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Abstract—This paper presents an on-line estimation method
to track the equivalent, time-varying inertia provided by Virtual
Power Plants (VPPs). The proposed method relies on the esti-
mation of the rate of change of the active and reactive power
at the point of connection of the VPP with the rest of the
grid and provides, as a byproduct, an estimation of the VPP’s
internal equivalent reactance. The accuracy of the proposed
method is first validated by estimating the rotational inertia of
Synchronous Machines (SMs), and then tested for a VPP, based
on a comprehensive case study carried out based on the WSCC
9-bus test system.

Index Terms—Inertia estimation, power system dynamics,
Virtual Power Plant (VPP), virtual inertia, equivalent reactance.

I. INTRODUCTION
A. Motivation

The VPP concept refers to the aggregation of several de-
vices, including Distributed Energy Resources (DERs), Energy
Storage Systems (ESSs), and flexible loads, coordinated to op-
erate as a single generating unit [1]. In most cases, VPPs con-
sist of devices connected to the grid through power electronic
converters. This kind of non-synchronous VPPs contributes to
the reduction of the overall available rotational inertia in the
system which, in turn, may lead to large frequency variations
and threat the dynamic performance and stability of the grid
[1], [2]. On the other hand, if properly controlled, VPPs can
provide, as an ancillary service, an inertial response that is
similar to that provided by conventional SMs [3]. The goal
of this paper is to provide a novel method to estimate the
equivalent inertia provided by VPPs, a tool that can help
system operators to better plan, monitor, and control their
network.

B. Literature Review

In a conventional power system, inertia is naturally provided
by SMs, as a consequence of the kinetic energy stored in the
masses of their rotors. The mechanical inertia of SMs, being
the mechanism that counters frequency variations during the
first instants after an active power imbalance in the network,
has played a crucial role in maintaining the stability of
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traditional power systems. The ongoing gradual substitution
of SMs by non-synchronous devices reduces significantly the
amount of mechanical inertia in the system, thus leading in
larger frequency and Rate of Change of Frequency (RoCoF)
variations after a disturbance and increasing the risk of a
system collapse. Hence, there has been intense research in
the last decade on the role of inertia, as well as on techniques
to monitor and estimate the inertia of the system. With this
regard, measurement-based methods have been proposed in
the literature for both off-line [4], [5] and on-line [6]-[8]
estimation of the available mechanical inertia at a given time.

Non-synchronous devices do not provide mechanical inertia
to the system but the controls of their power converters can
be designed so that they emulate the inertial response of SMs,
leading to the concept of equivalent or virtual inertia. It is
relevant to note that, in contrast to the inertia constant of a
SM, the virtual inertia provided by a non-synchronous device
may be time-varying.

A number of recent studies have been conducted on the use
of virtual inertia as an ancillary service to improve the stability
of power systems, e.g. see [9], [10]. Other studies provide
techniques for estimating and monitoring the equivalent inertia
provided by non-synchronous devices, for example, see [8],
[11], [12]. In particular, [11] presents an estimator to on-
line track the physical and equivalent inertia of synchronous
and non-synchronous devices, respectively. In [12], the authors
improve the numerical stability of the estimator in [11] and
extend it to also track the droop gain of fast frequency
regulation.

This work is concerned with the estimation of the equivalent
inertia provided by VPPs. A limitation of most currently
existing techniques in the literature is that they work well only
when applied to estimate the inertia of a single device. We
thus take advantage of the concepts presented in [11]-[13] to
provide a method to on-line track the equivalent inertia of a
subnetwork comprising several devices, and apply this method
to VPPs.

C. Contributions

The contributions of this paper are the following.

e A technique for the on-line estimation of the equivalent
inertia provided by VPPs.

o As a byproduct of the technique above, a formula to es-
timate the equivalent reactance of any device/subnetwork
connected to the power system, based on bus voltage and
reactive power measurements.
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The contributions of the paper are supported by a compre-
hensive study that evaluates the proposed inertia estimation
method under different scenarios, based on simulations con-
ducted on the WSCC 9-bus system.

