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Abstract- With the rising penetration of modern 

converter-based wind farm (WF) into the existing grid 

system deteriorates system inertia due to reduction of the 

capacity of conventional power stations which may lead to 

the frequency instability as well as power system transient 

instability. In order to solve this concern, this paper 

presents a robust virtual inertia control approach for 

battery storage system (BSS) to enhance the frequency 

stability of the grid system after the generation failure 

owing to severe grid disruption. The control approach 

integrated inertial controller based on the rate of change 

of frequency (ROCOF) and droop controller according to 

frequency deviation. The impacts of the proposed virtual 

inertia controller (VIC) is confirmed through simulation 

analysis on a multi-machine power system with 

conventional power stations, permanent magnet 

synchronous generator (PMSG) with full converter based 

WF and squirrel cage induction generator (SCIG) based 

WF. Simulation study clearly demonstrates that by 

adopting both strategies, the BSS can effectively minimize 

the frequency nadir and steady-state error.     

Keywords:  Frequency stability, battery storage system, 

PMSG, SCIG, power system, virtual inertia.  

I. Introduction

Over the past few decades, the world's electricity 

needs are increasing significantly. Many countries are 

installing renewable energy sources (RESs) to meet this 

demand [1-2]. RESs have several merits over 

conventional power stations, such as: less C02 

emission, cost effectiveness, sustainability, 

environmentally friendly etc. [3].  

Between a variety of renewable energy sources, 

wind power (WP) is the most auspicious source for the 

production of electricity with least environmental 

impact [4]. The global new WP installed capacity was 

60 GW in 2019 which was about 19% growth 

compared to 2018 [5]. The total installed capacity of 

WP is 650 GW at the end of 2019 [5]. 
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Market intelligence of the global wind energy 

council (GWEC) anticipates that over 355 GW of new 

capacity will be added [5]. That is approximately 71 

GW of new installations to each year until 2024 [5]. 

Now a days, wind turbines based on PMSG is an 

extremely prevalent choice to install new WF due to 

several merits, for example: variable speed operation, 

separate control of active and reactive power, no 

gearbox and brush are required and low maintenance 

[6-7]. However, integration of the large-scale PMSG 

based WFs into the power system declines the reliance 

on conventional units and introduces frequency 

stability issues because of low inertia of the grid system 

[8], which incorporates the following points [3, 9-10]:  

(1) PMSG shows no inertial responses which may

cause of frequency instability. 

(2) The frequency of the power system fluctuates

from the rated value during any generation outage due 

to fault condition or any sudden load change.  

(3) The ROCOF and frequency nadir are higher in

case of generation outage/sudden load change, which 

may trigger the controller of load shedding to trip 

frequency relay.   

Many researchers have developed VIC integrated 

with maximum power point tracking (MPPT) algorithm 

of PMSG to emulate inertial response similar like 

conventional synchronous generators (SGs) [11-16]. 

For example, droop control [11], ROCOF control [12], 

and ROCOF and droop control [13-16]. Even though, 

the above strategies may prevent the frequency dip by 

injecting stored kinetic energy (KE) into the rotor 

terminal in the form of inertial response, but the KE 

extraction completely depends upon the wind speed 

and it cannot ensure frequency stability during low 

wind speed situations [17-18].  Also, some researchers 

proposed some approaches to utilize the electrostatic 

stored energy in the DC-Link capacitor of variable 

speed wind turbine (VSWT) with PMSG to offer virtual 

inertia support [19-21]. However, the available DC-

Link capacitor energy is somewhat small which limits 

the frequency stabilization.   

 Considering the above concerns, this paper solves 

the frequency stability issues by employing BSS. The 

main contributions of this study are as follows:  

(1) An appropriate VIC control technique of BSS

is designed in order to augment the frequency stability. 

The proposed frequency dependent VIC of BSS is 

composed of both droop loop and ROCOF loop to 

ensure   effective   amount  of   active  power  injection
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Fig. 1: System model.

during transient period. This is the salient feature of this 

work.  

