, = 31495, w2 = 314.53, Aw? ™% = 0.42

nl

Caselll: Aw) = w3 —w! =039, Aw} = w3, — w2, =04, w2 =314.95, w3 =314.57, Aw? ™3 = 0.38

nl

Casel: Aw)=w

3.4. Dynamic Response of Damping Coefficient

The droop coefficient and damping coefficient are the two characteristics of a coefficient ‘D’.
The droop coefficient is referred with the static response of multiple VSG systems, whereas damping
coefficient ensures the dynamic response. The correlation between multiple VSGs is built for the better
understanding to differentiate its effects on the static and dynamic state. The dynamic behavior of

a VSG due to a damping coefficient is assessed by omitting the effects of an inertia from a swing
Equation (1)ie., J =0

Dw(déw) = 6P
e = @
W= Do

The derivative of the change in frequency is calculated by taking a derivative of Equation (31).

. 1 .
= — 6P 2
bw =56 (32)
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The damping coefficient D is inversely proportional to a derivative of angular frequency dw.

L]
Hence, the decrease in the value of a damping coefficient causing an increase in a rate of dw.

* 1
dw x D (33)

3.5. Power Percentage

The power sharing for among different VSG sources is calculated from a static characteristic of
swing equation by considering equivalent droop coefficient and total power of a load.

1 Aw "
_ 34
Doy AP +AP,+ AP, ¢ (34)
ng =D1+Dy+ D3 (35)

The equivalent droop coefficient of three VSGs in a region 3 is a sum of all three droop coefficients.
The percentage of change in power sharing is calculated from a droop coefficient. The terms v, y» & y3
are the values of a proportion of a load division. The percentage of these terms can be calculated by
multiplying them with 100 i.e., y% = y x 100.

A Dy AR Dy APy D

T AP, T Dy 3T AP, T Dy

T APt Dy’

n (36)

3.6. Rate of Change of Frequency (RCF)

The increase in the penetration of renewable energy sources is causing a low inertia in a power
grid. The coordination between multiple sources is quite essential than ever before. It is presumed
in a literature that a rate of change of frequency (RCF) of multiple sources should be the same for a
dynamic response matching. The RCF analysis of three sources for each case is considered to observe
matching between sources.

4. Master-Slave Configuration of VSG

A master-slave control is introduced to obtain the maximum power of renewable energy source
by using VSG control. The idea is to use the inertia and instant droop characteristic of VSG control
during dynamic state while delivering a rated power to a microgrid system. It is configured such
that it follows the operating (instant) angular frequency as a reference angular frequency to maintain
its reference power as shown in Figure 8. VSG acts as an isochronous generator during static state
and changes its behavior to the synchronous generator during dynamic state, therefore, the damping
characteristic of VSG is always present to reduce the oscillation, however, the droop control during
static condition is not operational. w, is the operating angular frequency of a system, therefore,
the reference angular frequency is a variable term.

wref = wo(instant)
(variable)

Wyof

Figure 8. Master-slave configuration of VSG control.

Assuming an island microgrid system that has a similar condition of power and droop coefficient,
but there is a dissimilarity in the reference frequency ‘wy, ;" of VSG-3, which is set to the instant angular
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frequency of a grid. In this case, VSG-3 is contributed its maximum power all the time, whereas
the droop control of VSG-1 and VSG-2 controls the overall P — w droop control of the multi-VSG
system. It doesn’t matter whether the system’s angular frequency is at the line (i) or at the line (ii) in
Figure 9, the maximum power is delivered from VSG-3. It can be concluded that the droop control of
VSG-3 has become insignificant to the system; except a small contribution at the time of dynamic state.
The control equation of master-slave VSG control can be written as in (37).
]ww — (Puf — P) — Dw(w — wp) (37)
Here, w, is an instant frequency of a system or a grid frequency and it is varying on the change in
load (stand-alone microgrid), therefore, VSG-3 remains at its maximum power all the time. V5G-1 and
VSG-2 are following an equivalent droop of two VSG sourced multi-VSG system and the reference
frequency of both VSGs are 314.156 Hz/s (f = 50 Hz). The comparison of master-slave VSG (MS-VSG)
and simple VSG control is presented in Table 3.