D. Organization

The remainder of the paper is organized as follows. Sec-
tion II outlines the on-line inertia estimation of synchronous
and non-synchronous devices, based on results from the re-
cent literature, particularly from [11] and [12]. The proposed
method to estimate the equivalent inertia and the equivalent
internal reactance of VPPs is described in Section III. The
case study is discussed in Section IV based on the WSCC 9-
bus system. Conclusions are drawn and future work is outlined
in Section V.

II. BACKGROUND

The inertia constant affects the dynamics of SMs through
the swing equation, as follows [14]:

Mewe = pm — pe — DG(WG - Wo) , (D

where M, is the machine’s starting time, which is twice the
inertia constant, i.e., Mo = 2Hg; wq is the machine’s rotor
speed and wg denotes its time derivative; py, is the mechanical
power; pg is the electrical power that the machine injects to the
grid; D, is the damping coefficient; and w, is the machine’s
rated rotor speed.

For the sake of derivation, it is convenient to split the
mechanical power into the following components:

2

where pprc is the active power regulated by the Primary
Frequency Control (PFC), typically achieved through the
Turbine Governor (TG); psrc is the active power regulated by
the Secondary Frequency Control (SFC), typically achieved
through an Automatic Generation Control (AGC) scheme; and
Puc 1s the power set point as defined by the solution of the
unit commitment problem.

Putting together (1) and (2) and differentiating with respect
to time, one has:

Pm = Pprc + Dsrc + Puc

3)

In the time scale of the inertial response of the SM, we can
assume that pyc = 0, Pspe = 0, as well as that |pprc| < [Pel-
Assuming, in addition, that D =~ 0, one gets that:

MGC.L.)G = pPFC +pSFC +Puc - PG - DGwG .

MG%—Z,?—G.

Wa

“4)

Equation (4) can be extended to also take into account non-
synchronous devices, under the assumption that their power
converters are controlled to provide a dynamic response that
is in the same time scale with the inertial response of SMs.
Then, one can write [12]:

®)

where My, 3, is the equivalent inertia that a device connected to
bus h provides following a contingency and wy, p, is its internal
frequency; pj, can be estimated based on Phasor Measurement
Unit (PMU) measurements; and [11]:

(6)

where zp, 5, is the equivalent reactance of the device; pj, is the
derivative of the quota of the active power that can be used to
regulate the frequency at bus h [11]; and Awy, is the frequency
deviation at the bus to which the device is connected.

Equation (5) shows numerical issues, e.g. if the denominator
wp, 1, changes sign and hence cross zero during the first seconds
following the disturbance, thus leading to a singularity. Then,
e = 0 in steady state. To avoid this singularity, the third and
fourth authors of this paper presented the following differential
equation to determine My, 5, [12]:

./
Wp,h = Awp, — Tp p P}, ,

TJ\IMD,h = ’Y(@D,h) (MD,}L('ZJD,}L + p/h) ’ (7N

where the time constant T, opposes the change of My, ;,; the
function «(y) is defined as follows [12]:

_17 yZGy,
v(y) = 0, —€ <y<ey, (8)
17 ygfeya

where €, is a positive and (—e,, €,) is a small deadband to
avoid chattering around the equilibrium. A proper choice of
€, can both improve the accuracy of the function (y) and
reduce the impact of noise. A good selection of ¢, is ¢, €
[10~7,1077].

III. INERTIA ESTIMATION OF VPPsS

The estimator (6)-(7) works well for a single device con-
nected to a bus of a power network, and provided that the value
of the reactance ', j is known. A VPP aggregates several
resources that may span multiple buses and/or areas of the
grid and, thus, how to define xr; to account for the total
equivalent reactance of a VPP is a challenging task.

In this section, we first provide a technique to estimate xp, 5,
based on measurements of the reactive power and using the
concept of the complex frequency presented in [13]. Then, we
provide a generalized formula that can estimate the equivalent
inertia of any subnetwork that consists of many resources, and
hence also the equivalent inertia of a VPP.

The starting point is the well-known power flow equations
that describe the complex power injections at a network with
n buses, say s € C™*1, as follows:

5(t) = p(t) +jq(t)
=o(t)oi (t)
=o(t)o (Yo(t)",
where p,q € C™*! are the column vectors of the bus active
and reactive power injections, respectively; ©,7 € C"*! are
the vectors of bus voltages and current injections, respectively;

Y € C™*" is the network admittance matrix; o denotes the
element-wise multiplication; and * indicates the conjugate.

