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Abstract—The inertia of future power systems is expected to
decrease with increasing penetration of renewable energy
resources. Sufficient inertia is required to avoid large fluctuations
in grid frequency and also limit the excessive rate of change of
frequency (RoCoF). Unlike many previous works focusing on
virtual inertia on the power supply side, this paper studies and
quantifies potential virtual inertia from the load side. The analysis
shows that, voltage-dependent loads coupled with electric spring
(ES) technology can be operated as smart loads (SL) within the +/-
5% tolerance of the ac mains voltage and offer virtual inertia.
Following the U.K. National Grid frequency requirements, it is
shown that the ES based SL can provide virtual inertia up to an
inertia coefficient of Hs.=2.5 s (when np=2) with respect to its load
power rating. The effectiveness of such virtual inertia extraction
from SL has been verified by the simulation study on a CIGRE
benchmark microgrid with high-resolution domestic demand
model. The value of HscL is shown to be around 1.3 s during the
most part of the day and can increase the overall system inertia
coefficient by 0.53 s if all the domestic loads are transformed into
the proposed smart loads.

Index Terms—demand response, electric spring, frequency
control, microgrid, smart load, virtual inertia.

I. INTRODUCTION

RADITIONAL power systems comprise multiple

synchronous generators with large rotational inertia which
can absorb or release energy for maintaining system frequency
stability [1]. For emerging power systems with high penetration
of renewable energy resources such as wind turbines and solar
photovoltaic (PV) arrays, the power converter interfaces of the
renewable energy sources usually operate with maximum
power point tracking (MPPT) without providing much inertia
or frequency support. Thus, higher renewable penetration may
lead to lower equivalent system inertia in the power grid. As the
primary frequency control, which is in the time-scale of
seconds, is contributed by both frequency droop and inertia [2],
the reduction of inertia in future power system with higher
renewable penetration challenges the power grid frequency
stability. During a frequency event, the frequency nadir and
especially the rate of change of frequency (RoCoF) are closely
related to the system inertia. It has been reported that pole
slipping could occur when the RoCoF ranges from 1.5 Hz/s to
2 Hz/s [3], by which the protective tripping of generating units
and further the cascading outages may happen. So inertia
enhancement is needed to avoid excessive RoCoF and mitigate
the frequency fluctuation in future power network with high
renewables and low inertia.

A recent review of inertia of future more-electronics power
systems [4] has identified (i) synchronous condensers, (ii) wind
turbines, (iii) DC-link capacitors, (iv) ultra-capacitors, (v)
batteries and (vi) virtual synchronous machines (VSMs) as
inertia enhancement techniques [4]. Among these inertia

enhancement techniques, a simple solution is to add more
backup synchronous generators with partial loading for
spinning reserve or even synchronous condensers to provide
more rotating masses [4]. But it undoubtedly leads to higher
capital investment and operating cost. The idea of inertia
emulation by wind turbines is proposed in [5] and further
analyzed in [6, 7]. By adding frequency response capabilities in
the wind turbines, the inertial response can be obtained from the
Kinetic energy stored in the wind turbines. Recently, provision
of distributed virtual inertia through general grid-connected
converters by allowing the dc-link voltage of the converters to
fluctuate within the permissible range has been proposed
[8][15]. This is achieved by simply linking the dc voltage
reference with the system frequency. Another well-known
technology that can provide synthetic inertia is virtual
synchronous generators (VSGs) [9] or virtual synchronous
machines (VSMs) [10]. Strategies to control the grid-connected
inverter to operate like a synchronous generator has been
introduced in [11]. Although one can assign and change the
virtual inertia value of the VSG by modifying the control
parameters [12], large power rating of the power converter and
additional energy storage units are needed accordingly.

