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Abstract: The uncertainty of high penetration of renewable energy brings challenges to the safe and
stable operation of a power system; the virtual synchronous compensation (VSCOM) can shift the
demand and compensate real-time discrepancy between generation and demand, and can improve
the active support ability for the power system. This paper proposes a novel capacity allocation
strategy using VSCOM for renewable energy stations based on fuzzy constraints. Firstly, the basic
framework of the VSCOM is constructed with energy storage and reactive power generator (SVG)
unit. Secondly, the inertia and standby capacity requirements of high penetration of renewable
energy system are modeled; on this basis, a capacity allocation model of each sub unit of the VSCOM
is developed, and the investment economy and stable support needs are considered. Thirdly, the
uncertainty set of wind power output is defined based on the historical data to find a decision that
minimizes the worst-case expected where the worst case should be taken. Finally, the simulation
results show that the proposed optimal sizing strategy can effectively take advantage of stability and
economy, and the VSCOM can meet the inertia support demand of 98.6% of a high proportion of
renewable energy systems.

Keywords: virtual synchronous compensator (VSCOM); energy storage; renewable energy station;
capacity configuration

1. Introduction

In the transition of the power system migrating into higher power electronics and
higher renewable penetration, the inverter-based generators (IBGs) are gradually replacing
the traditional synchronous generator (SG)-based power plant and becoming dominated [1].
In order to ensure a safe, economical and stable power transmission, the reactive power
compensation devices are widely implemented [2—4]. Differing to the SG, IBG cannot
provide a sufficient reactive power due to its rigid current limitation. Thus, for the purpose
of the voltage stability in both static and transient, most of the IBG are implemented FACTS
devices at its point of common coupling (PCC) [5].

There are different types of the FACTS devices [6]. Static Var Compensator (SVC) is
the most common and the cheapest, and connects to the IBG in parallel and behaves like a
susceptance adding on the transmission line impedance [7]. When it reaches its limitation,
it becomes a fixed capacitor in which reactive power provision ability decreases linearly
with the grid voltage [8]. Static Var Generator (SVG) or Static Synchronous Compensator
(STATCOM) has become popular in recent years, and is based on the grid-feeding converter
and behaves like a controlled current source. A more functional and flexible control
strategy can be implemented in to the SVG; thus, it has a wider operational region and
better performance than SVC [9]. However, up-to-date, large-scale IBG in the power system
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in general are also in the form of the grid feeder or controlled current source, while in a
stiffness grid, a certain quantity of the voltage sources has to be maintained [10]. In this
context, the concept of the grid-forming converter, such as virtual synchronous generator
(VSG) [11], synchronverter [12], virtual oscillation control [13] etc., has been proposed [14].
However, it is not easy and economical to modify the build-up IBG plants into the grid
former in a short-term. To confront the problem of the voltage instability attributing to the
lack of the voltage source, it is much easier to remold the SVG to be controlled in the grid-
forming or voltage source mode and to directly control the PCC voltage; this new device
is named a virtual synchronous compensator (VSCOM) [15]. Reference [16] compares the
VSCOM with other different FACTS in terms of the voltage support ability, and proves that
the VSCOM can regulate the PCC voltage in a fixed value in a normal operation regardless
of the stochastics from either the load or the IBG sides and can compensate reactive power
much faster than others during the fault operation. The VSCOM uses VSG control and
has the ability to provide the inertia and damping, which can also support the frequency
in the power system. Reference [17] suggests installing an electrical energy storage (ESS)
in the DC side of the VSCOM in order to boost its supporting ability on both voltage and
frequency stability. Reference [18] compares the effect of the different type of the storage
on the VSCOM performance. Reference [19] proposes a coordinated control between the
VSCOM and IBG to make the entire IBG behave like a voltage source even IBG is controlled
in grid feeding.