©))
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Rewriting (9) in an element-wise notation and omitting for
simplicity the time dependency, the h-th elements of p and q
can be written as:

n
Dh = th,k = Z VU (G i €08 Op i + B i sin by )

=1 =1
an = E Ghk = E VRV (G sin Oy 1, — B cos Oy, 1)
=1 =1

(10)
where pyp, i, gnk are the active and reactive power flows,
respectively, from bus & to bus k; G}, and By, j, are the real
and imaginary parts of the (h,k) element of Y, i.e. Y}, x =
Gh + 7Bpk; v is the voltage magnitude at bus k; and
On.k = O — 0y, where 0, and 0}, are the voltage phase angles
at buses h and k, respectively.

Differentiation of (10) giveS'
dpp =

dahk +Z phdvk = dp), +dp], (11)

opn
< 90,
- daqn

dﬁhk+z duk = dq, + dq/

dgn = (12)

g,
89
where dph and dgj, are the quotas of the active and reactive
power that depend on bus voltage phase angle variations;
dp) and dg; are the quotas of active and reactive power
that depend on bus voltage magnitude variations. Considering
differentiation with respect to time, (12) can be rewritten as:

dn = dp + dp, - (13)

Note that ¢;, is the component that varies the most when the
reactive power at bus h is regulated, whereas the contribution
of ¢}, to the reactive power regulation is negligible. Applying

the complex frequency formula proposed in [13], ¢}/ can be
conveniently expressed using a matrix form, as follows:

/" ~ B//Q, (14)

where B” is the imaginary part of the network admittance
matrix and o defines that the magnitude of the voltage is
expressed as a function whose derivative is equal to the
function itself. The h-th element of @ can be expressed as
follows [13]:

Oh = —. (15)

Up,
Let us assume that a subnetwork comprising possibly sev-
eral devices (e.g. a VPP) is connected to bus h of the network.
An example is shown in Fig. 1, where a VPP is connected in
antenna to the grid. Then, applying (14) to bus & and following
from the above discussion, we can write:
n
dn ~ dh ~ Bilon + »_ By 10k, (16)
k=1
where By, is the imaginary part of the (h, k) element of the
network admittance matrix, and BD 5, 1s the equivalent internal
reactance of the subnetwork. B’ can be obtained from:
By

=B, +Bil,+Y By, (17)

Fig. 1: VPP connected in antenna to the grid.

where By, is the shunt susceptance at bus h. Merging (16)
and (17) gives the following formula to estimate the equivalent
susceptance of the subnetwotk connected to bus h:

-1 n 1 n
7 qh - Ek:l Bh,,kgk 17
= - E : Bh,k

D,h T
Oh

hn-  (18)

The equivalent reactance of the subnetwork xp; can be
obtained from the reciprocal of B]’D’ n» as follows:

oo =2 (19)
«
where
n n
a=dy—> B ok— (Z By, + B,’{,h> on-  (20)
k=1 k=1

Using equation (19), one can estimate the equivalent internal
reactance of a VPP. However, since (19) shows the same
numerical issues as (5), we determine z, j, using the approach
followed in (7) for the estimation of My, ;. With this aim, we
introduce the following differential equation:

Toipn =v(a)(zona — on) (21)

where («) is defined by (8).

The rationale behind (21) is as follows. At the equilib-
rium point, xppo — g = 0, whereas during a transient,
Zp pa — op # 0. Let us consider the case xp o — gp, > 0.
The sign of &y, p, is adjusted through the function ~y(«) based
on (8), in order to make xr, , converge to the actual reactance
of the device. The sign of v depends on the sign of «. If
a > 0, zpp has to decrease, to also decrease xp o — oy
and converge to the equilibrium. In this case, ;, < 0 and
thus y(a) = —1. Otherwise, if o < 0, zp  has to increase
to decrease xp, pa — gp, and thus y(a) = 1. Note also that
the time constant of the differential equation 7, should be
small enough to accurately track the time-varying reactance. A
very small 7;,, however, might generate numerical oscillations.
Hence, T, should be chosen in the time scale of the inertial
response, i.e. [1072,1071] s

The inertia of a VPP can finally be estimated using the
set of equations (6)-(8), (20), (21). Thus, the proposed set of
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equations to estimate the equivalent reactance and inertia, x, 5,
and Mp p,, of the VPP, can be summarized as follows:

n n
a =y, — ZB;{,ka - (Z By + B;:,h) Oh
k=1 k=1
Toppp = ’Y(OZ) (xD,ha - Qh) )
Wp,h = AWh, - xD,hplh, s

TMMD,h = PY((I)D,h) (MD,ha)D,h +p;7,) .