Table 3. Comparison of MS-VSG and Simple VSG control.

Parameter MS-VSG (Proposed) Simple VSG
Wref Variable frequency Fixed frequency
Inertia Yes Yes
Damping Yes Yes
Power deliver Ref. power at any w Ref. power at wys (1007)
P — w droop Only Dynamic state Both Static and Dynamic state
Q — V droop Yes Yes
Dependency of factor ‘D’ Damping Droop and damping both
w

VSG-3 €

PIoad

Wref

Prekf;s L Pref—Z Pref-l

1A P&

P3=Pret3 P, Py
P

v v

Figure 9. P — w droop curve for master—slave configuration.

5. Island Microgrid of Multiple VSG Sources

The island microgrid of three VSG sources is designed to observe the performance of VSG-3 for
different parameters and controls as shown in Figure 10. The power ratings of three VSGs are 15 kW,
10 kW and 7.5 kW for VSG-1, VSG-2 and VSG-3, respectively. The load of 20 kW and 10 kW is added
at the start and 0.5 sec respectively. The DC supply of 800 V is used at the DC side of each source and
the operating frequency is 50 Hz.
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Figure 10. Island microgrid of a multiple-VSG system.

LC filter is designed by using the formula in Equation (38). We have chosen a damping factor
D, = 40, which means that a frequency drop of 0.4%, 0.25%, and 0.2% cause the power to increase by
100% for 15k, 10 k and 7.5 k respectively. The detailed parameters of the multi-VSG system are shown

in Table 4. v
1 p(peak) c> 1 (38)

L> (27‘[fc)2L.

= X ;
27tfsw  Lp(peak)

where f, is a switching frequency, and f, = fs,/10.

Table 4. Parameters of a Multi-VSG Microgrid.

Para. Values Para. Values Para. Value
P, 15 kW P, 10 kW Ps 7.5 kW
V pof 380V Vief 380 V Vief 380 V
w 27t X 50 fpwm 5000 Hz fpwm 5000 Hz
fn 50 Hz fn 50 Hz fn 50 Hz
Dvsc1) 40 Dsc2) 40 DvsG-3) 40, 25,15
R; 0.05 R, 0.05 R; 0.05
L; 1.45 x 1073 L, 1.45 x 1073 Ls 1.45 x 1073
C; 150 x 10~° C, 150 x 10~° C3 150 x 10~°
Ve 800 V Ve 800 V Ve 800 V
Dql 0.010 qu 0.010 Dq3 0.010
I 0.1 I 0.1 Is 0.1

5.1. Loading Analysis

The loading analysis is performed on four cases by adding 10 kW load to a multi-VSG island
microgrid system. The case I, Il and Il have an equivalent droop control, whereas Case IV has a novel
master—slave configuration of a VSG control. The power and angular frequency response of all sources
are observed for each case.

5.1.1. Case |

The rated powers of VSG-1, VSG-2 and VSG-3 are 15 kW, 10 kW and 7.5 kW respectively, but the
droop (damping) coefficient is the same (D = 40) for all VSG sources. As a result, the dynamic response
of angular frequency is noticeably coordinated for all sources because of the same damping coefficient.
The power is distributed on the basis of a droop control. VSG-1, VSG-2 and VSG-3 are sharing 72.8%,
59% and 45.2% of the total power rating respectively as shown in Figure 11 and in Table 5.
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Figure 11. Power and Frequency Trend Case L.
Table 5. Parameters of a multi-VSG microgrid.
Cases Condition Aw, Awp AWl Wo P, P, Py %P, %P, %P}

Casel w%l > wé, >wd 04 02 027 31448 109 59 339 728 59 728
Casell  w) > w3 > w%l 024 016 042 31453 103 527 455 687 527 687
Caselll w) >wl >w’ 039 04 038 31457 98 477 557 6534 474 653
CaselV ~ w, =wp=w 04 - - 31465 875 375 75 583 375 100