Most of the work on the VSCOM now focuses its control strategy and operational
transient stability in the device level. However, economy is one of the most important
elements in the power system development. Before widely promoting the VSCOM, we
have to evaluate its economics and understand its optimal and economical sizing along
with an IBG plant. The IBG with SVG is represented as a PQ node in the power system,
while now with VSCOM becomes as a PV node. The model of the VSCOM for the power
system planning is lacking by now and has to be developed. New energy (such as wind
power and photovoltaic) is a typical representative of IBG application, and the uncertainty
of power has a significant impact on optimal allocation and economic operation of IBG with
VSCOM,; at present, the standby setting method [20], stochastic programming method [21],
scenario analysis [22], and robust optimization [23] were proposed to describe the power
uncertainty. However, the above methods require a large number of sample data; the
results are constrained by the number of scenarios and the uncertainty calculation of multi
scenario description is complex. Robust optimization can find the decision scheme under
the worst scenario by setting the fluctuation range of uncertain variables. Taking the
minimum economy as the goal, [24] proposed an allocation method of ESS capacity based
on time of use electricity price by building the uncertainty set of renewable energy output.
In [25], the uncertainty set of fault state of multi area distribution lines was constructed,
and a distribution network ESS planning method was proposed to ensure uninterrupted
power supply of important loads. The traditional robust optimization ignored the economy
and made the results too conservative; it is difficult to scientifically balance economy and
robustness in ESS capacity allocation. Furthermore, the above studies have improved the
consumption of new energy and reduced the fluctuation caused by the grid connection of
new energy; however, most studies only considered the output of the power side, the costs
and benefits of the active support capability of the system have not considered. On the
solution algorithm, the self-organizing multi-objective particle swarm optimization and
competitive mechanism based multi objective particle swarm optimization were proposed
in [26,27]. However, the constraints of active and reactive power should be considered in
the optimal configuration of VSCOM,; this optimization problem is nonlinear, and contains
complex constraints.

To this end, a capacity allocation strategy of virtual synchronous generator for renew-
able energy stations by utilizing the fuzzy chance theory is introduced. The following are
the contributions:
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1. Based on the robust theory, an IBG with VSCOM model for its economical and sizing
analysis in the power system planning is proposed;

2. The moth flame optimization algorithm to solve the balance between economy and
robustness problem attributing to the stochastics and nonlinearity from the IBG and
VSCOM is modified;

3. The benefits of the VSCOM with different storages on the IBG annually economical
operation is compared.

The rest of the paper is organized as follows: Section 2 introduces the structure of
VSCOM and establishes the model of IBG plant. Section 3 establishes the configuration
model of VSCOM. Section 4 proposes a modified moth flame optimization algorithm. The
case studies and the result analysis are discussed in Section 5 and the main conclusions are
summarized in Section 6.

2. The Structure of VSCOM and IBG Plant Model
2.1. VSCOM Structure

The VSCOM used in this paper consists of ESS and SVG, and the ESS is connected at
the DC side of SVG.

Figure 1 depicts the structure of VSCOM connecting to an IBG plant (new energy
station) at the PCC, the ESS is mainly used to track the setpoint from the IBG operator,
compensate the mismatched power during the peak time, and provide inertia support. The
SVG meets the reactive power demand and provides voltage support for the power grid.
Based on above functions, the VSCOM can support both voltage and frequency stability;
hence, the VSCOM have a considerable application prospect in the modern power system.

IBG Plant

Energy O
Storage <

% ________________ i} Power
r Grid

o
%
2

Figure 1. The structure of VSCOM connected with IBG plant.

2.2. IBG Plant Model

ESS has the advantages on dual-directional power regulation and fast support ability,
which can track the setpoint of IBG operator and help damp the stochastic power gener-
ation. It can also provide fast frequency response after the grid subjecting the frequency
disturbance, and, meanwhile, it can also provide the inertia response, where the inertia
time constant of ESS can be characterized as [28]:

ESS EF®S
HP = L . Cmax 1)
|EESX| - PESS

where, the HFSS represents the equivalent inertia time constant of ESS, EFSS represents

the remaining electric quantity of ESS at t, EESS represents the rated capacity of ESS, and
PESS represents reference power. C™ represents the maximum charge/discharge ratio of

ESS [12].
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During the frequency variation, the inertia support power of ESS (Pl}flsts) can be ex-
pressed as [13]:
pESS _ _(ppEss. af = 1 Af)\D > @)
ko dt ~ Ogss f fo

where, Jgss represents the difference adjustment coefficient of ESS, and PESS represents the

rated power of e ESS. df /dt represents the system frequency change rate, Af represents
the frequency deviation, and fj represents the reference frequency.

