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Abstract. In active distribution systems, the battery energy

storage system (BESS) can support grid stability through coordi-
nated active and reactive power control mechanisms. Therefore, 
this paper proposes a coordinated control scheme for BESS to 
voltage and frequency regulations under dynamic operating con-
ditions.  For inertia emulation control, a coupling mechanism be-
tween the rate of change of frequency (RoCoF) combined with 

voltage magnitude and the required active power of grid is stud-
ied. Meanwhile, a coupling mechanism between the rate of 
change of voltage (RoCoV) and frequency magnitude is em-
ployed to regulate reactive power injection for effective voltage 
support. Based on the grid-voltage modulated direct power con-
trol (GVMDPC), the inner control loop is designed to accurately 
track both active and reactive power references, ensuring better 
dynamic performance of the grid-connected battery energy stor-

age. Intensive simulation studies that have been conducted on a 
wind-BESS system are executed using MATLAB/ Simulink plat-
form along with the validation of the proposed scheme. Finally, 
simulations are performed to assess the capability of the proposed 
control scheme to improve the dynamic response of grid fre-
quency and voltage compared with the conventional method. 

Keywords. Voltage support, virtual inertia emulation, 

coordinated control, Renewable energies, and Battery En-

ergy storage systems.                                                       

1. Introduction
Renewable Energy (RE) sources are increasingly inte-

grated into power grids around the world. They provide 

clean and sustainable energy and can be more economical 

over a long period of time. However, their integration also 

introduces several challenges. Most renewable energy sys-

tems are inverter-based and provide little or no inertia to 

the grid. As a result, the system becomes more sensitive to 
disturbances, which can weaken grid stability. Added to 

that the low inertia in modern grids due to the lack of rota-

tional momentum typically provided by synchronous gen-

erators (SGs) causes power shortages and, in some cases, 

blackouts [1], [2]. While blackouts can be temporarily 

managed in islanding mode until the issues are resolved, a 

safer and more effective solution is to add a Battery Energy 

Storage System (BESS). The BESS boosts overall reliabil-

ity, provides backup power under heavy loading, and can 

emulate virtual inertia in the grid [3]. Furthermore, com-

munication between SGs, renewable generators (RGs), and 
BESS can be established using traditional voltage and fre-

quency control methods, such as automatic voltage regula-

tors (AVRs) in synchronous generation and droop control. 

However, these conventional methods do not provide op-

timized responses in dynamic and complex system condi-

tions such as active distribution systems [4]. 

Recently, the cascaded feedback loops voltage and fre-

quency controllers have been adopted to control the BESS 

integrated with the grid-side inverter [5], [6], [7]. To man-

age the BESS discharging or charging current, several 

studies are commonly utilized an inner current control loop 

[8], [9]. For the BESS grid-side inverter, an outer voltage 

control loop is typically implemented to maintain the DC-
bus voltage aligned with the generating the d-axis current 

reference. Meanwhile, the inner current control loop regu-

lates the d-axis current to control the active power flow, 

while the q-axis current is used to regulate the reactive 

power flow [10], [11], [12]. Another approach is Direct 

Power Control (DPC), which has been implemented in 

[13], [14], [15]. This method provides faster dynamic re-

sponse and smoother synchronization, enabling rapid reg-

ulation of active and reactive power. Furthermore, recent 

studies have improved this approach by introducing Grid-

Voltage Modulated Direct Power Control (GVM-DPC). 

This technique offers a faster instantaneous response to 
changes in active and reactive power compared with con-

ventional controllers [16]. 

To track voltage and frequency variations, the Phase-

Locked Loop (APLL) is widely applied, as discussed in 

[17], [18], [19]. As shown in Fig.1, a APLL typically con-

sists of three main components: a phase detector, a loop 

filter, and a voltage-controlled oscillator.  

Through this structure, frequency variations can be identi-

fied from the phase shift angle 𝜽. Recently, several studies 

have combined the Amplitude-Locked Loop (ALL) with 

the PLL to enhance disturbance detection [14]. This com-
bined structure, known as the Amplitude Phase-Locked 

Loop (APLL), enables the detection of voltage deviation 
(𝚫𝑽), frequency deviation (𝚫𝒇), and their transient rates 
(𝒅𝑽/𝒅𝒕)and (𝒅𝒇/𝒅𝒕) [15]. These signals can then be used 

to mimic the rate of change of frequency (RoCoF) and rate 

of change of voltage (RoCoV). In this approach, the BESS 

compensates for power imbalances by injecting or absorb-

ing power, thereby improving system stability and mitigat-

ing the effects of low inertia in the weak grid. 