The inertia techniques reviewed in [4] focus primarily on the
power supply side and energy storage devices. The novel
contribution of this paper is to explore the inertia emulation
potential from the load side based on electric spring technology.
In existing literature, the use of electric vehicles [13] and
thermal loads [14] for providing frequency support to the power
grid has been reported. In [15], a smart lighting system is
designed to enable automatic demand response. Other literature
also investigates the optimal load modulation method [16, 17]
on how to adjust controllable loads in the power system to
rebalance power and regulate the system frequency while
minimizing the aggregated disutility of controllable loads.

In this paper, the electric spring (ES) technology is used to
control the ac mains voltage within its specified tolerance (e.g.
+/-5%) so that all voltage-dependent loads can be modified into
smart loads (SL) with adaptive power consumption [18]. It is
revealed in [19] that the “active power reserve”, which is stored
in general loads because of the allowable 5% nominal load
voltages variation, is significant and can be utilized to offer
some ancillary services to the power system. In this paper, the
“active power reserve in general loads” by using ES to modulate
the load voltage within the range of 0.95~1.05 times of the
nominal ac mains voltage value is investigated from a virtual
inertia point of view. The control scheme for the ES-based SL
is designed for providing equivalent load-side virtual inertia
and primary frequency response at the same time.

The paper is organized as follows: A general review of
popular supply-side virtual inertia methods and a preview of the
proposed smart load method are given in Section Il. The



detailed design of electric-spring-based smart load is introduced
in Section Il1. In Section 1V, the equivalent virtual inertia and
load damping effects and the corresponding inertia coefficient
Hs. and load damping coefficient Ds_ are derived and verified
by a “mini-grid” simulation. Finally, a case study based on the
CIGRE microgrid benchmark is included to demonstrate how
much system inertia can be increased during the day by turning
all the domestic loads in that grid into the proposed smart loads.

Il. SUPPLY-SIDE AND LOAD-SIDE VIRTUAL INERTIA

A. Supply-side Virtual Inertia Technologies

In this section, some mainstream supply-side virtual inertia
technologies with or without the energy storage are briefly
discussed. Renewable energy sources (RESs) that are interfaced
to the power grid through power converters do not inherently
contribute to system inertia. However, it is well known that the
power control loop of the converters can be modified to make
the RESs contribute ‘virtual’ inertia without the need for any
energy storage. Several utilities (e.g. Hydro Quebec [23])
require the wind turbine generators to provide inertial response
by reducing the turbine speed to release the stored kinetic
energy. Although there is significant amount of kinetic energy
stored in wind turbines [24][25], their virtual inertia
contribution is limited by several factors such as the recovery
phase (depending on the prevailing wind speed) to regain the
turbine speed, the rated capacity of the grid interface power
converters and the mechanical stress on the turbine components
and the associated impact on lifetime.

For solar photovoltaic (PV), virtual inertia can be provided
by operating below maximum available power (i.e. part-rated
operation) [26] to keep a margin for increasing the power output
when required. The economic implication of such part-rated
operation needs to be carefully considered against alternative
sources of virtual inertia [27]. This is where smart loads could
complement the existing solutions as an additional source of
virtual inertia.

When there is energy storage in the dc-link of converter-
connected energy sources, virtual synchronous generator (VSG)
[20] technology can be adopted. Fig.1 shows a DES connected
to the power grid by using VSG technology. The renewable
energy sources (like wind turbines or solar panels) are
connected to the dc-link by using some resource-side-converter
(RSC). The RSC is controlled by maximum-power-point-
tracking (MPPT) algorithm. It is shown in Fig.1 that the VSG
output voltage amplitude reference is generated by a reactive
power control loop while the VSG output voltage frequency
reference is generated by an active power control loop. The
governor and swing equation characteristics are emulated in the
active power control loop of VSG. (Readers are advised to refer
to [20] for the details of VSG control.) In VSG, the inertia
coefficient Hysg, load damping coefficient Dysg and droop
coefficient Rysg can be defined and modified by the users.
However, the possible inequality of input and output power of
the converters under VSG control is an issue. Since the power
converters are incapable of handling the power imbalance by
absorbing/delivering kinetic energy like true generators, energy

storage system such as batteries is always needed to achieve the
power management in VVSG [21]. In [22], the power balance of
the wind turbine VSG system and the sizing design of the
batteries have been addressed.