(2) The robust performance of the designed VIC 

controlled BSS system is investigated through  

simulation assessments on a multi-machine IEEE nine-

bus system model composed of SCIG, PMSG and 

conventional SGs during outage of WF consists of 

fixed speed wind turbine (FSWT) with SCIG due to 

serious network fault. Simulations are performed by 

using the PSCAD/EMTDC software. 

(3) This paper also describes the detail 

explanations of wind turbine model, IEEE nine-bus 

power system model, PMSG system along with its 

control strategy as well as proposed VIC controlled 

BSS system. 

The remainder of the paper is arranged as follows: 

Section 2 discusses the system model; Section 3 and 4 

explains the mechanical modeling of the wind turbine 

and PMSG system. Section 5 shows the BSS system 

with proposed VIC. The simulation analysis and 

discussions are given in Section 6 and at last section 7 

concludes the paper.  

II. System Model 

      The test power system model applied in this study 

is demonstrated in Fig. 1. Two different kinds of WFs 

are connected to Bus 5 and Bus 8 of the standard IEEE 

nine-bus system through 1 km cables, transmission 

lines and transformers, respectively. The capacities of 

WF1 and WF2 are identical, which is 100 MW each. 

The WF1 is composed of twenty FSWT-SCIG and each 

has a rating of 5 MW. The capacitor bank near the 

terminal of the SCIG is used to provide reactive power. 

The WF2 is also composed of twenty VSWT-PMSG 

with 5 MW capacity of each turbine. The full frequency 

converter is also utilized to connect the PMSG with the 

grid system. Finally, a BSS is linked to the PMSG 

system with the assistance of inverter and transformer 

for supporting the additional active power in the form 

of inertial response and its capacity is 30 MW.  

The nine-bus system used one hydro power plant and 

two thermal power plants. Automatic generation 

control (AGC) technique is adopted in SG1 and SG3 

whereas governor-free (GF) control technique is 

considered for SG2. All the necessary parameters of 

WFs, SGs, exciter model as well as thermal and hydro 

turbine models are carried from Refs. [7, 17, 22]. 

III. Mechanical Modeling of Wind 

Turbine 

The three bladed horizontal axis wind turbine is the 

most popular choice for high capacity wind power 

production. The power captured by the wind turbine 

(PW) is mainly relies upon the wind speed (Vw), air 

density (ρ), blade radius (R) and power co-efficient 

(Cp) as presented in equation (1). The Cp is a function 

of tip speed ratio (λ) and pitch angle of the blade (β) 

[23]. 
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The equation of Cp can be expressed as below [23]: 
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    Finally, the λ can be calculated using equation (4), 

which depends upon turbine rotor speed (ωr), R and Vw 

[23]: 

 

w

r

V

R
 =                                               (4) 

      The Cp-λ curve demonstrated in Fig. 2 is computed 

by applying equation (2), where the optimum Cp 

(Cp_opt) = 0.48 and optimum λ (λopt) = 8.1. These 

optimum values are considered for designing the MPPT 

power (PMPPT) algorithm as presented in equation (5) 

[6]:    

𝑃𝑀𝑃𝑃𝑇 = 0.5𝜌𝜋𝑅
2 (
𝜔𝑟𝑅

𝜆𝑜𝑝𝑡
⁄ )

3

𝐶𝑝_𝑜𝑝𝑡                (5) 

 

The MPPT algorithm is demonstrated in Fig. 3. The 

pitch angle controllers employed in SCIG and PMSG 

systems are presented in Fig. 4, which are used to 

ensure smooth operation beyond rated wind speed [6, 

23].   

 

Fig. 2: Curve of Cp-λ. 

 

Fig. 3: MPPT curve of PMSG. 

 
(a) SCIG 

 

 
(b) PMSG 

Fig. 4: Controller of pitch angle. 

IV. Design of PMSG System and 

Cascaded Control Strategies 

The overall structure of the PMSG system and 

detail control strategies are demonstrated in Fig. 5. The 

variable low speed wind turbine is directly attached to 

the PMSG system without any gearbox. As a result, 

variable low frequency output is generated in the 

generator system. This low frequency electrical power 

is transmitted to the grid system using full rating two 

level back to back (BtB) frequency converter as 

presented in Fig. 5.  