To achieve flexible power regulation, some researchers 
have made significant efforts on the coordinated and fre-

quency control as in [20], [21], [22], [23]. In [16], the in-

ertial and voltage support capability of BESS are employed 

the (𝒅𝑽/𝒅𝒕) and (𝒅𝒇/𝒅𝒕)  to regulate the active and 
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reactive power, respectively. In [17], the authors utilize the 
(𝒅𝑽/𝒅𝒕)signal for voltage support; however, the inertia 

regulation capability is not considered. In [18], the virtual 

battery algorithm is used for voltage and frequency regu-
lations, which decouple the inertia and droop control 

parts. However, it lacks dynamics damping, leading to 

high level frequency or voltage oscillations. In [19], a dou-

ble-loop active and reactive control is proposed for a BESS 

grid-side inverter. This scheme relied on frequency devia-

tion (Δf) to regulate voltage control, which makes the volt-

age sensitivity significantly affected grid voltages. How-

ever, the control loops are not fully considered the varia-

tion in voltage, and not competent for BESS charging and 

discharging. 

In this paper, a novel inertia–voltage control model is pro-

posed for the grid-side inverter of the Battery Energy Stor-
age System (BESS). The rate of change of voltage 
(𝒅𝑽/𝒅𝒕)and frequency deviation (𝚫𝒇)are employed as 

control inputs for active power regulation. In addition, the 

rate of change of voltage (𝒅𝑽/𝒅𝒕)and voltage deviation 
(𝚫𝑽) are utilized as control inputs to regulate reactive 

power through the grid-connected inverter, thereby en-

hancing voltage support and system stability. The simula-

tions are conducted by comparing the control model pre-

sented in [24]with the proposed model to demonstrate the 
superiority and effectiveness of the proposed control strat-

egy. 

2. Proposed Model Control for Inertia and 

Voltage Regulation 

2.1 Extracting voltage and frequency variations-

based APLL 

For voltage and frequency magnitude estimation, an ad-

vanced APLL system is adopted as shown in Fig.1 [16]. 

This system utilizes the three-phase voltage signals meas-

ured at the point of common coupling (PCC) to determine 

the control input parameters, including the rate of change 

of voltage (𝒅𝑽/𝒅𝒕), frequency deviation (𝚫𝒇), and volt-

age deviation (𝚫𝑽). To constitute the control implementa-

tion, the Park transformation [20] is applied to convert the 

grid signals into the 𝒅𝒒reference frame, which serves as 

the input to the control system. the APLL dynamic equa-

tions can be expressed as follows [19]: 

𝑼𝒂𝒑𝒍𝒍 =
𝟏

𝒌𝒂

∫ 𝒗𝒅 𝒅𝒕                                          (1) 

𝒅𝑼𝒂𝒑𝒍𝒍

𝒅𝒕
=

𝟏

𝒌𝒂

(𝒗𝒅 − 𝑼𝒂𝒑𝒍𝒍)                             (2) 

𝜽𝒂𝒑𝒍𝒍 =
𝟏

𝒌𝒂

∫ (𝝎𝒂𝒑𝒍𝒍 + 𝑲𝒑𝒍𝒍

𝒅𝝎𝒂𝒑𝒍𝒍

𝒅𝒕
) 𝒅𝒕      (3) 

𝒅𝜽𝒂𝒑𝒍𝒍

𝒅𝒕
=

𝟏

𝒌𝒂

(𝝎𝒂𝒑𝒍𝒍 + 𝑲𝒑𝒍𝒍

𝒅𝝎𝒂𝒑𝒍𝒍

𝒅𝒕
)            (4) 

𝝎𝒂𝒑𝒍𝒍 =
𝟏

𝒌𝒑

∫ 𝒗𝒒 𝒅𝒕                                             (5) 

𝒅𝝎𝒂𝒑𝒍𝒍

𝒅𝒕
=

𝟏

𝒌𝒑

𝒗𝒒                                               (6) 

where 𝒗𝒅and 𝒗𝒒represent the d-axis and q-axis voltages 

at the Point of Common Coupling (PCC). 𝑼𝒂𝒑𝒍𝒍 and 
𝒅𝑼𝒂𝒑𝒍𝒍

𝒅𝒕
denote the estimated voltage amplitude and its rate of 

change, respectively. Furthermore, 𝜽𝒂𝒑𝒍𝒍 and 

𝝎𝒂𝒑𝒍𝒍represent the estimated phase angle and angular fre-

quency, while 
𝒅𝜽𝒂𝒑𝒍𝒍

𝒅𝒕
and 

𝒅𝝎𝒂𝒑𝒍𝒍

𝒅𝒕
denote their corresponding 

dynamic variations. 

