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A B S T R A C T   

The replacement of conventional synchronous generator (SG) with wind energy conversion system (WECS) 
greatly reduces the available inertial support in the electrical network. In order to avoid mechanical stress on 
wind turbine (WT) which is caused by kinetic energy (KE) extraction in providing the virtual inertial support 
(VIS), this paper proposed an improved technique in converting a hybrid energy storage (HES) into VIS during 
disturbances for wind turbine systems. The complementary behaviour of supercapacitor (SC) and battery energy 
storage (BES) offers a great deal of faster and limitless VIS. The trade-off between SC and BES has been achieved 
through a modified formulation of total available inertial time constant for HES-based VIS. To realize this, the 
new SC's voltage and BES's voltage are kept updated before being used to form the SC's and BES's reference 
current in the proposed model. Alongside in operating the HES-based VIS, this paper also introduced a modified 
energy management system (EMS) by fully utilizing the advantages of the high-power density of SC and the high- 
energy density of BES in handling disturbances. This modified control technique greatly provides faster and 
continuous VIS throughout the disturbances compared to the sole energy storage of SC and BES. In addition, 
based on the tested system of fixed wind speed and variable loads, the proposed HES-based VIS significantly 
improved the frequency nadir and peak frequency by 3.5 % and 2.7 % respectively. Additionally, the proposed 
HES-based VIS shows a significant improvement during variable wind speed and load conditions.   

1. Introduction 

1.1. General background 

The global cumulative installed capacity of onshore wind power will 
be increased up to 5044 GW by 2050 compared to only 542 GW in 2018 
[1]. However, frequency stability issues which are caused by the lack of 
inertial support in wind connected grid systems are quite concerning. 
Previously, this inertial support was supplied by a conventional Syn-
chronous Generator (SG). As the high penetration Wind Energy Con-
version Systems (WECS) take over the grid systems, the available inertial 
support which is required during power imbalances between supply and 
demand is gradually reduced. Practically, the wind systems did not have 

any ability to directly respond towards inertial response [2]. Therefore, 
additional supplementary control systems are required to extract the 
Virtual Inertial Support (VIS) during any disturbances. This issue has 
triggered numbers of research works in providing faster and continuous 
inertial support during any disturbances. Currently, the existing VIS can 
be categorized into two sections, namely, Rotating mass/Kinetic Energy 
(KE) stored in Wind Turbine (WT)'s rotor, and Energy storage [3–6]. In 
UK, the frequency delivered to consumers must be within ±1 % of its 
nominal value. Thus, to meet this requirement, all the generators con-
nected to England and Wales's networks must have the technical capa-
bility to contribute to frequency control [7]. Besides, in between years of 
2013/14 to 2033/34, the UK expected a reduction of inertial constant of 
up to 70 % if the conventional generators in the whole power system are 
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replaced with RESs [8,9]. 

1.2. Motivation of existing research works 

Technically, WT possesses a certain amount of KE stored in its rotor 
which can be converted into inertial support using droop control tech-
nique [10,11], deloading technique [12,13] and inertia response tech-
nique [14]. These techniques are well known among researchers 
because no additional devices are required to supply the designated VIS. 
The droop control technique is designed to handle power imbalance 
between the input mechanical power and output electrical power of a 
wind turbine. However, this technique limits its applicability for a 
modern power system, namely, poor transient performance, ignoring 
load dynamics, poor performance in distribution network and inability 
to impose a fixed system frequency [15]. Meanwhile, the de loading 
technique enforces wind turbine to reserve enough power to fulfil the 
power imbalance. However, this deloading technique may increase the 
mechanical stress of the rotor which leads to the reduction of WT's 
lifetime and efficiency [16]. Thus, in order to achieve rapid and 
continuous VIS while avoiding any mechanical stress on the WT, this 
research proposed an improved VIS-based Hybrid Energy Storage (HES). 
According to [17–19], single energy storage is most unlikely to own both 
characteristics, thus hybrid energy storage formation is required to fulfil 
both requirements. 