The BtB frequency converter composed of machine 

side converter (MSC) and grid side converter (GSC). 

Two level converter technology is based on six 

insulated gate bipolar transistors (IGBTs) and 

antiparallel diodes. The MSC is acts as rectifier 

whereas GSC as inverter. A DC chopper is also 

attached with the PMSG system to protect the PMSG 

system during fault condition [7].  

To control the MSC, a cascaded machine side 

control strategy consists of outer and inner loops are 

used. The outer loop extracts the MPPT power from the 

wind turbine system and regulates the reactive power to 

zero for the operation of unity power factor. The inner 

loop adjusts the d-axis and q-axis stator current. The 

angle of transformation (Ɵe) is obtained from the rotor 

position of generator.  

The GSC is controlled by the grid side controller as 

demonstrated in Fig. 5. In the outer loop, the q-axis grid 

current (Igq) is related to DC-Link voltage (Vdc) and d-

axis grid current (Igd) is related to reactive power of the 

grid system. The reference Igd and Igq (Igd* and Igq*) are 

obtained by regulating the grid side reactive power (Qg) 

to zero and Vdc with pre-defined reference Vdc (3 kV).  

The well-known PI controllers are applied for both 

outer and inner loops of machine side and grid side 

controller to generate reference signals.  

Finally, this reference signals are compared with 

pulse width modulation (PWM) technique to produce 

gate signals of MSC and GSC, respectively.     
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Fig. 5: Grid-tied PMSG model with cascaded control strategies. 

 

 
 

Fig. 6: Grid-tied BSS model with proposed VIC. 
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V. Design of BSS and Proposed VIC 

The main structure of the BSS and its detail control 

strategy including proposed VIC is demonstrated in 

Fig. 6. The BSS system is consisting of a standard lead-

acid battery unit which is represented by constant 

voltage source for simplicity, a two-level voltage 

source converter and a transformer. The VSC will serve 

the purpose of converting the DC voltage of the battery 

unit to the grid synchronized AC voltage. The control 

strategy of the battery is also depicted in the same 

diagram. Cascaded control strategy based on four well-

known PI controllers is employed. The PI controllers 

will compensate different error signals. In the upper 

loop, the reactive power (Q) of the output of inverter 

system is considered as input signal. The reactive 

power reference (Q*) is set as zero to guarantee the 

operation of the unity power factor. This error signal 

will be processed by the PI controller to generate the q-

axis reference current (Iq*). The lower loop of the 

cascaded control strategy is basically the unique feature 

of this work which adopted inertial control strategy. It 

takes the frequency (f) of the grid system as input 

signal. This VIC will generate necessary active power 

reference (P*) to operate the battery during frequency 

instability event. To perform effective inertial control, 

it is composed of ROCOF loop as well as droop loop as 

shown in the below equations:  

 

𝛥𝑃1 = 𝐾𝑑
𝑑

𝑑𝑡
𝛥𝑓                                              (6) 

 

       𝛥𝑃2 = 𝐾𝑝𝛥𝑓                                           (7) 
 

Where, Δf is the frequency deviation with respect to 

the base system frequency, Kp and Kd are fixed gains.  

According to equation (6), when the frequency 

declines after a trip of a generation unit, the P* will 

increase based upon the value of Δf and Kd. Thus, it can 

effectively arrest the frequency nadir by adding 

supplementary amount of active power from the BSS.  

Moreover, a droop loop (ΔP2) proportional to the Δf is 

also inserted in the VIC strategy as presented in 

equation (7). It is used to minimize the frequency 

deviation at steady-state period by increasing the BSS 

output power. Finally, this P* is compared with the 

actual active power (P) of the BSS to generate error 

signal. After that, this error signal will be processed by 

the PI controller to generate reference d-axis (Id*) 

current. 