The overall inertia demand in power systems can be expressed by the minimum rota-
tional kinetic energy under the maximum limit corresponding to the maximum frequency
change rate, which can be expressed as [29]:

_ APyoss fO

Rocor] = | - 522t < r; ©)

where, Rocor represents the frequency change rate, Re"tre represents the maximum value
of frequency change rate, APj¢; represents the power dlsturbance, and Egys is the required
rotational kinetic energy.

Based on (3), to avoid the unexpected tripping of the relay under the power distur-
bance, the minimum rotational kinetic energy (E,”". ) can be expressed as [30]:

t,min
—AP, 0
E?[}r’iin _ HFSS . PI]E:SS > | 0ss |f (4)

extre
2ROCCF

The balanced power flow model in steady state operation can be shown as:

. (Pﬁg _ ()" (k) m-)

2
ke(Ge (VAC) ®)
—PAS+ T_PAFVie NAC
]GQ( 3
ac _ (BAS)*+(at6)®
ZAC (ka,t kai
keQ(:/i) (6)

= Qi+ X Qffvie NC
]EQ( 3

where, Q‘(A% and Qéc) represent the starting point set of the line with 7 as the end point and

the ending point set of the line with i as the starting point, respectively. NAC represents the
set of AC nodes. P,f‘i,c and le ; represent the active and reactive power of line ki, respec-
tively, and Pl-‘}tc and QiA/tC represent the active and reactive power of node I, respectively.
V]ﬁc is the voltage of node k. ry; and x; represent the resistance and reactance of line
ki, respectively.
PAC PLR PW PVSCOM
{ Q¢ QL Q " QVSCOM @)
where, Plvf , PlLtR, Ql 1, and Q}F represent the actual active, reactive power of wind power
and load at node i, respectively. PZ.YtSCOM and QXECOM represent the active and reactive
power of VSCOM, respectively.
The voltage constraints of each node to maintain the system voltage stability can be
expressed as:
Vtmin < V Vmax ie NAC (8)

where V;; is the voltage of node i at t. V" and V@ represent the upper and lower limits
of the system voltage, respectively.
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The node voltage in the system can be calculated as:

PkAz‘f)Z i (Q@S)Z,Vk,i e NAC ©)
(vac)’

(Vl?tc)z = (Vil,AtC)z + 2(7kipz?if + xkiQkAi,Ct) - [(rki)z + (xki)z} (

3. Configuration Model of VSCOM

Considering the uncertainty of the source, load, and the operation constraints of the
VSCOM, the model of the VSCOM capacity configuration for the IBG is constructed with
the objective of the annually economical operation.

3.1. Objective Function

The capacity of each sub unit in VSCOM is configured based on the operation of
typical days and the annual net income of IBGs. The net income includes the electricity
sales revenue (B%¥), the investment cost (CYSCOM) and the penalty cost (CF). The CP
includes the penalty cost for tracking the setpoint of the IBG operator (Cf,) and the penalty
cost for the node voltage exceeding the threshold range (CY). The objective function are
as follows:

maxf — BSel _ CVSCOM o CP
T

BSel = 365 - Z [gSel . (PtSel + PtLR)]

t=1

T

CVSCOM — 365 - tgl [kt X (EESS . CESS 4 Q%{VG . CSVG)]
CP =365 (Ch, +CY)
v [ &R (PF = (14 )P, PR > (14 )P

ct =Y (10)
A\ (1w BB < (- wp

o kg [ vV > v
vV 11 e NAC é’{’/ . (Vtmin _ Vi,t>lvtmin > Vi,t

psel = ( th_s LA th) _ PtLR_S — pyscoM

K ,)/(1+7)Tvscom
t= (1+’y)T"5C°m—l

gESS §SVG

where, ¢5¢! refers to the unit selling price of IBG, and and represent the unit
investment price of energy storage and reactive power generator in VSCOM, respectively.
EESS and QRVC represent the rated active and reactive capacity of sub units, respectively.
represents the allowable deviation compared to the planned power. P! and Ptsel—P rep-
resent the actual power and planned power of IBGs at time , respectively. ¢, and &,
represent the unit penalty cost for tracking the planed power and voltage deviation of IBGs,
respectively. PYSCOM represents the charging/discharging power of the VSCOM. PtW S
and PtLR—S represent the predicted power of wind and load at time ¢, respectively. APYY
represents the power deviation between wind power and load at t. k; represents the asset
rate, 7y represents the discount rate, and Tyscom represents the full life cycle of VSCOM.