Here, the HES is composed of supercapacitor, (SC) and battery en-
ergy storage, (BES). The BES has low power density, high energy den-
sity, low self-discharge, low life cycle, long charge times, higher cost per 
watt and significantly lower cost per-watt hour. Meanwhile, the SC has 
high power density, low energy density, high self-discharge, high life 
cycle, short charge time, lower cost per watt and high cost per-watt hour 
[18,20–22]. Therefore, based on all these mentioned characteristics 
owned by BES and SC, these two ESSs offer complementary properties in 
meeting the main objective of this paper, which is, fast and continuous 
VIS. 

Authors in [23] have implemented supercapacitor-based VIS in 
handling sudden loads increase and decrease. However, due to the high 
installation cost of a supercapacitor, this energy storage is unlikely able 
to provide long term inertial support during disturbances. Meanwhile, in 
2021, Bera et al. proposed a novel analytical approach to size the energy 
storage systems in estimating the suitable inertial support to maintain 
the frequency stability of power grids [24]. Nevertheless, there is no 
clear declaration on which energy storages are employed. In [25], the 
inertia response is supplied by an ultra-capacitor (UC) while the battery 
energy storage in charge on damping control. Since the UC is directly 
connected to the DC bus, the variation in DC link voltage limits the 
inertia support from the UC due to modulation constraints. Additionally, 
the proposed HESS in [19] is controlled by a virtual energy storage 
technique where its parameters is optimized using particle swarm 
optimization technique and integral time absolute error. This proposed 
technique successfully improves the frequency nadir and ROCOF for all 
tested systems. However, the involvement of optimization techniques in 
obtaining the parameter values will significantly increase the simulation 
time and is not quite suitable for laege-scale system. 

On the other hand, EMS is another crucial element in controlling the 
HES to ensure a better performance of HES in serving the required VIS. 
Shen et. al [26] presents a supervisory EMS for SC and BES to prolong the 
battery lifetime and achieve high-efficiency operation of HES. The Dy-
namic programming (DP) and Neural network (NN) is employed in this 
analysis to solve the mentioned optimization problem and split the 
generation from BES and SC respectively. However, the implementation 
of DP requires initial global information which is most unlikely suitable 
for a real-time management process. A model predictive control 
approach is proposed in [27] to ensure the HES operates within the 
specified operating constraints. Meanwhile, with the aim to achieve low 
computational cost and meet real time control requirements, Liu Chang 
et. al in [28] proposed a load adaptive parameter adjusting method to 

split the HES power based on load statistic. Nonetheless, these methods 
require heavy computation time due to their complex structure which 
might affect the response time and EMS procedure [29]. Hence it is 
recommended to solve all these issues. 

1.3. Contribution of current research 

Prior to the recommendation, this paper proposed a modified EMS 
which prioritized the involvement of SC in supplying the VIS before the 
BES gets into the network to pursue VIS procedure. To be brief, the 
proposed EMS offered a trade-off solution between SC and BES utiliza-
tion while providing VIS to wind turbine system during frequency dis-
turbances. Additionally, the contributions of the developed model are 
summarized as follows:  

i. An improved mathematical formulation of SC and BES to mimic 
the behaviour of conventional SG in providing VIS during dis-
turbances is introduced. The formulation is also based on the 
power mismatch between the mechanical input power and the 
electrical output power of the wind system.  

ii. A modified EMS with reduced computational time of HES-based 
VIS to rapidly respond to the disturbances is implemented.  

iii. An applicable HES-based VIS model with various range of test 
cases for validation has been developed. 

1.4. Layout of the paper 

This paper is organized as follows: Section 2 presents the system 
modelling that will be used to investigate the effectiveness of the pro-
posed research work towards the applied disturbances. The derivations 
of proposed improved technique of HES-based VIS and modified EMS 
are carried out in Section 3. The related simulation results from the 
series tests are discussed in Section 4. The conclusions are drawn in 
Section 5. 