(22)

It is relevant to note that the proposed estimator is able to
capture the equivalent inertia provided by the VPP, regardless
of the control design of its individual components.

To reduce the reactive power fluctuations and noise, filters
are utilized for both ¢; and gp. The real-time loop for the
proposed inertia estimator based on (22) is shown in Fig. 2.

q;{ Oh
Eq(20)

‘ 7(”") (- Lv)h + T{h‘v’) = dzon }—>

[
s )
Wp,h
! 1
‘ "/(‘:’D,h) (p;L + ]\/[P‘Iw,wo‘h,) =dMp p }—’ Ta

Z\JD Jh
[

Fig. 2: Real-time loop for the proposed inertia estimator.

i}

-~ wp
-———————

IV. CASE STUDY

This section investigates the performance and accuracy
of the proposed on-line inertia estimation technique. The
estimator is first evaluated for SMs based on simulations
conducted using the well-known WSCC 9-bus system [15].
Then the applicability of the estimator for VPPs is assessed
based on simulations conducted on a modified version of the
same system. All simulation results are obtained using the
power system analysis software tool Dome [16].

The single-line diagram of the test system is shown in Fig. 3.
For all scenarios, SMs are represented by 4-th order (two-axis)
models and are equipped with TGs and automatic voltage

—®

Fig. 3: WSCC 9-bus system.

regulators. We also assume that a Static Var Compensator
(SVCO) is installed at bus 8 of the network. Loads are modeled
using the ZIP model, where the active and reactive power
consumption, say py n, qr,hn, are quadratic expressions of the
bus voltage, as follows [17]:

Uh 2 Vh
Pr.h = Pzo + Dio + Ppo »
(Y (Y

o o (23)

2
Uh
qr,h = 4zo0 <>
Vo Vo

Uh
+ qio— + 9q0,

where v,, vp are the nominal and measured voltage at the
load bus, respectively; p.o/qz0> Pio/Qios Ppo/dqo are the cor-
responding quota of constant impedance, constant current and
constant power consumption, respectively. ZIP loads in this
case study consist of 20% constant power, 10% constant
current, and 70% constant impedance consumption [18].

Bus frequency estimations in this study are obtained using
a Phase-Locked Loop (PLL). In particular, we employ the
Synchronous Reference Frame PLL (SRF-PLL), which is one
of the simplest and most commonly utilized schemes [19]. The
fundamental-frequency model of an SRF-PLL is depicted in
Fig. 4. It consists of a Phase Detector (PD) that is modeled as
a pure delay; a Loop Filter (LF) that is a Proportional-Integral
(PD) controller; and a Voltage-Controlled Oscillator (VOC) that
is implemented as an integrator. In this scheme, 6}, is the phase
angle of the voltage phasor at the measured bus.

On

Fig. 4: Block diagram of the SRF-PLL.

The parameters of the SRF-PLL and of the inertia estimator
are listed in Table I.

TABLE I: PLL and estimator parameters.

Device Parameters
SRF-PLL K, =0.2, K; =0.01
Estimator Ty = 0.05 s, T, = 0.001 s,

Tr =0.01s, T]\/] = 0.004 s

A. Single Synchronous Machine

This subsection provides a validation of the accuracy of the
proposed method in estimating the inertia of a single SM, in
particular of the machine connected to bus 2 of the WSCC
9-bus system (denoted as G2). The actual mechanical starting
time of G2 is Mg, = 12.8 s.