Using the variable dc-link voltage method to exploit the
energy reserved in the dc-link capacitors of grid-side-converter
(GSC) for virtual inertia emulation is extensively reported
recently [8][15]. An illustration of the implementation of both
modified RESs and variable dc-link voltage together without
energy storage in the dc link is shown in Fig.2. The GSC is
controlled to regulate the dc-link voltage to the given reference
value. (For permanent magnet synchronous generator (PMSG)-
and doubly-fed induction generators (DFIGs) based wind
turbine systems, GSC is an ac-ac inverter; for solar power
system, GSC is a dc-dc converter.)
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The proportional gain Kc in Fig.2 is defined as [8]:
AV, Af 1
K = dc—max / max ( )
c (7Vdc )(Tf )
where Vg and frer are the nominal dc-voltage and frequency;
AViemax and Afpnax are the maximum allowable voltage
fluctuation and frequency deviation. In this case, the virtual
inertia coefficient is [8]:
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where Cqc and S are the dc capacitance and power rating of the
grid-side-converter, respectively.

It can be observed in (2) that the virtual inertia emulated is
related to the dc-capacitance and K.. Considering the dc-
capacitor is always designed to be as small as possible by the
manufacturer to save cost and the value of K. is somewhat
restricted by the allowable dc-voltage deviation, the feasible
value of Hc is rather limited in the real application unless larger
capacitor or super-capacitor is used. It is reported in [28] that
17 times of the normal HVDC link capacitance is needed if one



wants to achieve a considerable virtual inertial coefficient of
H=2.5s by allowing 10% dc voltage deviation [28] in a HVDC-
link for an offshore wind farm. Similarly, drawbacks also exist
for modified RESs.
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Fig.2 Virtual inertia technology without BSS

B. Load-side Virtual Inertia from Smart Loads

Unlike the aforementioned methods of obtaining virtual
inertia on the supply-side (i.e. within the DES), this study aims
at studying virtual inertia on the load-side. Electric spring is an
emerging smart load technology suitable for fast demand-side
response. The effectiveness of electric-spring-based smart loads
(ESB-SL) for voltage regulation [29] [30], primary frequency
control [31], overvoltage prevention [32], power quality
improvement [33], power system restoration [34] has been
demonstrated previously. It is the first time, in this paper, that
the virtual inertia function of the ESB-SL is explored and the
inertia enhancement is quantified.

Voltage-dependent loads (i.e. not confined to electric
vehicles, thermal loads or lighting loads) can be transformed
into smart loads when combined with the ES-B2B [35]. Fig.3
shows the single-phase equivalent of the proposed smart load.
The ES-B2B consists of a shunt inverter and a series inverter
[35]. In this paper, the smart load is proposed for creating
equivalent virtual inertia (Hs)) and providing primary load
frequency response while the load voltage of the load connected
to ES-B2B (VL) is kept within the permissible range of #5% of
the nominal load voltage. The detailed control scheme and
principles are demonstrated in Section I11.
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Fig.3 Single-phase equivalent of a smart load

Assuming in a power system with (a) traditional synchronous
generators, (b) DESs and (c) loads, (d) loads are transformed

into smart loads. In a power grid, the supply-demand
relationship should be:
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where Sgi, Spesi, Ssui and Sgui are the power ratings of the
synchronous generators, DES, smart loads and remaining loads.