2. System configuration and modelling 

2.1. WECS and HES-based VIS modelling 

Based on the previous research works on VIS, HES and wind turbine 
system, the WECS and proposed HES-based VIS is illustrated in Fig. 1. 
This model is composed of WT based permanent magnet synchronous 
generator (PMSG), DC-AC-DC converter, two separate Non-Isolated 
Bidirectional DCDC (NBDC) converters and loads. This model has been 
designed using MATLAB/Simulink simulation environment. 

From this figure, it shows that, power that reaches the loads come 
from WT (PE_WT), SG (PSG) and HES (Psc and Pbatt). The power flows from 
SG and WT are regulated by HES via two separate NBDC converters. 
These two converters are controlled to complementarily charge and 
discharge the SC and BES based on the proposed modified EMS. The L1 
and L2 are the fixed loads with values of 10 MW + 1MVAR and addi-
tional loads of 2 MW + 2MVAR respectively. The additional load acts as 
a sudden load increase (which enters the network during the second of 
40) and decreases (leaves the network during the second of 70). 

Fig. 1. WECS with the proposed HES-based VIS.  
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According to Fig. 1, the relationship between the electrical power of WT, 
PE_WT, synchronous generator power, PSG, power exchange between SC 
and the network, PSC, power exchange between BES and the network, 
Pbatt and load power PL can be expressed as in Eq. (1). The ± defines the 
charge (+) and discharge mode (− ) of SC and BES. Further mathematical 
formulations will be discussed in Section 3. The parameters involved in 
modelling the WECS and HES-based VIS in Fig. 1 are listed in Table 1 
and can be found in Appendix A. 

PE WT +PSG − PL ±Psc ±Pbatt = 0 (1)  

2.2. HES's voltage and inductor selection in NBDC 

Here, the NBDC is operated in continuous current mode (CCM) 
where the Inductor, L in Fig. 1 is the most crucial element to ensure the 
NBDC is operated in CCM instead of discontinuous current mode, 
(DCM). The size of the inductor can be significantly reduced by 
increasing the value of switching frequency. Therefore, the inductor is 
designed based on the CCM working mode and the demand of the cur-
rent ripple, ΔiL during buck and boost mode. Since these two modes 
share the same inductor during their operating mode, therefore the 
inductance value must be properly designed. In [30], minimum induc-
tance for buck, Lmin_buck and boost, Lmin_boost converters are expressed in 
two separate equations as in Eqs. (2) and (4). The duty cycle for each 
converter is expressed as in Eqs. (3) and (5) respectively. Subsequently, 
according to [30], in order to avoid discontinuous current mode, the 
value of inductance must be 25 % greater than its minimum value. 

Sequentially, from [31], the ΔiL is the maximum ripple current that 
can be handled by SC and is set to be 2A. By considering a similar value 
of ΔiL the inductance value for both buck and boost modes, the mini-
mum inductances values for these separate converters are obtained as in 
Eqs. (2) and (4). respectively. Where vsc is the nominal value of SC, fs is 
the switching frequency (20 kHz), vo is the output voltage of the NBDC 
(equivalent to DC link voltage, 1150 V) and D is the duty ratio during 
boost mode, which can be calculated using Eq. (5). According to [32], 
the maximum stored energy that can be extracted from SC occurs at a 
duty cycle of 0.5. For this reason, the duty cycle is set to be 0.5 and the 
voltage for SC and BES can be obtained using Eqs. (3) or (5) by setting 
the DC link voltage at 1150 V. Therefore, after adding 25 % into Eq. (2), 
the inductance value for BDC is equivalent to 7.2 mH. 

Lmin buck =
vo(1 − Dbuck)

ΔiLfs
(2)  

vo = vsDbuck,Dbuck = 0.5 (3)  

Lmin boost =
vscDboost

ΔiLfs
(4)  

vo =
vs

1 − Dboost
,Dboost = 0.5 (5)  

3. Mathematical formulation and control scheme of HES-based 
VIS 

Previously, Hasan et al. [23] proposed a modified technique in 
operating the SC-based VIS towards disturbances. Therefore, by 
employing a similar derivation procedure, this paper extends the VIS 
concepts into HES to ensure continuous inertial support. 