3.2. Constraints

During the operation of the ESS, the electric quantity at each time shall be within its
upper and lower limits [EESS, Eglsirsl]. In addition, based on (4), considering the minimum

rotational kinetic energy required at all times, the constraints can be expressed as:

(0.1ERS — B, ) < EFS < (0.9EF - B, ) (11)

t,min t,min
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The electric quantity of each period is not only related to the charge and discharge
electric quantity of the ESS at the current time, but also related to the electric quantity of
the previous time, which can be shown as:

EFSS _ EF§? + ptVSCOM (12)

To simplify the calculation, when the self-discharge rate of each energy storage unit is
ignored, the charge/discharge rate is approximately considered as 1.

During the operation of the reactive power generator, the reactive power output at each
time shall be within its upper and lower limits [Qmin, Omax], which can be expressed as:

Qmin < QYSCOM < Omax (13)

In addition, the IBG system also has transient and steady state constraints which can
be seen in (1)—(9).

3.3. Analysis of Uncertainty with Wind Power

Based on the typical daily output power under uncertainty of wind power output
deviation and robust theory, according to [15], the set containing additive uncertainty is
constructed as follows:

ptW7A _ pt\/\LS + ,)/WAPtW,max

Ny
Irwlleo = maxiawl, iyl = L [y (14)

i=

stlvwle <1 lrwlly < Tw
where, P;N A refers to the actual output of wind power, AP:N ~M% refers to the maximum
deviation between the prediction and the actual power in the annual historical data, yw
refers to the deviation coefficient of the wind farm, Ny refers to the refined number of power
generation units in the wind farm, and || e|| ., and | #|| ; represent the infinite norm and
perturbation 1-norm constraints, respectively. Based on || yw || 1, the wind farm uncertainty
space constraint parameters can be introduced as I'yy, the I'yy can balance the investment

economy and system operation robustness by flexibly adjusting the boundary. Based on
Lindeberg-Levy central limit theorem, the I'yy can be deduced as:

[ 202 203

To simplify the calculation, assuming that the wind power output deviation follows
the standard normal distribution [31], the prediction accuracy is only 68.27% (it can be
obtained through the prediction data and statistical analysis). In (6), oy is the variance
of the deviation, and the distribution of the deviation can be obtained through statistical
analysis. oy represents the confidence probability and the preset value according to the
output prediction accuracy. Based on the method proposed in [31], the probability value
(POE) of the system operating under extreme conditions is taken as an index to quantify
the system robustness. The POE can be expressed as:

w2
POE = exp (_(F ) ) (16)

2Ny

4. The Algorithm for Solving Optimal Configuration Model of VSCOM

The optimal capacity allocation model of the VSCOM can be seen as a single objective
optimization problem with the maximum income. However, this optimization problem
is nonlinear, and contains complex constraints, which not the standard form that can be
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computed by the commercial solver. Hence, the improvement moth flame optimization
(IMFO) algorithm is selected to solve it [24]. The IMFO is based on standard MFO, which
compared with classical particle swarm optimization and genetic algorithm, the faster
convergence accuracy and higher accuracy of MFO has proved in [32]. In addition, MFO
has obvious advantages in dealing with optimization problems with complex constraints.
The solution process can be seen in Figure 2.

parameters setting

v

Population initialization

No
A 4

Flame number
Sight distance factor

Position order Merge moths and flames
Update flame Update flames

\fl

Select the best flame

Tterations+1

ight distance factor

yes >fixed value? No
Global search Local search

v

Renews Moth Position Again

t [

Figure 2. Solution process of the optimization algorithm.

Based on the MatlabR2021a and Windows 7 PC (2.90 GHz, 4 GB RAM), a simulation
model is built, and in order to overcome the randomness of IMFO, each optimization
is independently calculated for 30 times, and the maximum value is taken as the result
for comparison.