When a droop coefficient is similar for different power rating sources, then the remaining power
for all sources is equal. When two VSGs have a same active and reactive power rating, droop coefficient,
inertia, and the reference frequency, then these VSGs are considered as ideally coordinated, as a result,
the dynamic response of an angular frequency is exactly same and can be called as ‘reference dynamic
response’. In this case, VSG-1 and VSG-2 have identical control parameters; except a power rating,
but it can be observed in Figure 11 that the dynamic response is similar, so in our case, the angular
frequency of VSG-1 and VSG-2 during dynamic state is a reference dynamic response of a system.

5.1.2. Case II

The power contribution of VSG-3 is increased by changing a droop coefficient to a smaller value
at D = 25. The power percentage of VSG-3 is increased from 45.2% to 60.6% as shown in Figure 12.
The drawback of reducing damping coefficient is the increases in a rate of change of angular frequency,
as a result, the coordination of VSG-3 is slightly disturbed from other VSG sources.
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Figure 12. Power and Frequency Trend Case II

5.1.3. Case III

The power contribution before adding a load is even more increased by changing a droop
coefficient to D = 15. The percentage of VSG-3 power sharing is increased by 13% to 73.4%, whereas
the power percentages of VSG-1 and VSG-2 are decreased to 65.34% and 47.7% respectively as shown
in Figure 13. However, the angular frequency response of VSG-3 is deficient during the addition of a
load due to low damping effect and high rate of change of frequency. The stabilizing time of power
and angular frequency is also prolonged for VSG-3.
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Figure 13. Power and Frequency Trend Case III.
5.1.4. Case IV

The simulation on a proposed master-slave VSG control is performed in this case. The reference
angular frequency of VSG-3 is assumed to be a system’s operating angular frequency, consequently,
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the reference power of VSG-3 is achieved by using a proposed control. The percentage of power
delivered by VSG-3 is increased to 100% shown in Figure 14. A VSG-3 is getting back to its stable
state after the addition of a load, though it is relatively slower than other sources. On the other hand,
the coordinated of VSG-3 is mismatched to some extent with other VSG sources due to a higher rate of
change of angular frequency. The angular frequency response of VSG-3 from a proposed control is
better than Case III and nearly equal to Case II, but it is inferior to Case I.
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Figure 14. Power and Frequency Trend Case IV.

5.1.5. Comparison of Power of V5G-3

The comparison on a power delivered by VSG-3 from each Case is presented in Figure 15. When a
droop coefficient ‘D’ of VSG-3 is 40 in Case I, then only 45.2% power is delivering to a load before the
additional of a load. The power is increased to 60.6% and 73.4% in Case I and Case III respectively.
A remarkable 100% power delivering is observed in Case IV.
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Figure 15. Power-delivered comparison.
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5.1.6. Comparison of Angular Frequency (VSG-3)

The comparison on angular frequency for each case is executed to observe the response of
a VSG-3 under the addition of a load or an abnormal condition. The static angular frequency
of a system before the adding a load is different in each case due to the change in parameters of
VSG-3 source. The angular frequency (before adding load) is at 314.48 Hz/s, 314.53 Hz /s, 314.57 Hz /s,
and 314.65 Hz /s in Case I, II, I1I, and IV respectively as shown in Figure 16. The increase in a stable
angular frequency is because of greater contribution of power from VSG-3. When a 10 kW load is
added with a system, the response of angular frequency for each case is displayed in a figure. There is
a significant difference in a static state of an angular frequency before load addition, whereas the
difference is considerably decreased after the addition of a load; it is because a VSG-3 is operated
nearly a rated power. The dynamic response of an angular frequency of Case I, Case II and Case IV is
marginally different. However, the response of Case Il is devastated and it has an irregular transition
due to low damping coefficient and mismatching of VSG-3. The angular frequency of proposed control
in case IV is showing a smoother response as compared to other cases.