Previously, the VISs are mostly supplied by SGs which can be 
expressed as in Eq. (6) where H is the SG inertia constant, f is the system 
frequency and ΔP is the power difference between the input mechanical 
power and the output electrical power of SG. 

2Hf
df
dt

= ΔP (6) 

By considering the similar behaviour of the power difference 

between the input and output of SG, ΔP, Eq. (7) is equalized to Eq. (6) to 
obtain the rate of power exchange between SC and the network. Assume 
that the SC is discharged. 

− PEWT − PSG +PL = Psc (7)  

ΔP = Psc (8) 

By equating Eq. (6) with Eq. (8), the required SC power with respect 
to the change frequency during load disturbances is written as in Eq. (9). 
The power extracted from SC is expressed as in Eq. (10). 

2Hf
df
dt

= Psc (9)  

Psc = iscvsc = cscvsc
dvsc

dt
(10) 

By equating Eq. (10) with Eq. (6), the VIS extraction from SC can be 
represented as in Eq. (11). 

csc vsc
dvsc

dt
= 2Hsc f

df
dt

(11) 

By integrating both sides, it will get 

cSC
(
v2

SC − v2
sc0

)

2
= HSC

(
f 2 − f 2

0

)
(12)  

Where vsc0 and f0 is the nominal values for SC voltage and system fre-
quency respectively. To obtain new reference value of SC voltage, vsc0

*
, 

Eq. (12) can be linearized around its equilibrium point, as in Eq. (13). 
Then, the control process in defining the amount of energy to be 
extracted from or into the SC for VIS is expressed as in Eq. (14). Next, by 
rearranging Eq. (13), the new reference voltage for SC, vsc0* is obtained 
as in Eq. (16). 

cscvsc0Δvsc = 2Hscf0Δf (13)  

Hsc =
Ksccscvsc0

2f0
(14) 

where Ksc, is the control parameter in defining the amount of power 
exchange between SC and network. The Ksc is defined as in Eq. (15) and 
this value is obtained using Linear regression technique. 

Ksc =
Δvsc

Δf
(15)  

v*
sc = KscΔf + vsc0 (16)  

where csc is the capacitance of SC. 
Afterwards, upon obtaining the new SC voltage, the required current 

flow from or into the SC can be expressed as in Eq. (17), where, KH and 
Kdroop is the coefficient for inertial and droop control [6], while Δf = f0 −

f. The current from Eq. (17) will be converted into PWM to switch the 
NBDC converter either to charge or discharge the SC. 

isc =
KH

dΔf
dt + KdroopΔf

v*
sc

(17) 

Meanwhile, for BES, the power exchange which reflects the power 
balance between supply and load can be written as follows: 

PE WT +PSG − PL − Psc = ±Pbatt (18)  

ΔP = Pbatt (19) 

Previously, the VISs are mostly supplied by SGs and theirs behaviour 
can be expressed as in Eq. (20) [33]. Where H is the SG inertia constant, f 
is the system frequency and ΔP is the power difference between input 
mechanical power and the output electrical power of SG. 
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2Hf
df
dt

= ΔP (20) 

Therefore, by equating Eq. (19) with Eq. (20), the required inertia 
support from BES with respect to the change of the frequency is obtained 
as in Eq. (21). 

2Hf
df
dt

= Pbatt (21) 

Integrating both sides of Eq. (21) with respect to time. Where Ebatt in 
Eq. (24) is the energy provided by the BES when subjected to the dis-
turbances. Let the initial state of energy of BES, Ebatt_0 is equal to zero. 
∫ f

f0
2Hf df =

∫ t

t0
Pbattdt (22)  

H
(
f 2 − f 2

0

)
= Pbatt(t − t0) (23)  

Ebatt − Ebatt 0 = H
(
f 2 − f 2

0

)
(24) 

By assuming the small changes of the system states during system 
dynamics, Eq. (24) is linearized to its initial operating point and 

transforms into Eq. (25). The inertia time constant from BES, Hbatt is 
obtained as in Eq. (26). 