We carry out a time domain simulation of the system twice,
considering a 20% variation of the load connected to bus 6
at t = 1 s. In the first simulation the load is decreased and
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in the second increased. Figure 5a shows how the estimated
inertia compares to the actual mechanical starting time of G2.
The proposed estimator can accurately capture the inertia of
the SM. Note that the inertia estimator is initialized to zero,
and thus the first second following the disturbance basically
represents the training period of the estimator. Moreover, the
estimated equivalent reactance xs, of G2 obtained with the
proposed method is shown in Fig. 5b, which indicates that the
variation of the load has an impact on the estimation of x..
This in turn, slightly impacts on the final estimation of M,.
For completeness, we mention that for a single SM, the
estimator in [12] is slightly more accurate than the one pro-
posed in this paper. This result is to be expected as proposed
method involves the estimation of two quantities, xg, and
M., where the estimation of M, depends on that of z,. In
[12], instead, the value of z, is assigned and assumed to be
known accurately. On the other hand, if the value of z, is
not correct, the method presented in [12] returns estimations
with a systematic bias. The method proposed in this work is
free from this potential bias as illustrated in Section IV-A.

16
2 10
=
~ 3
g 6 1
=
b=t [ ¥4
2
{ Load decrease
Opreeees 1T e Load increase
-2 T T T T
0 2 4 6 8 10
Time [s]
(a) Estimated inertia for G2.
0.12

0.1 3

0.08

0.06

0.04

0.02

0 s : Load decrease

Load increase

—0.02
10

0 2 4 6 8
Time [s]
(b) Estimated reactance for G2.

Fig. 5: 20% variation of load connected to bus 6.

Next, we study the impact of load models and TGs on
the accuracy of the proposed estimator. In particular, the
estimation using the ZIP load model is compared to the
estimation when loads are represented using constant power
(denoted as Constant PQ) and constant impedance (denoted as
Constant Z) models. For each of these scenarios, we assume
two cases: (i) all machines are equipped with TGs; and (ii)
no machine is equipped with a TGs. The latter case is not
realistic but it is considered for illustration purposes.

2 20
— 171.:) " ‘ﬁ ; T e lTl.E) " \
< 5] N IRFURE f\, R D PP L s S5 j 15) . T i'l-"'\.\__i(-» A X
= losh - MRV 2 L Qs
~ it ~ ]
2100 S 10
£ 75 E 75
=R [} ZIP = 1] ZIP
< 5 5 !' """" Constant PQ & 2.5 .|' """" Constant PQ
= = 1 = o |
0= - = Constant Z 0+=— - — Constant Z
—2.5 -l —2.5 -1
2 6 10 2 6 10
Time [s] Time [s]
(a) With TG. (b) Without TG.
0.2 0.225
0.175 ZIP 0.2 : 7P
0151 e Constant PQ l)‘l"_) ’ """" Constant PQ
= 0125 - — Constant Z = (J"l'_l 1 == Constant Z
< S 0125 Sl .
Z 2 01 Pivi My o,
= = LN AT TP W oY)
B = 0075 1"1 iy !I_,_[U\l\,\ TRV Y
- Too0050 3@
0.025]
0=
—0.025 -
2 6 10
Time [s]

(c) With TG. (d) Without TG.

Fig. 6: 50% increase of load connected to bus 6. Impact of
load model and TGs.

The disturbance consists in a 50% increase of the load
connected to bus 6, occurring at ¢ = 1 s. Simulation results
are shown in Fig. 6. This figure shows that the inclusion of the
PFC leads to a small increase of the deviation from the exact
value of the inertia. This effect is stronger the larger is the
power imbalance in the system, which is to be expected, due
to the overlap in the time scales of the inertial response and the
PFC. Regarding the effect on the estimation of load models,
we see that is in general negligible, with constant power loads
having the largest impact among the examined models.

B. Subnetwork with Multiple Machines

This subsection evaluates the proposed inertia estimation
for multiple SMs. The original SM connected to bus 2 in
Fig. 3 is substituted by a subnetwork with the same power
injection. The subnetwork consists of two SMs in parallel
with total starting time of 18.82 s, and one ZIP load with
DPr20 = 0.3 pu,q, 2, = 0.1 pu. The examined contingency
is the increase by 20% of the load connected to bus 8 at
t = 1 s. The accuracy of the proposed inertia estimation
method is compared to the method proposed in [12] and results
are presented in Fig. 7. Figure 7a indicates that the proposed
estimator can accurately track the inertia of the SMs in the
subnetwork.