Since the inertia coefficient of the synchronous generators
(Hai), virtual inertia coefficient of DES (Hpesi) and (Hsvi) are all
defined based on their respective power ratings, the overall
combined system inertia can be deduced as:
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It can be seen in (4) that the system inertia can be improved
from both the supply-side (Hpesi) and load-side (Hsti). The
virtual inertia from supply-side will be “diluted” by the
penetration rate of the DES without virtual inertia features. The
last term of (4) involves the power of smart loads. It shows that
the load-side virtual inertia is an alternative solution to
complement existing supply-side solutions to increase the
system inertia.

I1l. ELECTRIC SPRING AND SMART LOAD

The control scheme of the electric-spring-based smart load is
shown in Fig.4. The three-phase ES-B2B is controlled in the
d-q rotating reference frame. The power invariant park- and
inverse-park- transformations are used to transform the
measured voltages and currents into rotating coordinates for
control purpose. The local bus voltage phase and frequency
measurement are based on the SRF-PLL [36] and the RoCoF is
obtained by a differential operator. The dynamics and stability
issues of using derivative technique for inertia emulation are
discussed in [37]. Note that the PLL may shape the impedance
of power converters into a negative resistance in the quadrature-
axis (g-axis) [38] and thus result in low frequency oscillation,
so the PLL parameters need to be carefully designed as
explained in [39].

The series inverter’s output voltage Ves (also known as ES
output voltage) is controlled to be in-phase or out-of-phase with
the local bus voltage in order to modulate the load voltage
within the +/-5% tolerance and thus change the smart load
power consumption (S0 Vesq-re=0, Ves= Vesq in the steady-state).
In order to provide distributed virtual inertia and load response:

Ve rer =Y = %(KlAf +K,-RoCoF) 5)
0
(Vs —0.95V,),if (Ve —0.95V,) <y
y,if (Vo —1.05V,) <y < (V, —0.95V,)  (6)
(Vs —1.08V,),if y < (Vs —1.05V,)
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The conditional equation (6) involves a dynamic saturation
limit (related to the measured local bus voltage Vs and nominal
bus voltage Vo) to limit the ES output voltage to ensure the



voltage of the load connected to ES-B2B is kept within the
range of #5% of the nominal voltage. It will be shown in
Section IV that the derivative gain (K) and the proportional
gain (K1) are closely related to the equivalent virtual inertial
factor and load damping factor.
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Fig.4 Control scheme of ES-B2B

The shunt inverter, on the other hand, is used to maintain the
dc-link voltage. It is a current-controlled-inverter operated in
unit-power-factor mode (i.e. lshgref =0). The voltage phasor
diagrams and the power flow diagrams when the ES output
voltage (Ves) is in phase and out of phase with the local bus
voltage (Vs) are shown in Fig.5(a) and Fig.5(b) respectively. In
Fig.5, Ps., P, Qs and Qu are the active and reactive power
consumption of the smart load and the load connected to the
ES-B2B. And Pes and Qgs are the active and reactive power
flow through the series inverter of ES-B2B, respectively. It is
shown in Fig.5 that the active power absorbed/released by the
series inverter (Pgs) is either fed into/drawn from the grid by the
shunt inverter. So actually, Psi=P.. By using the exponential
load model [1] for the general load connected to the ES-B2B:

Py =P.=P (Vs —Ve) 1V, )™ 7)
S V 2n V 2n, V
Se=tVog = [PP(L)™ +Q.2 (1) &= (8)
ES V|_ ES \/0 (Vg) QO (VO) VL

where Po, Qo, Soand Vo are the nominal active power, nominal
reactive power, nominal apparent power and nominal voltage
of the load connected to ES-B2B2 respectively; np and nq are

the active and reactive power sensitivity of that load. (0< np, nq
<2).