Ebatt = 2Hbattf0Δf (25)  

Hbatt =
Ebatt

2f0Δf
(26) 

The reference value of battery's current, ibatt* to be extracted or 
absorbed by BES during the disturbances is directly obtained by rear-
ranging the (Pbatt = Ibattvbatt) and is expressed as in Eq. (27). 

i*batt =
Pbatt

vbatt
(27) 

From Eqs. (14) and (26), it is concluded that the total available in-
ertial time constant for HES-based VIS, HHES can be expressed in Eq. 
(28). The first part is from SC and the other one is from BES. 

HHES =
Ksccscvsc0

2f0
+

Ebatt

2f0Δf
(28)  
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Fig. 2. Proposed EMS for HES-based VIS.  
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4. Proposed modified EMS 

For smoother performance in handling large tested systems, this 
paper proposed a modified EMS by operating the SC until it reaches its 
minimum or maximum state of charge (SOC) during a power distur-
bance before the BES gets into the network to pursue the VIS process. In 
this way, the SC will be successfully utilized to provide the VIS and the 
charging and discharging process of the BES will be greatly be reduced. 
This reduction may prolong the life cycle of a BES. 

Fig. 2 presents the proposed EMS of this study. First, the system 
frequency is measured at SG. If the measured system frequency is 
<59.98 Hz and the SOC of SC is more than its minimum set point (>20 
%), the boost mode of SC will be ‘ON’ to discharge its stored energy to 
the DC link. If the SC reaches its minimum value, but the system fre-
quency still has not regained its nominal value, then the BES will be 
discharged. At this particular time frame, the minimum SOC of SC is set 
to be 20 % so that the BES will enter the network a bit early to cope with 
its low power density. Conversely, if the measured system frequency 
goes >60.1 Hz, and the SOC of SC is <80 %, the buck mode of SC will be 
‘ON’ to absorb part of the WT power to merge with the load decrement. 
As in the previous disturbance, if the maximum SOC of SC is reached, 
and the system frequency still has not reached its nominal value, the 
buck mode of BES will be ‘ON’ to pursue the power absorption from WT. 
At this time, the maximum SOC of SC is set to be 80 % to avoid deep 
discharge of SC. 

5. Simulation results and discussion 

This section investigates the effectiveness of the proposed HES-based 
VIS and modified EMS in handling load disturbances which enter (act as 
sudden load increases) and leave (act as sudden load decreases) the 
network at second of 40 and 70 accordingly. Here, in order to analyse 
the effectiveness of the proposed research work towards different wind 
penetration levels, two WT sizes of 3 MW and 6 MW will be considered. 
Meanwhile, the SG is kept at 10MVA. The fixed load is set to be 10 MW 
+ 1MVAR while the additional loads that enter and leave the network 
are set to be 2 MW and 0.2MVAR respectively. There are three series 
tests that will conducted in this section:  

i. Fixed wind speed with fluctuated loads for both wind penetration 
levels.  

ii. Variable wind speed condition with fixed load for the 6 MW WT 
system.  

iii. Variable wind speed with fluctuated loads for the 6 MW WT 
system. 

5.1. Fixed wind speed with fluctuated loads for both wind penetration 
levels 

This section validates the proposed HES-based VIS with three other 
scenarios, namely, without any VIS, with SC-based VIS and BES based 
VIS under fixed wind speed and fluctuated load disturbances. The SC- 
based VIS and BES-based VIS are denoted as the sole ES of SC and BES 
that act as VIS throughout the simulation time. This analysis aims to 
prove the aforementioned claim of the proposed HES-based VIS which is 
able to provide faster and limitless VIS throughout the disturbances. The 
2 MW + 0.2 MVAR load suddenly steps in and out of the network during 
the second of 40 and 70 respectively. The input wind speed is fixed at 12 
m/s. 