In this way, the BSS can effectively contribute 

during frequency instability event by incorporating 

both droop loop and ROCOF loop.  

VI. Simulation Analysis and Discussion 

Simulation study is conducted on the same system 

model of Fig. 1 to confirm the significance of the 

proposed VIC controlled BSS. In the main system, 

three line to ground (3LG) is carried as severe network 

disruption. The fault conditions are: fault occurred at 

0.1 s, duration of fault is 0.1 s, circuit breakers (CBs)  

opened at 0.2 and CBs closed at 1.0 s. Also, the wind 

speed incoming to the PSMG and SCIG are assumed 

constant at rated condition. Because the wind speed 

acts almost constant within a small period. Two cases 

have been analyzed in this work, where no BSS is 

employed in the PMSG system in Case 1 and proposed 

BSS system is employed in the PMSG system in Case 

2.  

Fig. 7 demonstrates the terminal voltage profile of 

SCIG for both cases. The terminal voltage is failed to 

reach its pre-fault value after 3LG fault, thus the SCIG 

system is disconnected from the main power system of 

Fig. 1 at t=2.0 s by following the standard fault ride 

though (FRT) grid code [24]. Due to this disconnection, 

the active power profile of SCIG is zero after 2.0 s as 

depicted in Fig. 8. This shortage of active power 

enables the conventional SGs to respond the load 

demand. Thus, the SGs are supplying extra active 

power in Case 1 in the form of KE as shown in Fig. 9. 

Thus, the power system frequency and rotor speed 

profiles of SGs are more fluctuating more in Case 1 as 

demonstrated in Figs. 10 and 11. On the contrary, the 

BSS is providing active power after the fault based on 

the frequency deviation in Case 2 as shown in Fig. 12. 

Now, the frequency and rotor speeds of SGs are less 

fluctuating during transient period in Case 2 with 

respect to Case 1. Because the BSS system is equipped 

with proposed VIC as discussed in Section 5.   

 

Fig. 7: Terminal voltage profile of SCIG. 

 

Fig. 8: Active power profile of SCIG. 

The active power of PMSG system is recovered 

little bit quicker to the nominal value in Case 2 than in 

Case 1 as shown in Fig. 13. Fig. 14 shows the rotor 

speed profile of PMSG and it is less fluctuating in Case 
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2. Finally, the DC-Link voltage of PMSG and rotor 

speed profile of SCIG are demonstrated in Figs. 15 and 

16. The rotor speed of SCIG is unstable for both Cases 

as it is disconnected.   

 

Fig. 9: Active power profiles of SGs. 

 

Fig. 10: Frequency profile of power system. 

 

Fig. 11: Rotor speed profiles of SGs. 

 

Fig. 12: Active power profile of BSS (Case 2). 

 

Fig. 13: Active power profile of PMSG. 

 

Fig. 14: Rotor speed profile of PMSG. 

 

Fig. 15: DC-Link voltage profile of PMSG. 

 

Fig. 16: Rotor speed profile of SCIG. 
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in Table 1. The Table 1 confirms that the mentioned 

parameters variations are less in Case 2. Based on the 

above detail analysis, it can be concluded that the 

proposed BSS system have sufficient accuracy to 

control the frequency nadir after any generation outage 

because of severe network fault.        

 Table 1: Parameters of frequency response 

curve. 

 

VI. Conclusion 

In this paper, a novel inertial control strategy is 

developed for BSS to augment the frequency stability 

of the power system. Detailed design technique of the 

power system, wind turbine model, SCIG system, 

PMSG system, BSS as well as its control strategies are 

adequately demonstrated throughout the paper. Two 

case studies are also conducted to demonstrate the 

necessity of the proposed VIC controlled BSS, where 

3LG fault is considered to be a severe network fault. 

Considering all the aspects, the proposed system has 

encouraging prospective value for minimizing 

frequency nadir in power system. 
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 Case 1 (Without BSS) Case 2 (With BSS) 

+Δf 0.5249 0.4978 

-Δf -1.015 -0.7120 

σ 0.1938 0.1361 
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