 
Fig.1 Block diagram of APLL to estimate the voltage and 

frequency variations. 

2.2 Control Structure 

In this paper, a model-based BESS control framework is 

developed to validate the voltage and frequency regulation 

in the low inertial weak grids. First, the proposed inertia 

control are designed based on (𝒅𝑽/𝒅𝒕)and (𝚫𝒇) to con-

trol the active power, while (𝒅𝒇/𝒅𝒕) and voltage deviation 

(𝚫𝑽) are employed to regulate the reactive power. For in-

ertia emulating control APLL as depicted in Fig.2, the in-

verter active power reference mainly controls frequency 

stability, which can be mathematically expressed as fol-

lows, 

𝑃𝑒
∗ = 𝑃Δ𝑓

∗ + 𝑃𝑑𝑣 
∗                                         (7) 

where: 

𝑃Δ𝑓
∗  and 𝑃𝑑𝑣

∗  refer to the active power references yielded 

from frequency support control  (Δ𝑓) and dynamic voltage 

responses control (𝑑𝑉/𝑑𝑡). 

. {
𝑃Δ𝑓

∗ = 𝐾Δ𝑓(𝜔𝑔
∗−𝜔𝑎𝑝𝑙𝑙)

𝑃𝑑𝑣
∗ =

𝐾𝑑𝑣

𝑇𝑑𝑣𝑠+1
⋅

𝑑𝑈𝑎𝑝𝑙𝑙

𝑑𝑡

                           (8) 

The parameters 𝑲𝚫𝒇and 𝑲𝒅𝒗represent the gains asso-

ciated with active power control, while 𝑻𝒅𝒇denotes the 

time constant of the low-pass filter (LPF), which is used 
to suppress harmonics and measurement noise. The 

signals 𝝎𝒂𝒑𝒍𝒍and 
𝒅𝑼𝒂𝒑𝒍𝒍

𝒅𝒕
correspond to the grid frequency 

and the rate of change of voltage, respectively, both es-
timated by the APLL. The term 𝝎𝒈

∗  represents the nom-

inal grid frequency. 

For dynamic voltage regulation control as shown in Fig.2, 

the inverter reactive power reference mainly controls volt-

age stability, which can be formulated as follows, 

𝑄𝑒
∗ = 𝑄Δ𝑣

∗ + 𝑄𝑑𝑓 
∗                                            (9) 

where: 

𝑄Δ𝑣
∗ and 𝑄𝑑𝑓 

∗  refer to the reactive power references gener-

ated from frequency support control  (Δ𝑣) and inertia emu-

lation control (𝑑𝑓/𝑑𝑡). 
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. {
𝑄Δ𝑣

∗ = 𝐾Δ𝑉(𝑈𝑚
∗ −𝑈𝑎𝑝𝑙𝑙)

𝑄𝑑𝑓 
∗ =

𝐾𝑑𝑓

𝑇𝑑𝑓𝑠+1
⋅

𝑑𝜔𝑎𝑝𝑙𝑙

𝑑𝑡

                              (10) 

 

 
Fig.2 Virtual inertia emulation control and voltage regulation 
based on the APLL. 
 

2.3 Proposed GVM-DPC-Based Fast Power Control 

for BESS 

The grid-side converter dynamics are represented in the 

stationary 𝛼𝛽reference frame using the Clarke transfor-
mation. The relationship between the converter output 

voltage and the grid variables is given by: 

𝑢𝛼 = 𝑅𝑖𝛼 + 𝐿
𝑑𝑖𝛼

𝑑𝑡
+ 𝑣𝛼 (11) 

 
Fig.3 Control diagram of BESS-based GVM-DPC for a 
Weak grid structure for simulation study. 

 

 

𝑢𝛽 = 𝑅𝑖𝛽 + 𝐿
𝑑𝑖𝛽

𝑑𝑡
+ 𝑣𝛽 (12) 

 

where 𝑢𝛼 , 𝑢𝛽are the converter output voltages, 𝑅and 

𝐿represent the filter resistance and inductance, respec-

tively, 𝑣𝛼 , 𝑣𝛽are the grid voltages, and 𝑖𝛼 , 𝑖𝛽are the grid 

currents. 

The instantaneous active and reactive powers in the 

𝛼𝛽frame are expressed as: 

[
𝑃
𝑄

] =
3

2
[
𝑣𝛼 𝑣𝛽

𝑣𝛽 −𝑣𝛼
] [

𝑖𝛼

𝑖𝛽
] (13) 

where 𝑃and 𝑄denote the instantaneous active and reac-

tive power, respectively. 