5. Case Study
5.1. Basic Parameter Setting of Cases

The modified IEEE 4 nodes system is selected as the simulation cases, and the main
grid structure can be shown in Figure 3. The resistance of each branch is set as 0.3 (), the
reactance is set as 1.5 (), the reactive compensation interval of each phase is set as [300, 300]
kVar, the line voltage level is set as 35 kV, and the node voltage deviation limit is set as £5%.
Node 1 is the root node connected to the superior power grid, and Node 2 connects a load,
the large-scale wind farm (99 MW) is connected at Node 3, and the VSCOM is connected at
Node 4.
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N\
Wind

VSCOM

Figure 3. Modified IEEE4 system structure diagram.

The new energy grid price is set as RMB550/MWh, and the allowable deviation is
set as +5%. The penalty cost for IBGs is set as RMB200/MWh, the voltage penalty cost is
set as RMB600/MWh, and the discount rate is set as 3.24% based on the grid price. The
VSCOM parameter can be set as Table 1.

Table 1. Parameter Settings of VSCOM Subunits.

Investment Cost Service Life
Styles (RMB/MWh) (Year) Charge State
Storage 325,000 20 0.1~0.9
SVG 10,000 20 -

Based on the annual historical data of a wind farm in northwest China, the predicted
power of a typical daily wind farm, extreme output deviation of the wind farm, and load
demand are selected as the basis for robust configuration of various types of sub units in
VSCOM, which can be shown in Figure 4.

100 + Predicted power
of wind farm

80 A
g . Uncertainty
= 1" \ aggregation of
g 60 \ wind power_/ __=
[e) A Zm
[a W 40 - \ / \ \ -ﬁ/,
< .
20 a \\\//\_//,,/
0 6 12 18 24
t(h)
(a) Deviation between predicted and extreme power
of typical daily
— 35 -
S
g -—.—
< 30
% e —o—.
§ 25
© -m-m-E-u
i=}
: /
| 20 1 -—m-m-m -—m-m-m
0 6 12 18 24
t(h)

(b) Typical daily load demand

Figure 4. Typical daily power generation and consumption.
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5.2. Result Analysis

For the generation uncertainty, the number of wind farm group subdivisions is set to
10, and the confidence probability is set to 60%. The comparison between the configuration
scheme and the annualized income of the VSCOM in the extreme case that the output
deviation of the typical daily wind farm is at the upper boundary can be shown in Table 2.

Table 2. Comparison of annual income between VSCOM and single energy storage configuration scheme.

Enerev Storage Tvpe Configuration Income from Investment Penalty Total
8y ge yp Capacity/(MW) Grid/(RMB) Cost/(RMB) Cost/(RMB) Income/(RMB)
Hybrid 30 1.27 x 108 7.43 x 10° 8.28 x 107 3.56 x 108
Single 35 1.17 x 108 5.09 x 10° 9.33 x 107 3.36 x 108

It can be seen from Table 2, due to the increased configuration of reactive power gener-
ators, compared with configuring single energy storage, the investment cost of allocating
VSCOM is increased by 1.34 million (by increasing 26.33%). Compared with single energy
storage, the configured capacity of mixed energy storage will be reduced from 35 MW to
30 MW, hence, the investment cost can be reduced. Moreover, due to the VSCOM can
provide voltage support, the penalty cost can be reduced accordingly, thus increasing the
overall income of the high proportion of new energy systems, in which the net income
increases by 19.19%. Hence, the VSCOM can not only improve the friendly grid connection
capability of new energy power generation, but can also improve the overall benefits for a
high proportion of new energy systems.

In extreme cases based on historical data, the power corresponding to the minimum
spinning reserve kinetic energy possessed by a high proportion of new energy systems can
be shown as Figure 5.

30 Ve

N
o o1
Ly

= N
ol
P |

Power (MW)
o

o O

0 5 10

15 20 25
t(h)

Figure 5. Power corresponding to minimum spinning reserve kinetic energy.

By comparing the power corresponding to the minimum spinning reserve kinetic
energy with the rated power obtained by the optimization configuration method proposed
in Figure 5. Although at 1 h, 2 h and 9 h, the minimum spinning reserve kinetic energy
cannot meet with the inertia demand, at other times, it is easy to find that the rated power
can meet with the inertia demand on the premise of both economy and robustness at most
of a day.