The method in [12] requires, for the estimation of the inertia,
to assign a value to the equivalent internal reactance of the
subnetwork. Apparently, for the simple topology examined in
this example, i.e. two SMs in parallel, a proper selection of
Zp,2 is simply the parallel of the transient reactances of the two
machines, which yields z, 2 = 0.07 pu. However, for more
complex topologies, comprising several nodes and devices of
varying complexity, the selection is not straightforward. In
Fig. 7 we show the effect on the estimator in [12] of choosing
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Fig. 7: 20% increase of load connected to bus 8.

different values for the equivalent reactance. In particular, apart
from x, » = 0.07 pu, we also assume two more values, i.e. the
internal reactance is set equal to the transient reactance of each
of the SMs in the subnetwork, which gives x> = 0.12 pu and
Zp,2 = 0.18 pu. Results indicate that an improper selection
of xp2 has a significant impact on the accuracy of the
inertia estimation. The estimation of the equivalent reactance
provided by the proposed method is shown in Fig. 7b.

C. Virtual Power Plant

In this subsection, we apply the proposed method for the
estimation of the equivalent inertia provided by a VPP. To this
aim, the load at bus 6 is replaced by a VPP. The VPP consists
of 8 buses at 38 kV and is connected to the transmission grid
through an under-load tap changer type step down transformer.
The VPP includes an ESS, as well as photovoltaic and wind
generation. Stochastic fluctuations of wind speed in this study
are modeled as an Ornstein-Uhlenbeck’s process with Gaus-
sian distribution [20]. The modified test system is depicted in
Fig. 8. The parameters of the VPP are detailed in [21], [22].

The contingency in this subsection consists in the tripping
of 20% of load connecting to bus 5, occurring at t = 1 s. The
frequency, the estimated inertia and equivalent reactance of the
VPP following the contingency are presented in Fig. 9, where
we have considered various scenarios on the control strategies
within the VPP, as follows: (i) with the ESS connected and
with the VPP resources providing frequency control (denoted
as FC,,,), (ii) with the ESS but without FC,,,, (iii) without
the ESS but with FC,_,, (iv) without ESS and FC,,,.

vpp?

Transmission
Grid 7

Distribution
_ - Grid
- D1
-
”
'd
7 o7 ﬁ& os

D2

R

Fig. 8: WSCC 9-bus system modified to include the VPP.

D3

Fig. 9b indicates that the VPP provides a time-varying
inertia to the system, while the estimated equivalent reactance
is also time-varying and might even take negative values (see
Fig. 9¢). As expected, the VPP without ESS nor frequency
control practically does not provide any inertia support to the
system. Moreover, the ESS and FC,,, provide fast frequency
regulation thus enhancing the inertial response of the VPP
during the first instants after the contingency (see 9a).

We finally study the impact of stochastic fluctuations on
the proposed inertia estimator. With this aim, we assume that
the ESS is connected and the FC,,, in operation, and a
Monte Carlo analysis is carried out based on 500 simulations.
Figure 10 shows the trajectories of My, ¢ obtained with all 500
tests, where 1 and o denote the mean value and the standard
deviation. The stochastic fluctuation leads to some uncertainty
on M,y ¢. However, the deviation of the estimation from the
mean value lies within an acceptable range.

V. CONCLUSIONS

This paper proposes an on-line inertia estimation method
for VPPs. First, the paper provides a technique to estimate
the internal equivalent reactance of any device connected to
the grid, based on measurements of the reactive power and by
using the concept of the complex frequency formula developed
in [13]. Then, the estimated reactance is utilised for the esti-
mation formula of the equivalent inertia of VPPs comprising
a subnetwork and several distributed energy resources and
loads. Simulations results indicates that the proposed method
works well for synchronous machines. This builds up the trust
on the results obtained with a VPP in various scenarios and
considering different control strategies.

We will dedicate future work to further evaluate the
proposed method under different disturbance scenarios and
topologies, as well as to improve its accuracy, e.g. against the
potential adverse effects due to the PFC provided by resources
outside the VPP. Another relevant extension of this work is to
explore relevant applications, including the deployment of the
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