5.1.1. For 3 MW WT system 
Here, the WT is set to be 3 MW. The obtained simulation results, 

which consisted of system frequency, WT conversion power, SG power, 
SOC of SC and BES are presented in Fig. 3(a–e) accordingly. From Fig. 3 
(a), scenarios (2) and (4) shared identical behaviour in their frequency 

nadir improvements and peak frequency reductions. This is because, the 
proposed EMS in this paper prioritizes the SC operation until it reaches 
its maximum or minimum SOC, therefore in this case, as the SC still 
varies within 20 % and 80 % SOC, thus, in these two cases, the SC alone 
is enough to provide the required VIS during frequency nadir and peak 
frequency response improvement. Therefore, from Fig. 3(a), the SC (in 
scenario (2) and (4)) significantly improves the frequency nadir and 
peak frequency from 0.9435 p.u to 0.9708 p.u (approximately 2.9 % 
improvement) and 1.05 p.u to 1.02 p.u (approximately 2.46 % reduc-
tion) correspondingly. Meanwhile, the BES in scenario (3) is only able to 
provide the respective improvement and reduction by 2.1 % and 1.8 %. 
It can be noted here that, the slow dynamic behaviour of BES is unlikely 
to be able to provide rapid VIS to improve the frequency nadir and peak 
frequency during disturbances compared to SC. 

Throughout scenarios (2–4), the SC and BES significantly regulate 
the power extraction from WT (Fig. 4.3(b)) and SG (Fig. 4.3(c)) by 
actively charging and discharging its stored power based on designated 
EMS and their dynamic response behaviours to regain the stability of 
system frequency. However, the SC alone in scenario (2) failed to 
maintain the stability of system frequency after the second of 91 (as in 
Fig. 3(a)). This is due to the excess power from WT that needs to 
continuously be absorbed by SC, yet the SC already reached its 

Fig. 3. Simulation results of (a) System frequency, (b) Pwt conversion (c) SG 
power, (d) SOC of SC and (e) SOC of BES for 3 MW WT system. 
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maximum SOC (as in Fig. 3(d)). Consequently, at this time, this excess 
power abused the stability of the system frequency signal during the last 
9 s. Conversely, with the proposed research works (in scenario (4)), the 
system frequency signal during the last 9 s in Fig. 3(a) remains at its 
nominal value as the BES (scenario (4) in Fig. 3(e)) continues to absorb 
the excess power from the network. Therefore, it can be concluded here 
that, the proposed research works in this paper are not only able to 
provide highest improvement in terms of frequency nadir and peak 
frequency during sudden load increase and decreases respectively, but 
also able to maintain the system frequency's stability during certain time 
interval which failed to be done by SC alone. 

5.1.2. For 6 MW WT system 
This section further validates the proposed HES-VIS towards larger 

WT size, 6 MW. Similar load disturbances are applied here. The obtained 
simulation results are illustrated in Fig. 4(a–e). From Fig. 4(a) until (c), 
the SC (in scenario (2) and (4)) once again proved its fast response 
behaviour to regulate the WT conversion power (Fig. 4(b)) and SG 

power (Fig. 4(c)) to respond to the load disturbances. These regulations 
slow down the decrement and increment of frequency nadir and peak 
frequency by 3.5 % and 2.7 % respectively. The effects of frequency 
nadir and peak frequency for all the aforementioned scenarios are rep-
resented in Tables 1 and 2 accordingly. 

In comparison with the smaller WT size, 3 MW (in Section 5.1.1), 
larger WT size successfully reduces the SG power generation to serve the 
designated load. This reduction significantly reduces the involvement of 
conventional generators which is normally operated by hydraulic, 
steam, diesel, fossil fuel and any other high carbon emission turbine. 
These occurrences further reduce CO2 emissions while encouraging 
higher wind penetration levels to be integrated to the electrical network. 
Additionally, the integration of HES-based VIS promises stability per-
formance of system frequency signals in handling disturbances. 