The two inverters of the ES-B2B are designed to be with the
same power rating in this paper. When ny=ng=2, V =1.05Vj,
Vs=0.95V,, Ves=-0.1V,, the apparent power flow through the
series inverter of ES-B2B (Ses) reaches its maximum value of
0.105S, according to (8). Given some margin, the power rating
of the two inverters of the ES-B2B should be designed to be
0.15S, each. It should be noted that a majority part of the power
utilized to provide inertia support comes from the change of
load consumption. Extra power loss of this method comes from
switching and conduction loss of the power converter, which is
small and negligible compared with the load consumption.
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Fig.5 Voltage phasor diagrams and the power flow situation

The circuit parameters and specifications of a 10kW, 1kVar
sample electric-spring-based smart load are listed in TABLE I.
There are three closed control loops in the smart load:
1) the ac current control loop of shunt inverter
2) the dc-link voltage control loop of the shunt inverter
3) the ac voltage control loop of the series inverter.

The controller parameters of these three control loops are
chosen in this section by assigning reasonable bandwidths. The
TABLEI

SMART LOAD PARAMETERS AND SPECIFICATIONS

Symbol Quantity Value
Vo Nominal Line to line RMS voltage 380V
fo Nominal system frequency 50Hz
Po Nominal load active power 10kW
Qo Nominal load reactive power 1kVar
Np Load active power-voltage sensitivity 2

Ng Load reactive power-voltage sensitivity 2

Ve DC-link voltage 700V
Lc Shunt inverter filter inductor 5mH

Ls Series inverter filter inductor 5mH
Cs Series inverter filter capacitor 10uF
Cec DC-link capacitor 1000pF
fow Switching frequency 10kHz

control parameters of the three control loop of the sample
electric-spring-based smart load are selected following the
guideline in [40] (i.e. assign the bandwidth of inner loop control



to be 0.2fy and the bandwidth of dc voltage to be less than
0.02fs) and are listed in TABLE 1.

IV. EQUIVALENT VIRTUAL INERTIA FROM SMART LOAD
TABLE Il

CONTROL PARAMETERS OF ES-B2B

Symbol Quantity Value
Kpac Proportional gain of ac current control 0.05
Kiac Integral gain of ac current control 5

Kpde Proportional gain of dc voltage control 1

Kide Integral gain of dc voltage control 0.1
Kpav Proportional gain of ac voltage control 0.01
Kiay Integral gain of ac voltage control 0.2

A. Equivalent System Effect

In this section, the equivalent virtual inertia and load
damping effect introduced by the smart load (based on the
small-signal approximation and in the per-unit system) are
analyzed. The base voltage and base power are equal to the
nominal smart load line-to-line RMS voltage and nominal
active power consumption (i.e. the smart load active power
consumption when ES output voltage is zero.) respectively.
And X represents variable x in the per-unit system.

The proposed approach is first discussed for an aggregated
system based on an equivalent generator supplying a smart
load as shown in Fig.6. For the “nano-grid” in Fig.6: Sc=Ss..
The frequency response block diagram for the generator is
based on that in [1]. The bandwidth of the SRF-PLL is chosen
as 10Hz which is enough to capture the system frequency
fluctuation [40]. The time constant of the low pass filter (LPF)
of frequency and RoCoF detection is chosen to be as small as
0.01s (so that the influence of the delay effect of LPF to the
system frequency response is negligible).

Incremental changes in load voltage and power consumption
can be expressed as (w is the angular velocity):

TABLE Il

PARAMETERS OF THE EQUIVALENT GENERATOR SUPPLYING THE SMART LOAD

Symbol Quantity Value
Po Nominal active power reference 10kW(1p.u.)
R Droop coefficient 0.05
Frp Turbine HP coefficient ls
Tru Time constant of reheater 0.1ls
Ten Time constant of main inlet volumes 0.01s
H Inertia coefficient 5s
D Original load damping coefficient 0
Afmax Maximum allowable frequency 0.8 Hz

deviation
RoCoFms  Maximum allowable frequency rate of 1 Hz/s
change
Ky Proportional gain of smart load 3.125
K, Derivative gain of smart load 25

The proportional (K1) and derivative gain (Kz) of smart load
are chosen as:

— AVmax fO — AVmax @y (11)
' VO Afmax VO Aa)max
— AVmax fO Avmax wo (12)

K, = -
2Ty, (df/dy,,  V, (deld),,

where the AVimax, Afmax and (df/dt)max are the maximum
allowable load voltage variation, system frequency and
frequency change respectively. The control gains are designed
according to the U.K. National Grid requirement (Afmna=0.8Hz
[41] and (df/dt)max=1Hz/s [42]). In this study, AVmax/Vo is set at
5%. So the K; and K values are calculated by (11) and (12) and
they are listed in TABLE II1.
According to the kinetic theory of the generator (J is the

rotational inertia of the generator) [1]:

AP, AP, = Jw(ij—iu (13)

AV, =V :ﬁ(K Aw+ K d_co) 9) From (10) and (13), one can get (14) in the per-unit system:
R e ? dt (the delay effect of the low pass filter is negligible with respect
v v to the relatively slow variation in frequency)
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Fig.6 Block diagram of an equivalent generator supplying a smart load



H=Jo" /2P, (15)
The relationship between the frequency and power
fluctuations can be expressed as:
A _ 1
AP, V yn, 1 K V0, -
2K+ (s ()" Ky (16)
1

T 2(H+Hy)s+Dy

The equivalent block diagram of the system frequency
response is shown in Fig.7. From (16) and Fig.7, it is found that
the smart load actually adds two terms in the frequency
response block diagram, one is the virtual inertia term Hs_ and
the another is the smart load damping term Ds.. Assuming the
allowable load voltage variation to be 5% and take an
approximation of Vi /Vo=1, roughly we have:

Hy =N K, /2 (17)
Dy, =n,K, (18)
4+
Load
ref 1 1+ SF Ty AG
TrsT, [ @rsTo)ArsT,) >
]

[1/r]
LR/

Fig.7 Block diagram of system frequency with equivalent effect of the smart
load

Given np ranks from 0 to 2, the inertia Hs. of the smart load
could be at most around 2.5s (when np=2) based on its power
rating according to (17).

B. Simulation Verification

The dynamic response of the above system is simulated by
inserting an additional 2000W resistive load in parallel with the
smart load (i.e. a load increase of 20%) at t= 2.0s. The circuit
and control parameters are listed in TABLE I, II, Ill. Fig.8
shows the ES output voltage and dc-link voltage waveforms
under this test condition. During the sharp rise of ES output
voltage, the dc-link voltage shown in Fig.8(b) is tightly
regulated to be around 700V. So the effectiveness of the chosen
controller parameters in TABLE 11 is verified. Fig.9 shows the
system’s RoCoF and ES output voltage profiles with and
without the derivative term in the smart load (i.e. without
derivative term means K,=0). With the derivative term, it is
shown in Fig.9(b) that ES output voltage rises sharply in
response to the load step change in the initial stage, which
decreases the system maximum RoCoF from 1Hz/s (without the
derivative term) to 0.6 Hz/s as shown in Fig.9(a). This effect is
due to the virtual inertia provided by the smart load.

The dynamic excursion of the system frequency with various
sets of parameters under the same load change are displayed in
Fig.10. The first three traces show the system frequency
responses with different D and H values of the generator and
the smart load is not activated during the load step change
process. (Blue trace: 2H=10s, D=0; red trace: 2H=10s, D=6.25;
yellow trace: 2H=15 s, D=6.25.) The other two traces are with
ES-B2B activated with different K, values and with D=0,
2H=10s applied to the generator. It is clear from Fig.10 that the
trace with triangle markers closely matches with the red trace,
which indicates that the equivalent system effect of the smart
load with K;=3.125 and K,=0 is increasing D from 0 to
2>3.125=6.25. Similarly, since the trace with star markers
closely matches with the yellow trace, the equivalent system
effect of smart load with K»,=2.5 is increasing 2H from 10s to
10s+2>2.5s=15s. The simulation results corroborate the
theoretical estimations based on (17) and (18).
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V. CASE STuDY IN THE CIGRE MICROGRID

To further substantiate and evaluate the distributed inertia
support from the smart loads (SLs), a case study is presented in
this section using an isolated microgrid scenario with CIGRE
European benchmark medium- and low-voltage (MV/LV)
network [43], as shown in Fig.11. In the following subsections,
the level of inertia contributed by the SLs for different time
periods of the day is firstly presented. Then the results of a time-
domain simulation are included to demonstrate the
effectiveness of virtual inertia from the SLs.