Angular frequency trend
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w 314.4F

Time

L1 NSRRI SRNTSSSU S S —

e
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Figure 16. Comparison of angular frequency (VSG-3).
5.1.7. Rate of Change of Frequency Analysis

The rate of change of frequency of all sources for each case is observed to analyze the response of
a VSG-3 source under different conditions in Figure 17. The identical values of RCF show a matching
between the multiple VSG sources. The trend of RCF in Case I is similar for all sources, thus the
coordination is strong. RCF of VSG-3 is slightly higher than VSG-1 and VSG-2 in Case 1I, so the
coordination is little lower. The RCF of VSG-3 is deprived in Case III, consequently, it can be concluded
that the coordinated of VSG-3 is not satisfactory.



Electronics 2019, 8, 28 16 of 22

Rate of change of frequency

w
o

L
[=]

RCF (Case-l)
o

=}

RGF (Gased])
=3 =]

oo
w
=1
~
(=]
<
o Bl
.
of
~
(=]
o
(=]
w

(k)

=]

[=]

[=}

RCF(Case-Ilb .,
=]

oo o
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5.1.8. Comparison of RCF (VSG-3)

The RCF comparison of a VSG-3 of the four cases is displayed in Figure 18. The decrease in droop
coefficient is causing an increase in RCF due to a decrease in a damping effect. It is to be noted that the
RCF value of master—slave control is the highest, but the dynamic response of an angular frequency is
almost similar and the stabilizing time is also satisfactory.

Rate of change of frequency
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LY T et .- i . D B [

40

35

30 -
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Figure 18. RCF comparison (VSG-3).

5.2. Fault Analysis

The fault analysis is performed to evaluate the behavior of VSG sources in a multiple-VSG system
under a fault condition. The protection control is not introduced in any of VSG sources to investigate
the dynamic behavior of sources. A three-phase to ground fault is applied near the load for 0.02 s at
1.0s.

5.2.1. Casel

The dynamic response of power and angular frequency is identical under a fault is displayed in
Figure 19. The angular frequency of VSG-1 is slightly higher than other sources because of the high
power rating.
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Figure 19. Fault Analysis Case L.
52.2. Casell

The response of VSG-3 is mismatched when a fault is applied in Case II is shown in Figure 20.
The angular frequency is reached to a minimum level at 311.2 Hz /s that is 0.8 Hz/s less than the other
sources and the stabilizing time of VSG-3 is slightly slower as compared with VSG-1 and VSG-2.
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Figure 20. Fault Analysis Case II.
5.2.3. Case IlI

The oscillation in a power and angular frequency response of VSG-3 shows that it has an
insufficient damping; the damping coefficient is small as shown in Figure 21.
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Figure 21. Fault Analysis Case III.
5.24. Case IV

The master—slave control is not showing oscillation; unlike Case III, and the stabilizing time
almost the same with other VSG sources. The angular frequency is dropping down to 310 Hz/s that
is 2 Hz/s lower than peer VSG sources in Case IV in Figure 22. Therefore, the improvement in a
master—slave control is required to damp the instant effect of a fault.
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Figure 22. Fault Analysis Case IV.
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5.2.5. Comparison of RCF Analysis Under Fault (VSG-3)

The rate of change of frequency (RCF) for all four cases of VSG-3 is compared to examine the
change in the behavior of VSG-3 for different parameters and controls in Figure 23. The peak value of
RCF is shown in a master-slave, whereas damping is quite faster in this case during a fault. On the
contrary, the peak RCF of Case IIl is lower than the RCF of Case IV, but the stabilizing time is rather
longer. The rate of change of frequency is reduced quickly and reaches to stable RCF limits in less time
as compared to Case II and Case III, and almost equal to Case I (reference case).
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Figure 23. Comparison of RCF analysis under fault (VSG-3).