By differentiating (13) and substituting (11) and (2), the 

dynamics of active and reactive power can be derived as: 

𝑑𝑃

𝑑𝑡
= −

𝑅

𝐿
𝑃 − 𝜔𝑄 +

3

2𝐿
𝑢𝑃 (14) 

𝑑𝑄

𝑑𝑡
= −

𝑅

𝐿
𝑄 + 𝜔𝑃 +

3

2𝐿
𝑢𝑄 (15) 

The voltage-modulated control inputs used in the Grid-

Voltage-Modulated Direct Power Control (GVM-DPC) 

are defined as: 

𝑢𝑃 = 𝑢𝛼𝑣𝛼 + 𝑢𝛽𝑣𝛽 − 𝑉𝑔
2           (16) 

𝑢𝑄 = 𝑢𝛼𝑣𝛽 − 𝑢𝛽𝑣𝛼                  (17) 

where 𝑢𝑃and 𝑢𝑄are auxiliary control inputs, and 𝑉𝑔 =

√𝑣𝛼
2 + 𝑣𝛽

2is the magnitude of the grid voltage. 

Using the converter output voltages and currents, the 

power exchanged between the BESS and the grid is given 

by: 

𝑃𝑔 =
3

2
(𝑣𝛼𝑖𝛼+𝑣𝛽𝑖𝛽)                          (18) 

𝑄𝑔 =
3

2
(𝑣𝛽𝑖𝛼−𝑣𝛼𝑖𝛽)                         (19)  

Finally, the converter voltage references used for PWM 

generation can be obtained by inverting (16) and (17): 

𝑢𝛼 =
𝑢𝑃𝑣𝛼 − 𝑢𝑄𝑣𝛽

𝑉𝑔
2

                             (20) 

𝑢𝛽 =
𝑢𝑃𝑣𝛽 + 𝑢𝑄𝑣𝛼

𝑉𝑔
2

                              (21) 

The power exchange of the BESS is limited by its State of 

Charge (SOC), which determines its ability to supply or 
absorb energy based on its maximum capacity. Its impact 

on grid stability also depends on load characteristics, 

where active power support helps regulate frequency, 

while high reactive power demand may cause voltage in-

stability or collapse. Additionally, during charging, the 

BESS can act as a load, potentially leading to voltage and 

frequency fluctuations. To prevent such critical conditions 

and ensure the protection of sensitive equipment, voltage 

deviations are constrained using the CBEMA curves as 

shown in Fig.4 which define acceptable voltage magnitude 

limits based on disturbance duration, thereby maintaining 

safe and reliable system operation. 

 
Fig.4 CBEMA curve. 

https://doi.org/10.24084/reepqj26-399 529 REE&PQJ, Volume 26, July 2026



 

3. Case study: Application of the proposed 

control strategy  

3.1 System description 

In this study, a medium-voltage distribution system is im-

plemented to demonstrate the effectiveness of a distributed 

BESS in providing enhanced grid support services. As 
shown in Fig. 5, the network consists of a swing bus (Bus 

1 at 10 kV), two transmission lines, and Bus 3, which 

serves as the point of common coupling (PCC). It also in-

cludes a variable-speed wind turbine modeled as a PQ 

source and connected via a step-up transformer, a three-

phase load, and a battery energy storage system (BESS) 

interfaced through a voltage-source inverter. The system 

parameter data has been referenced as in [25]. The BESS 

employs two advanced control strategies to enhance sys-

tem stability. The first is an enhanced power control 

scheme for voltage support, which dynamically injects or 

absorbs reactive power to regulate the voltage at Bus 3. 
The second is a virtual inertia emulation mechanism that 

modulates active power to mimic synchronous generator 

behaviour, thereby reducing the rate of change of fre-

quency ((𝑑𝑓/𝑑𝑡)) and mitigating frequency deviations. 

Simulation scenarios typically include wind units’ switch-

ing, load switching, and three-phase faults to evaluate how 

the BESS simultaneously stabilizes voltage and frequency.  

3.2 Studied scenarios  

The performance of the proposed control strat-

egy is evaluated under two distinct scenarios to 

assess its effectiveness in improving system dy-

namics under multiple disturbances, particularly 

in weak grid conditions. These scenarios are de-

scribed as follows: 

• Case 1: Three-phase fault conditions  

• Case 2: Load switching  

4. Results and discussion  

In this section, the MATLAB/Simulink R2024b is em-

ployed to achieve the simulation results that are show-

cased. Personal computer including an AMD Ryzen 7 with 

3.30 GHz CPU, 16 GB RAM, and 1TB internal hard drive 

are used to run the simulation outcomes. The proposed 

control scheme demonstrates superior dynamic response, 

improved damping characteristics compared with existing 

work [7], which makes it highly suitable for modern power 

systems with high renewable penetration and weak grid 

conditions. 