A. System Description

The total diversified peak demand (DPD) of the system
throughout a day is about 5.5 MVA, served by two diesel
generators at bus 1 & 12 with a rated capacity of 3.125 MVA
each and 1MW wind power generation connected at bus 7,
operated under the maximum power point tracking mode with
unity power factor at its point of coupling. The diesel generators
are represented using a third-order dynamic model with the
parameters provided in [44]. The IEEE-DC1A type excitation
system and governor (using first-order model) with 5% power-
frequency droop are used for both generators.

Domestic loads, which account for 70% of the total DPD, are
all connected to LV level while the remaining are
industrial/commercial loads, all connected directly at MV level.
Each box marked with ‘LV’ in Fig.11 represents multiple
CIGRE LV networks connected in parallel. The number of LV
networks and the number of households aggregated at each
node (R11, R15-R18) within an LV network is decided by their
DPD respectively, as given in [43]. The domestic demand and
power voltage sensitivity profiles are obtained in a bottom-up
way from appliance level to a cluster of households level with
1-min resolution as expressed in [19]. Each cluster of
households located at R11, R15-R18 of the CIGRE LV network
is connected in series with an ES-B2B and is transformed into
the smart load. There are 31 LV feeders and altogether 155
smart loads in the CIGRE system. The proportional gain (K;)
and derivative gain (K) of smart loads are the same as in
Section 1V.

B. Estimated Virtual Inertia from Smart Loads

The inertia contribution (Hs.) for each cluster of domestic
customers can be estimated by using (16), for which the voltage
profiles could be obtained through power flow results. Readers
are advised to refer to [19] for load, power-voltage sensitivity
(np) and voltage profiles for each cluster of domestic loads
during winter and summer weekdays. The virtual inertia
coefficient of smart loads are first calculated based on the load
power rating as expressed in (19).

HSL = (Zd: SSLi ’ Hsu) / (i SSLi) (19)
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The variations in inertia contribution by the domestic sector
loads profiles considering several winter/summer weekdays are
shown in Fig. 12. Three traces represent the upper boundary (95
pc), median value and lower boundary (5 pc) situation
considering the different load consumption situations in
different days. When K is fixed, the variation of the total inertia
in this case is determined by power-voltage sensitivity (np),
voltage profiles and the ratio of domestic active power
consumption. It can be seen that inertia value peaks during
winter night hours due to the usage of electric heating while hits
the bottom during similar sessions for summer when both the
power consumption and power-voltage sensitivities for the
domestic sector are low. It is shown in Fig.12 that for most time
of the day, these smart loads can provide additional virtual
inertia of around 1.3 s. It should be mentioned that the inertia
provided from SLs is lower than expected due to the fact that
active power-voltage sensitivities (np) of the domestic loads in
the CIGRE network are mostly below 2 (ranging from 0.4 to
1.7).
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C. Time Domain Simulation Verification

At t=60s, 50% of the wind generation is suddenly
disconnected to create a disturbance (Fig.13). The load demand
and the power voltage sensitivity are based on the 7:30am data
from winter weekdays and are assumed to be constant
throughout the simulation. The frequency and load-side voltage
response before and after the disturbance are given in Fig. 13.
Compared to the case without any smart loads (blue curve in
Fig.13(a)), it can be seen that the RoCoF and frequency nadir
of the case with smart loads (red curve in Fig.13(a)) are both
improved due to the smart loads with acceptable load voltages
(> 0.95 p.u.) as shown in Fig.13(b).