5.1.3. Frequency nadir and peak frequency variation for 3 MW and 6 MW 
WT systems 

The Tables 2 and 3 summarize the variation on frequency nadir and 
peak frequency for both WT systems. Tables 2 and 3 can be found in 
Appendix B. From Table 2, it can be noted here that, with no VIS, system 
frequency in 6 MW WT system produced slightly lower frequency nadir, 
0.9424p.u compared to 3 MW WT system, with 0.9435p.u. However, its 
frequency nadir improvement is 3.5 %, which is higher than the 3 MW 
WT system, 2.8 %. This is because, in 6 MW WT system, the available 
wind power to serve the load is higher compared to 3 MW WT system, 
thus, during the sudden load that increased at second of 40, the SC 
efficiently slowed down the rate of change of frequency and making the 
frequency nadir to reach its minimum value only at 9.764p.u. Similar 
response behaviour for 6 MW WT system can be seen during sudden load 
decreases (as in Table 3) where the SC in scenario (2) and (4) success-
fully slowed down the increment of peak frequency and made the peak 
frequency to reach its maximum point at 1.023p.u, equivalent to 2.7 % 
decrement. This percentage of decrement is higher compared to the 3 
MW WT system, 2.5 %. 

5.2. Variable wind speed with fixed load for 6 MW WT system 

Subsequently, to further investigate the feasibility of the proposed 
research works in providing faster and continuous VIS response towards 
disturbances, this section extends the simulation test under variable 
wind conditions at constant load behaviour using only 6 MW WT system. 
The 3 MW WT is not considered in this analysis because the previous 
section had proved that the proposed HES-based VIS provides significant 
improvement in 6 MW WT compared to 3 MW WT. The variation of wind 
speeds is randomly varied within a 2 s interval, as in Fig. 5. Here, the WT 
and SG are kept at 6 MW and 10 MVA respectively, while the load is 
fixed at 10 MW + 1MVAR. Since the previous subsection proved the 
delayed dynamic behaviour of SC, BES and HES in responding to the 
sudden load increases and decrease, therefore only two scenarios will be 
carried out here, which is, (1) no VIS and (2) proposed HES-based VIS. 

The simulation results for this test are illustrated in Fig. 6(a–e). From 
Fig. 6(a), the system frequency with the proposed HES-based VIS varies 

Fig. 4. Simulation results of (a) System frequency, (b) Pwt conversion (c) SG 
power, (d) SOC of SC and (e) SOC of BES for 6 MW WT system. 

Fig. 5. Variable wind speed pattern.  
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in smaller range and more stable compared to the one without the 
presence of VIS. As the HES is actively charged and discharged to restore 
the system frequency stability, the WT conversion power (Fig. 6(b)) 
follows the trend of the proposed EMS towards HES. At this time, the SG 
regulates its generation power to compensate for the load gap and can be 
seen in Fig. 6(c). Throughout Fig. 5(a–e), It can be observed here that the 
SC in the proposed HES-based VIS greatly slowed down the variation 
response of the system frequency by actively charging and discharging 
its stored energy to and from the network respectively. Meanwhile, the 
proposed EMS in this paper makes the BES (Fig. 6(e)) remains at its 
constant SOC as the SC did not reach its maximum or minimum SOC. 
This occurrence significantly prolongs the life cycle of the BES itself. 