4.1 Dynamic response against three-phase fault con-

ditions  

The dynamic response of weak grid due to grid faults is 

more complex and a critical aspect. Therefore, this re-

search work makes intensive analysis of dynamic perfor-

mance of the proposed scheme and its influences on fre-

quency and voltage dynamics. The first study case is a 

three-phase-to-ground fault that occurs at the PCC during 

dynamic events around 0.5 s (three fault occurrence) and 

1.0 s (fault clearance). Two schemes, proposed and tradi-

tional schemes, are implemented and compared to validate 
the impact of the proposed control scheme in enhancing 

the dynamics. For frequency response as shown in Fig. 5, 

when the fault initiated at 0.5 s, the proposed method 

shows a smaller undershoot and faster recovery compared 

to the traditional one. After fault clearance, the proposed 

method has lower peak deviation as illustrated in Fig.5. 

Meanwhile, the voltage dynamic response of the proposed 

method is tested alongside the traditional decoupling 

method. During recovery after faults clearance, proposed 

method shows faster voltage restoration and Less oscilla-

tion (better damping) as depicted in Fig.6. 
Both active and reactive powers are affected by the dynam-

ics of frequency and voltages as shown in Fig 7. Controller 

overshot after the recovery may be higher than the tradi-

tional (1.02 pu), but it's still at an acceptable range (1.027 

pu). Alternatively, the frequency response of the proposed 

controller (1.02 pu) is lower than that of the other control-

ler (1.03 pu).  

 

4.2  Load switching 

 

The dynamic performance of the proposed control method 

compared to the traditional scheme during a sudden heavy 
load conditions is investigated, focusing on frequency, 

voltage magnitude, and active/reactive power responses.  

A sudden load increase by 50 MW and 2 MVar at 0.5 sec 

and for 0.5 sec returning to its normal value. In Fig. 8, both 

methods initially stabilize the frequency at nominal value; 

 
Fig.5 Response of controller for the proposed method (under three-

phase fault ) on frequency at the PCC 

 
Fig.6 Response of controller for the proposed method (under three-

phase fault ) on voltage  magnitude  at the PCC. 

 
Fig.7 Response of controller for the proposed method (under three-

phase fault ) on active and reactive power at the PCC. 
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however, during the disturbance, the proposed method 

demonstrates a smaller frequency deviation and faster re-

covery, as clearly shown in the zoomed region. In Fig. 9, 

the voltage profile indicates that the proposed controller 

achieves quicker restoration following the voltage dip, 
with reduced oscillations and improved damping com-

pared to the traditional approach. Additionally, while the 

voltage dropped significantly, the proposed controller only 

to (0.76 pu), much higher than the traditional controller 

(0.67 pu). Furthermore, active and reactive power perfor-

mance are investigated in both controllers as shown in Fig. 

10. The active power response shows reduced fluctuations 

and faster convergence to steady state, while the reactive 

power response demonstrates more effective voltage sup-

port through improved reactive power injection during dis-

turbances.  
.   

 
Fig.8 Response of controller for the proposed method (under heavy 

load condition ) on frequency at the PCC 

 
Fig.9 Response of controller for the proposed method (under heavy 

load condition ) on voltage magnitude at the PCC. 

 
Fig.10 Response of the proposed method (under heavy load condition) on 

active and reactive power at the PCC. 
 

5. Conclusion  

In this paper, a novel control strategy is proposed that uti-

lizes voltage and frequency characteristics in conjunction 

with active and reactive power channels to enhance the 

performance of virtual emulation in weak grids. Specifi-

cally, a combined control approach based on the rate of 

change of voltage (𝒅𝑽/𝒅𝒕) and frequency deviation 
(𝚫𝒇)is integrated with the active power control loop, while 

the rate of change of frequency (𝒅𝒇/𝒅𝒕)and voltage devi-

ation (𝚫𝑽)are incorporated into the reactive power control 

loop. This coordinated design enables inverter-interfaced 

energy storage systems, such as battery units, to provide 

improved dynamic support in weak grid conditions. More-

over, the GVM-DPC is adopted as the inner control loop 

to accurately track the instantaneous power references, 

thereby improving the dynamic response of the output 

power. To validate the effectiveness of the proposed con-

trol scheme, two case studies are considered: a three-phase 

fault disturbance and a sudden heavy load change. The pro-

posed control scheme has been compared with the conven-
tional control technique to show the ability to provide a 

dynamic support in weak grid conditions. 
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