To quantify the equivalent system inertia enhancement
acquired from the smart loads, a case using generators with
additional inertia of AHsys=0.53s and without using smart load
is also provided in Fig.13(a) (marked in brown). It can be
observed that during the dynamic process, the red trace (with
smart loads) and brown trace (equivalent generator with
increased inertia) coincide at the very beginning, which
indicates that the equivalent system inertia enhancement from
the smart loads at the initial stage is around 0.53s. It should be
mentioned that this AHss=0.53s value is based on total
generator rating (which is just like the last term of equation (4)).
It would be around 1.4s if translating to the smart load power
rating according to (19). This fitting result matches the
estimation results in Section V part B that the Hs. will be around
1.3s during the day.

It should be noted that the equivalent system inertia
increment of 1.4s is less than the estimated results as shown in
Fig.12(a) at 7:30am (which is around 1.6s). This is due to some
smart loads (not all) reaching their lower voltage limit of
0.95p.u. as shown in Fig.13 (b). This situation lasts for around
0.9s as can be seen in Fig.13 (b). Note that no inertia can be
emulated from the smart load once its load voltage is fixed at
0.95p.u.. So during that 0.9s duration, the system total virtual
inertia coefficient of the smart loads together is lower than the
estimation outcome from (19) because some of the smart loads
are saturated in voltage and loss their virtual inertia effect. In
addition, it is observed that the grid frequency settles to the
steady-state value faster with SLs (red trace) in Fig.13(a)
compared to the case with “Equivalent Gen” (brown trace). The
reason is that the virtual inertia contribution from the smart
loads will recover to the estimated value once the load voltages
are restored back within the voltage range. So the Hg_ actually
recovers back to be larger than 1.4s (Equivalent Gen case) after

those situation disappears, thus making the frequency settle
quicker to the steady-state value.
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Fig. 13. Frequency and load-side voltage response before and after sudden
disconnection of 50% of wind generation

Fig.14 shows what will happen if the proposed frequency
response and virtual inertia service of electric springs are
deactivated at t = 70s. The load voltages are restored to their
original values after t = 70s. At the same time, the primary
frequency regulation and inertia enhancement effect are lost,
and the system frequency further dropped from around 49.5Hz
to 49.4Hz. However, the system frequency nadir during the
whole process improved from 48.95Hz to 49.3Hz. (Note that
48.95Hz is the frequency nadir for the situation without smart
load as shown in Fig.13(a).). In addition, the deactivation of the
frequency response and inertia emulation service leave space
for the electric springs to achieve other services (such as voltage
regulation [32], power quality improvement [33], etc.) as
previously reported.
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Fig. 14. Frequency and load-side voltage response after service deactivation.

VI. CONCLUSION

Unlike many previous studies of virtual inertia from the
power supply side, this paper aims at evaluating and
quantifying virtual inertia from the demand side by using
electric spring technology within the acceptable +/-5% of the ac
mains voltage tolerance. In this paper, the implementation of
virtual inertia through ES based SLs is proposed and evaluated.
The virtual inertia and load damping coefficients of our
proposed smart load are derived. Under the control design
following the U.K. National Grid frequency requirement, up to
2.5 s of virtual inertia can be obtained from an impedance-type
smart load (n,=2). Then a case study based on the CIGRE
benchmark microgrid with high-resolution domestic demand
model demonstrates that the SLs can provide around 1.3 s of



inertia (with respect to the smart load power rating) during most
part of the day. The system equivalent inertia can be increased
by AHs,s=0.53s if all the domestic sector loads in the CIGRE
network are transformed to be smart loads. The promising
results indicate that the virtual inertia from SLs can play a
significant role in complementing the depleting inertial
contribution from the supply side in future power grids.
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