5.2.6. Comparison of Angular Frequency Under Fault (VSG-3)

The comparison of the angular frequency response of VSG-3 under fault for all cases is shown
in Figure 24. The response of Case IIl is unstable after fault due to insufficient damping i.e., D = 15.
The value of ‘D’ is set to lower value to increase a delivering power of VSG-3 to a system, but due to a
dual characteristic of ‘D’ in the static and dynamic state as a droop coefficient and damping coefficient
respectively, causing a low-damping effect of VSG-3. When a proposed master-slave VSG control is
implemented by changing the reference angular frequency, then the delivering power is increased to
its reference power, thus the angular frequency response is showing a better response than in Case
IV. The angular frequency response of Case I is considered as a reference for the comparison, as the
VSG source are coordinated by compromising a delivered power. The stabilizing time of a proposed
MS-VSG control (Case IV) is almost the same as Case I and better than Case II and Case IV.
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Figure 24. Comparison of angular frequency analysis under fault (VSG-3).
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6. Discussion

Due to the high penetration of renewable energy source (RES) in a power system, the stability
of a system is compromised due to the lack of reserved power and inertia. VSG control has inherent
characteristics of droop and inertia control. However, there is a matching problem between multiple
VSG sources. The power rating of different sources is not alike, so the same droop coefficient is not
suitable for all source under a low-load condition. Secondly, the RES is an instant power generation
and it is necessary to capture the maximum energy from it, otherwise, it goes in vain.

The analysis on multi-VSG sources system is performed by changing the parameters of one VSG
source to evaluate the static and dynamic behavior of a system. It is observed that at a higher load,
i.e., each source is delivering rated power to a system, the difference between delivered power from
different droop coefficients is nearly the same. However, when the load is less, then the power sharing
from VSG-3 is controlled by decreasing droop coefficient ‘D’ of VSG-3. It is observed that the decrease
in ‘D’ is increasing the delivered power of VSG-3. A term ‘D’ has dual characteristics i.e., droop
coefficient and damping coefficient. A single parameter ‘D’ is deciding the static state of a system
by applying P — w droop control (D = droop coefficient), also it is providing a damping under an
abnormal condition (D = damping coefficient). When the power contribution of VSG-3 is increased
by decreasing ‘D’, the damping of VSG-3 is also degraded, as a result, the oscillation is causing
throughout the results in all Cases other than Case I. The reason of oscillation is an inappropriate
damping coefficient that in turn affecting the matching between VSG sources.

A master-slave control is introduced to operate a low power VSG source at a rated power.
The advantage of this control is to provide 100% power to a load at any angular frequency of a system.
Moreover, it is observed that the stabilizing time of VSG-3 from master-slave control is the same as
compared with other VSG sources. However, there is one disadvantage of master-slave control, the rate
of change in frequency of VSG-3 is the highest among all studies cases and the angular frequency drop
is just better than Case III with droop coefficient of D = 15.

7. Conclusions

The static and a dynamic analysis of three sourced multi-VSG system is performed.
The significance of the no-load frequency of each VSG source is considered to draw a load-sharing
criteria. Three cases of droop controlled multi-VSG are established to derive the equations for
calculating the total load sharing by each source and the operating angular frequency of multi-VSG
system for any given load. The power sharing of VSG-3 is increased by the variation of a droop
coefficient of P — w droop control and by using a novel master—slave configuration of VSG control.
The analysis results showed that the power sharing is increased by decreasing the droop coefficient
‘D’, on the contrary, the stability of VSG-3 is compromised; it is because of the dual characteristic of ‘D’
in a static (droop) and a dynamic (damping) state. The relationship of a damping coefficient ‘D’ on a
derivative of the change in frequency is derived and it showed that they are inversely proportional
to each other. The master-slave configuration is showing a promising performance in terms of a
power sharing i.e., 100% power is delivered from VSG-3, however, the angular frequency and a rate of
change of frequency response during a dynamic condition are not encouraging. It is concluded that
the droop coefficient of all sources in a multi-VSG system should be similar for a firm coordination,
regardless of their power ratings. The performance of a master-slave configuration can be improved
by implementing additional controls during transition in the future.
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