5.3. Variable wind speed with variable load for 6 MW WT system 

Likewise, in this section, the proposed research works is further 
evaluated under variable speed wind conditions and variable load dis-
turbances. Similar load disturbances as in Section 5.1 are employed 
here, where the 2 MW + 2MVAR enters and leaves the network at second 
of 40 and 70 respectively. The simulation results from this test are 
illustrated in Fig. 7(a–e). Throughout the disturbances from fluctuated 

wind speed and loads, it can be concluded that the proposed research 
works in this paper greatly slows down the frequency response (Fig. 7 
(a)) by complementarily charging and discharging the stored energy of 
SC and BES (Fig. 7(d–e)). Consequently, the WT conversion power 
(Fig. 7(b)) and SG power (Fig. 7(c)) are regulated to bridge the gap 
between supply and demand. The proposed HES-based VIS greatly re-
duces the operating range of SG which may lead to the increment of SG 
reliability in serving the load. From Fig. 7(d) and (e), it shows that, 
within certain time intervals, where the SC reaches its maximum of SOC, 
80 %, the BES successfully gets into the network to pursue the VIS 
process by absorbing part of the WT power to reduce the power 
imbalance in the network. 

6. Conclusion 

This paper proposed and investigated the feasibility of an improved 
technique in translating the HES into VIS and modified the EMS of HES 
towards disturbances. This research work aims to provide faster and 
continuous inertial support throughout disturbances while prolonging 
the lifetime of BES. From the series simulation tests in Section 5, it can be 
seen that the proposed research works in this paper significantly im-
proves the frequency nadir and peak frequency while maintaining the 
stability of the system frequency compared to SC-based VIS and BES- 

Fig. 6. Simulation results of (a) System frequency, (b) WT conversion power, 
(c) SG power (d) SOC of SC and BES. 

Fig. 7. Simulation results of (a) System frequency, (b) WT conversion power, 
(c) SG power (d) SOC of SC and (e) SOC of BES. 
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based VIS. The low power density behaviours of BES show delayed dy-
namic response towards the applied disturbances compared to SC. 
Therefore, the proposed EMS of prioritizing the SC until it reaches the 
maximum or minimum SOC before the BES gets into the network 
promises faster VIS under a certain time interval while prolonging the 
lifetime of BES itself. In addition, for the tested systems in this paper, it 
can be concluded that, larger WT size provides higher frequency nadir 
and peak frequency improvement compared to the smaller one. How-
ever, the maximum size of WT and load that can be handled by the 
proposed HES-based VIS is not covered in this paper. 
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Appendix A  

Table 1 
Parameters for Wind PMSG [6,33,34].   

Item Value 

Wind PMSG Rated wind speed 12 m/s 
PMSG rated power, voltage, frequency 3 MW and 6 MW, 575 V, 50 Hz 
Rated rotor speed 1.23p.u 
Inertia constant, Hg 1.15 s 
Stator resistance (Rs), inductances (Ld, Lq) 50μΩ, 0.0055H, 0.00375H 
Number of pole pairs, (p) 11 

Converters Resistance and Inductance of grid side R = 0.003p.u, L = 0.3 p.u  
DC-link capacitor and voltage 9000 μF, 1.15 kV 

SG Rated MVA, terminal voltage, Frequency 10MVA, 6.6 kV, 60 Hz 
Inertia time constant 4 s  
d-axis synchronous reactance (xd, xd’, xd”) 1.305, 0.296, 0.252  
q-axis synchronous reactance (xq, xq”, xl) 0.474, 0.243, 0.18  
SG time constant (Td’, Td”, Tq”) 1.01, 0.053, 0.1  

Appendix B  

Table 2 
Frequency nadir improvement.  

WT size No VIS/p.u SC-based VIS/p.u BES-based VIS/p.u HES-based VIS/p.u 

3 MW  0.9435 0.9708 0.9633 0.9708 
(2.8 % improvement) (2.1 % improvement) (2.8 % improvement) 

6 MW  0.9424 0.9764 0.9653 0.9764 
(3.5 % improvement) (2.4 % improvement) (3.5 % improvement)   

Table 3 
Peak frequency decrement.  

WT size No VIS/p.u SC-based VIS/p.u BES-based VIS/p.u HES-based VIS/p.u 

3 MW  1.055 1.029 1.036 1.029 
(2.5 % decrement) (1.8 % decrement) (2.5 % decrement) 

6 MW  1.051 1.023 1.029 1.023 
(2.7 % decrement) (2.1 % decrement) (2.7 % decrement)  
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