To prove the feasibility of the method proposed in this paper, based on the histor-
ical data, the Monte Carlo method is used to simulate the predicted and actual output
power of typical daily wind farm stations (Figure 6). On the basis of the above optimized
configuration results, the active and reactive power of each sub unit can be shown in
Figure 7.
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’ —=— Predicted wind power —e—  Actual wind power

Power (MW)

0 5 10 15 20 25
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Figure 6. Predicted and actual power on Typical Days.
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(a) Charging and discharging power of
E 10 energy storage per hour
£ e
220
e i
~ 0 8 16 24
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(b) Reactive power of SVG per hour
Figure 7. Active and Reactive Power on Typical Days.

As can be seen in Figure 7a,b, the charging and discharging times of energy storage
and the action times of SVG are more frequent, the VSCOM utilization has been improved,
which further verifies that the proposed method can balance the economy and robustness
of the configuration results. It can also be seen from Figure 7 that the active charging and
discharging power and reactive power generation power of energy storage and SVG in
VSCOM are within the range of optimal configuration results, and can meet the operation
constraints of each sub unit. Therefore, the feasibility of the optimal robust capacity
configuration strategy proposed in this paper is verified.

5.3. Sensitivity Analysis

The number of wind farm group subdivisions is set to be 10, and the confidence
probabilities (a.) are set to be 98%, 95%, and 80%, respectively. In the extreme case of the
upper boundary, the configuration scheme of VSCOM and the annualized revenue are
compared as shown in Table 3.
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Table 3. Comparison of allocation schemes and annualized returns under different confidence probabilities.

Configuration Scheme (MW) Net Profit
Kw o1y POE
Storage SVG (Million RMB)
98% 45 18 57.3 0.02%
95% 55 25 64.6 1.11%
80% 70 30 70.2 24.23%

As can be seen from Table 3, the confidence probabilities of different wind power
output uncertainties will affect the configuration of each sub unit in VSCOM,; in particular,
it has a significant impact on the configuration of energy storage subunits. The confidence
probabilities («y,) are 98%, 95%, and 80%, respectively, and the storage capacity is 45 MW,
55 MW, and 70 MW, respectively. For the lower ayy, it will require more storage and SVG
capacity, although the cost of VSCOM will increases; however, considering the benefits
of participating in active and reactive power support and regulation, the annualized net
profit of a high proportion of IBG systems continues to increase. However, it can also be
seen from the Table 3 that with the decrease in &y, (from 98% to 80%), the POE increases
rapidly, indicating that the robustness decreases rapidly, too.

For a case in which the confidence probability is 97%, the number of wind farm group
subdivisions (N) is set to be 2, 10, and 20, respectively. In the extreme case of the upper
boundary, the comparing different VSCOM configurations and the annualized income
associated are shown in Table 4.

Table 4. Spatial Cluster Effect Allocation Scheme and the Influence of Annualized Earnings.

Configuration Scheme (MW) Net Profit
N Storage SVG (Million Yuan) POE
2 48 18 69.5 54.4%
10 50 20 69.6 0.76%
20 51 21 69.6 0.13%

In Table 4, for the different N, (from 2 to 20), energy storage (from 48 to 51) and SVG
(from 18 to 21) capacity have a little change, which indicates that the number of wind farm
group subdivisions the spatial cluster effect of wind power output uncertainty has less
significant impact on VSCOM configuration results and system net profit. However, as can
also be seen from Table 4, for different Ny, it has a significant impact on the POE. When
the Ny, is 2, the POE can be reached to 54.4%, and when the Ny, is 20, the POE reduced to
only 0.13%, which indicates that the system robustness decreases and the system operation
will face greater risks with the N, decreases.

6. Conclusions

To meet the challenges faced by the stable operation in the model power system and
promote the coordinated development of new energy and power grids, this paper proposes
a basic structure of VSCOM, the VSCOM can flexibly adjust active power, reactive power,
and inertia, which greatly improves the comprehensive regulation performance of IBGs.
Moreover, an optimal capacity allocation strategy of VSCOM for the IBGs is proposed,
which can give consideration to both the economy and robustness of the allocation results,
and it can also improve the overall income of high proportion of new energy systems.

To further promote the engineering practicability of the VSCOM, on the basis of this
paper, the trading mechanism of the VSCOM, participating in the electric energy market,
auxiliary service market, capacity market, and inertia market, can be further researched in
the future work.
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